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INTRODUCTION

Section 121 (b) of the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA) mandates the U.S. Environmental Protection Agency (EPA) to
select remedies that "utilize permanent solutions and alternative treatment
technologies or resource recovery technologies to the maximum extent practicable”
and to prefer remedial actions in which treatment "permanently and significantly
reduces the volume, toxicity, or mobility of hazardous substances, pollutants, and
contaminants as a principal element.”

The EPA/Navy CERCLA Remedial Action Technology Guide is a collection of (1)
£ngineering Bulletins produced by the EPA’s Technical Support Branch in Cincinnati,

OH and (2) Remedial Action Tech Data Sheets produced by the Naval Energy and
Environmental Support Activity (NEESA) in Port Hueneme, CA. These documents
comprehensively summarize the latest information obtainable on many of the best
available remedial technologies. The intent is to convey information (based on
previous applications) to help remedial project managers, engineers in charge, on-scene
coordinators, Navy resident officers in charge of construction, and contractors decide
if a technology should be used at a hazardous waste site and if so, what are the
relevant design, implementation, and cost considerations. Addenda will be issued
periodically to update the original bulletins and tech data sheets, and other
technologies may be added.

This document is approved for public release.
Distribution is unlimited.
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Purpose

Section 121 (b) of the Comprehensive Environmental Re-
sponse, Compensation, and Liability Act (CERCLA) mandates
the Environmental Protection Agency (EPA) to select remedies
that “utilize permanent solutions and altemnative treatment
technologies or resource recovery technologies to the maxi-
mum extent practicable” and to prefer remedial actions in
which treatment “permanently and significantly reduces the
volume, toxicity, or mobility of hazardous substances, pollut-
ants, and contaminants as a principal element.” The Engineer-
ing Bulletins are a series of documents that summarize the
latest information available on selected treatment and site
remediation technologies and related issues. They provide
summaries of and references for the latest information to help
remedial project managers, on- scene coordinators, contrac-
tors, and other site cleanup managers understand the type of
data and site characteristics needed to evaluate a technology
for potential applicability to their Superfund or other hazardous
waste site. Those documents that describe individual treatment
technologies focus on remedial investigation scoping needs.
bAd|t|!enda will be issued periodically to update the original

ulletins.

Abstract

Landfill covers are used at Superfund sites to minimize
surface water infiitration and to prevent exposure to the
waste. Inmany cases, covers are used in conjunction with other
waste treatment technologies, such as slurry walls, ground-
water pump- and-treat systems, and in situ treatment.

This bulletin discusses various aspects of landfill covers,
their applicability, and fimitations on their use and describes
innovative techniques, site requirements, performance data,
current status, and sources of further information regarding
the technology.

Technology Applicability

Covers may be applied at Superfund sites where contami-
nant source control is required. They can sense one or more of
the following functions:

¢ |[solate untreated wastes and treated hazardous wastes to
prevent human or animal exposure

* [reference number, page number]

o Prevent vertical infiltration of water into wastes that
would create contaminated leachate

Contain waste while treatment is being applied

Control gas emissions from underlying waste

Create a land surface that can support vegetation and/or
be used for other purposes

Covers may be interim (temporary) or final. Interim
covers can be installed before final closure to minimize genera-
tion of leachate until a better remedy is selected. They are
usually used to minimize infiltration when the underlying waste
mass is undergoing most of its settlement. A more stable base
will thus be provided for the final cover, reducing the cost of
post-closure maintenance.

Covers also may be applied to waste masses that are so
large that other treatment is impractical. At mining sites for
example, covers can be used to minimize the entrance of water
to contaminated tailings plies and to provide a suitable base for
the establishment of vegetation. In conjunction with water
diversion and detention structures, covers may be designed to
route surface water away from the waste area while minimiz-
ing erosion.

The effectiveness of covers on underlying soils and ground-
water containing contaminants is shown in Table 1. Effective-
ness is defined as the ability of the cover to perform its
function over the long term without being damaged by the
chemical characteristics of the underlying waste. Examples of
constituents within contaminant groups are provided in the
“Technology Screening Guide for Treatment of CERCLA Soils
and Sludges” [1, p. 10].

The degree of effectiveness shown in Table 1 is based
on cumrently available information or on professional
judgment when no information was available. The effec-
tiveness of the technology for a particular site or waste
does not ensure that it will be effective at all sites. Demon-
strated effectiveness means that, at some scale, chemical
resistance tests showed that landfill covers were resistant
to that particular contaminant in a soil or groundwater
matrix. The ratings of potential effectiveness and no
expected effectiveness are based on expert judgment.
Where potential effectiveness is indicated, the technology is




believed capable of successfully containing the contaminant
groups so indicated in a soil or groundwater matrix. [If the
technology were not applicable or probably would not work for
a particular combination of contaminant group and matrix, a
no expected effectiveness rating is given. Note that this rating
does not occur in Tabile 1 for any of the contaminant groups.

Limitations

Landfill covers are part of landfilling technology, which is
generally considered a technology of last resort in remediating
hazardous waste sites. Landfilling of hazardous waste is not
permitted without first applying the best available treatment.
Landfilling technology does not lessen toxicity, mobility, or
volume of hazardous wastes. However, when properly de-
signed and maintained, landfills can isolate the wastes from
human and environmental exposure for very long periods of
time.

Covers are most effective where most of the underlying
waste is above the water table. A cover, by itself, cannot
prevent the horizontal flow of groundwater through the waste,
only the vertical entry of water into the waste. Other proce-

Table 1
Effectiveness of Covers on General Contominont
Groups for Sol and Groundwater
Effectiveness

of

Contominant Groups Covers

Halogenated volatiles v

Halogenated semivolatiles ]

Nonhalogenated volatiles v

Nonhalogenated semivolatiles ]

€ PCBs []

E Pesticides (halogenated) [ ]
Dioxins/Furans [ |
Organic cyanides ]
Organic corrosives ]
Volatile metals [ ]
Nonvolatile metals [ ]

g Asbestos ]

g Radioactive materials | |
Inorganic corrosives ]
inorganic cyanides o
Oxidizers [ ]

i Reducers ]

B Demonstrated Effectiveness: Short-term effectiveness demonstrated at

fleid-scale.

¥ Potential Effectiveness: Expert opinion that technology will work.

Q ::.mem: Expert opinion that technology wil not

dures (e.g., landfill liners, slury walls, extraction wells) may
be needed to exclude, contain, or treat contaminated
groundwater,

it is generally conceded that landfill components (liners
and covers) will fail eventually, even though failure may occur
after many tens or hundreds of years. Their effective life can be
extended by long-term (30 years or more) inspection and
maintenance [20]. Vegetation control and repairs associated
with construction errors, cover erosion, settlement and subsid-
ence are likely to be required. The need for cover repairs can
be lessened considerably by adherence to a rigorous quality
assurance program during construction.

Technology Description

The U.S. Environmental Protection Agency (EPA) has pub-
lished several documents that provide guidance on the technol-
ogy of cover construction at land disposal facilities [2] [3] [4] [5]
[6] [7]. Other documents specifically address remediation of
radiologically-contaminated Superfund sites, including the use
of covers [8] [9]. Design and construction of clay liners (not
covers specifically), properties of clay, testing methods, soil.
permeabilities, liner performance, and failure mechanisms are
discussed at length in Reference 10.

The design of covers is site-specific and depends on the
intended functions of the system. Many natural, synthetic, and
composite materials and construction techniques are available.
The effectiveness of covers (and other structural components of
engineered landfills) has been shown to be primarily a function
of the attention given to quality in choosing, installing, and
inspecting those materials and techniques [24].

Covers can range from a one-layer system of vegetated soil
to a complex muiti-layer system of soils and geosynthetics. In
general, less complex systems are required in dry climates and
more complex systems are required in wet climates. The most
complex systems are usually found on engineered landfills in
the humid eastern United States, where the cover must meet
the erosion and moisture requirements of the associated liner
designed to contain the waste. Figure 1 depicts a vertical
section of such a cover. Table 2 summarizes the function,
materials of construction, and purpose of each of the compo-
nents. Covers on Superfund sites usually contain some, but not
necessarily all, of these components.

The materials used in the construction of covers include
low-permeability and high-permeability soils and geosynthetic
products. The low-permeability materials (geomembrane/soil
layer) divert water and prevent its passage into the waste. The
high-permeability materials (drainage layer) carry water away
that percolates into the cover. Other materials may be used to
increase slope stability.

The most critical components of a cover in respect to
selection of materials are the barrier layer and the drainage
layer. The barrier layer can be a geomembrane or low- perme-
ability soil (clay), or both (compc.ie).

Geomembranes are supplied in large rolls and are available
in several thicknesses (20 to 140 mil), widths (15 to 100 ft), and

Engineering Bulletin: Landfill Covers
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Table 2
Configuration of Cover Systems
Layer Primary Function Usuol Materiols Generol Considerations
1. Surface Layer Promotes vegetative growth Topsoil (humid site); Cobbles Usually required for control of
(Most covers); Decrease erosion; (arid Site); Geosynthetic erosion water and/or wind erosion
Promote evapotranspiration. control systems
2. Protection Layer Protect underlying layers from Mixed solls; Cobbles Usually required; May be
intrusion and barrier layer combined with the protective
from desiccation and freeze/thaw layer into a single "cover soil®
damage; Maintain stability; layer
storage of water
3. Dranage Layer Drain away infiitrating water Sands; gravels; geotextiles; Optional; Necessary where
to dissipate seepage forces geonets; geocomposites excessive water passes through
protection layer or seepage
forces are excessive
4. Barrier Layer Reduce further leaching of waste Compacted clay liners; Usually required;
by minimizing infiltration of water Geomembranes; Geosynthetic May not be needed at
into waste; Aid in directinggasto  clay liners; Composites extremely arid sites
the emissions control system by
reducing the amount leaving
through the top of the cover
5. Gas Collection Transmit gas to collection Sand; geotextiles; geonets Usually required if waste produces
Layer points for removal and/or excessive quantities of gas
cogeneration

lengths (180 to 840 ft). The polymers cumrently used include
polyvinyi chloride (PVC) and polyethylenes of various densities.
Geomembranes are much less permeable than clays; measur-
able leakage generally occurs because of imperfections created
during their installation; however, the imperfections can be
minin rized [15].

Soils used as barrier materials generally are clays that are
compacted to a hydraulic conductivity (usually referred to as
permeability) no greater than 1 x 10 ecm/sec or a combination
of bentonite and other soil that will achieve a comparable or

even lower permeability. Compacted soil barriers are generally
installed in 6-inch minimum lifts to achieve a thickness of 2 feet
or more.

A composite barrier uses both soil and a geomembrane,
taking advantage of the properties of each. The geomembrane
is essentially impermeable, but, if it develops a leak, the soii
component prevents significant leakage inte the underlying
waste. A composite liner has proven to be the most effective in
decreasing hydraulic conductivity {2, p. A-2).

Engineering Bulletin: Landfill Covers




Geosynthetic dav ' arriers are beginning to be used in
place of both the geomembrane and clay components. The
geosynthetic clay barriers are constructed of a thin layer of
bentonite sandwiched between two geosynthetic materials. In
use, the bentonite expands to create a iow-permeability,
resealable (“seif-healing”) barrier. It is supplied in rolls, but
Joes not require seaming as geomembranes do [21].

Other identified altemative barrier materials are flyash-
bentonite-soil mixtures; super absorbent geotextiles; sprayed-
on geomembranes and soil-particle binders; and custom-made
bentonite with geomembranes or geotextiles [11,
p. 63) {12, p. 6]. Potential advantages of altemative barriers
indude quick and easy installation, better quality control, cost
savings potentially greater than use of compacted soil or stan-
dard snil/geomembrane composite, reduction in volume of
material, lighter construction equipment required, and some
self nealing capabilities [11, p. 65] [12, p. 6] [13, p. 225).

The following discussion briefly describes the construction
of a muiti-layer cover. It does not attempt to describe all of the
possible configurations and materials.

Covers are usually constructed in a crowned or domed
shape with side slopes as low as is consistent with good runoff
characteristics. The bottom layer, which may be a granular gas
collection layer, forms the base on top the waste mass for the
remainder of the cover. The clay component of the barrier
layer is constructed on this base layer. The clay is spread and
compacted in “lifts” a few inches thick until the desired barrier
thickness is reached (usually 24 inches or more).

Each lift is scarified (roughed up) after compaction so ther=
will be no discernible surface between it and the next higher lift
when the latter is compacted. The top lift is compacted and
rolled smooth so the geomembrane may be laid on it in direct
and uniform contact. During the entire process the clay must
be maintained at a near-optimum moisture content in order to
attain the necessary low permeability upon compaction.

Low hydraulic conductivity is the most important property
of the clay/soil barrier. Hydraulic conductivity is significantly
influenced by the method of compaction, moisture content
during compaction, compactive energy, clod size, and the
degree of bonding between lifts [11, p. 6].

Geomembranes require a great deal of skill in their installa-
tion. They must be laid down without wrinkles or tension.
Their seams must be fully and continuously welded or ce-
mented and they must be installed before the underlying clay
surface can desiccate and crack. If vent pipes protrude through
the cover, boots must be carefully attached to the membrane
to prevent tearing if the cover subsides later. Care must be
taken that the membrane is not accidentally punctured by
workers or tools.

Extremes of temperature can adversely affect geomembrane
installation, e.g., stiffness and brittleness are associated with
low temperatures and expansion is associated with high tem-
peratures. Thus, air temperature and seasonal variation are

important design considerations [15].

A geotextile may be laid on the surface of the geomembrane
for the geomembrane’s protection, particularly if relatively coarse
and sharp granular materials are applied as the drainage layer,
Another geotextile can then be put or: top of the drainage layer
to prevent clogging of the drainage layer by soil from above.
Fill soil and topsoil are then applied (compaction is not so
critical) and the topsoil seeded with grass or other vegetation
adapted to local conditions.

The drainage layer in a cover is designed to carry away
water that percolates down to the barrier layer. It may be either
a granular soil with high permeability or a geosynthetic drain-
age grid or geonet sandwiched between two porous geotextile
layers, A geotextile may be used as a filter at the top of a
granular soil drainage material to separate it from an overlying
soil of different characteristics to prevent the drainage layer
from becoming plugged with fine soil. A geotextile may also
be used at the bottom of a granular drainage layer to protect
the underlying geomembrane barrier from abrasion or punc-
ture by sharp particles.

Other component layers may be used in landfill covers.
Wider tolerances are generally acceptable in the material and
construction requirements for these layers. Topsoil and subsoil
from the vicinity are likely to be suitable for the surface and
protection layers, respectively. The gas collection layer may be
similar to the drainage layer in its characteristics, but it does not
need to be. For example, gravel or coarse sand may be
appropriate. Geosynthetic drainage materials may be used
here too, but the chemical resistance to volatile wastes may be
of greater concern due to the proximity of the waste and
possibility for contact with it. However, EPA has no data that
suggest damage to covers by volatiles.

Many laboratory tests are needed to ensure that the mate-
rials being considered for each of the cover components are
suitable. Tests to determine the suitability of soil include grain
size analysis (ASTM D422), Atterberg limits (ASTM D4318), and
compaction characteristics (ASTM D698 or D1557). These
tests generally are performed on the source material (called
“borrow” material) before and during construction at predeter-
mined intervals. EPA is expected to publish a new manual on
construction quality assurance in the spring of 1993 [23].

The major engineering soil properties that must be defined
are shear strength and hydraulic conductivity. Shear strength
may be determined with the unconfined compression test
(ASTM D2166), direct shear test (ASTM D3080), or triaxial
cornpression test (ASTM D2850). Hydraulic conductivity of
soils may be measured in the laboratory with either ASTM
D2434 or D5083. Field hydraulic conductivity tests are gener-
ally recommended and may be performed, prior to actual cover
construction on test pads to ensure that the low-permeability
requirements can actually be met under construction condi-
tions. EPA strongly encourages the use of test pads [3] [4]).

Laboratory tests are also needed to ensure that geosynthetic
materials will meet the cover requirements. For example,
geosynthetics in covers may be subjected to tensile stresses
caused by subsidence and by the gravitational tendency of a
geomembrane or material adjacent to it to slide or be pulled

]
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down slopes. Hydraulic conductivity of geomembranes is not
defined but leakage should not be significant in undamaged
materials. Geosynthetic drainage materials (reinforcement type
products such as geonets and geotextiles) can become clogged
or compressed under pressure and lose some or all of their
drainage capacity.

The geosynthetics in a cover generally are not in direct
contact with the underlying waste, so chemical resistance to the
waste is not often a limitation [14, p. 79] [3, p. 109]). On the
other hand, vapors from volatile contaminants have the poten-
tial to degrade cover materials. Note in Table 1 that although
the organic volatiles are the only chemical groups with less than
demonstrated effectiveness, the opinion of experts is that the
use of geosynthetics in cover systems will work. EPA has no
evidence to suggest damage to covers by volatile organic com-
pounds.

High-quality seams are essential to geomembrane integ-
rity. Test-strip seaming, in which the actual seaming process is
imitated on narrow pieces of excess membrane, can help to
ensure high seam quality. The test strips should be prepared
and subjected to strength (shear and peel) testing whenever
equipment, personnel, or climatic changes are significant [15,
p. 14]. Failure to meet specifications with the test strips indi-
cates the necessity for destructive testing of actual field seams
and correction of deficiencies in the seaming process.

Although construction quality assurance, including testing,
will increase the installation cost about 10 to 15 percent and the
time required to complete the project, it has been shown to
improve the performance of the installation {22].

Steeply mounded landfills can have a negative effect on
the construction and stability of the cover. A steep slope can
make it difficult to compact soil properly due to the limited
mobility and reduction of compacting effort of some compac-
tion equipment. The rate of erosion is also a function of siope.
Difficulty may arise in anchoring a geomembrane to prevent it
from sliding along the interfaces of the geomembrane and soils.
In some instances, geosynthetic reinforcement grids may be
used to increase siope stability. Engineering design guidance
addressing geomembrane stability can be found in Reference
16.

When constructing a new landfill or when covering an
existing landfill where the surface of the waste mass can be
graded, EPA suggests that side slopes of a landfill cover not be
less than 3 per cent or exceed 5 per cent [4, p. 24].

High air temperatures and dry conditions during construc-
tion may result in the loss of moisture from a clay barrier layer,
causing desiccation cracking that can increase hydraulic con-
ductivity. Desiccation cracking can be prevented by adding
moisture to the clay surface and by installing the geomembrane
in a composite barrier quickly after completion of the clay layer.

The hydraulic conductivity of compacted soil is also signifi-
cantly influenced by the method of compaction, soil moisture
content during compaction, compactive energy, clod size, and
the degree of bonding between the individual lifts of soil in the
barrier layer [11, p. 6].

Geomembranes are negatively influenced by different fac-
tors than soils during the construction process. Generally more
care must be taken to prevent accidental punctures. Sunlight
can heat the material, causing it to expand. If instalied while
hot, the geomembrane can then shrink to the point of seam
rupture if compensating actions are not taken. Seams must be
carefully constructed to ensure continuity and strength. They
should run up and down slopes rather than horizontally in
order to reduce seam stress. Details of geomembrane installa-
tion can be found in Reference 15.

