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Halogenated volatile organic compounds (VOCs), including chlorinated aliphatic
hydrocarbons (CAHSs), are the most frequently occurring type of contaminant in soil and
groundwater at Superfund (CERCLA) and other hazardous waste (RCRA) sites in the United
States. The U.S. Environmental Protection Agency (EPA) estimates that cleanup of these sites
will cost more than $45 billion (1996 dollars) over the next several decades (EPA, 1997). Other
evaluations have projected the clean up cost of existing environmental contamination as being
more in the region of $1 trillion dollars.

In the early 1980's, little was known about how toxic wastes interact with the
hydrosphere. This lack of knowledge was crippling efforts to remediate environmental
contamination under the new Superfund legislation---the Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA). Faced with this problem, Congress
directed the United States Geological Survey (USGS) to conduct a program to provide this
critically needed information. By means of this program, known as the Toxic Substances
Hydrology Program (TSHP), the most important categories of wastes were systematically
investigated at sites throughout the nation. One of the principal findings of this program was that
microorganisms in shallow aquifers affect the fate and transport of virtually all kinds of toxic
substances. As a result of these findings, innovative technologies, including in situ and ex situ
bioremediation, are being developed and implemented in an effort to reduce the cost and time
required to clean up currently identified sites. For the most part, these technologies involve
biogeochemical processes including the concept known as Natural Attenuation.

Natural attenuation may reduce the potential risks posed by site contaminants in one of
three ways, depending upon the type of contaminant:

1. Contaminants may be transformed to a less toxic form through destructive processes

(e.g., biodegradation, radioactive decay);

2. Potential exposure levels may be reduced by lowering concentration levels (e.g., dilution,
dispersion); and

3. Contaminant mobility and bioavailability may be reduced by sorption to the soil or rock
matrix.

Several organizations involved in environmental clean-up projects have developed
definitions for natural attenuation. The U.S. Environmental Protection Agency (EPA) defines
monitored natural attenuation as the "reliance on natural attenuation processes (within the
context of a carefully controlled and monitored site cleanup approach) to achieve site-specific
remediation objectives within a time frame that is reasonable compared to that offered by other
more active methods. The 'natural attenuation processes' that are at work in such a remediation
approach include a variety of physical, chemical, or biological processes that, under favorable
conditions, act without human intervention to reduce the mass, toxicity, mobility, volume, or
concentration of contaminants in soil or groundwater. These in-situ processes include
biodegradation; dispersion; dilution; sorption; volatilization; radioactive decay; chemical or
biological stabilization; transformation; or destruction of contaminants.” (EPA, OSWER
Directive 9200.4-17P)

The American Society for Testing and Materials (ASTM) defines natural attenuation as
the "reduction in mass or concentration of a compound in groundwater over time or distance
from the source of constituents of concern due to naturally occurring physical, chemical, and
biological processes, such as; biodegradation, dispersion, dilution, adsorption, and
volatilization." (ASTM E1943-98, 1998)
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The U.S. Air Force Center for Environmental Excellence defines natural attenuation as
the processes resulting "from the integration of several subsurface attenuation mechanisms that
are classified as either destructive or nondestructive. Biodegradation is the most important
destructive attenuation mechanism. Nondestructive attenuation mechanisms include sorption,
dispersion, dilution from recharge, and volatilization." (Wiedemeier, 1999)

The U.S. Army defines natural attenuation as “the reduction of contaminant
concentrations in the environment through biological processes (aerobic and anaerobic
biodegradation, plant and animal uptake), physical phenomena (advection, dispersion, dilution,
diffusion, volatilization, sorption/desorption), and chemical reactions (ion exchange,
complexation, abiotic transformation). Terms such as intrinsic remediation or bio-transformation
are included within the more general natural attenuation definition.” (U.S. Army, 1995)

Natural attenuation processes for reducing organic contaminant levels are currently best
documented at petroleum fuel sites. Organisms in the soil and groundwater break down
chemicals through biological degradation processes into byproducts that are often nontoxic and
harmless. For example, under appropriate field conditions, the compounds benzene, toluene,
ethyl benzene, and xylene (known collectively as BTEX) may naturally degrade through
microbial activity and ultimately produce non-toxic end products (e.g., Carbon Dioxide (COy)
and water (H,0)).

