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ABSTRACT

Over the last decade, constructed wetlands have been used to remediate acid mine
drainage by removing metals and increasing pH. Much of the research conducted in this
field has focused on understanding the chemical reactions responsible for treatment. This
research focused on design parameters associated with the physical system, such as
structural integrity and hydraulic capacity of the constructed wetlands.

The ultimate purpose of this research was to establish engineering design guidelines
to be used for the construction of passive mine drainage treatment systems. This report
includes discussions on the importance of wetland chemistry and its impact upon wetland
design. The report focuses on factors related to the construction of wetland components,
such as containment structures, dams and embankments, settling basins, water conveyance
systems, spillways, substrate material and the design and construction of a relatively new
wetland component, the anoxic limestone drain.

The various wetland components must be somehow linked together to form a
treatment system. Recommendations were given on how to develop a conceptual wetland
design, which includes the number and type of components which will make up the
system, as well as their configuration. The conceptual design is based upon both the water
quality of the mine drainage and the physical constraints present at the site.

The recommendations and guidelines given were used to re-design the passive mine
drainage treatment system located at the Marshall No. 5 coal mine near Boulder, Colorado.
The original system was built in 1984 and consisted of an aerobic peat bog to remove

metals through organic exchange and a limestone channel for neutralization. Metal removal
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rates were less than optimum because the wetland was too small and the hydraulic
conductivity of the peat was too low.

The new treatment system consisted of four-stages. The first component was an
anoxic limestone drain created by filling the mine tunnel with limestone and flooding it. The
ALD was designed to add alkalinity and inhibit precipitation of metals on the limestone.
The second component was a settling basin, designed to aerate the drainage and allow for
flow control into the rest of the treatment system. The third component was a wetland,
designed to function in both an aerobic and anaerobic configuration. The fourth component
was a polishing cell, designed to treat the mine drainage in an aerobic environment.

The new treatment system was completed in late July 1993. Due to continual
disputes with the owner of the water rights, water was not permitted to flow into the
wetland cell until late September. Flow into the wetland cell has been sporadic since that
time for the same reasons. As a result, water has not yet saturated and infiltrated through
the polishing cell of the system; consequently, no water quality samples were obtained
from that location.

Preliminary results show the pH increasing from 4.5 to 6.43 and alkalinity
increasing from 8.1mg/1 to 79.4mg/l from inside the adit to the downstream side of the
wetland. Additional sampling and analyses are needed to fully characterize the treatment

capabilities of this constructed wetland.
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Chapter 1

INTRODUCTION

In recent years, constructed wetlands have been used as passive mine drainage
treatment systems (PMDTs) to reduce or eliminate the negative impact of draining mines
upon stream waters. These man-made facilities are designed to remediate mine drainage
without the costly maintenance encountered in active treatment systems (Holm and Lewis,
1988). Because of the extensive mining history of Colorado, many of the state’s drainage
systems have been contaminated with acid mine drainage. Pollution from an estimated
50,000 abandoned mines has rendered twenty-five watersheds and 450 stream miles
incapable of supporting aquatic life (Holm and Bishop, 1985).

Constructed wetlands have been used and studied rather extensively in the eastern
United States. The Tennessee Valley Authority (TVA) has been responsible for much of
that research. However, due to climatic and topographic variations in Colorado, the
technologies developed by the TVA cannot be directly applied to sites located in Colorado
(Herron et al., 1991).

The Colorado Division of Minerals and Geology (DMG) is responsible for the
design and operation of constructed wetlands in Colorado. Only four systems are in
existence today, the first of which was installed in 1984. Experience has indicated that the
success of a system depends upon both the geotechnical design of the facility and on the
optimization of the chemical processes, although the chemical effectiveness is not always of

greater importance (Herron, 1992). Even though the chemical reactions may not be
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working at the most efficient level, the system will function as long as the actual structures
are intact. Two examples in Colorado demonstrate the importance of sound design and
construction. The passive treatment system installed at the Gamble Gulch site near Cripple
Creek was severely damaged, apparently by a large storm event. The Marshall No. 5
system ceased functioning within a year of start-up due to hydraulic short-circuiting of the
system.

The purpose of this project is to establish design guidelines that can be used to
design passive mine drainage treatment systems in high altitude regi.ons such as the Rocky
Mountains. Both theoretical and empirical design methodologies will be addressed. The
design of a constructed wetland is dependent upon many factors, including site
topography, accessibility, spatial constraints, and water quality (pH, alkalinity, dissolved
oxygen, acidity, metals concentrations). A step-by-step outline will be given to take the
designer of a PMDT from conceptual model to actual treatment system, taking the above
factors into consideration. Every effort was made to include engineering equations, testing
procedures, and other pertinent information so that the user need not refer to countless
other sources to complete a design.

The design guidelines given were used to redesign the treatment system at the
Marshall No. 5 site. Research at that site was focused on creating a passive mine drainage
treatment system that did not encounter the many problems that affected the original design.
The primary design goal was to create a system that possessed hydraulic stability and could
withstand fluctuations in flow rate as well as storm events. A secondary goal was to design
the system to have predictable flow-through characteristics. Finally, the system design will
allow for experimental variations in parameters, such as hydraulic residency time and flow

rate, so that the performance efficiency of the treatment system can be determined under
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varying conditions. Some preliminary results were obtained after several months of system
operation. However, much experimentation should be done so that a more complete

understanding of the system can be gained.
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Chapter 2

BACKGROUND INFORMATION ON THE MARSHALL NO. 5 SITE

2.1  SITE DESCRIPTION

The Marshall No. 5 tunnel is located approximately 4 miles south of Boulder,
Colorado at S1/2, NE1/4, Sec. 21, T1S, R70W (figure 1). The area had been mined
extensively for coal from the mid 1800s until 1963 (Holm and Jones, 1985). The
abandoned mines discharge a significant amount of acidic waters which are laden with a
variety of metals.

The project area is underlain by the Laramie Formation, a sedimentary sequence
consisting of interbedded shales, claystones, and some thin layers of sandstone. Numerous
coal seams are distributed throughout the formation. The rock layers are essentially
horizontal, dipping only 4 degrees to the east-southeast. Surficial deposits consist primarily
of stream and terrace deposits.

Surface water from the site is drained by Marshall Creek, which flows into South
Boulder Creek. Both drainages are considered to be perennial. The drainage from the
Marshall No. 5 tunnel is also perennial. The flow from the adit has been determined to vary
from 17 to 70 gallons per minute (Guertin ef al., 1985). A hydrologic study of the site
defined the watershed area to be approximately 0.024 square miles (figure 2). The
hydrologic study also determined that the peak runoff from a 100-year, 24-hour storm

event would be 3.89 cubic feet per second (Kaman Tempo, 1983). The upper watershed
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Figure 1. Location map of the Marshall No. 5 project. Scale 1:24,000.
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boundary was assumed to be the Community Ditch, which flows along a hill above the
site.

The water quality of the mine drainage is not particularly bad, although the pH is
low and levels of iron and manganese exceed drinking water standards established by the
EPA. A water sampling program was conducted by the DMG prior to installation of the
first treatment system in 1984. The values of various water quality parameters for the
drainage and the EPA standards are listed in Table 1. These values were used in the design
of the new treatment system, as they are considered to be representative of the mine
drainage.

Since the mine effluent draining from the Marshall site is not highly contaminated,
the design process can focus on the physical, rather than the chemical, system. The
chemical components of the treatment system are likely to be over-designed, based upon
the contaminant levels. However, the purpose of this study is to establish guidelines
pertaining to the physical design and construction of passive mine drainage treatment
systems. The results of this research will be applicable to the design of treatment systems

for other, more contaminated, drainages.

2.2  ORIGINAL DESIGN CONFIGURATION
2.2.1 Ormnginal Design Components

The original system was installed in 1984. Water quality sampling was done for
approximately one year. The treatment system was designed to consist of three primary
components (figure 3): an artificial peat bog, a limestone bed, and a series of drop

structures. Water flowed out of the adit and entered the peat bog, where remediation would
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Table 1. Average water quality data from the Marshall No. 5 mine drainage and EPA

drinking water standards. Bold-face type indicates constituents which do not meet EPA

standards.
Constituent EPA Standard Marshall Data
Fe 3000 mg/l 3500-7200 mg/l
Mn 50 mg/l 1400 mg/l
Zn 5000 mg/l 98 mg/l |
Pb 50 mg/l 17 mg/l
pH 6.5-8.5 4.2-4.5
Sulfate | 0 - 250 mg/l
Alkalinity | @ - 8 mg/l
DissolvedOxygen | = ----- 0.78 mg/1
Flow Rate — 17-70 gpm
Sulfate _ o 250 m§/l
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I ADIT I
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PEAT BOG

55'X 15X 4
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Figure 3. Design schematic of the original treatment system. Water sampling locations are

indicated (W1-W4). Drawing is not to scale.
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sampling location to determine metals removal along the system. Total and dissolved iron
concentrations were reduced by an average of 62% and 95% respectively after passage
through the peat bog (figures 9 and 10). The mechanisms thought to be responsible for the
removal of iron were filtration and adsorption. Total and dissolved zinc concentrations
were reduced by an average of 53% and 44% respectively (figures 11 and 12), while the
concentrations of total and dissolved manganese decreased by 16% and 17% respectively
(figures 13 and 14). The pH of the drainage was increased from 5.1 to 5.9 between the adit
and the sampling location located at the end of the system (figure 15). These results were

obtained after the system had been in operation for only a few months.