Site Requirements

The construction of covers requires a variety of construc-
tion equipment for excavating, moving, mixing, and compact-
ing soils. The equipment includes bulldozers, graders, various
rollers, and vibratory compactors. Additional equipment is
required in moving, placing, and seaming geosynthetic materi-
als, e.g., forklifts and various types of seaming devices.

Storage areas are necessary for the materials to be used in
the cover. If site soils are adequate for use in the cover, a
borrow area needs to be identified and the soil tested and
characterized. If site soils are not suitable, other low-permeability
soils may have to be trucked in. An adequate supply of water
may also be needed for application to the soil to achieve
optimum soil density.

Performance Data

Once a cover is installed, it may be difficult to monitor or
evaluate the performance of the system. Monitoring well
systems or infiltration monitoring systems can provide some
information, but it is often not possible to determine whether
the water or leachate originated as surface water or groundwa-
ter. Few reliable data are available on cover performance other
than records of cover condition and repairs.

The difficulty in monitoring the performance of covers
accentuates the need for strict quality assurance and control for
these projects during construction. itis important to note that
no landfill cover is completely impervious. It is also important
to note that small perforations or poorly seamed or jointed
materials can increase leakage potential significantly.

Technology Status

The construction of landfill covers is a well-established
technology. Several firns have experience in constructing
covers. Similarly, there are several vendors of geosynthetic
materials, bentonitic materials, and proprietary additives for
use in constructing these barriers.

In EPA’s FY 1989 ROD Annual Report [17], 154 RODs
specified covers as part of the remedial action. Table 3 shows a
selected number of Superfund sites employing landfill cover
technology. While site-specific geophysical and engineering
studies are needed to determine the appropriate materials and
construction specifications, covers can effectively isolate wastes
from rainfall and thus reduce leachate and control gas emis-
sions. They can also be implemented rather quickly in conjunc-

.
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Table 3
Selected Superfund Sies Empioying Landfill Covers

SITE Location (Region) Stotus
Chemtronics Swannada, NC (4) in design phase
Mid-State Disposal Landfil Cleveland Township, W1 (5) in pre-design phase
Bailey Waste Disposal Bridge City, TX (6) In design phase
Cleve Reber Sorrento, LA (6) In design phase
Northemn Engraving Sparta, W1 (5) In operation since 1988
Ninth Avenue Dump Gary, IN (5) In design phase
Charles George Reclamation Tyngsborough, MA (1) In operation
E.H. Shilling Landfill Ironton, OH (5) In design phase
Henderson Road PA (3) In design phase
Ordinance Works Disposal wv(3) ,ln design phase
Industri-Plex Wobum, MA (1) in design phase
Combe Fill North Mount Olive Township, N (2) Completed in 1991
Combe Fill South Chester and Washington Township, Nj (2) In design phase

tion with other anticipated remedial actions. Long-term moni- Acknowledgments

toring is needed to ensure that the technology continues to
function within its design criteria.

EPA Contact

Technology-specific questions regarding landfill covers may
be directed to:

Robert E. Landreth or David A. Carson
U.S. Environmental Protection Agency
Risk Reduction Engineering Laboratory
26 W. Martin Luther King Drive
Cincinnati, Ohio 45268

(513) 569-7871

This bulletin was prepared for the U.S. Environmental Pro-
tection Agency, Office of Research and Development (ORD),
Risk Reduction Engineering Laboratory (RREL), Cincinnati, Ohio,
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der contract no. 68-C8-0062. Mr. Eugene Harris served as the
EPA Technical Project Monitor. Mr. Gary Baker was SAIC's
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Purpose

Section 121(b) of the Com, Environmental Re.
sponse, Compensation, and Liability Act (CERCLA) mandates
the Environmental Protection Agency (EPA) to select remedies
that “utilize permanent solutions and alternative treatment
technologies or resource recovery technologies to the maxi-
mum extent practicable” and to prefer remedial actions in
which treatment “permanently and significantly reduces the
volume, toxicity, or mobility of hazardous substances, poliut-
ants, and contaminants as a principal element.” The Engineer-
ing Bulletins are a series of documnents that summarize the latest
information available on selected treatment and site remediation
technologies and related issues. They provide summaries of
and references for the latest information to help remedial project
managers, on-scene coordinators, contractors, and other site
cleanup managers understand the type of data and site
characteristics needed to evaluate a technology for potential
applicability to their Superfund or other hazardous waste site.
Those documents that describe individual treatment technolo-
gies focus on remedial investigation scoping needs. Addenda
will be issued periodically to update the original bulletins.

Abstract

Slurry walls are used at Superfund sites to contain the
waste or contamination and to reduce the potential of future
migration of waste constituents. in many cases slurry walls are
used in conjunction with other waste treatment technologies,
such as covers and ground water pump-and-treat systems.

The use of this well-established technology is a site-specific
determination. Geophysical investigations and other engineer-
ing studies need to be performed to identify the appropriate
measure or combination of measures (e.g., landfill cover and
slurry wall) to be implemented and the necessary materials of
construction based on the site conditions and constituents of
concern at the site, Site-specific compatibility studies may be
necessary to document the applicability and performance of
the slurry wall technology. The EPA contact whose name is
listed at the end of this bulletin can assist in the location of
other contacts and sources of information necessary for such
studies.

This bulletin discusses various aspects of slurry walls includ-
ing their applicability, limitations on their use, a description of

the technology including innovative techniques, and materials
of construction including new altemative barrier materials, site
requirements, performance data, the status of these methods,
and sources of further information.

Technology Applicability

Slurry walls are applicable at Superfund sites where re-
sidual contamination or wastes must be isolated at the source
in order to reduce possible harm to the public and environment
by minimizing the migration of waste constituents present.
These subusurface barriers are designed to serve a number of
functions, including isofating wastes from the environment
thereby containing the leachate and contaminated ground
water, and possibly retuming the site to future land use.

Skirry walls are often used where a waste mass is too large
for practical treatment, where residuals from the treatment are
landfilled, and where soluble and mobile constituents pose an
imminent threat to a source of drinking water. Siurry walls can
generally be implemented quickly, and the construction re-
quirements and practices associated with their lnstallabon are
well understood.

The design of slurry walls is site specific and depends on
the intended function(s) of the system. A variety of natural,
synthetic, and composite materials and construction techniques
are available for consideration when they are selected for use at
a Superfund site.

Slurry walls can be used in a number of ways to contain
wastes or contamination in the subsurface environment, thereby
minimizing the potential for further contamination. Typical
slurry wall construction involves soil-bentonite (S8) or cement-
bentonite (CB) mixtures. These structures are often used in
conjunction with covers and treatment technologies such as in
situ treatment and ground water collection and treatment
systems. Source containment can be achieved through a num-
ber of mechanisms including diverting ground water flow,
capturing contaminated ground water, or creating an upward
ground water gradient within the area of confinement (e.g., in
conjunction with a ground water pump-and-treat system).
Containment may also be achieved by lowering the groundwa-
ter level inside the containment area. This will help to reduce
hydraulically driven transport (known as "advective transport™)
from the containment area. However, even if the hydraulic




gradient is directed towards the containment area, transport of
the contaminants (although thought to be minimal) is still
possible. in many cases slurry walls are expected to be in
contact with contaminants, therefore, chemical compatibility
of the barrier materials and the contaminants may be an issue
(1, p. 373-374].

The effectiveness of slurry walls and high density polyethyi-
ene (HDPE) geomembranes on soils and ground water con-
taminated with general contaminant groups is shown in Table
1. Examples of constituents within contaminant groups are
provided in the “Technology Screening Guide for Treatment of
CERCLA Soils and Sludges” [2]. This table is based on current
available information or on professional judgment where no
information was available. The proven effectiveness of the
technology for a particular site or waste does not ensure that it
will be effective at all sites or that the containment efficiencies
achieved will be acceptable at other sites. For ratings used in
this table, demonstrated effectiveness means that, at some
scale, compatibility tests showed that the technology was effec-
tive or compatible with that particular contaminant and matrix.

Table 1
Effectiveness of HDPE Geomembranes and Slurry Walls
on General Contaminant Groups for Soll and

Groundwater
Effectiveness
HODPE Slurry Walls
Contaminant Groups Geomembranes 5B cB
Halogenated volatiles B v v
Halogenated semivolatiles ] v v
Nonhalogenated volatiles | v v
L | Nonhalogenated semivolatiles a v v
& | pces » v v
S | Pesticides (halogenated) » v v
Dioxins/Furans v v v
Organic cyanides a v v
Organic corrosives v o m)
Volatile metals a v v
o | Nonvolatile metals [ | v v
& | Asbestos ] v v
g Radioactive materials v v v
£} Inorganic corrosives n) o o
Inorganic cyanides | v v
§ Oxidizers 0 o o
s Reducers v v v
-4
8 Demonstrated Effectiveness: Short-term effectiveness demonstrated
at some scale.
¥ Potential Effectiveness: Expert opinion that technology will work.
O No Expected Effectiveness: Expert opinion that technology will
not work,

* (reference number, page number]

-

The ratings of potential effectiveness and no expected effective-
ness are both based on expert judgment. Where potential
effectiveness is indicated, the technology is believed capable of
successfully containing the contaminant groups in a particular
matrix. When the technology is not applicable or will probably
not work for a particular combination of contaminant group
and matrix, a no-expected-effectiveness rating is given.

Limitations

In the construction of most sturry walls it is important that
the barrier is extended and properly sealed into a confining
layer (aquitard) so that seepage under the wall does not occur.
For a light, non-aqueous phase liquid a hanging slurry may be
used. Similarly, irregularities in the wall itself (e.g., soil slumps)
may also cause increased hydraulic conductivity.

Slurry walls also are susceptible to chemical attack if the
proper backfill mixture is not used. Compatibility of slurry wall
materials and contaminants should be assessed in the project
design phase.

Slurry walls also may be affected greatly by wet/dry cycles
which may occur. The cycles could cause excessive desiccation
which can significantly increase the porosity of the wall.

Once the slurry walls are completed, it is often difficult to
assess their actual performance. Therefore, long-term ground
water monitoring programs are needed at these sites to ensure
that migration of waste constituents does not occur.

Technology Description

Low-permeability slurry walls serve several purposes includ-
ing redirecting ground water flow, containing contaminated
materials and contaminated ground water, and providing in-
creased subsurface structural integrity. The use of vertical barri-
ers in the construction business for dewatering excavations and
buitding foundations is well established.

The construction of slurry walls involves the excavation of a
vertical trench using a bentonite-water slumy to hydraulically
shore up the trench during construction and seal the pores in
the trench walls via formation of a “filter cake” [3, p. 2-17].
Slurry walls are generally 20 to 80 feet deep with widths 2 to 3
feet. These dimensions may vary from site to site. There are
specially designed "long stick” backhoes that dig to 90 foot
depths. Generally, there will be a substantial cost increase for
walls deeper than 90 feet. Clam shell excavators can reach
depths of more than 150 feet. Slurry walls constructed at water
dam projects have extended to 400 feet using specialized mill-
ing cutters. Depending on the site conditions and contami-
nants, the trench can be either excavated to a level below the
water table to capture chemical “floaters” (this is termed a
“hanging wall”) or extended (“keyed”) into a lower confining
layer (aquitard) (3, p. 3-1]. Similarly, on the horizontal plane
the slurry wall can be constructed around the entire perimeter
of the waste material/site or portions thereof (e.g., upgradient,
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Figure 1

Aerial and Cross-section View Showing implementation of Slurry Walls (4)

Slurry Wall

B Groundwater Monitoring Well
O Groundwater Extraction Well

“~“~“—:~ ~ WASTE MATERIAL :.:.:.*. .

an A

SLURRY WALL
—

downgradient). Figure 1 diagrams a waste area encircled by a
slurry wall with extraction and monitoring wells inside and
outside of the waste area, respectively along with a cross-
section view of a slurry wall being used with the fandfill cover

technology (4, p. 1].

The principal distinctions among slurry walls are differ-
ences in the low-permeability materials used to fill the trenches.

BEDROCK OR AQUITARD :

The ultimate permeability of the wall is controlled by water
content and ratios of bentonite/soil or bentonite/cement. In
the case of a SB wall, the excavated soil is mixed with bentonite
outside of the trench and used to backfili the trench. During the
construction of a CB slurry wall, the CB mixture serves as both
the initial slurry and the trench backfill. When this backfill gels
(SB) or sets (CB), the result is a continuous barrier with lower
permeability than the surrounding soils. A landfill cover, if

.
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Figure 2
Schematic Diagram of Typical Slurry Wall and Bio-polymer Slurry Trench ®°
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* Drawing not to scale

employed, must extend over the finished slurry wall to com-
plete the containment and to avoid desiccation.

Soil-bentonite slurry walls are the most popular since they
have a lower permeability than CB walls, and are less costly [3,
p. 1-6] [5, p. 2). Attapulgite may also be used in situations
where the bentonite is not compatible with the waste [5, p.16).
A newer development is the use of fly ash as a high carbon
additive not only to lower the permeability of the SB but also to
increase the adsorption capacity of the SB with respect to the
transport of organic chemicals [6, p. 1](7, p. 444]. Permeabilities
of SB walls as low as 5.0 x 10 cm/sec have been reported
although permeabilities around 1 x 10”7 cm/sec are more typi-
cal [3, p. 2-28]. The primary advantage of the CB wall is its
greater shear strength and lower compressibility. CB walls are
often used on unstable slopes and steep terrain or where soils of
low permeability are not accessible [3, p. 2-40]. The lowest
permeabilities of CB walls are typically 1 x 10 cm/sec or
greater [3, p. 2-42] [S, p. 14]. It should be noted that organic
and inorganic contaminants in ground water/leachate can have
a detrimental effect on bentonite and the trench backfill mate-
rial in both SB and CB walls. Therefore, it is imperative that a
compatibility testing program be conducted in order to deter-
mine the appropriate backfill mixture.

Composite slurry walls incorporate an additional barrier,
such as a geomembrane, within the trench to improve imper-
meability and chemical resistance. The geomembranes often
are plastic screens that are comprised of HDPE pile plank sec-
tions which lock together. The locking mechanism is designed
to minimize the leakage of the contaminated ground water.
Table 2 shows one vendor's experience in using HDPE as a
geomembrane (8]. The membrane: is easy to install; has a long
life; and is resistant to animal and vegetation intrusion, microor-
ganisms, and decay. Combining the membrane with a bento-
nite slurry wall may be the most effective combination. It is
usually effective to construct the bentonite-cement slurry wall

EXTRACTION
WALL
u v
»
-
-
-
. SLURRY
N T wal
-
-
77 7\ 777 BEDROCK OR
X 1 AQUITARD
KEY

and then install the membrane in the middle of the wall. The
toe of the membrane sheet is stabilized in the backfill material,
cement, or in a special grout [S, p.4]. The installation is
reported to be effective in most every type of soil, is watertight
and may be constructed to greater depths.

A relatively new development in the construction of slurry
walls is the use of mixed-in-place walls (also referred to as soil-
mixed walls). The process was originally developed in Japan. A
drill rig with multi-shaft augers and mixing paddies is used to
drill into the soil. During the drilling operation a fluid slurry or
grout is injected and mixed with the soil to form a column. in
constructing a mixed-in-place wall the columns are overlapped
to form a continuous barrier. This method of vertical barrier
construction is recommended for sites where contaminated
soils will be encountered, soils are soft, traditional trenches
might fail due to hydraulic forces, or space availability for
construction equipment is limited. Both this method and a
modified method termed “dry jet mixing” are usually more
expensive than traditional slurry walls [S, p. 71[9).

Another application of traditional slurry wall construction
techniques is the construction of permeable trenches called
bio-polymer slurry drainage trenches [10] [11]. Figure 2 dia-
grams a slurry wall and a bio-polymer slurry drainage trench
constructed around a waste source; this will typically invoive
the use of a landfill cover in conjunction with the wall. Rather
than restricting ground water flow, these trenches are con-
structed as interceptor drains or extraction trenches for collect-
ing or removing leachate, ground water, and ground water-
bome contaminants. These trenches also can be used as
recharge systems. The construction sequence is the same as
the traditional method described above. However, a biode-
gradable material (i.e., bio-polymer) with a high gel strength is
used in the place of bentonite in the slurry, and the trench is
backfilled with permeable materials such as sand or gravel.
Once the trench is completed, the bio-polymer either degrades

#
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or is broken with a breaker solution that is applied to the
trench. Once the bio-polymer filter cake is broken the sur-
rounding soil formation returns to its original hydraulic con-
ductivity. Groundwater collected in the trench can be re-
moved by use of an extraction well or other collection system
installed in the trench [10]. A bio-polymer trench can be used
in conjunction with an SB or CB slurry wall to collect leachate or
a contaminated plume within the wall (similar to the function
of a well-point collection system). A geomembrane also can be
installed with the bio-polymer wall to restrict ground water
flow beyond the bio-polymer wall.

Grouting, including jet grouting, employs high pressure
injection of a low-permeability substance into fractured or
unconsolidated geologic material. This technology can be
used to seal fractures in otherwise impermeable layers or con-
struct vertical barriers in soil through the injection of grout into
holes drilied at closely spaced intervals (i.e., grout curtain) [5,
p.8] [12, p. 5-97]. A number of substances can be used as
grout including cement, alkali silicates, and organic polymers
(12, p. 5-97 - 5-101]. However, concemns surround the use of
grouting for the construction of vertical barriers in soils because
it is difficult to achieve and verify complete permeation of the
soil by the grout. Therefore, the desired low permeabilities
may not be achieved as expected {5, p.8] [13, p. 7].

Site Requirements

Treatment of contaminated soils or other waste materials
requires that a site safety plan be developed to provide for
personnel protection and special handling measures.

The construction of slurry walls requires a variety of con-
struction equipment for excavation, earth moving, mixing, and
pumping. Knowledge of the site, local soil, and hydrogeologic
conditions is necessary. The identification of underground
utilities is especially important during the construction phase [8].

In slurry wall construction, large backhoes, clamshell exca-
vators, or multi-shaft drill rigs are used to excavate the trenches.
Dozers or graders are used for mixing and placement of back-
fill. Preparation of the slurry requires batch mixers, hydration
ponds, pumps, and hoses. An adequate supply of water and
storage tanks is needed as well as electricity for the operation of
mixers, pumps, and lighting. Areas adjacent to the trench
need to be available for the storage of trench spoils (which
could potentially be contaminated) and the mixing of backfil.
If excavated soils will not be acceptabile for use in the slurry wall
backfill suitable backfill material must be imported from off the
site. In the case of CB walls, plans must be made for the
disposal of the spoils since they are not backfilled. In marked
contrast, deep soil mixing techniques require less surface storage
area, use less heavy equipment, and may produce a smaller volume
of trench spoils.

Performance Data

Performance data presented in this bulletin should not be
considered directly applicable to all sites. A number of variables
such as geographic region, topography, and material availabil-

ity can affect the walis performance. A thorough characteriza-
tion of the site and a compatability study is highly recom-
mended.

