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INTRODUCTION

Staged, aerobic, constructed wetlands-based systems offer a potential
low-cost, natural, low-maintenance, and long-term alternative to
conventional treatment of acid drainage (Brodie, 1992a, Appendix 1).
Guidelines for design and construction of treatment wetlands exist but,
although useful for general planning purposes, should not be considered
comprehensive due to the rapidly evolving constructed wetlands technology
(Brodie, 1989, 1990, 1991c; Brodie et al, 1988; Hammer, 1989; Karathanasis,
1991; Kleinmann et al, 1990; Pesavento, 1984; Reed et al, 1988; U.S. EPA,
1985; Wildeman et al, 1991; WPCF, 1990). This workshop is designed to
present current guidelines on the processes of preliminary considerations,
design, operation, and maintenance of staged, aerobic constructed wetlands
for treating acid drainage. The design concepts discussed are therefore
primarily oriented to acid water treatment and are probably not optimal for
other types of wetlands construction on mined lands (e.g., mitigation
wetlands). However, because the types of systems described in this report
are efficient at removing suspended solids, the designs may be useful for
managing small to moderate flows of stormwater.

Using wetlands for water pollution control began in Europe where research
and applications involving wetlands and vegetative waste treatment date
back to the early 1950's. In the U.S., experimental application of
wastewater was tested in wetlands during the 1970's. However, treatment of
acid drainage did not evolve from wastewater treatment but rather from
water quality studies at sites where acid mine drainage was flowing into
natural Sphagnum moss bogs.

The first of these studies, by a group at Wright State University, found
Sphagnum recurvem growing in pH 2.5 water in Ohio's Powelson Wildlife
Area. Iron, magnesium, sulfate, calcium and manganese all decreased while
pH increased from 2.5 to 4-6 s.u. as the water flowed through the bog. A
natural outcrop of limestone located downstream provided sufficient
neutralization to raise the effluent pH to between 6 and 7 s.u. (Huntsman
et al, 1978).

A similar study was conducted by a West Virginia University group at Tub
Run Bog in northern West Virginia. They found that acid drainage flowing
into the wetlands area rapidly improved in quality. In 20 - 50 meters, pH
rose from 3.0 - 3.6 s.u. to 5.5 - 6.1 s.u., while only 10 - 20 meters of
flow through the bog was needed to reduce sulfate concentrations from 210 -
275 mg/1 to 5 - 15 mg/1l and iron from 26 - 73 mg/l to less than 2 mg/1l
(Wieder et al, 1982).

WETLANDS PROCESSES

"Wetlands" is a generic term encompassing swamps, marshes, bogs, wet
meadows, fens, etc. The term allows general discussion of at least two
types, cattail marshes and peat moss bogs, which are dominated by plants
that actually prefer slightly to moderately acidic water. These plants
also tolerate levels of sulfate and various metals that would be toxic to
most plant forms. Most important, these plants form the framework for a
self-maintaining ecosystem that removes metals, mineral acidity, and
sulfates.



Several physical, chemical, and biological processes contribute to changes
of the chemistry of mine drainage as it flows through a constructed
wetlands (Figure 1). The simplest mechanism is dilution. Wetlands are
normally built on a hydrologically low site, and additional flows from
surface drainage or non-target groundwater seeps are common. In some
systems, major inflows of uncontaminated groundwater and storm runoff can
cause changes in chemistry that might be mistakenly attributed to
biological or chemical processes. Hedin (1992) has suggested a methodology
using Mg concentrations as an adjustment factor which accounts for dilution
effects in a constructed wetlands.

Probably the most important metal removing mechanisms in wetlands, as they
are currently being constructed, are bacterially-catalyzed oxidation and
hydrolysis reactions that cause dissolved iron to precipitate as insoluble
iron, which is incorporated into the substrate. In one study of the metal
chemistry of peat in a 10-month-o0ld constructed wetlands, 93 percent of the
accumulated iron and 27 percent of the manganese accumulation were in
oxidized forms (Wieder et al, 1985). Other more recent studies
substantiate Wieder's findings (Faulkner and Richardson, 1990; Tarutis and
Unz, 1990). Iron oxidation and hydrolysis, however, is an acid-generating
reaction which acts to lower pH. These reactions are summarized below
(Stumm and Morgan, 1970).