2.2.3 System Evaluation

A preliminary site investigation was conducted at the Marshall No. 5 tunnel in July
1992. The peat bog was completely overgrown with cattails and other swamp vegetation,
which were established naturally. Peat at the surface was covered with orange precipitates.
The hydraulic conductivity of the peat was low, as evidenced by an accumulation of
hydrogen sulfide gases (H;S) in the substrate. H,S is produced during various reactions,
and is normally released (Herron, 1992). However, the low permeability of the peat
prohibited this from occurring. The rock check dam on the downstream side of the bog was
no longer functioning, and most of the drainage from the adit was no longer flowing
through the bog due to a diversion installed by the owner of the water rights. However, the
system was never capable of managing all of the drainage from the adit even before the
diversion was made. The limestone channels were completely overgrown with vegetation
and difficult to identify. The limestone had been intensely armored with ferric hydroxides.

When the precipitates were removed from the limestone, the rock had a pitted appearance.
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Figure 9. Concentrations of total iron along the treatment system.

DISSOLVED IRON CONCENTRATIONS ALONG THE
TREATMENT SYSTEM FOR THE PERIOD 7/5/84 TO

10/3/84
> 50007
Q40004
£ _ 3000
2= 10004
S l 1
0+ | 1 1
[TU]
Y- -1000 ' ‘ ' -
1 2 3 4
SAMPLING POINT

Figure 10. Concentrations of dissolved iron along the treatment system.



T-4453

(palt)

MN CONCENTRATION
- 8888

g &

P
Pommm—

16

TOTAL MANGANESE CONCENTRATIONS ALONG THE
TREATMENT SYSTEM FOR THE PERIOD 7/5/84 TO
10/3/84

——

2 3
SAMPLING POINT

Figure 11. Concentrations of total manganese along the treatment system.
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Figure 12. Concentrations of dissolved manganese along the system.
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Figure 13. Concentrations of total zinc along the treatment system.

DISSOLVED ZINC CONCENTRATIONS ALONG THE
TREATMENT SYSTEM FOR THE PERIOD 7/5/84 TO

10/3/84
50
- 45
S |
£ % |
oS 3 |
ZE ' 25 l
NTD32
Q 15 I
& 1 I
S 5
04 $ + +
1 2 3 4
SAMPLING POINT

Figure 14. Concentrations of dissolved zinc along the treatment system.
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Figure 15. pH levels along the treatment system.

A flow rate of 50 gallons per minute was obtained from the adit using a bucket and
stopwatch. Water quality samples were taken from the adit, along with pH measurements.
The pH ranged from 5.6 at the adit to 7.1 below the first drop structure. Although the
treatment system was not functioning at optimum levels, it was clearly still neutralizing the
drainage.
The following concentrations of metals in parts per million were determined in the
laboratory: 0.1 ppm Cu, 2 ppm Fe and 0.35 ppm Mn. The concentration of Zn was not
determined due to technical difficulties in the laboratory. These concentrations were of the
same magnitude of those obtained by the DMG and included in Table 1.

As noted above, the major problems with the original design were the peat substrate

and the size of the system. First, the peat substrate was too low in permeability to
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effectively treat the mine drainage. Most of the drainage was unable to flow through the
substrate and merely flowed across the surface of the bog, entering into the limestone
channels essentially untreated. As a result, the limestone cobbles became armored with
ferric hydroxides within months of start-up. When flow rates through the peat exceeded 10
gpm, the peat became separated into two distinct layers (Guertin et al.,1985). The fine
materials would accumulate at the bottom, forming a low permeability mat of material while
the less dense materials would float to the top of the bog. Such separation of the substrate
does not allow for the most effective or efficient treatment of the mine drainage.

A second problem with the original design was its size. It could not manage the
flow from the adit, leading to failure of the rock check dam. Inadequate sizing is related to
both the chemical and physical systems of the wetland. The wetland must be large enough
to accommodate the chemical reactions associated with remediation as well as manage the
flow of mine effluent. Unfortunately, site conditions often limit the size of the treatment
facility. Many of the adits draining contaminated waters are located in steep, mountainous
regions that are rather inaccessible to most construction equipment. It is often impossible to
construct the necessary structures that would provide the most complete treatment. Legal
constraints, such as land ownership, can also limit the size of a treatment facility.

Because of the overflow problems encountered with the original design, the
decision to renovate the system was made. Due to the close proximity of the Marshall site
to various universities and scientific organizations, it provides an excellent opportunity for
experimental design projects. The site will be used to test innovative technologies which

could be utilized at other, more contaminated, sites.
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Chapter 3

WETLAND CHEMISTRY

3.1 ACID MINE DRAINAGE

Contaminated mine waters occur as either coal mine drainage or metal mine
drainage. It is reasonable to consider the drainage chemistries to be similar for either case
(Wildeman, 1992). Acid mine drainage requires three components to exist: water, oxygen
and sulfides (Herron et al, 1991). If one of the components is removed, acid mine drainage
will not form. Water and oxygen are supplied by groundwater and the atmosphere, while
sulfides are provided by rocks. In many regions, all three components exist in the natural
environment and cause elevated levels of acidity in surrounding streams and rivers. The
numerous shafts and stopes associated with underground mining provide a conduit for
groundwater, acting to expose more rock to more water and oxygen. As a result, areas in
which sulfide-rich rocks were mined are frequently contaminated with acidic, metal-rich
mine drainage in concentrations far exceeding the natural levels.

The primary mineral which supplies sulfides to the acid mine drainage equation is
pyrite (FeS3). Pyrite is a common gangue mineral in metal mining situations as well as in
areas where coal is mined, such as the Marshall No. 5 site. The chemistry of pyrite

weathering has been discussed by Stumm and Morgan (1981) and is summarized below.
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The weathering process occurs in four steps:

FeSy(s) + 7/20; + HyO — Fe2+ + 2S04-2 + 2H*
Fe2+ + 1/402 + HY — Fe3+ + 1/2H0
Fe3* + 3H,0 — Fe(OH)3 +3H+
FeSy + 14Fe3+ + 8H,0 — 15Fe2+ +2804-2 +16H*

Pyrite is created in a reducing environment, but weathers by oxidation. Therefore,
the weathering process occurs only with the addition of oxygen from outside the
environment. During the oxidation process, ferric hydroxide is precipitated. The oxidation
reaction also catalyzes the weathering of various metallic sulfides, leading to the liberation
of Cu, Zn, Cd and Pb. The slowest reaction is the oxidation of Fe(II) to Fe(III) in solution.
Once this reaction has occurred, the Fe(III) rapidly oxidizes more pyrite, as shown in the
final reaction (Wildeman, 1991). The weathering of pyrite produces H*, causing the
waters to become acidic. The presence of certain bacteria in the weathering environment

acts to catalyze the oxidation of pyrite.

3.2 NATURAL WETLANDS

Ecologists have long recognized that soils in wetlands and bogs are often sinks for
contaminants. The soils have a natural ability to remove contaminants from water passing
through the wetlands by means of numerous chemical processes. The scientific community
has only recently recognized the potential for remediation of acid mine drainage by
channeling the drainage through wetlands. In addition to removing contaminants, the

chemical processes at work in a wetland serve to increase the pH of the water to more
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acceptable levels. Figure 16 is a diagram of a typical natural wetland, consisting of an

aerobic zone and an anaerobic zone.

The utilization of a natural wetland may not be the most efficient method for
removing contaminants from mine drainage for several reasons. First, there are numerous
chemical processes occurring in a natural wetland, many of which are in competition with
one another. For example, one reaction removes H* while another reaction creates Ht.
The engineering challenge is how to design a wetland in a manner such that the most
efficient removal processes are utilized to their fullest extent. The design will be rather site
specific, i.e. the removal processes will depend on the chemistry of the particular mine
drainage. Consider the typical reactions which occur in the aerobic zone of a wetland

(Machemer et al., 1990):

4Fe2* + Oy + 10H,0 — 4Fe(OH)3 + 8H*
20, + HpS — S0O42- + 2H+
2H,0 + 2N3 + 50, — 4NO3- + 4H*

Typical reactions that are possible in the anaerobic zone include:
4Fe(OH)3 + CH2O (organic matter) + 8Ht — 4Fe2+ + COs + 11H0
3CH0 + 2Nz + 3HO — 4NH3 + 3COy

SO42- + 2CH,0 — HjS + 2HCO3"

It is apparent that the anaerobic reactions are approximately the reverse of the aerobic

reactions. Depending on the chemistry of the mine drainage, one of the above processes
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Figure 16. Diagram of a typical free surface flow wetland (Wildeman, 1992).

should be maximized. In many mine drainage situations, one of the remediation goals is to
increase the pH of the drainage. The pH is raised by removing hydrogen ions from the
water; anaerobic process reactions shown above affect this removal. Consequently, when
increase of pH is a primary concern, anaerobic processes should be emphasized in the
design.

If mine drainage were directed into a natural wetland, the most complete and
efficient removal of contaminants would not occur due to the abundance of removal
processes and conflicting chemical reactions. Another reason that natural wetlands are not
favored in mine drainage remediation is that the constituent pollutants in mine drainages
vary considerably from site to site. Thus, the effectiveness of a natural wetland in

remediating a particular mine site could not be reasonably predicted. Finally, natural
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wetlands are not always located within close proximity to contaminated mine adits. Using
natural wetlands would seriously limit the extent to which remediation by this method could

be accomplished.

3.3 CONSTRUCTED WETLANDS

Due to the many limitations inherent in natural wetlands, new technologies
pertaining to the construction of man-made wetlands have developed over the past decade.
The benefits of using a constructed wetland are obvious. The wetland can be engineered so
that a particular removal process is maximized. Thus, a wetland can be designed to most
efficiently remediate a particular site. The wetland can also be designed to have minimal
impact on the surroundings.