At the Hill Air Force Base in northem Utah the installation
of a slurry wall, landfill covers, groundwater extraction and
treatment, and monitoring was implemented to respond to
ground water and soil contamination at the site. The slurry
wall was installed along the upgradient boundary on three
sides of Operable Unit No. 1 to intercept and divert ground
water away from the disposal site. Operable Unit No. 1 consists
of Landfill No. 3, Landfill No. 4, Chem Pits No. 1 and 2, and Fire
Training Area No. 1. Shallow perched groundwater and soils
present were contaminated with halogenated organics and
heavy metals. The performance of the slurry wall had been
questioned because it was not successfully keyed into the
underlying clay layer. This oversight was attributed to both the
inadequate number and depth of soil borings. The combina-
tion of landfill caps, slurry wall, and ground water extraction
and treatment has resulted in a significant reduction in the
concentrations of organics and inorganics detected seeping at
the toe of Landfill No. 4. Organics were reduced to levels below
5 percent of their pre-remedial action levels and iron was
reduced to 20 percent of its original observed concentration.
Three seperate QA/QC projects were implemented to assess the in
situ effectiveness of the slurry wall. The determination of ground
water levels in monitoring wells on the inside and outside of the
wall provided the most the useful data [14).

Table 2
Relative Chemical Resistivity of an HDPE
Geomembrane (8)°

Benzene + NH *+
Ethylene Benzene  ++ Fluorine ++
Toluene + CN ++
Xylene ++ Sulphides ++
Phenol ++ PO, ++
Polycyclic Hydrocarbons
Naphthalene ++ Tetrahydrofurane
Anthracene ++ Pyrides
Phenanthrene ++ Tetrahydrothiophene
Pyrene ++ Cyclohexanone
Benzopyrene ++ Styrene

Petrol

Mineral Oil
Chlorobenzenes + Organic Chlorine
Chiorophenols ++ Compounds
PCBs ++ Pesticides

Key: ++ Good Resistance
+  Average Resistance

? Adapted from vendor's marketing brochure
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At the Lipari Landfill Superfund Site in New |ersey, a SB
slurry wall was installed to encircle the landfill. A landfill cover,
incorporating a 40 mil HDPE geomembrane, also was installed
at the site. Heavy rains and snowmeit prior to the compiete cap
installation resuited in the need to perform an emergency
removal (i.e., dewatering). Several years after completion of
the slurry wall and landfill cover their effectiveness was evalu-
ated during a subsequent feasibility study. The study con-
cluded that the goal of an effective permeability of 1 x 107 cm/
sec had been achieved in the slurry wall. Monitoring wells will
be located at least 5 feet from the slurry wall on the upgradient
side and 7 feet on the down gradient side [15]. The combina-
tion of technologies being used along with the slurry wall
appears to be effectively containing the waste and its constitu-
ents.

A SB slurry wall, up to 70 feet deep, was installed at a
municipal landfill Superfund site in Gratiot County, Michigan.
The slurry wall was needed to prevent leachate from migrating
into the local ground water. Approximately 250,000 ft.2 of SB
slurry wall was installed at the site. The confirmation of achiev-
ing a goal of a laboratory permeability of less than 1 x 167 cm/
sec for the soil-bentonite backfill was reported by an indepen-
dent laboratory [16).

A SB siurry wall, extending through three aquifers, was
installed at the Raytheon NPL site in Mountain View, California.
Soil and ground water at the site were contaminated with
industrial solvents. Permeability tests performed on the back-
filled material achieved the goal of 1 x 107 cm/sec or less.
Associated activities at the site included the rerouting of under-
ground utilities, construction of 3-foot-high earthen berms
around all work areas, construction of two bentonite slurry
storage ponds ,and construction of three lined ponds capable
of storing 300,000 gallons of storm water. A ground water
extraction and stripping/filtration system is also in place at the
site. The slurry wall, purposely, was not keyed into an aquitard
so that the ground water extraction program would create an
upward gradient, thus serving to further contain the contami-
nants. The systemn appears to be functioning properly with the
implementation of the combination of the technologies [17]
[18]. However, this is the exception rather than the rule.

Technology Status

The construction and installation of slurry walls is consid-
ered a well-established technology. Several firms have experi-
ence in constructing this technology. Similarly, there are several
vendors of geosynthetic materials, bentonitic materials, and
proprietary additives for use in these barriers.

In EPA’s FY 1989 ROD Annual Report [19] 26 RODs speci-
fied slurry walls as part of the remedial action. Of the RODs
specifying slurry walls, 22 also indicated that covers would be
used. Table 3 presents the status of selected superfund sites
employing slurry walls.

While site-specific geophysical and engineering studies (e.g.,
compatibility testing of ground water and bacldfill materials) are
needed to determine the appropriate materials and construc-
tion specifications, this technology can effectively isolate wastes
and contain migration of hazardous constituents. Slurry walls
also may be implemented rather quickly in conjunction with
other remedial actions. Long-term monitoring is needed to
evaluate the effectiveness of the slurry wall.

EPA Contact

Technology-specific questions regarding slurry walls may
be directed to:

Mr. Eugene Harris

U.S. Environmental Protection Agency
Risk Reduction Engineering Laboratory
26 West Martin Luther King Drive
Cincinnati, Ohio 45268
(513)569-7862
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Table 3
Selected Superfund Sites Employing Slurry Walls (19)

. SITE

Location (Region) Stotus
Ninth Avenue Dump Gary, IN (5) In design phase
Outboard Marine Waukegan, i (5) in operation
Liquid Disposal Utica, MI (5) In design phase

Industrial Waste Control
E.H. Shilling Landfill
Allied/tronton Coke

Fort Smith, AR (6)
ironton, OH (5)

Ironton, OH (5)

In operation since 3/91
In design phase
in pre-design phase

Florence Landfill Florence Township, Nj (2) Design completed; remedial action
beginning soon

South Brunswick New Brunswick, NJ (2) in operation since 1985

Sylvester Nashua, NH (1) In operation since 1983

Waste Disposal Engineering Andover, MN (5) In design phase

Diamond Alkali Neward, NJ| (2) In pre-design phase

Hooker - 102nd St.

Scientific Chemical Processing Caristadt, Nj (2)

Niagra Falls, NY (2)

In remedial design phase
Completed 1992
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Description of Technology

Slurry walls are subsurface, low-permeability barriers that have
been widely used since the 1940s to control groundwater flow.
Slurry walls have been used extensively in civil engineering
applications such as construction area dewatering and dam
construction. More recent applications of slurry walls have been
in the areas of waste site remediation and poliution control. In
these applications, slurry walls have been used to redirect
groundwater away from or around a waste site, contain a
contaminated groundwater plume, and generally control the
potential for contaminant migration through soil and ground-
water. An example application of the siurry wall to redirect
groundwater around a waste site is shown in Figure 1. For the
purposes of effective and complete site remediation, slurry walls
are often used in conjunction with other control techniques (see
“Interface With Other Technologies”).

Most slurry walls are constructed of a soil, bentonite, and water
mixture; walis of this composition provide a barrier with low
permeability and chemical resistance at the lowest cost. Other
wali compositions such as cement, bentonite, and water may be

used if greater structural strength is required or if chemical
incompatibilities between the bentonite and site contaminants
exist. The desired permeability of the completed wall will typi-
cally be 1 x 103 cm/sec to 1 x 10 cm/sec.

Slurry walls are typically placed at depths less than 150 feet and
are generally 2 to 4 feet in thickness. The most effective
application of the siurry wall for site remediation or pollution
control is to base (or key) the slurry wall 2 to 3 feet into a low
permeability layer such as clay or bedrock, as shown in Figure
2. This “keying-in" provides for an effective foundation with
minimum leakage potential. An alternate configuration for slurry
wall installation is a “hanging” wall in which the wall projects into
the groundwater table to biock the movement of lower density or
floating contaminants such as oils, fuels, or gases. Hanging
walls are used less frequently than keyed-in walls.

in the construction of soil-bentonite slurry walls, a trench is
excavated and a slurry (referred to as a “support slurry”) of 4 to
7 percentbentonite in water is pumped into the open trench. This
support slurry is used to fill the excavated trench to provide for
sufficient hydrostatic pressure to hold the trench open and to

Groundwater
extraction wells
(if required)

e
%’aundwaler < Slurry wall

— el
— —

Source: Reference 1

Figure 1. Plan View of Circumferential Wall Placement
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Figure 2. Keyed-in Slurry Wall (Cross Section)
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allow for the formation of a thin seal (“fiter cake”) of low
permeability on the surfaces of the trench. A “backfill” of soil
mixed with bentonite-water slurry is then placed into the trench
while displacing the support slurry. Normally, this backfill is
formed with soil that has been excavated from the trench.
However, quality control (QC) requirements for backfill specifi-
cations such as grain size, density, viscosity, and permeability
may dictate the use of alternative or pretreated soil.

Wall construction is performed in a continuous manner, with
trench excavation, support slurry fill, backfill mixing, and backfill
emplacement occurring nearly simultaneously. A site layout
illustrating this approach is provided in Figure 3.

Active Excavated
Backfill
mixing area

|
' j
f excavation soil '
‘ ‘ |

impermeable layer ~
(bedrock or clay)

Source: Reference 1

Figure 3. Slurry Wall Construction

Once the slurry wall is in place, a surface barrier or cap is
typically employed to minimize water infiltration vertically along
the slurry wall, to control erosion, and/or to contain contami-
nants. If the site is to be reused or will be subjected to heavy
traffic, a strong and durable (normally asphalt or concrete)
“traftic cap” is placed over the slurry wall.

Technology Status

Slurry walls have been widely used in civil construction activities
such as site dewatering and dam construction. The installation
of slurry walls is considered relatively conventional construc-
tion; however, there are a number of critical parameters that
must be taken into consideration in the design and construction
of slurry walls, particularly for site remediation and poliution
control. For this reason, slurry wall construction is typically
performed by a relatively small number of specialty contractors.

Contaminants Mitigated
Slurry walls are used to limit and control groundwater flow. inthis

respect, they can be used to mitigate the presence of a wide
variety of organic and inorganic contaminants contained in the

Soil-Bentonite Slurry Walls 2

groundwater. Slurry walls may be applicable to a wide variety of
wastes such as sanitary landfill leachates, oil and grease, low-
level radioactive material, acid mine drainage, phenols, PCBs,
mine tailings, fly ash impoundments, and organic solvents.

Despite their versatility, the integrity of slurry walls may be
threatened by contact with incompatible contaminants, includ-
ing strong acids and bases, other electrolytes (i.e., salt solutions
including sea water), and alcohols. Contact with these and other
incompatible materials can cause drying and cracking in the
slurry wall, resulting in greatly increased permeability. For this
reason, a thorough chemical characterization of the waste to be
contained or controlied is required. Based on this characteriza-
tion, compatibility testing of contaminants and slurry wall com-
ponents may be required prior to a final decision of whether to
use soil-bentonite walls in a specific application.

Applications and Limitations

Slurry walis have the potential to provide an effective, long-term,
low-cost, and low-maintenance solution to the control of con-
taminant migration in soil and groundwater. Slurry walls are
typically quick to implement and may provide for a fast-response
solution to an acute groundwater contamination problem. How-
ever, it is important to consider that slurry walls alone do not
eliminate the source of the contamination or reduce its toxicity,
and that additional technologies may be required to perma-
nently eliminate the threat of contamination.

Soil-bentonite sturry walls may not provide the ideal solution to
specific waste site requirements, depending on factors such as
waste characteristics, site surface characteristics, and site sub-
surface characteristics. Examples of potential limitations imposed
by these factors are illustrated in Figure 4.

To address the limitations outlined in Figure 4, a thorough waste
site assessment is necessary prior to design and construction of
the soil-bentonite siurry wall. This assessment should inciude,
at a minimum, consideration of the following:

= Physical and chemical characterization of soil;

» Hydrogeological conditions;

+ Physical site layout; and

* Identification of a suitable substrate into which the
wall can be keyed.

Once the wall is completed, special attention must be paid to the
requirements for short-term and long-term monitoring require-
ments to provide assurance that contamination is adequately
controlled.

NEESA/Remedial Action Tech Data Sheet




Source Potential Limitations
Waste Chemical incompatibility between wall materials
characteristics | and electrolytic or strongly acidic or basic wastes
Site surface Ireguiar contours and steep siopes may
characteristics | add compiexity to design and construction
of slurry walls
Construction of slurry walls requires considerable
site access and workspace

Site subsurface | If it is to be used for backfill, the excavated soil
characteristics | must have specific characteristics in terms of
particie size distribution, water content,
permeability, and chemical composition

Depths of more than 150 feet or the presence of
debris or boulders requires increasingly compiex
construction techniques in terms of equipment
selection and use

Effectiveness of the siurry wall may depend on
the presence of a suitable impermeabie layer into
which the wall can key

Figure 4. Potential Limitations of Slurry Wall Use

Interface With Other Technologies

To provide for their maximum effectiveness in remedial and
pollution control applications, slurry walls are often used in
conjunction with other control methods and technologies. At a
minimum, surface infiltration barriers or caps may be used to
maintain wall integrity and further control contaminant migra-
tion. Additional technology interfaces may include:

« Use of grouts to seal the slurry wall to the surrounding
surface or to seal the key into the impermeable barrier
layer;

+ Employment of a synthetic membrane placed within
the wall to further decrease wall permeability;

« Groundwater extraction for surface treatment (see
Figure 1);

« Containment of wastes that have been, or are to be,
treated; and

« Capping of entire containment site to prevent infiltration
of water into waste area.

A common application of slurry walls is their use in conjunction
with a drain system, as shown in Figure 5.

Design Criteria

The following factors, at a minimum, must be assessed prior to
designing effective soil-bentonite slurry walls:
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« Maximum allowable permeability;

+ Anticipated hydraulic gradients;

« Required wall strength;

+ Accessibility and grade of bentonite to be used;

* Boundaries of contamination;

« Compatibility of wastes and contaminants in contact
with slurry wall materials;

« Characteristics (i.e., depth, permeability, and continuity)
of substrate into which the wall is to be keyed;

« Characteristics of backfill material (i.e., fines content);

» Site terrain and physical layout; and

» Cost.

Resulting design factors will include:

« Wall location, length, depth, and width;

+ Requirements tor sealing wall to existing structures;

+ Type and quality of materials to be used and slurry
composition;

* Requirements for pretreatment of excavated soil for
use as backfill; and

» Methods and procedures to be used.

Construction Considerations

Major construction activities during instaliation of the soil-
bentonite slurry wall include:

» Mobilization and site preparation;
* Slurry preparation;

» Excavation;

+ Slurry placement;

< Backfill preparation;

« Backfill placement; and

« Capping.
j
; River or
1‘
; stream _F\“
! Drain ( - - ]
|
! —
| Waste
Groundwater
fiow material
—-
— Slur
= Wallry
Dram’ — - |

N\

Source Reference 1

Figure 5. Slurry Wall/Drain System
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Mobilization will include equipment selection based on site-
specific conditions, such as depth of excavation and the type of
barrier material in which the wall is to be keyed. For walls up to
80 feet deep, a hydraulic backhoe can be used; at greater
depths, clamshells or draglines may be required. In order to key
the slurry wall into hard bedrock, drilling or biasting may be
required.

The size of the job will influence the selection of mixers to be
used in slurry preparation. For small jobs, high-speed batch
mixers are generally used. Larger jobs often require the use of
flash (or venturi) mixers. Bulldozers are typically used to mix
backfill and slurry in an established mixing area outside the
excavated trench. Bulldozers and clamshells may be used to
carefully place the soil-bentonite mixture in the trench.

Site preparation construction activities may include clearing,
utility and water hookups, and equipment and construction
material delivery.

Preparation of the bentonite and water support slurry consists
of mixing bentonite—with specific purity, pH, particie size, and
gel strength characteristics—with water that is low in hard-
ness, relatively neutral in pH, and low in dissolved salts. It is
critical that the slurry be comoletely hydrated and of proper
viscosity prior to use. The viscosity of the support slurry is
typically 40 seconds as measured in the Marsh Funnel Test (see
Reference 2).

In soil-bentonite slurry wall construction, backfill used to fill the
excavated trench is typically a mixture of the soil excavated from
the trench and bentonite-water slurry. The soil is mixed with
the slurry while adhering to specific criteria, such as fines
content (10 to 45% passing a No. 200 sieve), wet density
(typically 15 Ib/#t® greater than that of the support slurry or 80 to
100 ib/ft3), and slump. If on-site soils are too coarse, imported
fines or extra bentonite must be added. Slump is indicative of the
resulting slope of the backfill once placed into the trench; this
siope is normally in the range of 5:1 to 10:1 (see Reference 1).

The construction of the slurry wall is performed in a continuous
manner. The bentonite-water siurry is introduced into the trench
just as the trench is opened and before the water table is
reached. Backfilling is initiated once a sufficient length of trench
has been excavated to the design depth. This length is depen-
dent on backfill properties and the characteristics of excavation
equipment used. Backill is initially placed using a clamshell to
carefully lower mixed backfill through the bentonite-water slurry
to the trench bottorn. When the backfill is visible from the
surtace, the remaining backfill can be pushed into the trench
with a bulldozer or poured from trucks using a trough. The
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backdill should fiow, not fall, down the sloped backfill already in
place. This minimizes the potential for pockets of the support
slurry to be trapped in the backfill that would reduce the slurry
wall's effectiveness and performance. The viscosity of the
backfill must be such that it can flow easily into the trench. The
wet density of the backfill must be greater than that of the
bentonite-water slurry so that the backfill can displace the slurry
in the trench. The displaced slurry is pumped to a holding area
where it is adjusted for density and viscosity. It may then be
reintroduced into the excavated trench.

Once the ba:kili is completed and the slurry wall is formed, the
top 1 to 3 feei of the wall is removed to eliminate any cracks that
form as the soil-bentonite slurry dries. A fresh soil-bentonite
slurry is then placed over the removed section of the wall,
thereby providing a low permeability cap to protect the slurry
wall. This cap is then covered with soil and seeding or gravel to
prevent erosion. If the site is to be subjected to traffic, a rein-
forced traffic cap may be employed over the slurry wall. Rein-
forcing materials may include asphalt, aggregate, or geotextiles.

Quality Control

A critical part of the successful implementation of a soil-bentonite
slurry wall for environmental protection applications is the
adherence to strict QC measures throughout the construction of
the wall. Specific QC requirements relate to all aspects of slurry
wall construction, including support slurry preparation; trench
excavation; and backfill selection, preparation, and placement.
Examples of primary QC parameters reiative to these construction
components and their potential impact on the ultimate quality of
the slurry wall are provided in Figure 6. Further details regarding
QC measurements and instrumentation are provided in Ref-
erences 1 and 2.

Residuals Generated

The construction of soil-bentonite slurry walls can generate
large quantities of excess slurry and excavated materials. Man-
agement of excess excavated materials can be a significant
consideration if the excavated soil cannot be used as backfill. In
most cases, it would be expected that these excess materials
would not be hazardous; however, proper management of the
residuals is still a requirement.