(1) FeS; + 7/205 + Hy0 = Fe?* 4+ 2504~ = 2H*

(2) Fe?* 4+ 1/405 + H* = Fe3* 4+ 1/2H50

(3) Fe3* 4+ 3H0 = Fe(OH)3 + 3H*

(4) FeS, + 14Fe3* 4+ 8H,0 = 15Fe2* + 250%~ + 16H*

Note that these reactions are catalyzed by the bacterium Thiobacillus
ferrooxidans.

Faulkner and Richardson (1990a) also suggest that Mn sorption to Fe oxides
is a likely, long-term Mn removal mechanism. Successful Mn removal at
wetlands receiving excess alkalinity from anoxic limestone drains may be
attributed to Mn coprecipitation (Brodie, 1992a). Biological rock filters
for Mn removal may also be appropriate(Gordon, 1989; Meehan, 1991).

Another potentially important mechanism is bacterial sulfate reduction,
which occurs in the anaerobic organic substrate (Dvorak et al, 1991; Hedin
et al, 1989; McIntire and Edenborn, 1990). Wetlands constructed with a
composted organic substrate show high rates of biological activity and very
significant rates of sulfide production. The sulfide ion reacts with
metals to form an insoluble precipitate, which remains buried in the
organic mass. More important, is the fact that this reactions series
consumes acidity and acts to raise pH.

(5) S0~ + 2CH0 = HyS + 2HCO3
Hydrogen sulfide will, depending on the chemical environment, react with

dissolved metals and precipitate as a polysulfide or iron sulfides (FeS,
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The neutralization aspect of sulfate reduction is, at present, more
important than metal removal because oxidation and hydrolysis is a more
efficient way to remove iron and dissolved iron can interfere with sulfide
production (iron reduction precedes sulfate reduction). Therefore.
biological treatment systems that incorporate sulfate reduction should
designed to treat the water sequentially, so that most of the iron is
removed aerobically before anaerobic processes predominate. Improvements
in water quality may also result from the accumulation of metals in plants
and in the organic substrate, and from microbially mediated reduction
processes, and abiotic or microbially-catalyzed metal oxidation and
hydrolysis reactions. Because wetlands have heterogeneous environmental
conditions, these processes are intertwined.

Much of the original field and laboratory research with constructed
wetlands focuses on the ability of plants to accumulate metals. Sphagnum
has a well-established capability to accumulate iron (Burris et al, 1984;
Gerber et al, 1985; Wenerick et al, 1988). However, except in low-flow,
low-concentration situations ( Fe < 10 mg/l), metal accumulation in
Sphagnum reaches a toxic level within a single growing season (Spratt and
Wieder, 1988). Thus, although many of the original constructed wetlands
were built with Sphagnum, few remain operational. Typha is much more
tolerant of mine drainage than Sphagnum, probably because it does not
accumulate metals to high, toxic concentrations. Although Typha is the
dominant source of productivity and living biomass in most constructed
wetlands, its role as an iron sink is negligible and probably accounts for
less than 1 percent of the annual inflow iron load.

Certain algae have recently received attention from wetlands builders and
researchers because of observations that algal blooms are sometimes
associated with decreased dissolved manganese concentrations. Some
wetlands builders have attempted to enhance algal growth with periodic
fertilization and by creating open water ponds in which competition with
emergent plants for sunlight is reduced. Unfortunately, like removal of
iron by plant accumulation, removal of manganese by algal activity is
probably minor and only useful at low contaminant concentrations.

The organic substrates sometimes used in wetlands construction can remove
metals from solution by adsorption, chelation and cation exchange
processes. Detailed investigation of adsorption and chelation processes in
peat systems has shown that metal-removal capacities are limited. In most
constructed wetlands, these capacities would be exhausted with several
months of exposure to acid drainage. In aerobic wetlands, the substrates
do not contribute greatly to the pollutant removal processes except to the
extent that they support the growth of aquatic vegetation.