Passive mine drainage treatment technology utilizes the “geochemical mechanisms”
of neutralization, oxidation, dilution, adsorption (cation exchange), co-precipitation and
precipitation in order to reduce metals concentrations in mine effluent (Holm and Bishop,
1985). Klusman and Machemer (1991) list the removal processes operating in a wetland in

the following sequence of decreasing importance:

1) Exchange of metals by an organic-rich substrate (usually peat).
2) Sulfate reduction with precipitation of iron and other sulfides.
3) Precipitation of ferric and manganese hydroxides.

4) Adsorption of metals by ferric hydroxides.

5) Metal intake by living plants.
Watson and others (1989) and Wildeman and Laudon (1989) would also include the
following processes on the list:

6) Filtering suspended and colloidal material from water.
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7) Neutralization and precipitation through the generation of NH3

and HCO3" by bacterial decay of biologic matter.

8) Adsorption or exchange of metals onto algal materials.

The first five processes are considered to be the most important with respect to acid
mine water remediation. The significance of the last three processes is not yet fully
understood. There is abundant literature available for those interested in a detailed
examination of wetland chemistry, including: Faulkner and Richardson 1990, Gerber and
others 1985, Herlihy and Mills 1985, Kleinmann and others 1985, Mclntire and Edenborn
1990, Reed and others 1988, Snoddy and others 1989, Wieder and others 1984, and
Wildeman and others 1990.

The primary goals of acid mine drainage remediation are to increase the pH of the
drainage and to remove metals. The benefits of increasing the pH are twofold. First, the
acidity of the drainage is reduced and brought closer to neutral levels. Second, the increase
in pH has an effect on the solubility of metal ions. Once the pH is raised beyond the
solubility range of a metal ion, it is precipitated as a solid. Thus, increases in pH are
accompanied by the precipitation of stable metal compounds. The removal processes listed

above function in such a way as to achieve these remediation goals.
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Chapter 4

DESIGN COMPONENTS

4.1 INTRODUCTION

The design of a passive treatment system for any contaminated mine drainage is
dependent on a variety of factors related to site conditions and influent water quality. This
research is focused on the geotechnical and hydraulic factors upon which a design is based.
The chemistry and biota of the wetland are, of course, very important. However, the
chemical factors involved in the design process will only be touched upon due to the limited
scope of this research.

A constructed wetland is designed to mimic the performance of a natural wetland.
Through careful design, the passive treatment system can be made to be even more

effective than the natural system. A constructed wetland could consist of the following

components:
. containment structure
. dams and embankments
. settling basin
. water conveyance systems
. substrate material
. underdrains

. spillway
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. anoxic limestone drain
The engineering considerations associated with the first seven components will be
discussed in the remainder of this chapter. In addition, pertinent information pertaining to
the utilization of each component for acid mine drainage remediation will be addressed. The
anoxic limestone drain is a component unique to passive mine drainage treatment systems,

and will be addressed in great detail in Chapter 5.

4.2  CONTAINMENT STRUCTURE
4.2.1 General Considerations

The most fundamental component of the wetland is the substrate containment
structure. The containment structure should be designed to most effectively take advantage
of local conditions. On-site building materials should be utilized if suitable. Three principle
construction alternatives are currently available:

» compacted soil liner,

» geosynthetic lined excavation,

¢ structural concrete.

The type of containment structure used is dependent upon the potential for leakage
out of the wetland. Leakage could adversely impact the environment by introducing
chemical contaminants into the groundwater system. Leakage will also impact the
performance of the treatment system. Anaerobic wetlands remediate mine drainage as it
flows through organic substrate material. If the containment structure is leaky, the mine
drainage could flow around the wetland instead of through it, decreasing the treatment
capability of the system. For this reason, permeabilities should be determined for both the

substrate material and the surrounding soils. If the soils are relatively permeable, a
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compacted soil liner or geomembrane will be required for the system to function at
optimum efficiency.

The compacted soil liner is the most economical method if low permeability
materials are available on-site. An excavation is made on the site, and the soil liner is then
compacted to an acceptable density (related to an acceptable permeability) in the excavation.
The compacted soil liner may be constructed by re-compacting soils in the excavation or by
introducing other soils from nearby borrow areas.

The dry density versus moisture content curve of the soil can be obtained by
conducting a proctor test in accordance with ASTM standards (ASTM D698 and D1557).
In addition, permeability tests should be run on compacted samples to verify the range of
dry densities and moisture contents at which acceptable permeabilities may be achieved
(Figure 17). This moisture content range will not necessarily include the optimum moisture
content determined by the proctor curve. For example, the lowest permeabilities of a
compacted clay soil are achieved by compacting the soil wet of the optimum moisture
content. Construction specifications typically state an allowable range of moisture contents
and dry densities which will produce the desired permeability.

Although the soil-lined excavation is the simplest and least expensive containment
structure if low permeability soils are available on site, this method has a serious drawback.
As in all naturally-lined systems, leakage from the wetland will occur if the permeability of
the surrounding soil is greater than that of the substrate material. Leakage into the
groundwater system may not be acceptable, considering the chemical constituents in the

mine drainage.
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Figure 17. Diagram of moisture content-density and moisture content-permeability
relationships for a generic clay soil. The minimum permeability falls on the wet side of the

optimum moisture content on the Proctor curve.

A geomembrane liner may be used as a primary liner to greatly reduce or eliminate
the potential for leakage. The geomembrane may be placed onto the bottom and sides of the
excavation or on top of the compacted soils, which would now function as a secondary
liner. The use of geomembranes gives rise to additional maintenance and costs. If the
substrate in the wetland requires periodic replacement and/or rejuvenation, damage could
occur to the synthetic liners during the replacement process. Also, geomembrane liners may
be sensitive to ultraviolet radiation, so they should be covered by backfill.

To completely eliminate the problems associated with lined and unlined soil

containment structures, formed concrete structures can be utilized (Gusek, 1992). The use
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of structural concrete in the wetland design has several pros and cons. The structure would
be durable and able to withstand a multitude of weather conditions. It would also be rather
easy to maintain, as damage from rodents or other fauna would be minimal. Using a
concrete structure is much more capital intensive than the aforementioned liner systems and
would quickly increase the costs of the project. The structure would also limit the design
functions of the wetland. The wetland could not be easily or inexpensively altered to more
effectively remediate drainage depending upon conditions. Finally, the concrete would need
to be treated in such a manner that it would become acid-resistant and would not be
damaged by mine waters. Literature review has determined that this type of containment

structure is not widely used.

4.2.2 Sizing of Containment Structure

Determining the size of wetland required for a particular site depends upon a
number of factors. The first consideration is the final goal of the remediation project: is the
project intended to bring the mine effluent up to discharge standards, or will less than
complete remediation be acceptable? The treatment goals will determine whether aerobic or
anaerobic wetlands should be emphasized in the treatment process, each of which is
designed and sized according to different methods. A second consideration is the treatment
ability of the particular substrate material used. Each substrate removes metals at varying
rates, depending upon the material chemistry and permeability. Finally, the size of a
wetland system will ultimately be controlled by the topography and conditions at the site.
Overall, the wetland must be designed to effectively manage all expected flow rates into the

system and remediate the proposed design discharge.
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Much of the research aimed at determining wetland sizes has been conducted in the
Eastern United States. However, the sizing guidelines developed in that area of the country
cannot necessarily be applied directly to high altitude sites in Colorado due to topographic
and climatic reasons (Herron, 1992).

Many researchers have developed design guidelines for sizing aerobic wetlands
based upon a combination of empirical and theoretical methods. Sizing guidelines are given
in terms of loading rates, or the amount of wetland surface area required per volume of
mine drainage allowed into the wetland per a specified period of time. A summary of the
various sizing guidelines is illustrated in Table 2.

Brodie and others (1988) developed a formula for sizing aerobic wetlands based
upon the concentration of iron in the mine drainage. The minimum sizing guidelines are as
follows:

Minimum size (m2) = 2*(Fe mg/l)*Flow Rate (I/min)

Table 2. Aerobic wetland sizing guidelines.

REFERENCE SURFACE AREA/ CONDITIONS
GALLON/MINUTE
Kleinmann (1985) 200 fi2
Brodie et al. (1988) 140 to 4,600 ft2 Metal Concentrations
Hedin (1988) 630 ft2 <50 ppm Fe
Hedin (1988) 1,200 ft2 >50 ppm Fe
Girts & Kleinmann (1986) 630 ft2
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All of the sizing methods listed in Table 2 were developed in areas having much
longer growing seasons than those found in the high altitude Rocky Mountains. During the
dormant winter period, the rate of wetland treatment and efficiency will be lower than the
rest of the year. As a result, constructed wetlands built in high altitude environments will
require significantly larger areas than those in lower altitude environments. Herron and
others (1991) have developed an empirical sizing chart for constructed wetlands in high
altitude environments. The chart is based upon both the site altitude and the overall
concentration of metals found in the mine drainage. Table 3 illustrates the design
guidelines.

The recommendations given in Table 3 should be followed when designing an
aerobic wetland in high altitude environments. Unfortunately, it is often not possible to
achieve the optimum wetland size, due to rugged mountain terrain and legal problems

associated with land ownership.

Table 3. Aerobic wetland sizing guidelines for high altitude environments.

i
ELEVATION (FT) <20 PPM 20 - 100 PPM > 100 PPM
| METALS |  METALS METALS
5 - 7000 1,000 ft2/gpm 1,250 ft2/gpm 1,500 ft2/gpm
7 - 9000 1,250 ft2/gpm 1,500 ft2/gpm 1,750 ft2/gpm
9 - 11,500 1,500 ft2/gpm 1,750 f2/gpm 2,000 ft2/gpm
> 11,500 1,750 f2/gpm 2,000 ft?/gpm 3,000 ft?/gpm |
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All of the sizing methods included in Tables 2 and 3 are applicable only to aerobic
wetlands, where the amount of surface area directly controls the treatment processes at
work. Anaerobic treatment reactions occur as the mine drainage flows through the wetland
substrate, therefore the treatment ability and performance efficiency of anaerobic wetlands
are based upon volumetric considerations.