Criteria Ranking
The use of soil-bentonite slurry walls has been rated by a team
of remedial action and engineering experts with respect to the

ability of the walls to meet specific performance criteria. The
results of this rating are provided in Figure 7.
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Construction
Component QC Parameter Quality Factor impacted
Support slurry Density Trench support; backfill placement
Viscosity Filter cake formation; siurry workability
Filtrate loss Filter cake quality
Trench excavation | Trench continuity Long-term effectiveness
Depth and continuity
ol key penetration Long-term effectiveness
Trench stability Support siurry placement
Backfill Density Support slurry displacerm~nt
Slump Fiowability of backfill; support slurry displacement
Hydraulic conductivity | Permeability
Bentonite content Permeability
Fines content Permeability

Figure 6. Quality Control During Slurry Walt Construction

Criteria Ranking

Effect of reducing the overall threat
to human health and the environment

Vulnerability to ARARSs (Applicable or
Relevant and Appropriate Requirements)

Long-term effectiveness

Effectiveness at reducing toxicity,
mobility, and volume

Short-term effectiveness

Implementability (including transportability)

Cost

Readiness of acceptance by the state
and community

S © 0O

High <@— - Low

OO ® 0w we

Figure 7. Performance Criteria Rating

It should be noted that the use of slurry walls alone does not
result in the removal of the contaminant from the environment or
a reduction in toxicity, but rather limits the migration of the
contaminant from the controlled area. For this reason, the
technology may not be favorably comparable to those technolo-
gies that completely eliminate the threat of contamination.

Key Cost Factors

The primary cost components of soil-bentonite slurry wall design
and construction include:
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» Soil and hydrogeological characterization;
« Site preparation;

« Wall installation; and

« Site cleanup.

Factors that have the most significant impact on the final cost of
soil-bentonite slurry wall installation inciude:

+ Depth, length, and width of wall;

» Geological and hydrological characteristics;

« Nonstandard construction requirements that may
be required;

+ Distance from source of materials and equipment;

» Requirements for wall protection and maintenance;

» Type of slurry and backfill used; and

» Other site-specific requirements as identified in the
initial site assessment (i.e., presence of contaminants
or debris).

Costs likely to be incurred in the design and instailation of a
standard soil-bentonite wall in soft to medium soil range from $5
to $7 per square foot (1991 doltars). These costs do not include
variable costs required for chemical analyses, feasibility, or
compatibility testing. Testing costs depend heavily on site-
specific factors.

Points to Remember

The following points are essential to consider in the selection,
design, or construction of soil-bentonite slurry walls. These
points are not intended to be all-inclusive, but represent critical
elements as noted by those experienced in the implementation
of slurry walls.

v Adequate site investigation and characterization isrequired

to identify hydrogeological, physical, and chemical conditions
or constraints to siurry wall implementation;
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v Testing to identify potential chemical incompatibilities
between contaminants and slurry wall components prior
to design and construction may be required to ensure

wall integrity;

v Identification of a suitable impermeable layer into which
the sturry wall can be keyed must be made;

v Availability of suitable, quality backfill material must be
determined;

v A determination must be made of required wall strength
and permeability limitations;

vV Factors such as future use of site or interfacing treatment
technologies must be considered prior to design; and

v Strict QC must be maintained throughout the siurry
wall construction process.

Application Examples

Examples of applications of slurry walls constructed within the
last five years are provided in Figure 8. These examples were
selected to provide a representation of the variety of site or
contaminant conditions that may be encountered.

in the first exampie, slurry walls were constructed for the
purpose of hazardous waste landfill containment. These walis,
more than 5,000 feet long, up to 40 feet deep, and 5 feet wide,
were constructed of soil-bentonite and soil-attapulgite (a similar
clay). The site was in a salt water environment, which presented
a problem due to the known incompatibility of salt water and
bentonite. In addition, laboratory testing indicated incompatibil-
ity between land-fill leachates and bentonite. This latter factor
illustrates the importance of compatibility testing. The site con-

tamination profile indicated the presence of a wide variety of
organics including gasoline and xylene. Normally, the individual
contaminants alone would not have indicated the potential for
incompatibility, but testing indicated that the mixture of contami-
nants was incompatible with a soil-bentonite matrix. To address
these incompatibilities, attapulgite was effectively used in sec-
tions of the wall to be exposed 1o salt water or to landfill
leachates.

An example of a circumferential application of a slurry wall
(see Figure 1) keyed into an underlying impervious layer (see
Figure 2) is provided in the application of containing a coal tar
disposal pond.

Anexample of the use of a slurry wall to contain a sanitary landfill
is included because of the magnitude of the application. in this
application, over 6 miles of slurry wall were constructed at
depths of up to 53 feet. Due to the relative ease of excavation,
the construction was completed in three months.

References

1. Spooner, P. A., et al. 1984. Slurry Trench Construction
for Pollution Migration Control. EPA/540/2-84/001.

2. Goldberg-Zoino and Assoc. Inc., 1987. Construction
Quality Control and Post-Construction Performance for
the Gilson Road Hazardous Waste Site Cutoff Wall.
EPA/600/2-87/065.

3. Geo-Con, Inc., Vendor Literature, 1991.
4. Reclamation and Redevelopment of Contaminated Land:

U.S. Case Studies, 1986, U.S. Environmental Protection
Agency, EPA/600/2-86/066.

Wall Wall

Site

Length

Depth

Special Considerations

Reference

Hazardous waste landfill

Sanitary landfili

Coal tar disposal pond

5,000 ft.

6 miles

735t

401t

<52t

13-20 ft.

Presence of loose sand and refuse.
Salt water environment and presence
of incompatible organic compound
mixtures dictated use of bentonite
alternative in some sections of the
slurry wall.

Limited working area. 700,000 sq. ft.
wall constructed in 3 months.

Circumferential containment of
leachate from pond containing metals
and phenols. Wall-keyed into under-
lying impervious till.

3

Figure 8. Slurry Wall Application Examples
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Additional Sources of Intofmation

The following sources provide additional slurry wall application,
dasign, and construction information.

 Civil Works Construction Guide Specification for
Soil-Bentonite Slurry Trench Cutoffs, 1986, U.S.
Army Corps of Engineers. National institute of Building
Sciences, Construction Criteria Base. CW-02214.

* Guidelines for Preliminary Selection of Remedial Action
for Hazardous Waste Sites, 1986, U.S. Army Corps of
Engineers. National Institute of Building Sciences, Con-
struction Criteria Base. Engineer Manual No. 1110-2-505.

* McCandless, R. M. and Bodocsi, A. 1987. Investigation
of Slurry Cutoff Wall Design and Construction Methods
for Containing Hazardous Wastes. EPA/600/2-87/063.

Points of Contact

The following points of contact represent firms with demon-
strated experience in slurry wall design and construction.

+ Steve Day or Christopher Ryan, Geo-Con, Inc.,
Pittsburgh, PA, (412) 856-7700.

+ Larry Duhaime, Gritfin Remediation Services, Inc.,
Chesapeake, VA, (804) 543-6809.

« Tom O'Malley, Case International Company, Roselle,
IL, (312) 625-1250.

This Tech Data Sheet was prepared for NEESA by Arthur D. Little, Inc.

This document is printed
on recycled paper.
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introduction

Composting is an innovative technology for the treatment of soil
contaminated with nonvolatile organic compounds. As an engi-
neered and enhanced form of biotreatment, composting has the
potential to degrade hazardous compounds at faster rates than
other types of biotreatment. In addition, composting can resuit
in the decomposition of compounds that are less likely to be
degraded by other biotreatment methods.

Although composting is one of the oldest techniques of organic
material decomposition, investigations into its use in treating
contaminated soils have been relatively recent. For the most
part, experiences and data relating to the treatment of soil by
composting are based on laboratory, pilot, and demonstration-
scale studies. One of the most active areas of investigation for
composting is in the treatment of soil contaminated with ord-
nance compounds including explosives and propeliants. This
Tech Data Sheet describes aspects of the technology as it
applies to these ordnance compound-contaminated soils. In
addition, application of the technology to other contaminants in
soil is discussed.

Separate Tech Data Sheets have been prepared to address two
other types of bioremediation: “Soil Bioremediation—Naturally
Aerated Processes,” and “Heap Pile Bioremediation.”

Purpose and Audience
Tech Data Sheets are designed to:

» Disseminate practical, implementation-related information
to minimize design and construction problems;

» Help Remedial Project Managers (RPMs) evaluate a
technology (one recommended in a Feasibility Study [FS],
for example) and decide if it is practical and cost-effective;

* Aid RPMs in writing a Remedial Action (RA) Delivery
Order;

» Help Engineering Field Division (EFD) Remedial Design
personnel write a Statement of Work (SOW) for, and
RPMs to review, Remedial Design Plans; and

» Enable field personnel such as Project Superintendents,
Engineers in Charge, On-Scene Coordinators (OSCs),
and Resident Officers in Charge of Construction
(ROICCs) to become tamiliar with a technology at a site
they wili oversee.
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Description of Technology

Composting uses naturally occurring microorganisms (various
bacteria and fungi) in a controlled environment to break down
organic materials. When successfully applied to the treatment
of soil contaminated with toxic organic compounds, composting
results in the degradation of the contaminants to simpler,
nontoxic compounds.

Composting differs from other types of ex situ aerobic pro-
cesses (such as landfarming or heap pile bioremediation) by
relying on a much higher concentration of organic matter in the
material to be composted. These high concentrations of organic
matter increase microbial activity to the point that heat is
generated. In fact, if left unchecked, the compost can self-heat
enough to significantly kill off microorganisms and decrease
microbial activity (see Design Criteria). However, the compost
is adequately self-regulating so that cessation of microbia!
activity is unlikely.

This high level of microbial activity and the resulting elevated
temperatures will usually result in higher degradation rates and
more extensive degradation levels than those typically achieved
at ambient temperatures. In addition, the increased level of
microbial activity provides an opportunity for cometabolism in
which recalcitrant (i.e., resistant to biodegradation) compounds
are degraded by microorganisms that obtain their carbon and
energy from other, more usable sources (1). This latter feature
of composting is what makes degradation of typically recalci-
trant ordnance compounds feasible.

Despite the enhanced environment for biodegradation of recal-
citrant compounds such as explosives, complete (100%) min-
eralization of the contaminants will not occur. As long as the
toxicity of the contaminated material is reduced to levels that
are protective of human health and the environment, complete
mineralization is not necessary.

Incomplete mineralization may result in transformation prod-
ucts that are:

« Tightly bound or incorporated into the humic material of
the compost;

+ Degraded and incorporated into bacteria cell material;

« Left in a water-soluble form that may leach out (although
research has shown that ieachability is generally not a
problem [2]);

Composting 1




« Less or more toxic than the original target contaminant;
and/or
« Volatilized.

Because of concern about the potential toxicity of transforma-
tion products of compounds for which biodegradation pathways
are not clearly understood (such as explosives), treatability
studies shouid be performed (see Limiting Factors and De-
sign Criteria).

In soil remediation applications, the material to be composted
(compost) is made up of the contaminated soil and various
amendments necessary for composting to be sustained. These
amendments will:

+ Structuraliy improve the compost matrix (e.g., reduce bulk
weight and increase air voids);

* Increase the amount of biodegradable organics in the
mixture; and

* Increase the amount of inorganic nutrients in the mixture.

Common structural amendments include materials such as
wood chips, straw, and sawdust. Many materials can be added
to increase the concentration of biodegradable organics and
inorganic nutrients. Often. agricultural materials such as ma-
nure, vegetable processing wastes, and/or field crops are used.

There are several process configurations for composting. The
selection of the optimum configuration will usually depend on
site-specific implications and requirements (see Advantages
and Disadvantages). General types of composting configura-
tions include: windrow, aerated static pile, and mechanical in-
vessel composting. The primary features of each of these are
described below. Additional design and operational details are
provided in subsequent sections of this Tech Data Sheet.

Windrow composting. the most frequently used (and often least
expensive) method, is a relatively simple form of composting in
terms of process control and implementation. Material to be
composted is shaped into long narrow piles. Aeration and
temperature control are accomplished by periodically turning
the compost. Turning can be done by hand (with shovels) or
with @ mechanical windrow machine specifically made for this
purpose (see Figure 1).

Aerated static pile composting is a more sophisticated method
using an aeration system that is physically a part of the compost
pite. This aeration system is used to aerate as well as to control
temperatures within the compast. As shown in Figure 2, the
compost is placed over a network of perforated pipes con-
nected to a blower. Air is drawn or forced through the compost.
The blower may be operated on an automatic on/off cycle as
necessary to achieve the required aeration and/or temperature
in the pile. Aerated static piles can take a number of forms. The
compost can be constructed as an elongated. free-standing pile
{as shown in Figure 2 [end view]); placed in long narrow piles
(windrow-shaped): or placed in bins.

A third major configuration of composting includes mechanical
composting systems. One of the many types of mechanical
systems is a mechanical in-vessel composter. This configura-
tion provides a high degree of process control and automation.
Such a composter is illustrated in Figure 3. This composter was
used by the Army in a field demonstration of composting
explosive-contaminated soil (see Application Examples). As
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Source: U S. Army Environmentai Center
Figure 1. Windrow Machine Turning Compost
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Figure 3. In-Vessel Composter (manulactured by Farrheld
Equipment Co.)
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shown, this in-vessel composter consists of a totally enclosed
reactor outfitted with augurs to provide for controlied mixing of
the compost and a forced air ventilation system to aerate the
compost and control temperature. Material handling (loading
and discharge), mixing, aeration, and temperature control op-
erations are usually performed automatically. These systems
may be operated as continuous or batch processes.

Regardiess of the composting configuration, a number of fac-
tors can be controlied in composting that affect its effectiveness
(see Design Criteria). These include:

» Moisture content (by adding water);

+ Temperature (reduced by turning the compost or increas-
ing air flow through the pile);

» Concentration of organic matter (by adding selected
amendments);

» Concentration of inorganic nutrients such as nitrogen (by
adding selected amendments); and

« Oxygen content (increased by turning the compost or
increasing air flow through the pile).

Although the composting prucess is usually a net consumer of
water, a means for leachate collection and control will usually
be required. To the maximum extent possible, collected leachate
will be recycled to the compost to provide moisture. Excess
leachate may require treatment if the compost is exposed to
rainfall (see Interface with Other Technologies and Residu-
als Generated). However, leachate is seldom generated in a
well-managed pile.

in addition, off-gas control may be required—particularly if the
soil contains volatile organic compounds (see Interface with
Other Technologies and Residuals Generated).

Technology Status

Since the 1960s, composting, as an engineered process, has
been seriously investigated and implemented for the treatment
of municipal wastewater treatment sludges (5). However, in
remedial applications involving the treatment of contaminated
soil typicaily containing low concentrations of organic com-
pounds, composting is considered an innovative technology.

Interest in the use of composting for the treatment of hazardous
wastes began in the late 1970s. In the 1980s, pilot tests and
demonstrations of composting began to be conducted to deter-
mine its effectiveness for soil remediation. There are few re-
ported full-scale applications of composting in remedial actions.

Composting has been actively investigated in the treatment of
soils contaminated with energetic compounds such as explo-
sives or propellants. The Army has conducted a number of pilot
tests and field demonstrations of its use (see Application
Examples). As a result of these successtul tests and demon-
strations, composting was selected as the recommended alter-
native for treatment of explosive-contaminated soils at an Army
Superfund site (6).

Based on available information, there are at least five full-
service bioremediation vendors that will use composting to treat
contaminated soils. in addition, because of the extensive use of
composting for treatment of wastewater siudges and other
nonhazardous wastes, there are over 30 vendors of equipment

NEESA/Remedial Action Tech Data Sheet

to support composting (7). Although equipment is readily avail-
able, its use with explosives-contaminated soil is subject to
explosive safety hazards analysis prior to use (see Design
Criteria).

Types of Applications

At its current stage of development, potential applications of
composting include the remediation of soils contaminated with:

« Low-volatility petroleum products as a result of ieaks from
underground storage tanks, spills, and past disposal
practices (see Application Examples); and

« Ordnance compounds (e.g., explosives and propeliant-
related compounds) resulting from munition production,
testing, and demilitarization operations (see Application
Examples).

Types of Contaminants

Composting has been demonstrated to be effective in the
treatment of soil contaminated with the following compounds:

« Diesel fuel;

« Polyaromatic hydrocarbons (PAH) (see Application
Example 6);

2,4,6-trinitrotoluene (TNT);
Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX);
Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX);
N-methyl-N-2,4,6-tetranitroaniline (tetryl);

Nitrocellulose (NC); and

Benzene, toluene, ethylbenzene, xylene (BTEX)—although
these compounds may be volatilized at elevated tempera-
tures.

Since the explosive and propellant ingredients listed above
represent compounds that are generally considered to be recal-
citrant, composting will most likely apply to a wider range of more
biodegradable organic contaminants. However, applications
have not been reported for other contaminants.

Advantages and Disadvantages

In general, composting offers advantages similar to those of
other ex situ remedial technologies. These advantages include:

» Contaminants are not transferred to other environmental
media (so there is typically nothing eise to treat);

« The cost is low relative to other treatment alternatives
{such as incineration); and

* |tis permanent (in that contaminants may be completely
degraded to nontoxic gases and water or detoxified).

Potential advantages of composting over other ex situ remedial
technologies include:

< Reduction in treatment time due to controlled increase in
microbial activity;

« Less dependence on soil characteristics because of the
amendments and mixing processes used,;

« In general, less land area may be required for composting
than for landfarming;

» Enhancement in process optimization due to a greater
degree of control of operating parameters (e.g., aeration,
temperature, mixing);
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« Ability to control off-gas releases if required (primarily
applicable to static pile and in-vessel composting pro-
cesses; more difficult in windrow processes); and

« Composting end product is material with high organic
content that makes quality top soil, muich, or fill material.

On the other hand, a potential disadvantage of composting over
other bioremediation techniques is the large quantity of amend-
ments that may be required. These amendments can signifi-
cantly increase the volume of the compost (for example, a 200%
to 300% increase may be expected for explosive-contaminated
soil treatment [8]) and may be expensive based on their avail-
ability at the remediation site. The additional volume will be a
concern if the treatment is not successful and a greater volume
of contaminated material must be disposed.

Other disadvantages of composting include:

+ The technology is innovative. There are few applications
and little full-scale experience to demonstrate its effective-
ness and likely cost with a wide variety of contaminants;

+ The results of composting metal-containing soil are
unknown;

« Toxic intermediate compounds may be end products
(further complicated by potential difficulties in identifying
these compounds); and

« There may be an odor problem (particularly if anaerobic
conditions develop).

For soil contaminated with ordnance compounds, the only tech-
nology that has been successfully implemented in full-scale
remediations is incineration. The primary advantages of
composting over incineration in treating these soils are:

« Better public acceptance;

» Potentially lower cost;

+ Easier to implement; and

+ Reduced threats to the environment.

The disadvantages of composting when compared to incinera-
tion include:

» Anincrease in time required to complete the remediation;

+ Applicability to a much narrower range of contaminants;
and

+ Incineration achieves a lower cleanup level.

Relative advantages and disadvantages of the various configu-
rations of composting are provided in Figure 4.