PRELIMINARY CONSIDERATIONS

General

At the conception of a wetlands project, one should become familiar with
existing and proposed regulations and guidelines regarding constructed

wetlands. These requirements vary from state to state, but, in addition to
potential local or regional requirements, could include the following.
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Requlation/Requirement Federal Law

Environmental Review National Environmental Policy Act

National Pollutant Discharge Clean Water Act
Elimination System (NPDES) Permit

Mining/Reclamation Permit Surface Mining Control and
Reclamation Act

Air Quality/Construction Permit Clean Air Act

Archaeological Survey National Historic Preservation Act

Survey for Protected Species or Endangered Species Act

Habitat

Consideration of Floodplains and Executive Orders 11998 (Floodplain

Existing Wetlands Management) and 11990 (Protection of
Wetlands)

Site conditions that influence wetlands design and construction include
hydrology, wastewater character, geology, soils, topography, access, land
availability and use, and geotechnical attributes. Selection and
evaluation of sites for constructed wetlands treatment systems has been
detailed elsewhere (Brodie, 1988). It is recognized that siting a wetlands
system is usually limited to the areas immediate to the acid water
discharge, however, certain considerations should be adhered to for
favorable results.

Hydrology

Surface and groundwater flow patterns, use, quantity, and chemistry should
be determined sufficiently to properly design major hydraulically sensitive
components of a wetlands (e.g., dikes, spillways, channels, retention
basins). Maximum stormflow into a wetlands should be closely estimated
because of the profound effects (scouring, flushing of sediments,
overloading, structural failure) of surface runoff on a wetlands system.
Conversely, periods of low or no flow should be determined. Acid inflows
should be completely characterized chemically to determine the presence of
major and hazardous constituents. Minimally, inflows to a proposed
wetlands should be sampled and analyzed several times over the year for pH,
dissolved oxygen, total and dissolved Fe, total manganese, aluminum, total
sulfate, alkalinity, and acidity. A determination of the presence of toxic
constituents (e.g., heavy metals, pesticides, organics) is recommended,
especially if the source of the acid water is not well-defined or is a
process waste (e.g., coal ash, gob). Nearby water wells, springs, or
public water supplies should be sampled to document pre-wetlands water
quality. Downstream water quality and biologic surveys may be useful in
documenting stream recovery to support release from a permit.
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Geology

Soils and surface materials should be characterized for thickness, depth,
classification and composition, use as a construction material, drainage
characteristics, and erosion potential. Depth to bedrock should be
determined to allow for various design considerations, although very
shallow bedrock may preclude the use of constructed wetlands.

Topography affects cut and fill requirements, drainage and erosion
characteristics, and slope stability. Number of cells in a wetlands may be
dictated solely on the basis of topography. Detailed topographic surveys
are usually not needed to design a wetlands but are convenient planning
bases.

DESIGN

Major components of a wetlands treatment system which require design
include general configquration/staging, collection structures, aeration
structures, dikes, spillways, basins or wetlands cells, and pre- or
post-treatment systems. There are numerous potential stages of a wetlands
system and uncounted potential variations and configuration of the various
stages, each based on site-specific conditions. Possible stages in a
system include French drains, buried limestone drains, deep basins, shallow
marshes, deep marsh-ponds, wet meadows, subsurface marshes, rock filters,
bogs, polishing or treatment ponds, aeration structures, algae ponds, and
others. Figure 2 shows plan schematics of several different examples of
staged wetlands systems. Figure 3 shows a typical scheme for a staged
wetlands system consisting of an anoxic drain, a deep marsh/pond cell, and
a shallow marsh/pond cell followed by a polishing pond. Figure 4 suggests
a simplified flow scheme for designing a staged constructed wetlands
treatment system. By no means should this flow chart be considered a
complete guideline, but rather a method at which to arrive at a conceptual
design which must be refined based on the numerous site-specific
characteristics. Because of the many types of pollutants in acid drainage
which require different treatment methodologies, constructed wetlands can
consist of several "stages" and components. Figure 5 depicts the SaWAMP
model with the important stages in an aerobic style wetlands-based system.
Each of these stages and their components are discussed below.

Collection Structures

If very different acid drainage compositions are under consideration, then
combining them together may or may not be desirable. For example, if there
is a low flow, very strong acid drainage and a high flow, low strength
drainage, then it may be desirable to combine them, because wetlands
processes may not be able to adequately treat the strong drainage itself.
If the converse is true, then combining the two waters will only result in
more water being treated by a non-wetlands treatment system.