The primary treatment process which occurs in the anaerobic zone is sulfate
reduction (Wildeman, 1992). Sulfate-reducing bacteria in the anaerobic zone generate
sulfide under reducing conditions as the mine drainage passes through the system. The
sulfide reacts with metals in the mine drainage to form precipitates. A typical reaction
would be as follows:

Fe2* + 82~ — FeS
Proper wetland sizing would cause the metals concentrations to be the limiting reagent, not
the sulfide, since the sulfate-reducing bacteria could be easily overwhelmed with excess
metals (Wildeman et al., 1991).

Recent studies have determined that sulfate-reducing bacteria can be expected to
generate 300 nanomoles of sulfide per cubic centimeter of substrate each day (Reynolds ez
al., 1991, Mclntire and Edenborn, 1990). Using this number, along with the flow rate of
the drainage and the metals concentrations, the volume of wetland substrate required for

complete removal can be determined using the following equation:

3 (flow rate L / day)(metals concentration mg /L)
300(atomic weight of the metal )(mols of metal req ' d to react with 1 mol sulfide)

Conversely, the expected quantity of metals removal for a given wetland size could be

determined.
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43  DAMS AND EMBANKMENTS
4.3.1 General Considerations

Dams and embankments will likely be part of any passive mine drainage treatment
system. The stability of these structures is of vital importance to the stability of the entire
treatment system. The structures must be designed to effectively impound water and
substrate material and withstand any expected storm event. They should be designed with
adequate slope stability and be designed to deter, or at least withstand, damage from

outside sources such as rodents or vandals.

4.3.2 Engineering Guidelines

Dams used in constructed wetlands systems can be designed to be permeable or
impermeable. The type of dam utilized will depend upon the type of flow path desired in
the wetland which the dam is impounding. A permeable loose rock dam would be
beneficial to use in a situation where the mine drainage is intended to flow over the wetland
material, such as in an aerobic wetland (figure 18). Alternatively, an impermeable dam
would be required for a system where the mine drainage needs to flow through the wetland
substrate, such as in an anaerobic wetland (figure 19).

Regardless of the permeability of the particular dam, all dams utilized in PMDTs
should adhere to several design guidelines (Herron et al., 1991). Erosion control fabric
should be used on all dams and embankments. The maximum height of the dam should not
exceed ten feet, as measured from the toe of the embankment to the crest of the spillway.
The minimum top width of the dam should be five feet. In addition, all dams must be keyed

into the foundation. Keyway dimensions of three feet in width and three feet in depth
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should be adequate for most dams. The following slope dimensions should be followed for

varying dam materials (Herron et al., 1991):

. angular rock 2h: 1v
. smooth rock 2.5h: 1v

. compacted soils 2h: 1v

4.4  SETTLING BASIN
4.4.1 General Considerations
The settling basin is a component which is being utilized more frequently in passive

mine drainage treatment technology. The settling basin allows for flow control and acts to

Permeable Loose Rock Dam
Substrate ~ ~ -/
/ ' , Drainage Inlet
AN
, . N A

Figure 18. Diagram of a typical wetland where the drainage is intended to flow over the

surface of the wetland (Herron et al., 1991).
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Figure 19. Diagram of a typical wetland where the drainage is intended to flow through the

substrate in the wetland (Herron, et al., 1991).

increase the longevity of substrate material located downstream by reducing the metals
concentrations of the mine drainage. Many sites contaminated with acid mine drainage
experience variable flow rates. When using constructed wetlands, it is desirable to maintain
a constant or predictable flow rate through the system. A settling basin can be constructed
to serve as a retention pond which will regulate the flow into the rest of the treatment
system. Flow can be managed in the settling basin by means of weirs and spillways.

A second, and perhaps more important, function served by the settling basin is
associated with the chemical removal processes at work in a constructed wetlands. At
sufficient pH levels, metals will readily precipitate out of solution in an oxygenated

environment such as a settling basin. By coupling a settling basin with a pH-increasing
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component (such as limestone), precipitation of metals can be induced. A settling basin
should be installed upstream of the main organic wetlands, so that metals in the drainage
will have the chance to precipitate before entering the substrate. As a result, the effective
treatment life of the organic substrate could be significantly increased, since fewer metals

will precipitate in the wetlands and clog the substrate.

4.4.2 Engineering Guidelines

The primary consideration associated with the design of a settling basin is sizing.
The basin dimensions must be designed so that all of the expected precipitates will have the
opportunity to settle out of solution within the basin. The depth of the basin must be
designed with two factors in mind. First, the depth must be sufficient enough to ensure
adequate storage space for the accumulation of precipitates. In addition, the depth of the
basin must be great enough so that precipitates are not re-suspended by flow through the
settling basin.

A simplified settling basin can be represented by a rectangle having a width W, a
depth D and a length L (figure 20). The surface area of the basin is represented by WL. The
flow through the settling basin can be represented by (Goldman et al., 1986):

Q=AVs
Q = discharge thorough the basin,
A = surface area of the basin,

Vg = settling velocity of the particles.
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Upon introducing a coefficient to account for turbulence, the required surface area for a

settling basin designed to manage a known discharge of water is as follows:

A =1.2Q/Vg

The smallest particle size used in design is approximately 0.02 mm, which corresponds to a
medium silt. The settling velocity associated with a medium silt is 0.0029 m/sec (0.00096
ft/sec). This particle size was selected as a reasonable design parameter because finer
particles would require too much time to settle out of solution, resulting in enormous
surface area requirements.

The minimum suggested settling basin depth is two feet. A conservative design

approach would be to limit the L/D ratio to 200 (Goldman et al., 1986).
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Figure 20. Diagram of a typical settling basin (Goldman, et al., 1986).
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4.5 WATER CONVEYANCE SYSTEM
4.5.1 General Considerations

The rate of flow through a constructed wetland is vital to the effectiveness of the
wetland as a treatment system. Generally, fully enclosed conveyances such as pipes are
utilized in order to minimize contact with oxygen. The pipes must be non-reactive with the
contaminated waters or the substrate. In addition, they must be resistant to ultraviolet light
if they will be exposed to the surface. Standard PVC tubing has been successfully utilized
in many passive mine drainage treatment systems.

Since many of the mine sites being studied in the western United States are in
mountainous regions, the pipes must be able to endure freezing temperatures. Thus, the
pipes should be insulated and buried beneath the frost line. Although such burial will
increase costs initially, it will minimize costs resulting from the repair of frozen pipes.

The most critical operational factor involved in the pipe system is the accumulation
of metal hydroxide deposits. As discussed earlier, pyrite oxidation causes the precipitation
of ferric hydroxides. These deposits can render a wetland useless if they are permitted to
clog the pipe systems. Fortunately, several steps can be taken in the design of the wetland
to reduce the amount of accumulation.

One of the most effective methods in reducing the accumulation of hydroxides in
the pipe network is to allow for the precipitation of them elsewhere in the system.
Specifically, a holding pond can be installed at the beginning of the treatment system. By
allowing for the precipitation to occur before the water enters the conveyances, the amount
of accumulation in the pipes will be greatly reduced.

Although a retention pond would remove a significant amount of hydroxides,

precipitation in the pipes will still occur. One way to accommodate for metals accumulation
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is to overdesign the pipe diameter. If proper design calls for a 2-inch diameter pipe,
perhaps a 4-inch diameter pipe could be utilized instead. To combat blockage problems, the
pipe channels should be as continuous as possible, eliminating sharp bend or turns. Flow
control mechanisms such as valves should also be avoided if possible, as precipitates tend
to accumulate in such structures. Finally, the plumbing system should be designed to
facilitate periodic cleaning. Utilization of wye or tee junctions aﬂows for easy cleaning of

the pipes .

4.5.2 Engineering Considerations

The water conveyance system must be designed so that all expected flow rates into
the treatment system can be sufficiently managed. The pipe diameters required depend upon
two design parameters: the maximum expected flow rate into the system and the desired
flow rate which will undergo remediation.

The design storm responsible for the maximum expected flow rate into the system
is dependent upon the relative importance of the treatment system and the size of the
watershed. Based upon those factors, a particular intensity storm with a given recurrence
interval is selected as the design storm event. The magnitudes of the various expected
hydrologic events are best determined by a complete hydrologic study of the site. The study
should determine the drainage area impacting the site, as well as the expected response of
the land to the precipitation event.

Because the pipe capacity must be great enough to sufficiently manage the flow
resulting from the design storm, the pipe network is likely to be over-designed with respect

to the desired treatment capacity of the wetlands.
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One can determine the diameter of pipe required for a wetland system using a

fundamental equation of fluid mechanics (Fetter, 1988):

Q=AV
Q = design discharge,
A = cross-sectional area of the pipe = (nD2)/4.

V = velocity of the flow

The design of the pipes can be approached in two ways. If there is a known amount
of discharge which the pipes are intended to effectively transmit, the required pipe diameter
can be determined. Conversely, if a particular diameter of pipe is available, one can
determine the amount of discharge which the pipe can manage.

In order to use the aforementioned equations, it is necessary to know the velocity of
the fluid as it is transmitted through the pipe network. The velocity can be calculated using

Bernoulli’s Equation, another fundamental equation of fluid mechanics (Chaudhry, 1993):

where p = pressure, z = elevation, v = velocity and h = head losses through the system.
Bernoulli’s Equation is based upon the conservation of energy as a fluid flows through a
system. Bernoulli’s Equation can be evaluated at critical points along the treatment system
so that a complete understanding of the hydraulic system can be gained.