Limiting Factors

The use of composting may be limited by a number of factors
including:

- Degradability of the contaminant(s}—the contaminant
must be biodegradable;

« Presence of other contaminants that may be toxic to the
degradation organisms (e.g., metals),

- Availability and cost of amendments—the success of
composting, especially in treating soil with iow organic
concentrations, relies on the use of large quantities of
amendments that can significantly affect the practicality
and cost of composting at a given site;
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* Volatility of contaminant(s)—due to the elevated tempera-
tures generated during composting, some contaminants
may be more prone to volatilization than degradation; and

* Potential for generation of toxic byproducts—a reduction
in toxicity to acceptable health-based risk levels will have
to be demonstrated.

This latter factor is of particular concern when biodegradation
pathways for the contaminants are not well understood. For
such contaminants (inciuding ordnance compounds), treatability
studies will be required. To fully demonstrate a reduction in
toxicity of transformation products bound to the soil, toxicologi-
cal studies may be required (8) (see Design Criteria and
Application Example 2).

tn addition, the use of composting to treat explosive-contami-
nated soil may be limited by the presence of other compounds
that increase potential explosive safety hazards (see Design
Criteria).

Interface with Other Technologies

Depending on practical considerations and regulatory require-
ments, other technologies may interface with composting. These
include:

+ Carbon adsorption to control the emission of volatile
organic-laden off-gas; and

+ Technologies used for leachate collection and treatment
(see Residuals Generated).

At many sites, the contamination goes below the water tabie. At
these sites, some form of ground water treatment may be
integrated with soil bioremediation. Such ground water treat-
ment technologies may include pump-and-treat (where ground
water is pumped to the surface and treated) or in situ techniques
(e.g., biological treatment or air stripping).

Design Criteria

The first steps in preparing a sound design for composting
contaminated soil include:

+ Site characterization;

« Soil sampling and characterization;

< Contaminant characterization;

« Laboratory and/or field treatability studies; and
« Pilot testing and/or field demonstrations.

Site, soil, and contaminant characterizations are always a part
of developing design criteria for the remediation of soil. How-
ever, their importance increases in applications where ord-
nance compounds may be present (see Points to Remember).
These characterizations will be used to:

» ldentify and quantity contaminants;

+ Determine requirements for organic and inorganic
amendments;

« Identify the presence of organic compounds that may be
volatilized during composting;

« |dentity potential safety issues;

» Determine requirements for excavation, staging, and
movement of contaminated soil; and

+ Determine availability and location of utilities (electricity
and water).
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Compost
Type Advantages
Tumed « Simple process, easy to implement « Difficult to control air emissions
Wwindrow » Lower cost « Less control over oxygen content and temperature
« Periodic tumning of compost provides for better uniformity of «» Steam and dust generated during turning may impact worker safety
temperature and moisture » May require more land surtace area
« Amendments and soil can be mixed during pile construction by
windrow machine
Aerated « Often better control of temperature and oxygen content than with + increased utility costs due to blower use
Static windrows « Less homogeneous than windrows with respect to moisture and
Pile * In some cases, costs of operation may be less than windrows due temperature
1o lack of frequent turning « Potential for surtaces of pile to dry out
« Soil and amendments must be well-mixed prior to pile construction
In-Vessel « May be totally enclosed—provides for better containment of wastes | « Higher capital. operating, and maintenance costs
Composter | and odors » Systems designed to handle expiasive-contaminated soil are not
= High degree of control of operating parameters commercially-available—they must be custom-made
« Usually faster degradation rates (allow for shorter treatment times)
» System can be completely automated
* Stirred reactor provides for better mixing and uniformity of moisture
and aeration

Figure 4. Relative Advantages and Disadvantages of Composting Systems

Laboratory or field treatability studies are needed to identify:

+ Amendment mixtures that best promote microbial activity;

+ The maximum quantity of soil in the composting matrix;

+ Potential toxic degradation byproducts;

« The percent reduction and lower concentration limit of
contaminant achievable; and

» The potential degradation rate.

Bench-scale treatability studies are needed to confirm that the
contaminants of concern can be degraded as well as to optimize
process parameters. Results of these tests will also be used to
identify leachate treatment requirements as well as the disposi-
tion of the composted material.

As of August 1993, the Army's Waterways Experiment Station is
nearing completion of a bench-scale adiabatic compost reactor
that should predict fuli-scale treatability. As of this writing, there
are atleast two sources for the conduct of bench-scale treatability
studies for explosives-contaminated soil (8). For additional
information on treatability studies, contact Dr. Kurt Preston and/
or Major Kevin Keehan (see Points of Contact).

Developing design criteria for composting involves ensuring that
the proper environment is maintained to rapidly decompose the
organic contaminant. The following factors must be considered.

Amendment selection—Amendments serve a number of pur-
poses. They help provide for a suitable texture of the compost
matrix to enhance air circulation. Amendments will be used to
reduce the bulk density of the contaminated soil—typically, a
bulk density of 1,000 Ibs/yd? will be desirable for the compost.

In addition, amendments help develop a suitable chemical
environment for biodegradation. They provide a carbon source
for the development and maintenance of optimum levels of
microbial activity.

Amendments will also be a source of inorganic nutrients re-
quired for degradation. One of the most important of the inor-
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Source: Reterences 2 and 8, and Arthur D. Little, Inc.

ganic nutrients is nitrogen. A typical maximum carbon to nitro-
gen ratio used in composting is 30:1.

Two other important considerations in amendment selection
include availability and cost. Amendments should be available
year-round in the locality of the remedial site (ideally within a
100-mile radius [8]). The amendment cost may be particularly
significant due to the large quantities required per unit of
contaminated soil and/or the specific amendment (or mixture of
amendments) selected (see Key Cost Factors).

Relative concentrations ot soil and amendments—Because
soils often contain only very low levels of biodegradable mate-
rial, soil concentration is limited in the compost. This limitation
will affect the throughput of the composting process. Based on
optimization studies for composting explosive-contaminated
soil, maximum soil loadings in the compost range from 25% to
40% by volume, depending on system configuration, amend-
ment mixture, and contaminant type (4). However, for soil
contaminated with petroleum hydrocarbons, soil loading can
vary from 50% to 75% based on contaminant concentration (9).

Moisture content—A moisture content of 50% to 60% of total
weight is typically desirable (10). Excess moisture should be
avoided to reduce the potential for generation of leachate and
impeding oxygen transfer (leading to anaerobic conditions).
Design criteria wilt usually specify how much water should be
added and at what frequency.

Aeration—Aeration of compost serves two purposes. First, it
provides for an adequate level of oxygen to be maintained.
Typical oxygen concentrations in the compost are 5% to 15%
by volume (10). Excess air should be avoided, however, to
prevent excessive cooling of the compost and limit moisture
evaporation.

Aeration is also used to remove heat from the pile as necessary
to prevent overheating. ldeal temperatures for composting are
usually in the 55° to 70°C range—specific optimum tempera-
tures will depend on the amendments, contaminants, and
microorganisms involved.
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Aeration can be accomplished by turning the compost material
over by machine or by hand, as in the turned windrow method.
In static pile composting, the piles are usually aerated by using
aeration pipes located in the bottom of the piles to either puil or
blow air through the compost (see Field Implementation
Considerations).

pH—A neutral pH in the range of 6 to 8 is considered optimum.
The pH may vary throughout the pile and throughout the
composting operation. However, organic materials in the com-
post are usually buffered well enough to avoid sudden down-
shifts in pH and adjustments are seldom necessary.

In addition to the above factors, the design of a composting
system to treat soil contaminated with explosive ordnance
compounds will include consideration of explosive safety is-
sues. The degree to which explosive safety will impact the
design will be primarily determined by the concentration of the
explosives in the soil, the type of explosives, and the likelihood
of initiating compounds being present. Any equipment to be
used will need to undergo a hazards analysis to identify poten-
tial explosive and fire hazards.

Field Implementation Considerations

Specific field activities for composting will vary depending on
the selected configuration of composting. General field activi-
ties will include:

+ Site selection and preparation;

« Earth work (excavation and handling of soil);

+ Soil preparation (screening and mixing of soil and amend-
ments);

+ Operation and maintenance of composting system; and

+ Facility monitoring.

Site selection will take the following issues into consideration:

» Needs for excavation, staging, and movement of contami-
nated soil;

+ Area required for mixing of soil and amendments; and

« Availability and location of utilities (eiectricity and water).

In addition, a site for turned windrow operations must consider
the requirements for a greater land surface area and the regular
operation of heavy equipment.

Site preparation may inciude site surveying, staking, and grad-
ing (to ensure adequate drainage of leachate and runoff).

A foundation {pad) for the composting operation will be re-
quired. Pads are usually curbed and made of concrete or
asphalt.

Enclosing (or, at a minimum, covering) aerated static pile and
windrow composting operations is usually desirable. The ben-
efits of enclosing the piles include:

» Prevention of runon and runoftf that will add to the amount
of leachate generated;

+ Better control of temperature and moisture in the pile; and

« Better control of dust, volatilized organics. and nuisance
odors.
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If the composting operation is to be enclosed, a suitable
enclosure will have to be identified or constructed. Temporary
structures are available that can enclose static piles or wind-
rows. These structures consist of an external frame covered
with plastic or fabric under tension.

Soil excavation and movement will normally be done with
conventional equipment (e.g., backhoes, front-end loaders,
dump trucks). However, if explosives are present in concentra-
tions that present an explosive safety hazard (see Design
Criteria), the site safety plan should address special precau-
tions to be taken for soil excavation and handling.

Once excavated, the soil may be screened to remove rocks and
debris to avoid damage to the windrow machine or the in-vessel
composter. The mixed compost is then loaded into a dump truck
and transported to the composting site.

Afront-end loader can be used to mix amendments with the soil
and to construct static piles and windrows (final shaping of the
windrow can be done by the windrow machine). Static piles are
usually formed over a network of perforated pipe (typically 6-
inch diameter) connected to a biower so that air may be forced
or pulled through the compost.

Windrows are usually constructed in long parallel rows. The
cross section of the windrows may be trapezoidal or triangular
depending on the equipment used to turn the piles. Typical
dimensions of a windrow are 15 feet wide and 3 to 7 feet tall (5).

In the case of the in-vessel composter, the compost will be
placed into a feeding bin and charged to the composter.

Operation of the composting system will depend on the se-
lected configuration. Once a windrow has been established, a
windrow machine may be used to turn the compost to provide
for aeration and temperature control. Alternatively, the compost
can be turned manually if labor is available. Moisture will be
added to the windrow as needed by handwatering with a hose
and sprayer. A water spray may be required during turning to
minimize fugitive dust generation.

Operation of the aerated static pile will generally be more
automated than the turned windrow. The blower used to force
or draw air through the compost may be cycled on and off
automatically, based on pile temperatures and oxygen content.
By blowing air through the compost, it is possible to humidify the
air to add moisture. Additional moisture will be provided to the
static pile as needed by handwatering or using a fixed spray or
drip (soaker) system.

The in-vessel composter provides for a high degree of system
automation. In the composter shown in Figure 3, aeration and
mixing of the compost is accomplished by screw augers that
rotate throughout the reactor. Air and water are added to the
reactor as needed via a manifold. Other configurations of in-
vessel composters are available. If used to compost explosive-
contaminated soils, the in-vessel composter should be sub-
jected to a safety review prior to use.

During operation, routine activities will include the regular

monitoring of system perfnrmance parameters (see Quality
Control).
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It should be noted that the presence of spore and fungi during
composting may affect hypersensitive workers (8).

Quality Control

A number of parameters may be monitored to ensure proper
compost operation, including temperature, moisture, and pH.
Microbial activity need only be monitored during treatability
testing if problems occur.

Long-stemmed thermometers or thermocouples may be used
to monitor temperature in the compost. Handheld instruments

can be used to measure temperatures at various locations:

throughout the pile. Thermocoupies can be used to continu-
ously monitor temperatures and provide feedback to an auto-
mated control system to operate a blower (in an aerated static
pile) or to operate the agitation/aeration system of an in-vessel
composter. Temperature is the predominant controlling vari-
able in composting. In most cases, providing air to control
temperature may be adequate to ensure that the level of
aeration necessary for microbial activity is maintained. it has
been demonstrated that the drop of soil oxygen content to below
detection limits does not necessarily affect compost efficiency

(8).

Actual sampling of the compost for laboratory analysis should
be performed in accordance with the Environmental Protection
Agency Standard Method 8330. To reduce analytical variability,
the samples should be homogenized according to the sample
preparation protocol in Reference 11.

Periodic monitoring of moisture content is best done by labora-
tory gravimetric analyses on compost samples. Tensiometers
can be used to roughly estimate relative compost moisture;
however, they are not very reliable.

Measuring respiration rates provides a quick check on system
performance. As organics degrade, oxygen is consumed and
carbon dioxide is generated. Oxygen and carbon dioxide (res-
piration) measurements in gas from the compost can warn of
potential problems in system performance. However, it should
be noted that carbon dioxide may be converted to insoluble
carbonates in an alkaline compost and may not be detected
even though degradation is occurring (12). In addition, carbon
dioxide may be lost to the atmosphere during the turning of
windrows.

Chemical extraction—and thus analysis—of the compost may
be impeded by the potential for contaminants and transforma-
tion products to absorb into or bind to the humic material of the
compost.

Residuals Generated

Residuals generated during composting are limited to liquids
(leachate and runoff) if generated during operations, off-gases
from aeration processes, and the compost itself.

Leachate and runoft can be reduced by covering or enclosing
the compost operation and further reduced by using collected
liquids for moisture addition. However, excess liquids will re-
quire proper management. Options for managing these excess
liquids include discharge to a publicly-owned treatment works
(POTW) and treatment by carbon adsorption or air stripping.
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The ability to discharge the liquids to a POTW is a function of the
quantity of liquids, the quality of the liquids (in terms of contami-
nant or degradation product concentrations), and the capacity
of the POTW. it should be noted that leachate generation in
composting may be less than in other types of biotreatment
because of increased evaporation at higher operating tempera-
tures.

Off-gases may be controlled at the blower effluent if air is pulled
through the compost (for static pile and in-vessel systems) or
may be contained by enclosing the compost (applicable to all
composting processes). Activated carbon adsorption is the
most common means of treating off-gases.

After treatment, the compost product is usually returned to the
site as backfill if it meets the treatment criteria.

Regulatory Issues

A review of local, state, and federal regulations shouid be the
first step in planning the remedial action. The primary federat
regulatory programs that will impact the feasibility, design, and
operation of composting as a remedial action are the Compre-
hensive Environmental Response Compensation & Liability Act
(CERCLA) and the Resource Conservation ard Recovery Act
(RCRA).

Specific regulatory requirements will be affected by site-spe-
cific factors and local (and state) regulatory issues. In general,
the required regulatory permits are site- and system-specific. In
remedial actions involving leachate collection and runoff con-
trol, permits regarding the management of the collected liquids
may be required. Air permits may be required if volatile organics
are involved in the remediation.

Regulatory issues associated with composting explosive-con-
taminated soil are complicated and evolving (13). The potential
applicability of RCRA must be considered when dealing with
soil contaminated with ordnance compounds such as explo-
sives. Such soils could be considered a listed hazardous waste
if they contain explosive wastes that are listed as RCRA wastes
KO44 (wastewater treatment sludges generated during the
original manufacture and loading, assembling, and packing of
reactive explosives) or KO47 (wastewater generated during the
production and formulation of TNT). Such wastes are listed
solely because of reactivity. If it can be proven that these wastes
are no longer reactive, they may be delisted. Explosive-con-
taminated soils may also be RCRA characteristic wastes
due to reactivity or the results of the Toxicity Characteristic
Leaching Procedure (TCLP). It the results ot the TCLP exceed
0.013mg/lof 2,4-DNT, then the compost is subject to regulation
under Subtitle C of RCRA (8,14).

if RCRA does apply, potentially applicable requirements in-
clude Part 264 permitting standards for treatment facilities
(including design and operating requirements), Part 270 per-
mitting requirements, and RCRA Land Disposal Restrictions
(LDR) (13). These requirements will increase the cost and time
of the remedial action considerably.

Based on data developed for the Army (15), a concentration of
less than 12% explcsives (by weight) in soil should not, under
normal circumstances, react explosively when subjected to
flame initiation or shock. As a safety measure, the Army uses a
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conservative reference explosives concentration of 10%. How-
ever, it is important to consider the possibility that initiating
compounds (e.g., lead azide, lead styphnate, lead fulminate)
may be present. If initiating compounds are present, the 10%
explosive threshold does not apply and a thorough analysis of
explosive reactivity should be conducted. The presence of
initiating compounds can be predicted by a historical review of
site activities and confirmed by analysis (8).

Feasibility Study (FS) Criteria Ranking

The use of composting to treat contaminated soil has been
rated with respect to certain performance and regulatory crite-
ria. The results of this rating are presented in Figure 5.

If composting results in adequate reduction in toxicity and the
sufficient binding/stabilization of transformation products, crite-
ria for long-term effectiveness and permanence and reduction
in toxicity or mobility of contaminant(s) are met. However,
because of the uncertainty of knowing how tightly transforma-
tion products (which may be toxic) are bound to humic material,
composting may rank less favorably with respect to these
criteria.

As a biotreatment technology that can be carried out under
carefully controlled conditions, composting is likely to receive
state and community acceptance.

Although easily implemented, composting may require months
to achieve required treatment standards. Therefore, short-term
effectiveness may be less desirable than if other (nonbiological)
techniques are used. .

In some cases, composting may be a lower-cost technology to
employ. However, there are a number of factors that will affect

Criteria Ranking

Effect of reducing the overall threat
10 human health and the environment

Compliance with applicable or relevant
and appropnate requirements (ARARs)

Long-term eftectiveness
and permanence

Reduction of toxicity, mobility,
or volume

Short-term effectiveness

Implementability

Cost

State and community

OO|I5|I8|0|0(0|0

F @GDOOUM.MM

Source: Reference 2 and Arthur D. Little, Inc.

Figure 5. FS Criteria Ranking
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the final cost of composting, including the types and quantities
of amendments required and the selected process configura-
tion (see Key Cost Factors).

Key Cost Factors

The primary factors affecting the overall cost of composting
contaminated soil are:

* Time to treat;

* Volume of contaminated soil;

» Allowable percentage of soil in the compost (and therefore
the land area and quantity of amendments required);

+ The cost of amendments; and

* Regulatory requirements.

Regulatory requirements may affect facility and operational
standards such as type of pad or foundation, frequency of
monitoring, and enclosure of compost. These, together with
requirements for permitting, may significantly impact cost.

Amendment use is a significant concern when evaluating the
cost of composting. Economic composting is reliant on the
local, year-round availability of suitable amendments. Based on
previous investigations irvolving composting of explosive-con-
taminated soil, the Army has developed a baseline amendment
cost of $50/ton for preparation of their cost estimates (8). For
amendment costs greater than this, a cost analysis should be
conducted to determine the competitiveness of composting
with other treatment methods.

Figure 6 illustrates the affect of amendment mixture selection
on cost. These figures are based on an economic analysis of
composting of explosives-contaminated soil in a field demon-
stration at an Army site (see Application Examples).