French drains in the toe area of spoil can be used to discharge water into
the first wetlands treatment unit. The design of the drain system should
minimize mixing with uncontaminated water so as to avoid flow surges to the
wetlands system.
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Pipes are chronic O&M problems in acid drainage environments. If pipes are
necessary to collect the seepage, the use of a gas trap at the exit and
clean-out plugs should minimize these problems. It is important to exclude
oxygen to avoid the precipitation of iron oxyhydroxides that can constrict
the flow in the pipe, eventually rendering it useless.

Seeps can be collected in strategically located collection ponds or contour
ditches that discharge into a collection pond or the first wetlands
treatment unit. These structures can also serve as pre- or primary
treatment units. This includes precipitate settling and possible chemical
treatment, if required. The advantages of a collection pond include flow
surge control and relatively constant head to the wetlands system. Dams
and/or diversion ditches can also intercept surface acid mine drainage.

Inflow surge and constant head control are particularly important where the
inflow is from surface drainage and/or heavily influenced by runoff.

Surges from seeps and underground mines are usually dampened relative to
those from surface drainage. The maintenance of a relatively constant head
on the inflow to the wetlands system will provide the wetlands system with
a relatively constant inflow rate and simplify design considerations. The
wetlands system will operate in a relatively constant, steady-state
condition, which minimizes hydraulic, vegetative, and substrate stresses.

A collection pond or ditch with an elevated diversion ditch, spillway, or
riser pipe is appropriate. Ideally, these should be located upstream from
the wetlands system to protect it from storm surges. The retention
capacity of a collection pond can be sized to contain typical "flood" or
storm events. Some wetlands designs have a spillway at the end of the last
treatment cell, but this will not protect the body of the wetlands from the
effects of a storm surge eroding sediments and substrate. A sediment
settling pond upstream of the wetlands cells will also remove material not
requiring treatment in the wetlands treatment cells. The reduction of
incoming sediment loads to the wetlands system will contribute to
maximizing the useful life of wetlands treatment cells.

An additional type of collection structure is the anoxic limestone drain
(ALD). Because this structure is an important pretreatment stage, it is
discussed later and as Appendix 2.

Sizing Wetlands

The simplest rule to follow in constructing wetlands is the bigger, the
better. Increased surface area and increased retention time improves
overall performance. Increasing the size also increases the cost, so the
minimal wetlands size for effective water treatment is desirable.

Wetlands size is a major design consideration which is being investigated
by several researchers. The first size design guideline, 200 square feet
per maximum flowing gallon per minute, was based on hydraulic loading and
neglected any consideration of water chemistry (Kleinmann et al, 1983;
Pesavento, 1984). More recently, chemical loading rates based on wetlands
area and iron and manganese influent concentrations have been suggested as
better parameters for sizing wetlands (Brodie et al, 1988; Brodie, 1990;
Hedin, 1990; Stark et al, 1990; Hedin and Nairn, 1990; Stark et al, 1990).
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Wetlands sizing based on a single parameter (e.g., total Fe) is probably
not appropriate because of the many active influences on pollutant active
in a wetlands. These influences include influent pH, alkalinity and
acidity, Fe concentration and form, Mn concentration, sulfate
concentration, and average and maximum flow. Of these influences on
wetlands sizing, the system must be designed to accommodate the maximum
probable flow. Practically, this might correspond to the 100-year, 24-hour
rainfall event being contained. However, with only preliminary chemical
loading rate guidelines ranging from about 2.0 g/day/m2 (GDM) to nearly
11 GDM of total Fe (see Figure 6), one can do a best practical estimate of
wetlands size based on influent iron concentration and maximum probable
flow. For example, a water with 50 mg/l Fe and a maximum flow rate of 150
1/min would be sized according to:

Wetlands Area (A) [Fe Conc. (mg/1) X Flow (1/min) X 1.44]
Recommended Chemical Loading Rate (GDM)

>
1l

[50 mg/1 X 150 1/min X 1.44] / 2.0 GDM

5400 sqg. m

If significant alkalinity is present in the influent, the larger loading
rate may approach a sizing guideline.

A = [50 mg/1 X 150 1/minX 1.44] / 11 GDM

982 sgq. m

The Bureau of Mines has developed empirical sizing criteria, based on iron
removal, that takes into account water chemistry as well as flow rates
(Kleinmann et al, 1990). For influent water with a pH of 3.0-3.5 s.u.,
1200 ft2 of wetlands will remove, on average, a pound of iron a day. If
the influent pH is 4-5 s.u. the wetlands is more efficient and less space
is required: 500 ft2 of wetlands will remove, on average, a pound of

iron per day. If pH is > 6 s.u., and excess alkalinity is available, the
efficiency doubles: 250 £t? will remove a pound of iron per day. For
design purposes, a good rule of thumb is to double these area requirements
to account for reduced effectiveness during winter and unexpected high
loadings.