Chlorinated solvents, such as common organic contaminants that may also biodegrade
(generally via reductive dechlorination) under certain environmental. Some inorganics, more
specifically radionuclides, also “break down” over time. Unlike organic contaminants,
radionuclides have a predictable rate of decay. The specific “half-lives” of radionuclides allow
for accurate prediction of the time required to reduce their radioactivity to levels that are no
longer hazardous. The concentrations of mobile and toxic forms of non-degradable inorganic
contaminants may also be effectively reduced by other natural processes.

The movement of metals and radionuclides is attenuated in the subsurface via sorption to
mineral surfaces or soil organic matter and occasionally through volatilization. In addition,
oxidation/reduction (redox) reactions can transform the valence states of some inorganic
contaminants to less soluble, and thus less mobile, forms, or to forms that are less toxic (e.g.,
hexavalent to trivalent chromium). Contaminant immobilization through natural processes is
contaminant and matrix dependent. Some metals/radionuclides often have very little interaction
with the matrix and can, consequently, move unretarded through the subsurface. Furthermore,
sorption can be reversible depending upon the contaminant and method of attenuation, i.e., it
either becomes a permanent fixture within that particular matrix or maintains the potential for re-
release. Even though some organic and many inorganic contaminants cannot be destroyed or
transformed through natural attenuation processes, they are diluted and/or dispersed as they
move through the subsurface. Unlike contaminant destruction or transformation, dilution and
dispersion do not lead to a reduction in contaminant mass, but rather a reduction in contaminant
concentration. Because of the type and occurrence of VOCs at contaminant sites, biodegradation
is one of the more important and utilized processes of those mentioned above.

What is bioremediation?

Biodegradation (biotransformation) is the breakdown of organic contaminants by
microbial organisms into smaller compounds. The microbial organisms transform the
contaminants through metabolic or enzymatic processes. Biodegradation processes vary greatly,
but frequently the final product of the degradation is carbon dioxide or methane and water.
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Biodegradation is a key process in the natural attenuation of contaminants at hazardous waste
sites. The remediation or clean-up of a contaminate site using biodegradation processes and
technology is known as Bioremediation. It allows natural processes to clean up harmful
chemicals in the environment. Microscopic “bugs” or microbes that live in soil and groundwater
like to eat certain harmful chemicals, such as those found in gasoline and oil spills. When
microbes completely digest these chemicals, they change them into water and harmless gases
such as carbon dioxide.

As technology improves, ex situ clean-ups are becoming less desirable since they require
the removal of contaminated materials (soil or groundwater) to be removed to other locations.
This can be cost intensive practice. In situ bioremediation is increasingly being selected to
remediate hazardous waste sites because, when compared to other technology approaches (e.g.
above-ground technologies), it is usually less expensive, does not require waste extraction or
excavation, and is more publicly acceptable as it relies on natural processes to treat
contaminants. Over half of bioremediation projects at Superfund remedial action sites (57
percent) are in the operational phase, while 26 percent are in the predesign, design, or installation
phases and 17 percent have been completed. Of the 18 completed projects, 14 are ex situ source
treatment projects, and 4 are in situ projects for source treatment and groundwater treatment.
Since 1991, the percentage of bioremediation projects performed ex situ has decreased while the
percentage of projects performed in situ has increased. In 1991, only 35 percent of the Superfund
remedial action bioremediation projects were in situ versus 53 percent in 1999. Bioventing is the
most commonly implemented in situ treatment technology for source treatment. Land treatment
is the most commonly used ex situ source treatment technology (EPA, 2001; FRTR, 2001).
After the initial clean-up of a particular site, it may become necessary to monitor the behavior of
the contaminant (plume). This extended oversight has become known as Monitored Natural
Attenuation (MNA).