An additional factor impacting the cost of composting is the
process configuration used. Turned windrow composting is
typically less expensive than aerated static piles. Howeve!,
overall costs may be affected by the use of manual, rather than
mechanical, labor to turn the compost. in addition, the costs of
aerated static piles are affected by pile construction activities
(e.g., laying aeration pipe).

Cost estimates have indicated that the use of the highly auto-
mated in-vessel composter configuration involves higher capi-
tal, operating, and maintenance costs.

Estimates performed by the Army have resulted in costs for
composting of explosive-contaminated soil as shown in Figure
7. For the purpose of comparison, estimated costs to incinerate
explosive-contaminated soil are also provided. These costs
include site preparation, capital costs, excavation, backfill, and
operation and maintenance.

Reported costs for composting of soil contaminated with petro-
leum hydrocarbons (diesel oil) are around $100 per cubic yard
(9). Amendment costs in these applications are usually in the
range of $5 to $10 per cubic yard of soil treated (assuming that
cow manure is the primary amendment)(9).

In one successful, low-tech application of static pile composting
to treat petroleum-contaminated soil, costs as low as $13 per
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Mixture | Mixture | Mixture

Amendment A B [*]
Sawdust 30% 22%
Apple pomace 15% 6%
Chicken manure 20%
Chopped potato 35% 17%
Horse manure/straw 50%
Buffalo manure 10%
Altalfa 32% 22%
Horse feed 8%
Cow manure 33%
Cost Per Ton $15 $200 $11

Source: Reference 8
Figure 6. Costs of Selected Compost Amendment Mixtures

cubic yard were achieved (16). This application involved mixing
3.5 parts (by volume) contaminated soil with one part manure/
wood chips, piling the compost on drain tiles to facilitate passive
air exchange, and covering the pile with plastic sheeting.

Ranges of costs likely to be incurred as a result of treatability
and feasibility assessments (assumed to be independent of
volume to be treated) are: $25,000 to $75,000 for laboratory
studies; and $100,000 to $1,000,000 for pilot tests or field
demonstrations. For studies, tests, and demonstrations involv-
ing explosive-contaminated soil, costs are most likely to be at
the high end of each of these ranges.

Application Examples

A summary of application examples is presented in Figure 8.
Additional information is provided below. See Points to Re-
member for additional application information.

Example 1—Piiot Test of Composting Explosive-Contami-
nated Soil, Louisiana Army Ammunition Plant in Shreve-
port, Louisiana (3)

In 1988, a pilot program was conducted by the Army to deter-
mine the ability of composting to treat soils and sediments
contaminated with TNT, RDX, and HMX. The pilot tests were
conducted at an Army installation using soils and sediments
that had been contaminated as a result of the lagooning of
explosive-contaminated wastewaters over a period of about 30
years.

These pilot tests involved the operation of static piles. Each pile
contained a system of perforated and nonperforated four-inch
diameter polyethylene pipe placed on a concrete and wood chip
base and connected to a blower. The blowers were used to pull
air through the pile to promote aeration and remove heat.
Operation of the blowers was controlied automatically based on
temperatures in each pile.
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Explosive- Estimated Cost ($/Ton Soil)
Contaminated Windrow in-Vessel

Soll Composting | Composting | Incinerstion
(Tons)

3,700 390 650 740

6,800 290 480 660
30,000 210 330 280

Source: Reference 6

Figure 7. Composting Cost Comparison

To determine the affect of temperature on the composting
process, piles were operated at two temperature ranges: one in
an approximate range of 30° to 50°C; the other in an approxi-
mate range of 40° to 60°C.

The compost consisted of contaminated sediment and a mix-
ture of amendments. The amendments included alfalfa, ma-
nure, straw, and horse feed. Contaminated sediment contentin
the compost was 24% (by weight). The sediment and amend-
ments were well-mixed and the compost piles were constructed.
The volume of compost in each pile was about 12 cubic yards.
After pile construction, the piles were watered with garden
hoses. Approximately 400 galions of water were applied to each
pile. Water was added periodicalily throughout the composting
operation.

The piles were aliowed to compost for 153 days. Results of
composting at the lower temperature range indicated a reduc-
tion in TNT from approximately 11,000 to 50 mg/kg; a reduction
in RDX from approximately 4,600 to 240 mg/kg; and a reduction
in HMX from approximately 640 to 85 mg/kg. Results in the
higher temperature pile reflected a reduction in TNT from
approximately 12,000 to 3 mg/kg; a reduction in RDX from
approximately 5,300 to 45 mg/kg; and a reduction in HMX from
approximately 750 to 26 mg/kg. As can be seen, the higher
temperature operation achieved the lower levels of explosives.

Additional information regarding this field study can be obtained
from Wayne Sisk, U.S. Army Environmental Center (USAEC)
(see Points of Contact).

Example 2—Field Optimization Study of Composting Ex-
plosive-Contaminated Soil, Umatilla Army Depot Activity
in Hermiston, Oregon (4)

In 1991, a field study was conducted at an Army installation in
an attempt to optimize various parameters associated with the
composting of explosive-contaminated soil in order to demon-
strate that composting can be conducted at a lower cost than
incineration.

Six field tests were conducted using an aerated static pile
system. Four field tests were conducted using a mechanically
agitated in-vessel system (as shown in Figure 3).

The static pile systems consisted of 500-gallon fiberglass
containers. A perforated wooden platform was placed six inches
from the bottom of the container. Wood chips were placed
between the platform and the bottom. Two air inlet ports were
located at the bottom of the container. One iniet port was
connected to a blower that was used to force air through the pile.
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Application | Contaminants Results Comments Ref.

1 Pilot Testat | TNT, RDX, and | Initial concentrations of TNT (11,000 to 12,000 Two aerated static piles operated at temperatures in the 3
Army HMX mg/kg), RDX (4,600 to 5,300 mg/kg), and HMX range of 30 to 50°C; two piles operated in the range of 40
Facility (640 to 750 mg/kg) in compost reduced in 153 days | to 60°C. Biowers were cycled automatically to draw air

to levels in the range of: TNT (3 to 50 mg/kg); RDX | through piles. Contaminated soil comprised about 24%
{45 to 240 mg/kg); and HMX (26 to 85 mg/kg). (by weight) of the compost mixture. Amendments
Better reductions achieved at higher compost pile | included alfalta, manure, straw, and horse feed.
temperatures.

2 Field Study | TNT, RDX, and | 90 days of composting resuited in reductions in Six tests were conducted using an aerated static pile. Four 4
at Army HMX TNT ranging from 79 to 99%: reductions in RDX tests were conducted using a mechanically agitated
Facility ranging from 0 to 99%; and reductions in HMX in-vessel composter. Soit content in the compost ranged

ranging from 0 to 39%. Beftter results were from 7 to 40% (by volume). Amendments inciuded various
achieved at lower soil concentrations and using an | mixtures of sawdust, apple waste, manures, potato wastes,
in-vessel composter. straw, alfalta, and horse feed.

3 Field TNT, RDX, and | By day 20, reductions in TNT, RDX, and HMX were | Demonstration of windrow composting. Two 20-feet long, 8,
Demonstra- | HMX 99.3, 99.5, and 98.7%, respectively. See text for 8-feet wide, and 4-feet high windrows each containing 28 18
tion at Army more information. cubic yards of compost were operated. Windrow machine
Facility used to turn compost once a day. In addition to turning, one

pile was aerated by forced air. See text for more
information.
4 Pilot Study | RDX, HMX, and | Initial concentrations of RDX (220 mg/kg), HMX Aerated static pile used to compost soil spiked with 19
PETN (220 mgrkg), TATB (1500 ppm) and PETN (400 explosives. Soil was mixed with horse manure, alfalfa,
mg/kg) in soil. After composting for 18 days, and horse feed (20:20:10) to achieve a compost with
levels of RDX, HMX, and PETN were below 30% by volume of dry soil. Estimated cost for full-scale
detection limits. was $225 per cubic yard of soil.

5 Bioremedia- | Diesel Qil Soil contaminated with an average of 5,000 ppm of | 525 cubic yards of soil were treated by composting in a 9
tion at TPH composted. in eight weeks, TPH reduced to turned windrow. One part cow manure was added to two
Marine target goal of 100 ppm. parts contaminated soil. Pile was inoculated with an enzyme
Corps site to activate bacteria.

6 Pilot Study | Creosote Soil contaminated with 2216 to 8268 ppb total Tumbler-type composter used to treat soil contaminated 20
of Creosote | Compounds PAH composted. Non-volatile PAH were by creosote solution spill. Compost matrix consisted of
Composting reduced from 818 ppb to 91 ppb in 35.days a 1:1:1 ratio of soil to comn silage to fresh cow manure.

of composting. Estimated cost was $300 per ton of soil.

Figure 8. Summary of Application Examples

The in-vessel system consisted of a nine-foot diameter tank
with a capacity of approximately seven cubic yards. The reactor
was totally enclosed.

A variety of amendments were used in these tests. The amend-
ments included different combinations of sawdust, apple wastes,
manures, potato wastes, strew, alfalfa, and horse feed. Soil
content in the compost for the tests ranged from 7% to 40% (by
volume).

in each test, the compost was operated for 90 days. Results of
static pile composting indicated reductioris of TNT ranging from
79% to 98%; reductions in RDX ranging irom 0% to 93%; and
reductions in HMX ranging from 2% to 39% Results of in-vessel
composting indicated reductions of TNT anging from 97% to
99%; reductions in RDX ranging from 18% to 99%; and reduc-
tions in HMX ranging from 0% to 29%. Generally, RDX and HMX
reductions were improved as the soil content in the compost
was reduced.

Conclusions of the study were that both static pile and in-vessel
systems were effective at degrading explosives. In addition, the
maximum soil loading level for achieving effective degradation
appears to be 30% by volume.

These results were supplemented by a series of chemical and
toxicological characterizations performed with the composted
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material (17). These characterizations included a determina-
tion of explosives and TNT metabolites in the composts and
their leachates, leachate aquatic toxicity, and mutagenicity of
the leachates and organic solvent extracts of the composts on
selected bacterial strains. The primary conclusion of these
studies was that composting can reduce the concentrations and
bacterial mutagenicity in explosive-contaminated soil, as well
as the aquatic toxicity of leachable compounds. However, small
levels of explosives and metabolites, bacterial mutagenicity,
and leachable aquatic toxicity remain. The ultimate fate of the
biotransformed explosives and the sources of residual toxicity
and mutagencity remain unknown.

Additional information can be obtained from Wayne Sisk or
Kevin Keehan, USAEC (see Points of Contact).

Example 3—Demonstration Windrow Composting of Ex-
plosive-Contaminated Soil, Umatilla Army Depot Activity
in Hermiston, Oregon (8, 18)

A field demonstration of windrow composting has recently been
completed at an Army site on the National Priority List. A
Feasibility Study conducted for remediation of this site has
selected composting as the preferred remedial alternative based
on the results of the optimization study described in Application
Example 2. This demonstration will provide further data to
support this preference as well as complete a full-scale design.
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In this field test, two 28-cubic yard windrows approximately 4
feet high, 8 feet wide, and 20 feet long were constructed. Both
piles were placed on a bermed (8 inch) asphalt pad. In addition,
one of the piles was placed on a bed of wood chips in which 6-
inch diameter perforated pipe was embedded. This allowed this
pile to receive additional aeration by forced air.

To reduce the potential dust hazard caused by turning the piles,
the piles were enclosed in a temporary structure.

The piles were handwatered with hoses as necessary to adjust
moisture content. The piles were designed to operate at about
55° to 60°C.

One of the piles was aerated only by daily turning with a windrow
machine (see Figure 1). The other pile (placed over wood chips
and perforated pipe) was subjected to forced-air aeration in
addition to the daily turning. A thermocouple placed in this pile
was used to control blowers that were activated when the
temperature or the pile exceeded 60°C.

The compost in both piles consisted of a 30% s0il/70% amend-
ment (by volume) mixture. The amendments used were saw-
dust (17.8%), chicken manure (3.4%), chopped potato (10%),
cow manure (21%), and alfalfa (17.8%).

Both windrows were effective in decontaminating the soil—
even under the wintertime conditions experienced during op-
erations. The turned-only pile proved to be more efficient than
the forced-air aerated pile. Most of the detoxification and
explosives transformation occurred by day 15. By day 20, TNT,
RDX, and HMX levels in the turned-only pile were reduced by
99.3, 99.5, and 98.7%, respectively.

Additional information is available from Major Kevin Keehan or
Wayne Sisk, USAEC (see Points of Contact).

Example 4—Pilot Tests: Composting Explosive-Contami-
nated Soil (19)

In 1991-1992, pilot tests were conducted at a vendor's facility
using an aerated static pile. Enclosed composters were used to
compost approximately 230 Ib of soil spiked with RDX (220 mg/
kg). HMX (220 mg/kg), TATB (1500 ppm), and PETN (400
ppm). This soil was mixed with amendments to achieve a
compost soil content of 30% (dry weight). The amendment used
was a 20:20:10 mixture of horse manure, alfalfa hay, and horse
feed.

The composters used were 500-gallon, dish-bottomed, stain-
less steel tanks. A perforated wooden platform was placed in
each tank allowing for drainage of leachate and for fresh air to
be pulled down through the compost.

Temperatures were maintained in the 60° to 70°C range. Air
flow through the piles was based on a timed cycle.

Results of the pilot tests indicated that RDX, HMX, and PETN
were reduced below detection limits within 18 days. TATB
degraded slower than the other contaminants. It was felt that
this might have been due to the use of formulated TATB in the
spike. Laboratory tests with unformulated TATB demonstrated
complete breakdown under similar conditions within 3 weeks.
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Analyses of the final compost indicated that there were no
persistent degradation byproducts.

Based on these tests, estimated full-scale costs to compost
similarly-contaminated soils are approximately $225 per cubic
yard.

Example 5—Bioremediation of Diesel Fuel-Contaminated
Site, U.S. Marine Corps Camp Pendleton in California (9)

As a result of a leaking underground storage tank, 525 cubic
yards of soil were contaminated with diesel oil at an average
concentration of 5,000 ppm of oil (measured as total petroleum
hydrocarbons [TPH]). This soil was excavated and remediated
in 1992.

The remediation site selected was an asphalt parking lot. The
asphalt was sprayed with an impermeable polyurethane bar-
rier. This barrier is capable of withstanding the heavy traffic of
trucks and front end loaders while still retaining its integrity. The
sides and one end of the remediation area were biocked by
using concrete highway barriers. A sump was installed at the
lowest corner of the site to collect leachate and return it to the
soil as irrigation.

The contaminated soil was piled on the prepared site and mixed
with a bulking amendment (cow manure) in a 2:1 soil to manure
ratio (by volume). The completed compost pile was eight to nine
feet high. Once completed, the pile was inoculated with an
enzyme to accelerate activation of bacteria. Five to ten gallons
of water were added per cubic yard of compost. The compost
was turned by front-loading tractors for aeration once a week
and water was added at the rate of two to three gallons per cubic
yard each week. Typical pile temperatures were about 55°C.

Composting was conducted over an eight-week period during
adverse winter rain conditions. At the end of the eight-week
period, a target goal of 100 ppm of TPH was reached. Monitor-
ing of air emissions indicated little or no volatilization of diesel
oil compounds during the remediation. There were also no
obnoxious odors from the pile, even at the peak of degradation.
The cost of this remediation was $100 per cubic yard of soil
treated.

Example 6—Treatability Study of Creosote-Contaminated
Soil in New York (20)

A pilot composting treatability study was performed on soil
contaminated with creosote solution that spilied from high-
pressure tanks at an abandoned railway tie-treating facility. A
tumbler-type composter treated 15-30 Ibs of soil per test. Non-
volatile creosote compounds were reduced up to 88.9% (i.e.,
from about 818 ppb to 91 ppb) in 35 days. Starting concentra-
tions of total PAH (including semivolatiies and nonvolatiles)
ranged from 2216 to 8268 ppb. The optimum amendment
mixture in this study was a 1:1:1 ratio of contaminated soil to
corn silage to fresh cow manure. The optimum moisture content
was 64%. The total estimated treatment cost was $300 per ton.
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Points to Remember

The following points to remember were generated during dis-
cussions with remedial personnel with laboratory and field
experience in the composting of contaminated soil.

v It is important to have backup plans for aeration in the
event that the primary aeration system fails. In the
absence of aeration, self heating of the compost could
reach temperatures sufficient to significantly decrease
microbial activity.

v Availability of amendments may be a driving force behind
the competitiveness of composting as a remedial alterna-
tive. Finding a low-cost source of amendments close to
the remedial site (within a 100-mile radius, for example)
should be a first step in evaluating the applicability of
composting. In addition, locally-available amendments
may only be available seasonally, potentially limiting the
period during which composting can be performed.

v If explosives are the contaminants of concern, one of the
most important elements in composting is safety. It is
necessary to fully characterize the soil contamination and
develop an appropriate safety plan for operation (to
include a hazards analysis). Important considerations
include:

» Presence of visible signs of explosive (explosives may
be in the soil in “chunks”);

« Concentrations of explosives in soil;

+ Type of explosives in soil (e.g., RDX is more sensitive
than TNT); and

+ Presence of initiating compounds (e.g., lead azide,
lead styphnate, and lead fulminate).
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Additional information regarding the technical, regulatory, and
practical aspects of composting may be obtained from:

« Major Kevin Keehan, USAEC, Aberdeen Proving Ground,
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Introduction

Bioremediation is an innovative technology being considered
more frequently, and more positively, for the remediation of soil
contaminated with organic compounds. The main advantages
of soil bioremediation are that it can be done on site at relatively
low cost and results in the destruction of contaminants rather
than transferring them to another medium.

While many points discussed will be applicable to soil
bioremediation in general, this Tech Data Sheet focuses on
heap pile bioremediation. Heap pile bioremediation, a solid-
phase and aboveground process, uses forced aeration to
increase oxygen availability and thus increase the rate of
contaminant degradation. Naturally aerated processes are de-
scribed in a separate Tech Data Sheettitled “Soil Bioremediation
(Naturally Aerated Processes).”

Purpose and Audience
The Tech Data Sheets are designed to:

« Disseminate practical, implementation-related information
to minimize design and construction problems;

< Help Remedial Project Managers (RPMs) to evaluate a
technology (recommended in a Feasibility Study [FS]), for
example) and decide if it is practical and cost-effective;

» Aid RPMs in writing a Remedial Action (RA) Delivery Order;

« Help Engineering Field Division (EFD) Remedial Design
personnel write a Statement of Work (SOW) for, and
RPMs review, Remedial Design Plans; and

« Enable field personnel such as Project Superintendents,
Engineers in Charge, On-Scene Coordinators (OSCs),
and Resident Officers in Charge of Construction
(ROICCs) to become familiar with a technoiogy at
a site they will oversee.

Description of Technology
Bioremediation uses microorganisms—typically, naturally oc-

curring bacteria, fungi, and/or actinomycetes (metabolically
advanced bacteria)—to degrade and/or detoxify contaminants.
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This degradation results in the breaking down of contaminants
into simpler compounds that may or may not be less toxic.
These simpler intermediate compounds may themseives be
biodegraded. if the process leaves only carbon dioxide and
water as end products, biodegradation is complete, and miner-
alization is said to have occurred.