If the pH and/or manganese concentrations require treatment, additional
space must be allotted to treat these parameters. The Tennessee Valley
Authority estimates that, on average, to meet discharge criteria wetlands
should be built 5 to 6 times larger than what the Bureau of Mines believes
is required for iron removal alone.

Most wetlands have not been constructed as large as TVA would suggest is
required, but most wetlands do not meet discharge criteria either.
Approximately 80 % of the sites require chemical treatment to bring the
effluent of the wetlands into compliance with regulatory limits (generally
Fe ¢ 3 mg/1, Mn ¢ 2 mg/1l, TSS ¢ 35 mg/1l, and pH = 6-9 s.u.). However, even
these wetlands are considered effective because they significantly decrease
chemical treatment costs. 1Indeed, most wetlands constructed to treat acid
mine drainage pay for themselves in less than a year by allowing the
operator to use simpler, less expensive chemical treatment systems and/or
to significantly reduce the amount of chemicals used.

-13-



Thus, sizing becomes a question of balancing available space and wetlands
construction costs versus influent water quality and chemical treatment
costs. Wetlands can be constructed as a biological pre-treatment step or
as a potential alternative to chemical treatment; in either mode, wetlands
can be effective, given the site conditions and the operating assumptions.

Depth

Depth of water in cells may vary according to the needs of the operator.
Shallow (< 25 cm) marshes lend toward strong dissolved oxygen levels and
oxidizing conditions but reduce lifespan of the cell, reduce retention
capacity, enhance higher flow velocities, and may be subject to freezing in
cold climates. Deeper cells (25-50 cm) decrease vegetation diversity, lend
to lower dissolved oxygen levels and reducing conditions near the
substrate, but increase the retention capacity and lifespan of the cell.
Deeper cells may be most appropriate for moderate water quality or as the
first stage in a wetlands system to accommodate rapid
oxidation/precipitation of ferrous Fe.

Additionally, deeper cells, or deep spots within shallow cells, may enhance
fish and wildlife habitat, provide recharge and wildlife refuge areas in
the wetlands during dry periods, and improve hydraulic characteristics of
the cell. Ideally, a cell should not be of a uniform depth, but should
include shallow and deep marsh areas and a few deep (1 to 2 m) spots. Note
that most readily available aquatic vegetation will not tolerate water
depths greater than about 50 cm.

Wetlands Forms

Configuration of a staged wetlands system will vary depending on flow,
water quality, and topography. Very large cells are subject to hydraulic
short-circuiting and should be hydraulically chambered using simple, low or
subsurface finger dikes, logs, riprap baffles or other structures. The
most common flow path guides are hay bales. The theory is to maximize the
contact volume or surface area and the effective detention time of the
wetlands cell as well as avoid channelization or short-circuiting of the
cell. An alternative is to have irregular or serpentine perimeters for the
cells. Some wetlands have irregular islands in the cell. Preferably, a
wetlands system should consist of several cells.

The geometry of the wetlands site , as well as flow control and water
treatment considerations, may dictate the use of multiple wetlands cells.
The intercell connections may also serve as aeration devices. If there are
elevation differences between the cells, the interconnection should
dissipate kinetic energy and not allow high energy water to enter a
wetlands cell causing erosion and/or the mobilization of precipitates.

Multiple and sequential treatments, such as aerobic/anaerobic, may be
required to treat low pH, high metal-content acid drainage. The order of
dominant treatment cell mechanisms has been observed from a limited number
of observations to be significant. Wetlands systems with anaerobic
processes before aerobic processes have resulted in considerably diminished
treatment effectiveness relative to using only aerobic processes. Data to
date indicate that treatment cells dominated by aerobic processes should
precede those dominated by anaerobic processes. Figure 3 depicts a
consummate Staged Wetlands for Acid Minewater Purification (SWAMP).
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Bottom slopes are not extremely critical to the operation of a wetlands.