Monitored natural attenuation may be defined as the reliance on natural attenuation
processes, within the context of a carefully controlled and monitored site cleanup, to achieve
site-specific remedial objectives within a time frame that is reasonable compared to that offered
by more active methods. Monitoring, therefore, is the critical component of any remediation by
natural attenuation. Monitoring is imperative to:

o ensure performance objectives are being achieved as expected and
0 detect unacceptable migration of contamination so that contingency measures can be
implemented to prevent any unacceptable risks to human health and the environment.

How does bioremediation work?

In order for microbes to clean up harmful chemicals, the right temperature, nutrients
(fertilizers), and amount of oxygen must be present in the soil and groundwater. These conditions
allow the microbes to grow and multiply—and eat more chemicals. When conditions are not
right, microbes grow too slowly or die. Or they can create more harmful chemicals. If conditions
are not right at a site, EPA works to improve them. One way they improve conditions is to pump
air, nutrients, or other substances (such as molasses) underground. Sometimes microbes are
added if enough aren’t already there.

The right conditions for bioremediation cannot always be achieved underground. At some
sites, the weather is too cold or the soil is too dense. At such sites, EPA might dig up the soil to
clean it above ground where heaters and soil mixing help improve conditions. After the soil is
dug up, the proper nutrients are added. Oxygen also may be added by stirring the mixture or by
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forcing air through it. However, some microbes work better without oxygen. With the right
temperature and amount of oxygen and nutrients, microbes can do their work to “bioremediate”
the harmful chemicals.

Sometimes mixing soil can cause harmful chemicals to evaporate before the microbes can
eat them. To prevent these chemicals from polluting the air, EPA mixes the soil inside a special
tank or building where chemicals that evaporate can be collected and treated.

Microbes can help clean polluted groundwater as well as soil. To do this, EPA drills wells and
pumps some of the groundwater into tanks. Here, the water is mixed with nutrients and air before
it is pumped back into the ground. The added nutrients and air help the microbes bioremediate
the groundwater. Groundwater can also be mixed underground by pumping nutrients and air into
the wells. Once harmful chemicals are cleaned up and microbes have eaten their available
“food,” the microbes die.

Is bioremediation safe?

Yes. Bioremediation is very safe because it relies on microbes that naturally occur in soil.
These microbes are helpful and pose no threat to people at the site or in the community. While
the Microbes themselves won’t hurt you, it is always good practice never touch polluted soil or
groundwater—especially before eating.
No dangerous chemicals are used in bioremediation. The nutrients added to make the microbes
grow are fertilizers commonly used on lawns and gardens. Because bioremediation changes the
harmful chemicals into water and harmless gases, the harmful chemicals are completely
destroyed.

Why use bioremediation?

The EPA estimates that, over the next several decades, site owners will spend billions of
dollars to cleanup these sites. New technologies that are less costly and more effective are
needed to accomplish hazardous waste site remediation. The selection of bioremediation a clean-
up remedy is desirable for several reasons. First and most importantly, once chemical
contaminants get into the subsurface, it is virtually impossible to clean them up to pre
contamination conditions. Even if there is an attempt to remove all contaminated media.

Secondly, bioremediation or some kind of nature based sustainable process is the only
option for cleanup. Bioremediation involves harnessing natural processes. At some sites, natural
microbial processes can remove or contain contaminants without human intervention. In these
cases where natural attenuation (intrinsic bioremediation) is appropriate, substantial cost savings
can be realized. Remediation and Clean-up organizations use intrinsic bioremediation because it
takes advantage of natural processes.