The losses in the system result from friction in the pipe and entrance or exit losses.

The magnitude of the losses depends upon the type of material involved and the distance
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traveled by the fluid; a smooth PVC pipe will experience smaller head losses than a rough

corrugated metal pipe with many bends.

4.6  SUBSTRATE MATERIAL

The substrate in a constructed wetland is the material through which the
contaminated water flows. It may consist of mixtures of organic and inorganic soils, and
usually contains animal manure. The composition and permeability of the substrate material
are critical factors controlling the effectiveness of the wetland in removing contaminants
from the mine drainage. The drainage must be permitted to flow freely through the
substrate, maximizing its contact with the organic material. The following materials have
been used successfully as substrate (Gusek, 1992):

* mushroom compost (manure and barley mash waste),

* peat moss,

¢ aged manure,

* decomposed wood products,

* limestone,

* straw.

The effectiveness of a particular substrate at remediation is dependent on a variety
of factors. The chemistry of the contaminated drainage dictates the type of substrate used;
however, the permeability of the material seems to have the greatest physical effect on the
performance of the wetland. Studies have shown that, over time, the organic substrate
tends to become more compact and less permeable (Lemke, 1989).

One factor leading to the decrease in permeability is the biochemical decay and

disintegration of the organic matter. The permeability also decreases due to mechanical
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sorting caused by the drainage flowing through the substrate. This sorting effect is
particularly important in peat (Guertin et al., 1985). Studies have shown that continual flow
over and through a bed of peat causes the less dense, woody components to separate and
float to the top of the wetland. What remains is an extremely dense, low permeability mat
of organic material. As a result, the mine drainage effectively flows between the two layers,
passing through the wetland virtually untreated.

Several researchers have studied the permeability of organic substrates under
various flow conditions (Bolis et al., 1992, Lemke 1989, Cooper and Hobson 1989,
Watson et al., 1989, Staubitz et al., 1989). The values of hydraulic conductivity obtained
by the researchers are presented in Table 4. These values can be used to obtain a
preliminary design discharge, although testing should be conducted to determine the actual
k value. The testing method used should correspond to the expected flow conditions in the
field, e.g. use a downflow permeameter if the wetland will be designed to function in a
downflow capacity.

Potential substrate candidates should be tested to determine the percent organic
material and pH. If the organic content is too low, not enough biological matter will be
available to fuel the chemical reactions occurring in the wetland. Conversely, too much
organic material could overwhelm the system. Wildeman recommends using material with
an organic content ranging from 30% to 50% (Wildeman, 1992). A second concern is the
pH of the material. Since the substrate is being used to remediate acidic waters, its pH
should be neutral or basic. Ultimately, the type of substrate used in a system will depend
upon material availability and chemical suitability.

Anecdotal information provided by Herron (1993) gives rise to some practical

recommendations with respect to the use of organic substrates in constructed wetlands.
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Table 4. Hydraulic conductivity of substrates used in constructed wetlands for the

remediation of acid mine drainage.

K (cm/sec) Reference
MC lab downflow 3.50x 103 Lemke 1989
MC bench downflow 3.14x 103 Lemke 1989
MC pilot downflow 2.96 x 104 Lemke 1989
MC lab upflow 6.65 x 102 Lemke 1989
MC bench upflow 1.44 x 102 Lemke 1989
MC pilot upflow 1.38 x 102 Lemke 1989
Dry M lab (CH) 4.0x 1061t02.0x 103 Bolis 1992 II
Sat M lab (CH) 44x10%t02.9x 103 Bolis 1992
Innoc M lab (CH) 5.6x106t04.9x 103 Bolis 1992
Dry M field (CH) 3.7x 10310 1.1 x 10-2 Bolis 1992
Sat M field (CH) 3.5x 10510 7.2 x 103 Bolis 1992
Innoc M field (CH) | 5.6x 105t03.6x 103 Bolis 1992 ”
Dry M lab (CH) 4.0x 102 Bolis 1992 "
Dry M lab (FH) 2.1x102 Bolis 1992
Sat M lab (FH) 3.0x 103 Bolis 1992
Dry innoc M field (CH) | 9.9x 105t0 7.1 x 103 Bolis 1992
Sat innoc M field (CH) | 3.4x 104106.9 x 10-3 Bolis 1992

MC = mushroom compost, M = manure, CH = constant head, FH = falling head, Innoc =
innoculated with bacteria, Sat = saturated prior to test, Dry = dry until commencement of
test
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Mushroom compost appears to be very effective at removing contaminants. Low density
materials, such as wood chips and straw, are not recommended for use due to containment
problems. The light materials often become suspended in the mine drainage and are washed
out of the system. The use of peat has resulted in operational difficulties associated with
maintaining acceptable flow rates through the system. Regardless of the type of substrate
used, care should be taken to avoid compaction of the material upon emplacement in the
wetland. If wetland vegetation is planted in the substrate, the wetland should be saturated

within one or two days to facilitate plant growth.

4.7 UNDERDRAINS
4.7.1 General Considerations

The purpose of an underdrain is to drive the mine drainage through the organic
substrate in a wetland so that treatment can occur in the anaerobic zone. An underdrain is
created by embedding pipes in a highly conductive gravel bed. Underdrains can be used in
the bottom of the wetland cell to collect mine drainage which has infiltrated through the
substrate. The use of such underdrains has several benefits. The drains will not be likely to
short-circuit due to clogging by precipitates. Also, limestone cobbles could be used in the

underdrain to introduce alkalinity as the mine effluent passes through the drain.

4.7.2 Engineering Considerations

The most important consideration associated with underdrains is the appropriate
selection of filter material, such as coarse gravel, limestone cobbles or filter fabric. The
hydraulic conductivity of the filter material must be greater than that of the overlying

substrate so that fluid will easily flow through the drain. However, the difference in
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permeability cannot be so great that the substrate material will erode away and wash into the
underdrain.
Terzaghi and Peck (1948) have suggested the following criteria for selection of

filter material which will transmit fluids without eroding the substrate:

Dap _, Dir, 4

DSS(B) DlS(B)

B refers to the base material which requires protection; for wetland design B would
correspond to the organic substrate. F refers to the filter material; for wetland design F
would correspond to the gravel material in the underdrain. The D terms refer to the particle

diameters through which a given percent (by weight) of the material will pass. D15(F)
corresponds to the diameters through which 15% of the filter material will pass. The filter
selection criteria can be represented graphically as grain size distribution charts (Figure 21,

Das, 1990).

4.8 SPILLWAY
4.8.1 General Considerations

Spillways should be installed throughout the treatment system for several reasons.
Spillways function by channeling excess mine drainage out of the system so that dams and
embankments are not overtopped and eroded. Spillways also protect the system from
unexpected inflows of water from powerful hydrologic events. A second function served
by spillways is associated with system monitoring. Weirs or flumes can be installed in

spillways and can be used to monitor flow rates throughout the system (figure 22).
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4.8.2 Engineering Considerations

The following equation is used for spillway design (Shames, 1992):

\

n = Manning’s roughness coefficient,

Q=AV:V = ( 1,486) Rz/ssuz
n

S = slope or stream gradient
R = hydraulic radius (area of channel/wetted perimeter)

Q = design discharge in cfs

Values of Manning’s roughness coefficient are given in Table 5.

The second important function served by a spillway is the determination of flow
rate via weirs. Weirs are used to calculate flow rate based upon the height of water flowing
above the crest. Weirs can be sharp- or broad-crested, and are shaped in a variety of forms.
The most common forms are the rectangular weir and the V-notch weir (figures 23 and 24).

The rectangular weir calculation is as follows:

2
Q =§cd L, 2gMh')?

The discharge capacity of a rectangular weir is based upon the area through which water
can pass and the head above the crest. The weir coefficient (C’d), length of the weir (L’w)
and head above the weir (h’) are modified based upon the degree of contraction experienced
by the water as it flows over the weir. Design charts are used to determine the necessary

adjustments (Figure 25).
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Table 5. Manning’s roughness coefficients (Chaudhry, 1993).

Material n

Steel 0.012
Cast Iron 0.013
Corrugated Metal 0.025
" Cement 0.011
Concrete 0.013

Clay 0.013 |
Clean, straight streams 0.030
Stream with gravel, cobbles 0.040

and boulders

Stream with cobbles and 0.050

large boulders
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Figure 23. Diagram of a rectangular weir.
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Figure 24. Diagram of a V-notch triangular weir.
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Figure 25. Coefficient adjustments for rectangular weir calculations.
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The performance of a V-notch weir is based upon the same principals. The area of the weir
is related to the angle of the notch, as well as the height of the notch. The formula for a V-

notch weir is as follows:

5
Q=C, 1—851ana,/2_gh 2
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Chapter 5

ANOXIC LIMESTONE DRAIN

5.1 FUNCTION AND PURPOSE

A relatively new component of passive mine drainage treatment technology is the
anoxic limestone drain (ALD). Dominant treatment processes in constructed wetlands
include oxidation and hydrolysis of iron and other metals in solution. Hydrolysis reactions
produce acidity, which must be buffered by an influx of alkalinity to avoid substantial
decreases in pH. The use of limestone as a buffer is highly desirable, due to its non-toxic
impact upon wetlands biota, low sludge production, and low risk of overloading (Brodie ez
al., 1988). However, hydrolysis of iron in an oxygenated environment leads to rapid
precipitation of ferric hydroxides onto the limestone cobbles (Nairn et al., 1990, Hedin and
Nairn, 1990). As a result, the buffering capacity of the limestone is greatly reduced or
eliminated, due to the impenetrable armor coating. During the early stages of passive mine
drainage treatment development, this armoring process was viewed as an unavoidable and
unfortunate problem which would seriously affect the performance of a system.