An exception may be a subsurface flow stage which uses deep beds of compost
or other permeable organic material to induce sulfate reduction. Bottom
slopes in these stages should be about 1-3 % upstream.

Cell length to width (L:W) ratios should be sufficient to prevent high
velocities and channelization. Experience from municipal wastewater
treatment wetlands suggests that L:W ¢ 1.0 enhances treatment capabilities
of a system.

Substrates

Substrates for a wetlands range from labor and cost-intensive crushed
limestone/compost in sulfate reducing-type wetlands to lower cost in-situ
materials such as mine spoil in aerobic wetlands. The Bureau of Mines has
suggested a design for a treatment wetlands which uses about 30-50 cm of
high calcium limestone covered by 20-30 cm of spent mushroom compost to
induce sulfate reduction. The limestone enhances the alkalinity and
buffering capacity of the wetlands flow, and the compost enhances sulfate
reduction mechanisms in the system and provides a suitable growth medium
for aquatic vegetation.

TVA has built numerous wetlands using only in-situ materials for substrates
and primarily aerobic mechanisms for pollutant removals (Brodie, 1992a).
These materials have included low organic sandy loams, silty loams, medium
organic silty loams, and sandy to rocky mine spoils. Wetlands success at
the TVA has not been correlated to the type of substrate used. The added
expense of importing substrates is not recommended, but rather use of site,
or in-situ materials to provide only a suitable growth medium.

To remove acidity, alkalinity must be generated by either limestone
dissolution (as from an anoxic limestone drain) or bacterial sulfate
reduction. The approach used in northern Appalachia is to route the
aerobically-treated, low-iron effluent of a conventional constructed
wetlands through composted organic substrate in a second series of
wetlands, to use the acid-consuming activity of the sulfate-reducing
bacteria. Although aerobic systems may be passively influenced by the
presence of their substrate and associated biological activity, anaerobic
processes dominate in the second system. The central themes in these
treatment systems are substrates rich in organic matter to support sulfate
reduction, vegetation to replace consumed organic matter, and a flow regime
that is contained mainly in the substrate.

The common substrate is spent mushroom compost that is generally placed
(not compacted) in a layer about 50 cm thick. Thicker layers cause
densification at depth which reduces permeability to an ineffective level
to promote transmissability of the acid drainage. Spent mushroom compost
has a bulk density of about 0.65 g/cm3 (1,100 pounds per cubic yard). A
typical coverage for a .5 m (18 inches) thick substrate is about 3.2 m?
per metric ton (3.5 square yards per ton). Other types of composted
organic matter may be suitable as well.

Cattails or other emergent vegetation are planted in the substrate to
stabilize it and provide organic matter to "fuel" the sulfate reduction
process. As a practical tip, cattail plant/rhizomes should be planted well
into the substrate prior to flooding the wetlands cell.
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The flow regime in a sulfate reducing wetlands should be primarily within
the substrate material. There are various ideas on inducing subsurface
flow in the substrate, most of which have met with failure. Buried pipe
systems have had limited operational life, but first demonstrated that
significant water chemistry changes could be made on acid drainage using
subsurface flow. While subsurface flow schemes are still in the
experimental state, gravel packs to infuse and/or collect water in a
wetlands cell have been used in some wetlands applications mostly for
non-acid drainage wastewater. The greatest success, to date, has been at
sites where the compost is sloped or piled a little higher than the free
water surface of the wetlands cell, so that the water must flow through the
compost. Water flows through the compost, eventually breaking out at the
end, where it flows out of the first cell and into another cell.

In some cases (e.g., a groundwater recharge area), a liner may be required
to protect groundwater resources and to simply retain water in the
wetlands. Liners may be compacted clay soils (6-10 inches) or synthetic
liners overlain by 8 or more inches of growth medium. Most aerobic
wetlands are constructed using compacted clay and silt soils. The use of
liners on a sand or soil base for the treatment cell may be rather
expensive. There are occasional uses of plastic liners for ditches and
intercell connections. Plastic liners have also been used on dam faces.
The chemical resistance of plastic or rubber materials to aqueous hydrogen
sulfide and the sulfate solutions of ferrous and ferric iron should be
evaluated before use in a constructed wetlands. The use of bentonitic
clays in some compositions of AMD may not result in the expected
performance of the bentonite. There are different varieties of bentonites
and these should be evaluated before use in an AMD environment.