Thirdly, it facilitates the treating contamination in place. Most of the cost associated with
traditional cleanup technologies is associated with physically removing and disposing of
contaminated soils. Because engineered bioremediation can be carried out in place by delivering
nutrients to contaminated soils, it does not incur removal-disposal costs. Polluted soil and
groundwater can be cleaned at the site without having to move them somewhere else. If the right
conditions exist or can be created underground, soil and groundwater can be cleaned without
having to dig or pump it up at all. This allows cleanup workers to avoid contact with polluted
soil and groundwater. It also prevents the release of harmful gases into the air. Because microbes
change the harmful chemicals into water and harmless gases, few if any wastes are created.
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Fourthly, it reduces environmental stress because bioremediation methods minimize site
disturbance compared with conventional cleanup technologies, post-cleanup costs can be
substantially reduced. Scientific objectives and technical approaches are based on the hypothesis
that among others the most important mass-removal process for natural attenuation is
biodegradation. In addition, it can be further hypothesize that a common pattern of
biodegradation activity can be found in most groundwater pollution plumes.

There are several different types of computer programs and models that can assist
decision makers, regulators, and project managers at contaminated sites and their advisors to be
able to forecast natural attenuation for a wide range of pollutants under a variety of site
conditions. This will give them, and regulators, greater confidence in including natural
attenuation as a viable alternative in their risk-based strategy for site remediation and subsequent
management. This will allow resources to be focused on more important environmental and
economic objectives at the national levels. Once identify, these zones will have better conditions
for biodegradation, and these zones will have more rapid degradation and make a significant
contribution to the overall rate of mass loss for the entire plume. Since these areas, once
identified, can be modeled prior to actual start up of the clean-up process, there is greater
confidence in forecasting the outcome of Natural Attenuation as a risk-based soil or groundwater
remediation strategy.

Finally, it reduces clean-up costs by stretching remediation dollars. It has been projected
that the cost of remediating contaminated sites to meet the minimal regulatory requirements is
likely to run into many billions of dollars. For many States and local communities, remediation
of contaminated sites may not be economically or technically feasible with conventional clean-
up technologies. Information about the cost of using bioremediation to treat contaminated media
was available for 67 sites. Unit costs for bioventing projects ranged from approximately $2 per
cubic yard (cy) to more than $300/cy, with most sites less than $40/cy. Unit costs for ex situ
bioremediation of soil, such as land treatment or composting systems, ranged from $13/cy to
more than $500/cy, with most projects costing less than $300/cy. Simply stated, in situ
bioremediation can help contain costs (EPA, 2001; FRTR, 2001). As an alternative, a greater
emphasis can be placed on risk-based approaches to soil and groundwater resource management.
Where remediation objectives at particular contaminated sites are balanced against expected
cleanup costs and intended use of the groundwater or land area. Often bioremediation does not
require as much equipment or labor as most other methods. Therefore, it is usually cheaper.

Few bioremediation Records of Decision (RODs) were signed in the early- to mid-1980s.
Beginning in fiscal year (FY) 1988, the number of bioremediation RODs has increased. In
general, 8 to 12 bioremediation RODs have been signed per year (EPA, 2001; FRTR, 2001).

How long will bioremediation take?

The time it takes to bioremediate a site varies depending on several factors:

types and amounts of harmful chemicals present

size and depth of the polluted area

type of soil and the conditions present

whether cleanup occurs above ground or underground

These factors vary from site to site. It can take a few months or even several years for
microbes to eat enough of the harmful chemicals to clean up the site. To ensure that
bioremediation is working, project managers periodically take and analyze samples of soil and
groundwater from the contaminated area.

O O0OO0oOo
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While Monitored natural attenuation (MNA) has shown that it is a potentially low-cost
valuable risk-based remediation strategy for contaminated groundwater, its wider exploitation
throughout the nation is still limited by lack of confidence in its application and management,
and uncertainty in predicting its performance at many sites.
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This report provides an overview of the fundamentals and field applications of in situ
bioremediation in contaminated soil and groundwater. Bioremediation has been presented to the
impacted communities as a technology that is currently being used and tested at the Savannah
River Site (SRS). The primary focus this report explain bioremediation as a clean-up technology
and analyze what role the technology will play in the new accelerated clean up strategy at SRS as
approved by Environmental Management at the U.S. Department of Energy (DOE). The
objective is to understand how bioremediation is being used at SRS for clean up. Included is a
summary of currently-available information on the mechanisms and technologies used to
implement in situ bioremediation. Under NEPA (1969), Executive Order 12989 and several EPA
statues cleanup managers are required to involve the public so that they can become aware of and
participate in activities related to cleanup and environmental management ongoing in their own
communities. This report is intended to familiarize affected communities and others involved
with hazardous waste site cleanups, including site project managers, contractors, and other
technology users, with the dynamics of in situ bioremediation. In addition, the report is intended
to present a discussion to community residents and members of the working group to help them
to identify and develop the knowledge base of the surrounding community on the Performance
Management Plan (PMP) and bioremediation as a remedial technology at SRS.