ALD technology developed in response to the operational problems encountered by
the use of limestone as a buffer. An ALD serves two basic functions. First, the limestone
acts to increase the alkalinity of the drainage, thus increasing its pH. The second function
of the ALD is to create and sustain anoxic conditions within the wetland (Brodie, 1991).
Anoxic conditions prohibit oxygen from coming into contact with the drainage. The

precipitation of metals is inhibited, thus preventing the limestone from becoming armored
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with ferric hydroxides and other precipitates. As a result, the life and effectiveness of the

limestone is greatly increased.

5.2 METHODS OF CONSTRUCTION

In order for an ALD to be effective, contact with atmospheric oxygen should be
eliminated or minimized. The Tennessee Valley Authority (TVA) has experimented with a
basic trench system. A typical trench ALD is shown in Figure 26. This system was created
quite by accident at Impoundment 1, a constructed wetland which treats acid mine drainage
from the Fabious Coal Preparation Plant in northeastern Alabama. An earthen dam was
constructed over an existing haul road which was built using a high calcium limestone. The
limestone roadbed was not intended to function in a treatment capacity, although it served
to pre-treat the mine drainage before it entered into the constructed wetland system (Brodie
et al., 1991).

The trench system is built by digging an excavation into the mine backfill or
elsewhere on the site. The trench is then filled with crushed limestone having a high
calcium content (>90% CaCO3). Limestone having a low calcium content (< 90% CaCQ3)
or dolomitic limestones (high Mg content) are not recommended for use due to slower
dissolution rates.

The limestone in the trench is sealed from the environment by a compacted clay
cover and geofabric. It is recommended to use at least two feet of cover material to ensure
complete removal of atmospheric oxygen (Nairn et al., 1990). The cover over the ALD
should be crowned to discourage infiltration of rainwater from above, and to accommodate

any subsidence experienced due to limestone dissolution. Finally, the



ER-4453 55

PLAN VIEW OF TRENCH ALD
A —
INFLOW DISCHARGE
—> >
A —

CROSS-SECTIONAL VIEW OF TRENCH ALD

4
2.0
COMPACTED CLAY

TR — 7 4
‘

3.0'

CRUSHED LIMESTONE

\ Jv
A' A

Figure 26. Diagram of a typical trench ALD.
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crown should be treated to prevent revegetation by plants whose roots could extend down
into the ALD. Such root action could allow for oxygen to enter the ALD.

Another method for constructing an ALD was addressed in this research. Herron
observed that pyrite oxidation often ceases in flooded mines, indicating that anoxic
conditions exist (Herron, 1992). An ALD could be created within abandoned mine
workings by filling the tunnels with limestone and then flooding the mine. Such a system

was created at the Marshall No. 5 site by building a dam at the mine adit (figure 27).

5.3 DESIGN CONSIDERATIONS
5.3.1 Design Life
An important design consideration associated with the use of ALD’s is the

determination of adequate size. The size of the ALD will be dependent upon the desired

WATER LEVEL

DAM

LIMESTONE

Figure 27. Diagram of ALD created by flooding the mine adit.
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design life of the system as well as the ability of the limestone to dissolve and introduce
alkalinity. The determination of design life is poorly understood and not well-supported by
empirical data. Nonetheless, some theoretical guidelines are available which may help
determine an approximate design life.

In order to determine an expected design life of an ALD, the dissolution rate of the
limestone to be used must be ascertained. Field experiments should be conducted to
determine feasible dissolution rates of the limestone involved in a particular ALD. Once an
accurate dissolution rate is determined, the volume of limestone required to achieve a
particular design life can be calculated. Gusek recommends passing a known quantity of
mine drainage at known flow rate through a bench scale ALD (Gusek, 1992). The
dissolution rate of the limestone can be calculated by determining the amount of limestone
which has dissolved over the time period allotted for the test. The field test would more
accurately reflect the ability of the limestone to dissolve in the mine drainage than would a
laboratory experiment.

It should be noted that the dissolution rate is likely to change over time, if any
oxygen is introduced into the system. The introduction of oxygen would eliminate the
anoxic environment of the drain, which would lead to precipitation of ferric hydroxides
onto the limestone. Due to the immeasurable, but likely, variability in dissolution rate, a
safety factor should be introduced when determining the design life of an ALD. Herron
recommends that the actual design life should be assumed to be no greater than half the
calculated life, due to the many uncertainties associated with the ALD (1993). The
determination of design life is at best an approximation, since no long term ALD results are

available.
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5.3.2 Hydraulic Considerations

In addition to dissolution rate, the size of an ALD depends upon the hydraulic
properties of the limestone. In order to maintain a functioning ALD, the maximum expected
flow through the system should be determined. The flow could be calculated by direct
measurements, but a hydrologic study would best determine the maximum probable flow.
The cost of constructing an ALD is rather low in comparison to conventional treatment
methods, so it is best to overdesign the system (Brodie et al., 1991).

Once the hydraulic capacity of the ALD is determined, the overall dimensions can
be calculated. Darcy’s Law can be applied to determine the required cross-sectional area of

the trench, given the maximum expected flow rate (Fetter, 1988):

Q=KAi
where Q = expected discharge into the trench,
K = hydraulic conductivity of the limestone,
A = cross-sectional area,

i = slope gradient through the trench.

The hydraulic conductivity of the limestone can be calculated using a constant head
permeability test (figure 28). In a laboratory, the limestone cobbles are placed into a
permeameter of known dimensions. A constant hydraulic head is introduced over the
apparatus. Fluid is passed through the permeameter, and the time to collect a certain volume
is recorded. Difficulties arise due to the coarse nature of the cobbles. The boundary

conditions between the cobbles and the sides of the permeameter will not be very tight. As
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Figure 28. Diagram of a constant head permeameter.

a result, fluid will tend to flow along the sides of the permeameter instead of through the
cobbles; the test may function to calculate the hydraulic conductivity of the permeameter
instead of the cobbles. The use of large, bench-scale permeameters could alleviate this

problem. The following equation is used to determine the value of K (Fetter, 1988):

where V = volume of water discharged in time t,
L =length of the sample,
A = cross-sectional area of the sample,

h = hydraulic head over the sample
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5.4  DESIGN GUIDELINES

Earlier portions of this chapter have focused on the design and construction of ALD
systems. Although the use of such a component for acid mine drainage remediation appears
to ensure successful treatment, the success of an ALD is not so easily achieved. The water
quality of the mine drainage in question directly affects the performance of an ALD.
Specifically, the influent pH, acidity, alkalinity, iron and aluminum concentrations and
levels of dissolved oxygen control the effectiveness of an ALD (Brodie et al., 1991). The
previously mentioned water quality characteristics should be determined before
consideration is given to the use of an ALD.

It is not yet understood exactly how the mine drainage characteristics affect the
performance of an ALD, although general guidelines can be given based upon experience.
Empirical evidence gathered by the TV A has led to the development of the following design
guidelines with respect to ALDs (Brodie et al., 1990):

Case 1: Alkalinity > 100 mg/l, Fe > 50 mg/l
ALD may be beneficial, but not necessary. The mine drainage may
contain sufficient alkalinity to effectively buffer the pH without

additional inputs of limestone.

Case 2: Alkalinity > 100 mg/l, Fe < 50 mg/l
ALD not necessary, only wetlands, due to sufficient levels of

alkalinity and low levels of iron in the mine drainage.
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Case 3:

Case 4:

Case 5:

Case 6:

61

Alkalinity < 100 mg/l, Fe > 50 mg/l
ALD recommended and necessary. The mine drainage does not
possess enough alkalinity to buffer the decrease in pH expected to

result from the hydrolysis of abundant iron.

Alkalinity < 100 mg/l, Fe < 50 mg/l

ALD recommended, but not necessary. The mine drainage does not
have excessive iron, so the pH is not expected to drop much due to
iron hydrolysis. The amount of alkalinity is expected to sufficiently

buffer the pH.

Alkalinity < 0 mg/l, Fe < 50 mg/l

ALD will likely become necessary as Fe approaches 50 mg/1.
Although excessive H* is not expected to be generated through iron
hydrolysis due to low iron levels, an influx of alkalinity may be

required as the iron level increases.

Dissolved oxygen > 2.0 mg/l OR pH > 6.0 and Eh >
+300 mv
ALD not recommended due to high potential for Fe oxidation and

subsequent armoring of the limestone cobbles.
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Chapter 6

CONCEPTUAL DESIGN

6.1 INTRODUCTION

Previous chapters have discussed in some detail the engineering characteristics of
the various components that make up a passive mine drainage treatment system. This
chapter will focus on the development of a conceptual wetland design. A conceptual design
is a preliminary design plan based upon the mine drainage characteristics. Included in the

conceptual design are considerations such as:

. spatial constraints at the site

. treatment requirements of the mine drainage

. type of wetland to be utilized (aerobic or anaerobic)
. number and type of treatment cells

. layout of treatment cells

Once a conceptual design has been developed, the final wetland design can be

completed.

6.2  GEOLOGICAL INVESTIGATION

The first step in any project is to conduct a thorough site investigation. The purpose
of this investigation is to identify any adverse geologic conditions which could affect the
PMDT. Information pertaining to bedrock material, surficial deposits, surface and

subsurface water, drainage area and other basic geological factors should be gathered.
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Much of this information can be obtained by interpreting published maps and air photos
before going into the field.