Aboveground bioremediation is usually an aerobic process.
Thatis, the microorganisms use oxygen to grow and metabolize
contaminants. (In contrast, anaerobic microorganisms grow in
the absence of oxygen.) Heap pite bioremediation is an ex situ
version of soil bioventing in which air is pulled or blown through
soil to aerate indigenous hydrocarbon-degrading microorgan-
isms. This is in contrast to naturally aerated prepared bed
processes that rely on the natural diffusion of oxygen through
the soil.

Heap pile bioremediation is performed with excavated contami-
nated soil that has been placed in piles 8 to 12 feet high.
Throughout the period of bioremediation, the soil is physically
undisturbed while the proper environment is maintained to
enhance and maintain acceptable rates of degradation. A
schematic of a representative heap pile bioremediation system
is provided in Figure 1. See Field Implementation Consider-
ations for specific heap pile construction and operation details.

Once excavated, the contaminated soil may be pretreated
before being placed in piles. For example, it large rocks or
debris are present, they may be removed by screening. In
addition, additives such as fertilizer (to provide nitrogen and
phosphorus), mulch or sand (to increase porosity}), and lime (to
raise pH) may be added.

The excavated soil (with rocks and debris removed) is then
placed on a prepared bed. The bed is typically prepared by
spreading a 12-inch layer of contaminated soil over a watertight
liner. Perforated pipes are then placed over the soil layer in
regularly-spaced intervals. A layer of gravel is usually placed
over the pipes, and the excavated and prepared soil is then
dumped in 8- to 12-foot-hign piles on the gravel.

The pertorated pipe systems provide tor aeration in the soil piles
by either blowing (injecting) air through the pipes into the soil
(forced air) or drawing (sucking) air from the ambient atmo-
sphere around the pile through the soil. The preferred method
is to draw air through the pile. In this way, off-gases can be
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Figure 1. Representative Layout of Heap Pile Bioremediation System

controlled at the blower effluent and air flow can be more easily
monitored.

Moisture content within the pile can be maintained with an
irrigation system (e.g., overhead sprinkler or drip or soaker
hoses). If air is injected into the soil, the air can be moisture-
saturated with an air humidifier prior to injection. Liquid nutri-
ents can be applied to the top of the pile and allowed to
percolate through the pile. Alternatively, solid nutrients can be
mixed with the excavated soil prior to construction of the pile,
added to the pile during construction, or broadcast over the
surface of the completed pile.

Airdrawn from the pile may contain volatile components and will
require treatment prior to discharge to the atmosphere if permit-
ted levels are exceeded. Activated carbon adsorption is the
most common means of treating the off-gases (see Interface
with Other Technologies).

A leachate collection system will usually be required. To the
maximum extent possible, leachate will be collected in drums or
tanks and recycled to the pile via the irrigation system. Excess
leachate may require treatment (see Interface with Other
Technologies).

In summary, heap pile bioremediation technology consists of
site (i.e., lined bed) preparation, soil pretreatment, design and
placement of aeration pipes, an air handling system, water and
nutrient delivery, and ancillary features such as leachate collec-
tion and off-gas treatment.

Technology Status

Heap pile bioremediation has been used since the early 1980s,
primarily for the cleanup of soils contaminated with petroleum
hydrocarbons. Although bioremediation is generally consid-
ered innovative (particularly for contaminants other than petro-
leum hydrocarbons), the technology involved in heap pile
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bioremediation is fairly well established. However, improve-
ments are continually being introduced to increase eftective-
ness and reduce costs.

There are at least five firms that specialize in heap pile
bioremediation, and many more have a broad range of
bioremediation experience.

Types of Applications

Heap pile bioremediation has mostly been used to remediate
soil contaminated with low-volatility petroleum hydrocarbons
released by leaking underground storage tanks (USTs) (and
related piping), spills, and past disposal practices (e.g., leaking
drums).

If the contaminants consist solely of lighter, more volatile
compounds (such as those in gasoline), they may be treated
more effectively by in situ processes (e.g., soil vapor [vacuum]
extraction and bioventing [2]) that take advantage of their
volatility. However, if heavier hydrocarbons are present,
aboveground bioremediation may be more appropriate (see
Types of Contaminants).

Contaminated soil less than 10 feet deep and not adjacent to
structures may be cost-effectively treated by heap pile
bioremediation.

Heap pile bioremediation works best with sandy soils of near-
neutral pH (6.5 to 8.5). However, a variety of soil amendments
can be used to improve the quality of clayey, less permeable
soils as well as to adjust the pH.

Types of Contaminants
Aboveground soil bioremediation has proven to be successtul

in treating soil contaminated with low-to-medium volatility pe-
troleum hydrocarbons such as waste oil, grease, jet fuels,
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diesel fuels, and crude oil. In addition, aboveground soil
bioremediation has been shown to be effective with more
volatile components of petroleum hydrocarbons such as ben-
zene, toluene, ethylbenzene, and xylene (BTEX)(1); although,
as mentioned above, these contaminants may be more effec-
tively treated in situ.

Aboveground soil bioremediation has also been used to treat
soil contaminated with polynuclear aromatic hydrocarbons
(PAHSs) (3). Generally, the higher the molecular weight (and the
more rings with a PAH), the slower the degradation rate. In
addition, the more chlorinated the compound, the more difficult
it is to degrade.

Despite demonstrated effectiveness with many compounds,
there are too many site-specific considerations to extrapolate
success in degrading a given compound from one site to an-
other. Consequently, treatability studies (see Design Criteria)
must be conducted using representative samples of soil from
the site.

Advantages
Heap pile bioremediation in general has several advantages:

< ltis a fairly straightforward process and is therefore
typically easy to implement;

+ The cost is low relative to other remedial alternatives
(such as incineration);

» Non-volatile contaminants are destroyed—not transferred
to another medium; and

» ltis permanent (in that contaminants may be completely
degraded to carbon dioxide and water).

Heap pile bioremediation has the following advantages over
naturally aerated processes:

+ Increased degradation rates (and thus reduced treatment
times);
Smaller land surface area requirements (particularly in
contrast with landfarming);

« Better control of process parameters such as moisture,
nutrients, and temperature;

- Easier control of off-gases, if required;

« Easier, and less costly, leachate collection and recycle;
and

« Dirt clods that impede air diffusion are less likely to be
formed in heap pile bioremediation than in processes that
rely on tilling.

Disadvantages
Potential disadvantages of bioremediation in general include:

» Technology is in the innovative stage for contaminants other
than petroleum hydrocarbons (the process is still evolving;
cost data are inaccurate because of site variability and lack
of good data; and results cannot be guaranteed within a
specific time frame);

- Degradation of some compounds (e.g., PAHSs of four or more
rings and highly chlorinated compounds such as polychiori-
nated biphenyls [PCBs]) may be too siow to be practical;

« Treatment may be lengthy (some contaminants may take
several months to degrade); and
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« Toxic intermediate compounds may be end products (al-
though this is more likely with anaerobic than aerobic bio-
degradation).

Disadvantages of heap pile bioremediation as compared to
naturally aerated bioremediation processes include:

« Additional equipment requirements (e.g., pipes, blowers,
pumps) add to cost;

+ Site preparation is more complicated due to the place-
ment of perforated pipes; and

+ The pipes make decommissioning of the piles more
complicated—it is difficult to remove soil without breaking
the piping.

When compared to in situ treatment methods such as bioventing,
heap pile bioremediation has several disadvantages primarily
related to the excavation of contaminated soil:

« Increased costs due to excavation and handling of soil;

+ Volatilization of lighter hydrocarbons during soil excava-
tion and handling;

+ Increased health and safety concerns associated with
excavating and handling contaminated materials;

+ Potential for damage to adjacent buildings and other
structures during excavation; and

* Increased potential to trigger Land Disposal Restrictions
(LDRs) (see Regulatory issues).

Limiting Factors

The key to biodegradation at high rates is providing an environ-
ment that:

+ Allows for rapid growth in the population of contaminant-
degrading microorganisms;

+ Maintains a high population of such microorganisms; and

Provides maximum contact between the contaminant and

the microorganisms.

The main criterion for achieving and maintaining high microbial
populations is the availability of oxygen and nutrients (primarily
nitrogen and phosphorus) to the microorganisms. This can be
achieved in heap pile bioremediation. Factors affecting the
availability of oxygen and nutrients, as well as other microbia!
growth conditions, are presented in Figure 2. Note that many of
these factors are common to any type of aboveground
bioremediation.

Interface with Other Technologies

Other technologies may interface with heap pile bioremediation
as dictated by practical considerations and regulatory require-
ments. These include:

« Carbon adsorption or thermal destruction techniques
(e.g., incineration or catalytic oxidation) to control the
emission of off-gas containing volatile organic compounds
(VOCs); and

» Technologies used for excess leachate disposal (such as
discharge to a publicly owned treatment works [POTW])
and treatment with carbon adsorption or air stripping (see
Residuals Generated).
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Component Factor Potential Limkations
Contaminant | Biodegradability | Contaminant must be biodegradabie at an acceptable rate
Acclimation It soil recently contaminated, degrading microorganisms have not been acclimated to contaminant or site conditions
Volatility Volatile components may be removed by volatilization rather than biodegradation; treatment of off-gases containing
volatiles may be required
Toxicity Contaminant must be present in (or diluted to) a concentration not toxic to the degrading microorganisms
Soil Physical Clumping may limit exposed surface area and thus contaminant, water, and nutrient availability
characteristics
Moisture content | Excessive water limits diffusion of oxygen; very low moisture reduces contact between microorganisms and
contaminants, as weil as microbial activity
Clay content High clay content may affect physical characteristics and thus affect moisture control, oxygen diffusion, and
contaminant binding to soil
Organic content | Low organic material content may limit growth of degrading bacteria, but high content may cause bacteria to utilize
that instead of contaminant as food source
pH Degrading microorganisms have an optimum range; pH may require adjustment
Site Climate Rainy climate may dictate special rainfall runoff and soil drainage controls. cold or excessively hot soil temperatures
slow degradation

Figure 2. Limiting Factors of Heap Pile Bioremediation

At many sites, the contamination goes below the water table. At
these sites, some form of ground water treatment may be
integrated with soil bioremediation. Such ground water treat-
ment technologies may inciude pump-and-treat (where ground
water is pumped to the surface and treated) or in situ biological
treatment.

Design Criteria

The success of a heap pile bioremediation operation is depen-
dent on sound design based on site-specific information and
data. The first steps in preparing such a design inciude:

» Site characterization;

« Soil sampling and characterization;

« Contaminant characterization;

» Laboratory and field treatability studies; and
+ Pilot testing and/or field demonstrations.

Typical parameters to be considered in site, soil, and contami-
nant characterization are shown in Figure 3. Characterizations
are conducted to:

» Identify and quantify contaminants;

« Determine the presence of microorganisms capable of
degrading the contaminants invoived; and

+ Identify tactors that affect biodegradability.

Laboratory (bench-scale) and/or field-scale treatability studies
are needed to confirm that the contaminants of concern can be
degraded as well as to optimize biodegradation parameters.
Depending on site and contaminant complexity, field-scale pilot
tests or demonstrations may also be needed to optimize full-
scale design.

Currently, the U.S. Army Waterways Experiment Station

(USAWES) is developing a 10-cubic-yard portable pilot-scale
*biocell” that can be used to do on-site treatability studies. The

Heap Pile Bioremediation 4

Source. Arthur D. Little, inc. and NEESA

biocell is housed in a commercially available, off-the-shelf
"dumpster” at the bottom of which is siotted PVC aeration piping
used to push or pull air through the soil. Off-gases will be
monitored by oxygen, volatile organic, and carbon dioxide
meters and purified with granular activated carbon before being
released into the atmosphere. These meters, along with dis-
solved oxygen, temperature, and humidity soil probes, will be
connected to an automatic data logging system. The unit will be
equipped with soaker hoses connected to a leachate collection
and recycling system. This portable unit will be used in conjunc-
tion with four 40-cubic-yard biocells (aiso in commercially
available dumpsters) in a U.S. Army Corps of Engineers New
Orleans District pilot-scale demonstration. In this demonstra-
tion, soil contaminated with 100 to 150 ppm of Total Petroleum
Hydrocarbons (TPH) will be treated to less than 50 ppm. Total
treatment costs are expected to be between $18 and $60 per
cubic yard. Information gathered from these pilot systems will
be used to validate treatability tests done with an eight-galion
bench-scale biocell (5).

To obtain more information on, or to arrange for, a treatability
study, contact Mark Zappi (USAWES) or Bill Major (see Points
of Contact).

Criteria for full-scale heap pile bioremediation include the
following:

Design of air flow system and soil piles—The air flow system
and the size and configuration of the soil piles should be
designed as a package. There are computer models available
that can aid in this integrated design. One model is CSUGAS,
a computer-based model developed at Colorado State Univer-
sity (6). It can be used to determine maximum pile height,
minimum blower size, and minimum air flow required to ad-
equately stimulate microbial activity in active soil piles. This
model was used in the design of a heap pile bioremediation
system at the Marine Corps Air Ground Combat Center
{(MCAGCC) Twentynine Palms (see Application Examples).
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[ S8 Considerations

| | commminant consicerations B

« Type and texture

« Organic matter content
» Water-holding capacity

« Types and concentrations of contaminants

» Moisture content (50% to 70% of water-hoiding capacity) * Presence of toxic contaminants

« Presence of volatile organic compounds (VOCs)

« Presence of inorganic contaminants (e.g.. heavy metalis)

« Nutrient content (C:N:P = 100:10:2)
* pH (6.5 to 8.5)

Sie Considerations ]

» Temperature (20° to 35°C/68° to 95°F)

« Microorganisms (degrading populations present at site)
« Soil respiration (field and/or iaboratory respirometry)
« Oxygen content (5% to 15% by volume in soil gas)

+ Permeability (as measured by water and air permeability * Temperature
tests with undisturbed soil samples) * Precipitation
* Wind velocity and direction
« Water availability
* Topography

Figure 3. Site and Contaminant Characterization Parameters

(With Usual Optimum Ranges When Applicable)

Soil physical property data are input to this model. Design
aeration rate, air flow patterns, and air pressure distribution are
generated. This output can be used to develop design criteria
for blower size and pile configuration.

It should be noted that oversizing the blower wastes energy,
increases the cost of the blower, and could cause shortcircuiting
of air flow.

Perforated (or slotted) polyvinylchloride (PVC) pipes (typically
with 0.02-inch slots)(6,7) are used for pile aeration. One end of
each pipe is capped, and the other end is connected to a header
pipe {manifold) that is connected to a blower. Valves are
installed in the piping to allow for flow adjustments during start-
up and operation. Sampling ports should be installed in the pipes
to facilitate air flow monitoring throughout the remediation.

In addition to designing a pile configuration that can achieve
design aeration rates, itis important that the design considerthe
potential for compaction of the soil during and after pile con-
struction. Compaction of the soil or formation of a surface crust
can limit the air flow through the pile or cause channelling of air.
For this reason, heavy equipment should not run over the soil
as the pile is constructed. This will usually limit the height of the
piles to 8 to 12 feet.

Selection of liner—The most commonly used iinerin heap pile
bioremediation is a 60 to 80 mil high-density polyethylene
(HDPE). Liner seams should be double-seam hot welded to
maintain the integrity of the liner (6).

Design of irrigation system—An irrigation system is used to
maintain the desired moisture content within the pile (typically
50% to 70% of the soil’'s water-holding capacity) as well as to
add liquid nutrients. Spray or drip (soaker) systems can be
used. Spray systems will usually provide better distribution of
moisture. Drip (or soaker) systems may be preferred if the piles
are covered to prevent moisture and temperature loss.

Design of leachate collection and distribution system—
Collected leachate is usually recycled to the piles via the
irrigation system. As leachate is generated in the pile, it may
flow (by gravity) to a sump. A sump pump will transfer the
leachate in the sump to irrigation water storage tanks.
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Design of berms—Berms are constructed to contain the con-
taminated soil as well as runoff due to rainfall. Because of the
cost and etfort required in constructing berms, their height is
kept to a minimum while maintaining required controls. Typical
berm heights are two to three feet. One of the factors in design
of the berms is that the berms and collection systems should be
able to contain a volume that meets the requirements of a 50-
or 100-year rainfall event.

Other design teatures may be required, including off-gas con-
trol and treatment systems; and leachate or run-oft collection,
recycle, and treatment systems.

In addition, design criteria may address details of the specific
operations to be used in the establishment and operation of
heap piles (see Field implementation Considerations), in-
cluding:

+ Pretreatment requirements (e.g., dewatering, pH adjust-
ment, soil screening); -

« Process control requirements (e.g., pH, moisture, oxygen,
nutrient addition, etc.);

< Process monitoring needs; and

« Construction and installation procedures.

Field Implementation Considerations
The fieid work for heap pile bioremediation includes:

Site (lined bed) preparation;

Earth work (excavation and handling of soil);

Soil pretreatment;

Soil pile construction;

Installation of irrigation, leachate control, and nutrient addi-
tion systems;

+ Installation of off-gas control system (if necessary);

« Operation and maintenance; and

* Facility monitoring.

Site preparation may include site surveying, staking, grading (to
ensure adequate drainage of leachate and run-off), and bed
construction.

Bed construction typically begins with the construction of berms
(usually made of native soil). The lineris then cut and/or welded
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to the required size and placed over the treatment site with
edges extending over the berms. The liner should be covered by
a 12-inch layer of contaminated soil (with minimal rock content)
to protect it from puncture.

The slotted pipe used for aeration should be placed on top of the
soil layer. Gravel should then be placed over the pipe to separate
the pipe from the soil to be treated. Once in place, the slotted
pipe is connected *o a manifold or header line. This manifold or
header should be equipped with a drain valve to allow for the
periodic removal of standing water.

Methods used to excavate contaminated soil should be selected
to minimize soil handling and time while maintaining worker
safety. Soil excavation may cause concern if VOCs are present.
It has often been observed that soit excavation is responsible for
asignificant portion of VOC emissions during soil bioremediation
(8). For this reason, air monitoring for worker protection should
be performed during excavation if VOCs are present.

Once excavated, soil may be pretreated prior to being placed in
the piles. Usually, the soil is screened to remove rocks (greater
than two to four inches) and debris (such as iumber). Larger
rocks and debris increase the potential for liner damage. If soil
is clayey and clumps are present, the soil should be broken up
(pulverized) and mixed with a small amount of sand.

3
Soil additives are usually mixed with the excavated soil prior to,
or during, pile construction. These additives may include:

« Soil amendments such as manures or plant materials
{mulch);

» Lime or acidifying materials to adjust the pH (typically
maintained within a range of 6.5 to 8.5); and/or

« Nutrient elements such as nitrogen and phosphorus
(a typical carbon-nitrogen-phosphorus ratio is 100:10:2
by weight) (8).

Once the soil has been pretreated, it is placed in 8- to 12-foot
piles on the prepared bed as specified in the design. The soil
piies may be covered with mulch for insulation.