Dikes and Spillways

Dikes should be constructed of locally borrowed material (cell cuttings are
ideal usually), adequately compacted and sloped minimally 2H:1V. Dikes
tend to settle over several years and should therefore be constructed with
about 2.5 ft. freeboard to ensure over the long term. Dike crest widths
may vary. Wide dikes reduce wetlands area and increase the susceptibility
to vehicular traffic. It is recommended to minimize dike widths and to
place large tank bars at each end to discourage vehicles.

Spillways should be designed to pass the maximum probable flow. Figure 7
shows a typical design for a spillway. Spillways should consist of wide
cuts in the dike with side slopes no steeper than 2H:1V, lined with
non-biodegradable erosion control fabric, and coarse riprapped if high
flows are expected. Proper spillway design can preclude high future
maintenance costs due to erosion and/or failed dikes. Vegetated spillways
overlying erosion control fabric provide natural and stable spillways.
Other forms of spillways include pipes, risers, and various water level
control structures. With best engineering design practices, most spillways
will perform adequately. If pipes are used, small diameter (< 12") pipes
should be avoided due to plugging from litter. Pipes should be PVC or
coated for long-term stability. If desired, emergency spillways can be
incorporated into the dike design.
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Figure 7

TYPICAL CONSTRUCTED WETLANDS SPILLWAY
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Pretreatment and Aeration

Aeration structures include simple splash areas, cascades, or more
elaborate structures such as an in-line aeration system. Generally, the
shallow depths in constructed wetlands, along with the spillway designs,
provide for sufficient aeration to enhance metals removal and support
aquatic life. If aeration structures are planned, their consumption of
hydraulic potential should be considered. As aeration only provides enough
oxygen to oxidize 50-70 mg/l ferrous iron to the more insoluble ferric
form, acid drainage with higher concentrations of ferrous iron will require
the operation of a series of aeration units-wetland cell combination. The
wetlands cells are required to allow the oxygen in the aerated water to be
consumed in oxidizing the ferrous iron and the resulting floc to settle out
of suspension. At acid pH's,iron oxidation is primarily a function of
bacterial activity but at circum-neutral pH's abiotic oxidation is also
significant. A side effect of either oxidation process is a generation of
acidity which in turn slows the oxidation process which is inversely
proportional to pH. This acidity must be consumed and the pH raised in
order to take better advantage of the next aeration/oxidation/precipitation
stage. This acidity can be consumed by added alkaline materials or the
alkalinity generated by bacterial sulfate reduction.

A new system which is being used in Tennessee to pretreat wetlands inflow
is known as an anoxic limestone drain (ALD). These systems, which consist
of limestone backfilled collection drains within the spoil, are covered
with plastic and clay soil to maintain an anoxic state to prevent ferric
iron armoring. Seepage through the trench picks up significant alkalinity
which buffers the water against drastic pH decreases in the wetlands as
ferrous iron oxidizes, hydrolyzes, and precipitates. Success with the
systems is preliminary but impressive (Brodie et al, 1991).

Vegetation can be simply one species readily available from nurseries or
nearby wetlands, or can be more exotic species adapted to a specific niche
in the constructed wetlands. The least costly vegetation has been nursery
stock planted in shallow water or saturated substrate. A more costly
option is to transplant vegetation from nearby marshes. Preferably, a new
system should be planted with several species, such as cattail (Typha sp.).
bulrush (Scirpus), and rush (Eleocharis). Vegetation has traditionally
been planted at about one-foot centers, but less dense planting may be
acceptable, especially when using cattails. All dikes and disturbed areas
should be revegetated immediately to minimize erosion and sedimentation
into the wetlands.

A final note on design concerns the method of contracting a wetlands
project. Set contracts, although good for planning purposes, are often
less desirable because of the frequency of field changes in design of a
system. Unless a wetlands has been thoroughly engineered and designed, it
is usually cost-effective to complete a wetlands project through a contract
operator on a cost-reimbursable basis, with adequate controls.