The field investigation should focus on identifying the geomorphic processes at
work in the area, and determining the potential effect on the PMDT. Activities which could
affect the system design include landslide activity, seeps, and subsidence.

The geologic investigation will provide useful information such as: the type and
quantity of materials available for construction; the amount of land suitable for construction;
the maximum cell depth (based upon depth to water table and depth to bedrock); potential
geologic problems or hazards associated with the construction process.

The site investigation is important because the final design will be based ultimately
upon the conditions and characteristics identified during the preliminary investigation. The
mine drainage characteristics may suggest a particular wetland size or configuration, but the

recommended design can only be adhered to if the site will accommodate it.

6.3  MINE DRAINAGE CHARACTERIZATION

It is necessary to obtain information pertaining to the mine effluent. Water quality
samples should be gathered at various times during the year, at various flow rates, so that
an accurate characterization can be made. The mine effluent should be analyzed to
determine the following information:

. dissolved oxygen

. alkalinity

. oxidation potential (Eh)

. acidity (pH)

o levels of total metals (Al, Fe, Mn, Zn, Pb, etc.)
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. levels of dissolved metals (Al, Fe, Mn, Zn, Pb, etc.)
. conductivity

. flow rate

. level of sulfates

Appendix D lists the equipment needed to conduct a water sampling program.

6.4 TYPE OF WETLAND

There are two types of wetlands that could be utilized in a PMDT: aerobic or
anaerobic. The wetland types could be used individually, or a combination of both could be
implemented. The type of wetland required for a site will depend upon the remediation
requirements of the mine drainage. In general, an aerobic wetland is best suited to waters
having net alkalinity, while an anaerobic wetland is more appropriate for waters having net
acidity (Hedin and Nairn, 1990). Regardless of wetland type used, the wetland cells should
be constructed with irregular boundaries, to encourage plant growth and diversity. A

discussion of each wetland type follows.

6.4.1 Aerobic Wetlands

Water flows over the surface in an aerobic wetland. By remaining at the surface,
atmospheric oxygen is available to react with the mine drainage. Since the primary
treatment reactions occur at the surface, it is not necessary to construct a deep wetland cell.
However, the cell should not be too shallow, or it could freeze over during the winter

months. An appropriate cell depth would range between 4 and 12 inches.
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An aerobic wetland should be used to treat net alkaline waters. Mine drainage
having net alkalinity will have sufficiently high levels of alkalinity to buffer the acidity
produced by hydrolysis reaction. The aerobic conditions in the wetland aerate the drainage,
thus facilitating oxidation of metals. To increase dissolved oxygen levels in the wetland,
features such as waterfalls and cascades should be included in the design. Sizing guidelines

for aerobic wetlands were listed in Table 2 and Table 3 in Chapter 4.

6.4.2 Anaerobic Wetlands

In situations where the mine effluent is acidic, an anaerobic wetland is
recommended. The mine drainage flows through the wetlands in this case, interacting with
the organic substrate. Since the performance of anaerobic wetlands is based upon substrate
volume, the cell depth should be large enough to accommodate adequate volumes. Deeper
cells will lower the level of dissolved oxygen and result in reducing conditions. Wetland
cells could be several feet deep, although most aquatic vegetation can only withstand depths
of 18 inches. The cell depth should be variable throughout the wetland, to facilitate plant
diversity.

The principle treatment method at work in an anaerobic wetland is sulfate reduction.

Sulfate reducing bacteria, such as Desulfovibrio, are necessary for this process to function

properly (Postgate, 1979). The bacteria help reduce sulfates into sulfides, which precipitate

in the wetland. The sulfate reduction reaction is represented below (Wildeman et al., 1992):

SO4-2 + 2CH,0 (organic material) + 2HT — HpS + 2H20 + 2CO» (pH < 7)
SO4-2 + 2CH20 — HS + 2HCO3- + H* (pH > 7)
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Under reducing conditions, H2S and CO; are created while acidity is reduced. If
the pH of the drainage becomes too low, the gases will exsolve, thus limiting the pH
decrease. The loss of H3S increases the pH of the drainage, and creates the characteristic
rotten egg smell associated with wetlands and swamps. If the conditions are less acidic, the
second reaction produces HS-> which forms extremely insoluble sulfides with many of the

metals found in mine drainage.

6.5 NUMBER AND TYPE OF TREATMENT CELLS

The possible combinations of treatment cells is countless. Factors such as water
chemistry, site constraints and available funding all impact the final treatment design at a
site.

It is best to design a system to include several cells, or stages. By incorporating
several different cells into the PMDT, each one can be designed to function in a particular
fashion. For example, one cell can be used to introduce alkalinity, another to facilitate
metals precipitation through aeration, and another to manage flow. By using several
different stages, problems associated with conflicting reactions within individual cells can
be minimized. In addition, the multi-stage design allows for flexibility in the operation of
the system. If one particular cell appears to be removing contaminants much more
efficiently than another, the less efficient cell could be modified.

The number of cells required will depend upon the treatment efficiency of the
wetlands involved. If a particular wetland cell is capable of removing 10 grams of metals
per every square meter of substrate every day (gmd), but the mine drainage requires the
removal of 50 gmd, then the wetland cell must be substantially increased in size, or

additional cells must be constructed. Constructing additional cells is recommended, since
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managing the flow through wetlands becomes more difficult as the size of the wetland
increases due to hydraulic factors (Herron, 1992).

The particular remediation requirements of the mine drainage will determine the type
of treatment cell utilized. Acidic waters having high concentrations of iron will not require
the same treatment cells as a circumneutral drainage with abundant manganese. The

following suggestions for treatment are given, based upon mine drainage characteristics:

CHARACTERISTIC(S) TREATMENT CELL
alkaline aerobic wetland
acidic, high DO anaerobic wetland
acidic, low DO, low Fe ALD

high metals settling pond

high Mn algae pond

6.6 LAYOUT OF TREATMENT CELLS

The previous section discussed some of the alternative treatment cells available for
mine drainage remediation. Each cell does not fully remediate the mine drainage itself; the
cells are used in conjunction with one another to achieve the best treatment possible. It is
impossible to discuss the design configuration required to treat every mine drainage
situation; there are simply too many possible combinations. However, several example
configurations can be given, based upon various mine drainage characteristics. Some

recommended configurations are as follows:
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1) High Fe, moderate Mn, low alkalinity

COMPONENTS: ALD, settling pond, deep wetland, shallow wetland.

The high level of iron suggests that excessive HT will be generated due to iron
hydrolysis. Since the mine drainage has low alkalinity, additional alkalinity is required to
buffer the expected drop in pH. For these reasons, an ALD would be beneficial. A settling
pond should be located downstream of the ALD to allow for precipitation of metals to occur
in an aerated environment. The next stage of treatment should be a deep wetland, where
anaerobic conditions will allow for sulfate reduction to occur. Finally, the drainage should
flow into a shallow wetland. Here, aerobic conditions will act to remove any metals

remaining in the drainage.

2) Moderate Fe, high Mn, net alkalinity

COMPONENTS: deep wetland, algae pond, shallow wetland.

Since the mine drainage has net alkalinity, an ALD is not required to offset the
increase in pH expected to occur from iron hydrolysis. Instead, the first component of the
treatment system should be a deep wetland. Sulfate reduction will act to remove much of
the iron from the mine drainage. The next component should be an algae pond, where Mn
removal will occur. Finally, the drainage should flow into a shallow wetland, to allow for

aerobic processes to remove any remaining metals.

3) Low Fe and Mn, low alkalinity
COMPONENTS: deep wetland, shallow wetland, deep wetland.
The contaminant levels in the mine drainage are not very high, so complete metals

removal should be possible. The drainage should first flow through a deep wetland so that
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sulfate reduction can occur, removing metals and introducing alkalinity. The drainage
should then flow into a shallow wetland, where aerobic removal processes will dominate.
The final stage would be to channel the drainage through another deep wetland, to ensure

acceptable pH levels are attained.
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Chapter 7

CASE STUDY OF THE MARSHALL NO. 5
PASSIVE MINE DRAINAGE TREATMENT SYSTEM

7.1  INTRODUCTION

As discussed in Chapter 2, the original treatment system located at the Marshall No.
5 site consisted of three components: an artificial peat bog, a limestone bed, and a series of
drop structures. The peat bog was intended to be the primary location for mine water
remediation. The purpose of the limestone was to increase the alkalinity of the drainage.
The drop structures were designed to aerate the drainage, thus facilitating the precipitation
of metals by creating oxidizing conditions.

The major problems with the original design were the peat substrate and the size of
the system. The peat substrate was too low in permeability to effectively treat the mine
drainage. Untreated mine drainage flowed over the surface of the wetland into the limestone
channel, armoring the cobbles with ferric hydroxides within months of start-up. A second
problem with the original design was its size. It could not manage the flow from the adit,
leading to failure of the rock check dam.

The DMG made the decision to renovate the treatment system. Before a new design

could be created, several design goals were agreed upon:

* allow for complete metals removal

* increase the pH from 4.5t0 7
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e provide flow control into the system
e apply new ALD technology

* allow for future system modifications

With those goals in mind, the design process began with the development of a
conceptual model. The final designs were derived based upon the recommendations given
in this thesis. The actual specifications and calculations for the new treatment system are

included in Appendix A and Appendix B.

7.2  CONCEPTUAL DESIGN

The first step was to conduct a site investigation to identify the extent of mining
activity in the area. Numerous subsidence holes were found in the project area and helped
to identify the areas in which mining had taken place. Since mining began in the 1800s, no
mine maps are known to exist. The coal seams present in this area are relatively isolated, so
the associated mine workings are isolated from each other as well. The areas of subsidence
were located in the hills surrounding the wetland site, and were therefore considered to
present no danger to the project.