The irrigation system will consist of water (and leachate) storage
tanks, pumps, and related piping. A sump is usually constructed
downgradient from the soil piles to collect leachate and runoff
from the piles. A sump pump is used to transfer collected liquid
in the sump to the water storage tanks.

When a blower is used to draw air through the piles, water
knockout vessels should be installed between the piles and the
blowers. Water knockout vessels remove condensed water from
the air to protect the blower motors. The vessels should contain
a level switch to shut off the blower when they become full. The
vessels are then drained and the blower reactivated.

The blowers also need to be protected from particulates by
filtering the air from the piles.

Once system installation is complete (including pile construc-
tion), the blower should be turned on and air flow should be
monitored throughout the piles to ensure that adequate aeration
is being achieved. Air flow valves can be adjusted at this time.

Heap Pile Bioremediation 6
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During operation of the heap pile, routine activities will include
regular monitoring of system performance parameters, includ-
ing oxygen and carbon dioxide gas concentrations in off-gas,
soil temperature, flow rates, and pressure (see Quality Con-
trol).

Soil samples are taken periodically to monitor the progress of
the remediation as well as to ensure that the proper soil
environment is being maintained. Analyses usually rerformed
include oxygen and carbon dioxide levels in soil gas (measured
from soil gas probes placed in the piles), pH, moisture, nutrient
content, and microbial activity (see Quality Control). Most of
these tests can be performed in the field with portable instru-
ments.

Arigid schedule should be established to check system compo-
nents including (at a minimum):

+ Blower operation (belt tension, motor and blower fluid
levels, electrical connections, and air flow connec-
tions)(6);

« lrrigation and leachate collection system (to guard against
leaks); and

« Air flow lines running to and from the soil piles (checking
for leaks by monitoring pressure drops across the bed).

Liner leaks are usually detected during decommissioning of the
heap pile by inspecting the soil under the liner and analyzing soil
if necessary or by smoke tests.

Quality Control

The field operator will need to monitor a number of parameters
to ensure that the heap piles are operating satisfactorily. These
parameters include aeration characteristics (air flow and com-
position) and soil pile characteristics (e.g., temperature, mois-
ture and nutrient content, microbial activity).

Air flow characteristics typically monitored include air flow rates
within the pipes (to ensure that there are no blockages in the air
flow system) and pressure (to ensure that air flow is uniform
throughout the soil pile). Air flow can be measured by placing
a hot wire anemometer probe into the center of the air pipe
cross-section. Pressure is measured with pressure probes
(placed at various locations and depths in the soil piles) and a
manometer.

Oxygen can be measured with soil gas probes placed in the
piles. Oxygen and carbon dioxide levels can be determined with
special portable meters. Oxygen within the piles should be
maintained above the level where oxygen becomes a growth-
limiting factor (generally 2% to 3% oxygen by volume in soil
gas). Oxygen measurements provide an opportunity to opti-
mize bioremediation operations while reducing blower utiliza-
tion. Blower operation can thus be cycled to maintain the
desired oxygen concentration.

Soil temperatures can be monitored easily with thermocouples
placed in the piles. Temperatures should be adequate to main-
tain biodegradation (ideally, greater than 20° C) but should not
be so high as to inhibit growth of some microorganisms (in
excess of 35°C).
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Soil samples are typically taken from the middle of the piles.
Analyses will typically include:

* Moisture content {moisture levels should be maintained at
between 50% and 70% of the soil's water-holding capac-
ity);

« pH (usually maintained within a range of 6.5 to 8.5); and

» Nutrient content (a typical carbon-nitrogen-phosphorus
ratio is 100:10:2) (8).

A determination of moisture in soitis most reliably performed by
sampling the soil and performing a standard laboratory gravi-
metric analysis. Tensiometers can be usedinthe pile to roughly
estimate pile moisture, but they are not very accurate.

Nutrient content is usually determined by analyzing for phos-
phorus as soluble (ortho-) phosphate and nitrogen as ammonia.

Measuring respiration rates provides a quick check on system
performance. As organics degrade aerobically, oxygen is con-
sumed and carbon dioxide is generated. Oxygen and carbon
dioxide (respiration) measurements in soil gas indicate degra-
dation rate and can warn of potential problems in system
performance. However, it should be noted that carbon dioxide
may be converted to insoluble carbonates in alkaline soils and
thus may not be detected even though degradation is occurring
(9).

Residuals Generated

Residuals generaied during heap pile bioremediation are lim-
ited to liquids (leachate and runoff) from the operations, the off-
gases from the aeration process, and the treated soil itself. The
design of the overall project should include the means for
managing these residuals.

Although accumulated leachate and runoff can be minimized if
recycled during irrigation, excess liquids will require proper
management. Options for managing excess liquids include
discharge to a POTW andtreatment by carbon adsorption or air
stripping. The ability to discharge the leachate to a POTWis a
function of the quantity of leachate, the quality of the leachate,
and the capacity of the POTW.

Treated soil is usually returned to the site as backfill. The
treated soil may also be disposed of in a suitable manner (e.g.,
as a landfill cover) depending on site-specific regulatory re-
quirements.

Regulatory issues

Regulations both drive and constrain the use of bioremediation
in general. A regulatory review should be the first step in
planning the remedial action.

Regulatory coordination and documentation requirements will
be affected by site-specific factors, local regulatory issues, and
the applicability of CERCLA (Comprehensive Environmental
Response, Compensation, and Liability Act as amended by the
Supertund Amendments and Reauthorization Act) and/or RCRA
(Resource Conservation and Recovery Act). As soon as heap
pile bioremediation is considered for implementation, a project
manager should coordinate with regulators to determine the
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treatment levels to be achieved. These levels will be incorpo-
raied into a Record of Decision and remedial design (CERCLA)
or a corrective action plan (RCRA). These documents will
describe what will be accomplished and may take into account
the following:

* Treatment criteria;

Analytical methodology to be used;

Monitoring requirements {during and after field operations);
System design requirements:

Management of treatment residuals;

Worker protection; and

Site closure.

The types of regulatory permits that may be required are site-
and system-specific. For soil bioremediations involving leachate
collection and runoff control, permits regarding the management
of the collected liquids may be required. Air permits may be
required if volatile organics are involved.

Because heap pile bioremediation is usually conducted on site,
permitting under RCRA is typically not required for CERCLA
actions. However, parts of RCRA such as LDRs may apply as
Applicable or Relevant and Appropriate Requirements (ARARs).
Note that the applicability of LORs is subject to interpretation—
although the remediation is performed on site, it does involve
excavation and placement of contaminated soil.

Feasibility Study (FS) Criteria Ranking

The use of heap pile bioremediation has been rated with respect
to certain performance and regulatory criteria. The results of this
rating are presented in Figure 4. It should be noted that these
ratings are subjective and may be dependent on specific site and
contaminant factors.

Criteria Ranking

Effect of reducing the overall threat
to human heaith and the environment

Compliance with applicable or relevant
and appropriate requirements (ARARs)

Long-term effectiveness
and permanence

Reduction of toxicity, mobility,
or volume

Shon-term effectiveness

Implementability

Cost

State and community

SO0 009 0|00

acceptance
Favorable Unfavorable

Figure 4. FS Criteria Ranking
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Heap pile bioremediation is easy to implement compared to
technologies that require large pieces of equipment or are
energy- or fabor-intensive (e.g., incineration). As a contained
system, the technology minimizes the overall threat to human
heaith and the environment. Heap pile bioremediation has been
proven a lower-cost remedial technology (particularly for petro-
leum hydrocarbons) and provides for a permanent long-term
solution, so related criteria are favorable.

Since heap pile bioremediation is carried out under carefully
controlled conditions, state and community acceptance will
most likely be favorable.

Although relatively easy toimplement, successful bioremediation
may require months to achieve (depending on volumes, con-
taminant type and concentration, and other site-specific fac-
tors). Therefore, short-term effectiveness may be less favor-
able than if other (nonbiological) techniques are used. How-
ever, biodegradation is usually faster in heap pile than in
naturally-aerated bioremediation.

Key Cost Factors

The cost of heap pile bioremediation is primarily a function of
the various construction activities associated with its implemen-
tation. Often, a significant portion of the cost is due to earth
moving and construction management.

Operation and maintenance costs typically represent 25% to
30% of the tota! remediation costs, with an inverse relation to
the volume of soil treated (1).

Costs associated with treatability and feasibility studies can be
significant depending on the level and type of contaminants, the
degree of clean-up required, and regulatory constraints (e.g.,
oft-gas treatment).

Ranges of costs likely to be encountered are:

+ Treatability and feasibility assessment costs (assumed to
be independent of volume to be treated): $15,000 to
$50,000;

+ Pilot test or field demonstration costs: $20,000 to
$500,000 (depending on scale and analytical require-
ments); and

« Costs of treatment (including site preparation, soil
excavation and movement, and actual treatment opera-
tions): $35 to $120 per cubic yard of contaminated soil.

The wide range of treatment costs reflects the variability due to
site-specific conditions and requirements. Reported costs for
the treatment of soils contaminated with petroleum hydrocar-
bons under relatively non-restrictive conditions are in the low
range ($35 to $50 per cubic yard)(1,3).

Application Examples

The application examples described below are summarized in
Figure 5.

The following two examples describe heap pile bioremediation

at U.S. Naval tacilities. If you have questions regarding these
activities, or would like further details, contact Bill Major (see
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Points of Contact). In addition, see Points to Remember/
Lessons Learned for additional information relating to the
implementation and operation of these systems.

Example 1—Fuel-Contaminated Soil at Marine Corps Site
in Bridgeport, California (7,11,13)

A site at the Marine Corps Mountain Wartare Training Center
(MCMWTC) Bridgeport was contaminated with diesel fuel, jet
fuel (JP-5 was approximately 70% of the total contamination),
and other petroleum fuels that had leaked from USTs over a
two- to four-year period. In this 1989 pilot study, about 7,000
cubic yards of this contaminated soil containing TPH at concen-
trations of about 1,200 mg/kg were excavated and processed
through a screen to remove rocks greater than four inches in
diameter. The screened soil was then transferred to a site
protected by a 40 mil HDPE liner on an eight-inch sand base.
Contaminated soil was spread on the liner to a depth of three
feet. A series of perforated pipes were then placed over the soil
and manifolded to a vacuum blower to provide aeration. The
final dimension of the soil pile was approximately 15 feet high,
55 feet wide, and 300 feet long.

Initially, 80,000 gallons of water were added with soaker hoses
over a two-week period to establish a moisture content within
the pile of 50% to 70% of the soil's water-holding capacity. 1.5
tons of granular urea (a nitrogen source) were spread into one-
foot lifts of soil with a shovel.

Air was pulled through the pile at about 300 standard cubic feet
per minute (scfm) with a 15-hp blower. This air flow proved
much more than adequate. Off-gases trom the process were
treated by carbon adsorption at the blower effluent.

Because the contamination was two to four years old, indig-
enous bacteria were well acclimated to the contaminants. After
approximately two months of operation (at ambient tempera-
tures of 20° to 85°F), the average TPH concentration was 120
mg/kg (with a maximum of 260 mg/kg).

The cost to remediate this site was reported to be approximately
$80 per ton of soil, inciuding the costs of additional sampling for
research purposes.

Example 2—Petroleum-Contaminated Soil at Marine Corps
Site In Twentynine Palms, California (6,11,12,13)

A heap pile bioremediation project at Marine Corps Air Ground
Combat Center (MCAGCC) Twentynine Palms was conducted
from April through July, 1992. The pian for this research project
called for the bioremediation of 1,500 cubic yards of soil con-
taminated with an average of 702 mg/kg TPH (80% upper
confidence level of 1,455 mg/kg). Sources of contamination
included: UST removal (diesel and unleaded gasoline); JP-5;
diesel and unleaded fuel surface spills; and surface spills of oil
during vehicle maintenance. The contamination was two to four
years old.

Construction of the soil piles is iliustrated in Figure 6. Figure 7
shows the overall system configuration during operation.

Treatment specifics for this project include the following:
« A 190-ft by 70-ft treatment area (total) was lined with 60

mil HDPE sheeting. An 8- to 12-inch layer of contami-
nated native soil (sandy, with minimal rock content) was

NEESA/Remedial Action Tech Data Sheet




Amount
She Treated | Contaminants Results Comments Ref.
1 MCMWTC | 7.000 Diesel fuel, jet Initial TPH concentrations were at a Pilot study. See detailed discussion in 7.11.13
Bridgeport, | cu yds fuel, and other maximum of 1200 mg/kg. After two months | text.
CA petroleum fuels | of operation, the maximum concentration
was 260 mg/kg (average of 120 mg/kg)
2 MCAGCC 1.500 Petroleum Initiai average TPH concentration of 702 Research project. See discussion in text. 6,11,12.13
Twentynine | cu yds hydrocarbons mg/kg. Average final concentration of 234
Palms. CA mg/kg
3 Qil Refinery, | 5,000 Crude oil Initial TPH concentrations were in a range Windrow configuration. Windraws covered 1
CA cL yds of 800 to 4,500 mg/kg. After 3 weeks, with perforated HDPE sheets to control
concentrations ranged from 700 to 4,300 odors. Off-gas treatment by carbon
mg/kg. By the sixth week, reported TPH adsorption. TPH degradation tied to peak
concentrations were below 5 mg/kg. of microbial population.
4 Oil Refinery, | 15,000 Crude oil and Initial TPH concentrations were 42 to 770 Ten covered treatment cells (6 ft by 110 ft 1
CA cu yds other petroleum | mg/kg. After 45 days of treatment, the by 9 ft high) used. Carbon dioxide
hydrocarbons average TPH concentration was 22 mg/kg. | momitored in effluent air to track
contaminant degradation. Off-gas treated
by carbon adsorption.
5 Fuel 1,500 Crude oil and Average initial TPH concentrations of 920 Contaminated soil was clay of very low 1
Storage cu yds grease mg/kg. TPH concentration dropped to 300 permeability. Treatment ceil dimensions
Facility, TX mg/kg after 3 weeks of treatment. Within 8 | were 100 ft by 120 ft. Cells covered with
weeks, TPH dropped below the analytical vented polyethylene sheet to divert
method detection limit of 50 mg/kg. rainwater 1o an area outside cell berms.

Figure 5. Application Examples

placed over the liner to allow the movement of heavy
equipment over it during formation of the piles;

« The treatment area was divided into three individual
treatment cells. Slotted 4-inch Schedule 40 PVC aeration
pipes were placed on the initial 8- to 12-inch layer of soil
and a 12-inch mound of pea gravel was formed over each
pipe;

« Three soil piles were constructed (see Figure 6)—each
containing 500 cubic yards of soil resulting in piles 8 feet
high, 52 feet wide, and 52 feet long. One pile was main-
tained as a control; the other two piles were used to treat
contaminated soil;

* A 3-hp blower was used to draw air through the two
treatment piles at a rate of 70 scfm. A computer model
was used to design heap pile components for uniform
airflow throughout the piles;

« Air drawn from the pile was directed to a water knockout
vessel to remove water. Air exiting the vessel was passed
through an in-line fiiter to remove particulates (no other
contro! was required);

« Initially, solid tertilizer (at a C:N:P ratio established during
the treatability study) was mixed with the soil;

» Anirrigation system provided for both nutrient addition
(ammonium sulfate and ammonium phosphate) and
moisture control;

+ Aleachate collection system was employed. Collected
leachate was stored and recycled to the pile for moisture
addition as needed; and

« The average final TPH concentration was 234 mg/kg (with
an 80% upper confidence level of 454 mg/kg).

This project demonstrated that a batch process in which treated
soil is removed from the pile and replaced with contaminated
soil can be sucessfully implemented. in addition, it demon-
strated that different types of contaminated soil can be effec-
tively treated in separate cells.

NEESA/Remedial Action Tech Data Sheet

Treatment costs for the research and development project were
about $150 per cubic yard. These costs included an extensive
treatability study, increased sampling and analysis, and de-
tailed oxygen and carbon dioxide monitoring. The full-scale
remediation of 5600 cubic yards performed under NEESA's
Remedial Action Contract was conducted at a cost of $27.30
per cubic yard. This cost included ongoing operation and
maintenance, consolidation of three piles into one, the moving
of dirt onto and off of the piles, and the implementation of
improvements based on lessons learned from the pilot study.

The following examples provide descriptions of recent private
sector applications of heap pile bioremediation. These ex-
amples are notintended to provide guidance for the implemen-
tation of heap pile bioremediation systems, but instead to
provide representative examples of heap pile use and results.

Example 3—Crude Oil-Contaminated Soil in California (1)
About 5,000 cubic yards of soil were found to be contaminated
with crude oil with a maximum concentration of 4,500 mg/kg.
Results of a feasibility study indicated good biodegradation
potential.

A series of negative pressure windrows was constructed. To
minimize nuisance odors, the windrows were covered with
perforated HDPE sheets. During the construction phase, a
nutrient solution of ammonium chioride (a nitrogen source) and
disodium phosphate (a phosphorus source) was added by
spraying. Air was drawn through siotted pipes within the wind-
rows manifolded to a 3/4-hp blower. Off-gas from the blower
was treated by carbon adsorption.

Baseline TPH concentrations ranged between 800 and 4,500
mg/kg. After three weeks of operation, the concentrations
ranged from 700 to 4,300 mg/kg. Subsequently, a rapid de-
crease in TPH concentrations was detected. By the sixth week
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of operation, TPH concentrations were observedto have dropped
to levels below 5 mg/kg. A review of microbial enumeration data
indicated that this coincided with a peak in microbial population
five weeks after system start-up.

Example 4—Crude Oil-Contaminated Soil in California (1)
At another site in California, about 15,000 cubic yards of soil
were contamirated with crude oil and other petroleum hydro-
carbons. Initial TPH concentrations were 42 to 770 mg/kg. Soil
was treated using ten treatment cells, each 6 ft by 110 ft by 9 ft
high. The cells were covered with perforated polyethylene
sheeting to control nuisance odors. A vacuum blower was used
to pull air through the piles. The blower effluent was treated by
carbon adsorption.

Atter 45 days of treatment, TPH levels had dropped off to an
average of 22 mg/kg with nearly 60% of the results below the 10
mg/kg detection limit for the analytical method used.

Throughout the course of this remediation, microbial activity
was monitored by measuring carbon dioxide concentrations in
the vacuum system effluent. Initial carbon dioxide levels from
the treatment cells exceeded 12,000 ppm (compared to atmo-
spheric carbon dioxide levels of approximately 350 ppm). After
two weeks, carbon dioxide in the air pulled from the piles
approached 4,000 ppm and continued to decline slowly.

Example 5—Crude Oil-Contaminated Soil in Texas (1)

At a fuel storage facility in Texas, approximately 1,500 cubic
yards of soil had been contaminated by crude oil and grease
during years of operation. Initial TPH levels were on the oraer
of 1,000 mg/kg. The contaminated soil was a gumbo-type clay
with very low permeability. A 100-ft by 120-fttreatment cell lined
with HDPE sheeting was constructed. The berms along the
treatment cell perimeters were three to five feet in height. Two-
inch diameter slotted PVC piping was ptaced in trenches in the
soil pile and packed with g