CONSTRUCTION
Heavy equipment used for constructing wetlands may vary, but usually
consist of a small dozer and a larger dozer, a hydraulic excavator or

backhoe, a loader, and a dump truck. Additionally, a hydroseeder may be
useful.
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After site mobilization of equipment, silt retention structures should be
installed in and along the stream. The cells are then cleared and grubbed,
rough graded, and the dikes are constructed. Emergency spillways are
built, then the primary spillways. If flow or water level adjustment
devices are not used, temporary pumping or delaying final spillway
construction may be required to proceed with planting nursery stock. Full
grown aquatic vegetation may be planted directly in deep (< .5 m) water as
long as leaves are exposed to air. Planting cattails must be done
carefully, setting the whole root ball into the substrate. Breaking the
cattail stem at the water level prevents wind throw and stimulates root
growth. Bulrush may simply be placed on the substrate. Wetlands have
generally been fertilized once to get them going. A typical list of
materials would include crushed limestone, spent mushroom compost, riprap,
piping, erosion control fabric, wood, sacrete or concrete, seed, mulch,
fertilizer, fencing, and aquatic vegetation. Labor requirements include a
site engineer, two equipment operators, labor crew, and foreman.

OPERATION AND MAINTENANCE

During the initial start-up period (4 to 8 months), water levels should be
closely monitored if nursery stock was used. Otherwise, the start-up
period is shortened to weeks. Operational problems can be attributed to
inadequate design, unrealistic expectations, pests, inadequate construction
methods, or nature-induced problems. If properly designed and constructed,
a wetlands treatment system can be operated with a minimum amount of
attention and money.

Probably the most common maintenance problem is dike and spillway
stability. Reworking slopes, rebuilding spillways, and increasing
freeboard can all be avoided by proper design and construction using
existing quidelines for such construction.

Pests often plague wetlands with operational problems. Muskrats will
burrow into dikes, posing leakage and potentially catastrophic failure
problems, and will uproot significant amount of cattails and other agquatic
vegetation. Muskrats can be discouraged by linking dike inslopes with
chain-link fence and/or riprap to prevent burrowing. Beavers cause water
level disruptions due to damming and also seriously damage vegetation.
They are very difficult to control once established. Small diameter pipes
traversing wide spillways ("three-log structures") and trapping have had
limited success in beaver control. Large pipes with 90-degree elbows on
the upstream end have been used as spillways in beaver-prone areas.
Otherwise, shallow ponds with dikes with shallow slopes toward wide,
riprapped spillways may be the best design for a beaver infested system
(i.e., learn to live with them).

If mosquitoes are a problem, mosquitofish (Gambusia affinis) may be
introduced into the wetlands. Other insects, such as the armyworm, have
devastated monocultural wetlands by their appetite for cattails (Snoddy et
al, 1989). Planting numerous species in a system will minimize such
problems, although it may be necessary to apply an insecticide such as
Lorsban until natural predators control certain insect pests. Even bats
may provide a means of insect control at remote sites (Tuttle, 1988).
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COSTS

Figure 8 shows the major items contributing to the cost of a constructed
wetlands. These include costs for land acquisition, engineering and
design, construction (equipment, labor, and materials), and operation and
maintenance. Costs will vary based on numerous factors which include
geotechnical considerations (bedrock depth, availability of construction
materials, liners, etc.), land acquisition costs, and labor and equipment
rates. However, costs per square foot of wetlands generally range from
about $ 0.50 to $ 3.00, and average just over $ 1.00.

FINAL NOTES

The author, on behalf of the Tennessee Valley Authority, is pleased to
share his experiences and background on constructed wetlands. Design and
design concepts for constructed wetlands are relatively new technologies.
Concepts, procedures, and methods introduced in this report may or may not
be useful for a particular situation. Prospects for application of
constructed wetlands should be examined by scientists and engineers with
appropriate training and experience. When the application is viable,
systems design and carefully staged, monitored, and documented development
only by experienced persons are recommended. Further, because of the
potential importance of wetlands-based technology to mitigate many serious
water quality problems, it is essential that those who build and operate
such systems document and report on their successes and failures in order
that the scientific, engineering, and regulatory communities can advance
the state-of-the-art of constructed wetlands based on knowledge and data.
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TYPICAL COST BREAKDOWN
TVA Constructed Wetlands

DESIGN $6000
PERMITTING 1000
LAND ACQUISITION 6000

CONSTRUCTION
- Equipment & labor 12,000

- Materials 6000
- Supervision 4000
OPERATION & MAINTENANCE 9000
MISCELLANEOUS 6000

TOTAL $ 50,000

FIGURE 8
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