The site investigation did not identify any geologic hazards which could adversely
impact the project. However, the maximum expected run-off from the surrounding water
shed area was used for all design calculations to prevent any damage from occurring due to
an unusually large storm event. As part of the preliminary investigation, a hydrologic report
of the site was obtained (Kaman Tempo, 1983). The report determined that the expected

run-off from the surrounding drainage area would equal 4 cfs for the 24-hour, 100-year
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storm event. The report recommended that this event be chosen as the design storm for any
structures built on the Marshall site.

Spatial constraints at the site were dictated by man, not by topography. The project
site is located on Open Space land which is managed by the City of Boulder. Although a
great deal of land was available, the City permitted construction to occur only in the same
general vicinity of the original treatment system.

The water quality characteristics listed in Table 1 were considered to be average
values. Given those values, the mine drainage could be described as having low metal
concentrations and low alkalinity. Design guidelines given in Chapter 6 would recommend
the following configuration: deep wetland, shallow wetland, deep wetland. However, a
specific design goal was to include a new ALD configuration which had never been utilized
in Colorado constructed wetlands. For this reason, the final design configuration was as

follows: ALD, settling pond, deep wetland, shallow wetland (Figure 29 and Figure 30).

7.3 NEW DESIGN COMPONENTS
7.3.1 Anoxic Limestone Drain

The anoxic limestone drain at the Marshall site was constructed by placing an earth-
fill dam outside the mine opening (figure 31). The adit is approximately 5 feet high and 10
feet wide. The mine tunnel slopes gently downward as it extends back into the rock. The
slope allows for anoxic conditions to exist at some point into the tunnel where the water
level intersects the ceiling of the tunnel. Thus, anoxic conditions can exist even during
periods of low flow.

The tunnel was back-filled with approximately 73 tons of 1/2” to 2” crushed

limestone. The limestone drain began approximately 15 feet behind the adit and extended to
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Figure 29. Schematic of the new treatment system. Diagram is not to scale.



% & F 68$)))- $ 17 Lo g 1))8 %! ()7 T8 %!
SHYTT )& Y- S (% %) $ " +%1 )I(# 4%"% + %! $ -)  )&!(
)7 $ )& S S 7 41 1S )+%"$%! * 4+ -) 9% %! $

& 19%! )1 & + *$ 11 +"

F - I 8 (% 6B .%. 7 " .+ * ( +)! $ -&++ + 1 $ )-

9% ()& "%( $ (% 0-% & D1  $%" .%. ++)7 ( -) $ *)++ * 0

$ %! &Il 4+ ) *)'0%1 %1 ) *)l * 7% $ $ DI " O+ +7
+ 7T % 7" %It o+ ( $ (% 0-% & I % & 1
$%" . )- $" 14 Lo*)1Im &% (%! )+) () '( T%++ 8
SRy ("% 1% "% ' %+ "ol § 9. % ( ("% ! +
*ax&H (=) $%" L)LY (& ) %' *)I" ol " &+ %I - ) $ o+



% & : 63) ) )- $ (" .+ * ()& "%( $ 'W! (% # -+))(%! $ ‘%!

% & D 6$)))- 6B .%. ' ((( %! $



ER-4453 76

- 48" >
_—_T—_X“______—___'Z———_
—a 28" -1
Embankment
50" A Al

N\ .
< 20" > Weir
-y ___ 1\ 4 __
'y
| 1] 4
[ |
| | 20"
I 6-inch, 90° Steel Weir |
| [ 12"
e 24" >
{ |
| |
.- _! Y
\
- >
A A

Figure 33. Diagram of concrete spillway and steel V-notch weir placed in the dam outside

the mine opening, including dimensions.
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Water can exit the settling pond through one of two components: a gate valve or a
spillway. The gate valve empties into the wetland cell while the spillway channels drainage
down a ditch. Using Bernoulli’s Equation and the equation of continuity, it was determined
that the gate valve could pass 2.57 cfs. Any flows in excess of that amount would be
routed through an emergency spillway. The spillway used is a combination V-notch and
rectangular weir. The weir was determined to have a discharge capacity of 2.47 cfs;
therefore, all of the design storm can be successfully passed through the settling pond
without causing any structural damage from overtopping and subsequent erosion.
However, it should be noted that the spillway alone could not pass all of the design storm.
For this reason, the gate valve should remain open during the wetter months of the year. If
space and budget permit, it would be best to design the system so that human effort is not

required to maintain the integrity of the facility.

7.3.3 Deep Wetland

The third stage of the treatment system is a wetland with the following dimensions:
4.5 feet deep, 20 feet wide, 40 feet long (figure 38). The cell is filled with cow manure
obtained from a local dairy. The organic cell functions in both an aerobic and anaerobic
capacity. The anaerobic portion of the treatment occurs as mine drainage infiltrates
downward through the substrate and enters an underdrain. The underdrain consists of a
series of 3-inch diameter perforated PVC pipes embedded in pea gravel (figure 39). The 3-
inch diameter pipes connect to a 6-inch diameter pipe near the downstream end of the
wetland (Figure 40). The 6-inch pipe exits the wetland through the dam at the downstream
end and is connected to a stand pipe (figure 41). The stand pipe allows for the hydraulic

head over the wetland to be controlled.
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The anaerobic sizing equation from Chapter 4 was used to determine the size of
wetland required to treat the design discharge of 30 gpm. Based upon the research of
Reynolds and others (1991), the volume of wetland substrate (approximately 2800 ft3)
could generate enough sulfides to treat 1329 grams of iron each day. Using the same
equation again, it can be determined that only 1145 grams of iron are expected to enter the
wetland at a flow rate of 30 gpm. Therefore, the wetland size will adequately manage the
chemical reactions required for remediation to occur.

The volume of substrate material in the wetland is sufficient to theoretically remove
all of the iron from the mine effluent. However, one must consider that all of the water
flowing into the wetland may not undergo anaerobic removal processes because the
hydraulic conductivity of the substrate material may not permit all of the drainage to
permeate the substrate. One can determine the amount of water which will pass through the
substrate by constructing a flow net of the wetland or by applying Darcy’s Law directly. A
flow net consists of mutually perpendicular flow lines and equipotential lines. The flow
lines trace the path traveled by the fluid, while the equipotential lines represent lines of
equal hydraulic head. Once the flow net is constructed, the expected discharge through the
wetland can be calculated using the following equation:

e

where k = hydraulic conductivity of the substrate, H = the total head on the system, Nf =
the number of flow channels in the flow net, and Nd = the number of equipotential drops in

the flow net.
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Darcy’s Law may be applied to wetlands constructed of only one material type. The

flow rate of fluid through the substrate can be calculated using the following equation:

where k = hydraulic conductivity of the substrate,
1=slope

A = cross-sectional area through which the water is flowing.

It was determined that under a hydraulic head of 1 foot, the wetland could be
expected to transmit 101 gpm. Any water in excess of this amount will flow over the
surface of the wetland and pass over the spillway into the polishing cell. The spillways are

over-designed and can pass 465 cfs.

7.3.4 Shallow Wetland

The final stage of treatment is a shallow wetland or polishing cell with the following
dimensions: 2 feet deep, 20 feet wide, 35 feet long. The polishing cell was filled with pea
gravel and some of the peat from the original wetland. The conditions are primarily aerobic.
The purpose of the polishing cell is to increase the oxygen content of the drainage to
facilitate the precipitation of any metals remaining in solution. The depth of the shallow
wetland was designed to be irregular, having many deep pools (2 ft) surrounded by more

shallow areas (figure 42). The irregularities promote diverse plant growth.
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conducted, as per City of Boulder Open Space specifications. The City wants native
vegetation to establish itself at the site naturally. Appendix C lists many species of wetland

vegetation which are tolerant to acidic mine waters.

7.4  SYSTEM PERFORMANCE

Construction of the new treatment system was completed in late July 1993. Due to
conflicts with the owner of the water rights, water did not flow into the treatment system
until late September. However, water samples were collected from the ALD and settling
pond since August.

Preliminary results indicate that the system is functioning well (Appendix F). The

results are presented in Table 6.

Table 6. Preliminary results of the new treatment system.

" Mine Drainage ALD Settling Pond Wetland
" Alkalinity (mg/l) 8.1 42.1 58.9 79.4
H 4.5 5.33 5.84 6.43

The pH has increased 43% to near neutral valves. The alkalinity of the drainage has
significantly increased throughout the system, by almost 10 times. Field inspections
identified abundant ferric precipitates surrounding the settling pond and covering the
spillway exiting the ALD. The precipitates indicate that the ALD-settling pond system is

performing as designed.
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7.5 CONCLUSIONS

Passive mine drainage treatment systems appear to be low cost, viable solutions to
the problem of acid mine drainage remediation. Although the technologies associated with
constructed wetlands are still developing, positive results have been obtained. The success
of a PMDT is dependent upon chemical and physical design parameters. The author
considers the following subjects to be of great importance with respect to the physical

design of a passive mine drainage treatment system:

¢ hydraulic conductivity of organic substrate material,

* changes in substrate permeability over time,

* accurate determination of substrate permeability,

* clogging of substrate by chemical precipitates over time,

+ predictable flow rates through organic material,

* maintaining flow through closed pipe conveyances,

* control of hydraulic head in the treatment system,

e maintaining anoxic conditions where required,

» sufficient hydraulic capacity to manage a certain design storm,
» creating the desired flow configuration through the wetland,
e preventing leakage from treatment cells,

* protecting treatment cell structures from erosion.

Cooperative research focusing on the combined influence of chemical and physical
design parameters is recommended to gain a more complete understanding of this

innovative and promising mine drainage treatment method.
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