As such, the level of detail included in this report about bioremediation mechanisms,
technologies, and implementation is meant to provide only basic information about the
technology, rather than providing an in depth how to manual about in situ bioremediation. It will
be part of a comprehensive picture of the accelerated clean up plan and the use bioremediation as
a clean up technology. The report looks at the use and viability of bioremediation in other
locations as part of this review. The report should therefore be used for informational purposes,
and should not be used as the sole basis for determining the value and usefulness of this
technology at the specific site of concern. It is instructive that such decisions must be made on a
case-by-case basis, considering site-specific factors.

This introduction provides background information about in situ bioremediation at sites
contaminated with various examples of chlorinated aliphatic hydrocarbons (CAHS). This type of
contamination is chosen because of the type, number of occurrences and difficulty of clean-up.
Because of their nature several of these can be further classified as Persistent Organic Pollutants
(POPs). The basic description below includes; identification of typical CAHs and their physical
and chemical properties; Processes that transport CAHs through the subsurface environment and
biological and chemical mechanisms that can degrade CAHs. More detailed information about
the physical and chemical characteristics and the subsurface transport processes of CAHs are
beyond the scope of this report but can be found in the references listed below.

BIOREMEDIATION MECHANISMS

Bioremediation has successfully cleaned up many polluted sites and is being used at 50
Superfund sites across the country. The most common type of Superfund remedial action site
where bioremediation is used is wood preserving (31 percent), followed by petroleum sites (21
percent). The most common types of contaminants at these sites are polycyclic aromatic
hydrocarbons (PAHSs) (40 percent); benzene, toluene, ethylbenzene, and xylenes (BTEX) (37
percent); and pesticides and herbicides (27 percent). Available performance data shows that
bioremediation is capable of reducing contaminant concentrations in contaminated media.
Bioremediation is being used to treat recalcitrant organic compounds, including chlorinated
volatile organic compounds (VOCs), PAHS, pesticides and herbicides, and explosives.
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For ten projects treating chlorinated VVOCs, concentrations of VOCs in treated groundwater
ranged from below detection limit (<5 pg/L for tetrachloroethene [PCE], trichloroethene [TCE],
and dichloroethene [DCE]) to 1,200 ug/L (for carbon tetrachloride). For seven projects treating
PAHSs, concentrations of PAHSs in treated soil and sludges ranged from 3.3 mg/kg to 795 mg/kg,
with some projects showing more than 90% removal. For four projects treating pesticides and
herbicides, concentrations of specific pesticides and herbicides in treated soil were less than 10
mg/kg at two projects and less than 200 mg/kg at the other two projects, with some projects
showing more than 90% removal. For six projects treating explosives, three showed removals of
more than 75% and the others showed removals ranging from little or none to as much as 64%
(EPA, 2001; FRTR, 2001).

Chlorinated aliphatic hydrocarbons (CAHs) are manmade organic compounds. They are
typically manufactured from naturally occurring hydrocarbon constituents (methane, ethane, and
ethene) and chlorine through various processes that substitute one or more hydrogen atoms with
a chlorine atom, or selectively dechlorinate chlorinated compounds to a less chlorinated state. As
such CAHs are also classified as chlorinated volatile organic compounds (VOCs). They are used
in a wide variety of applications, including use as solvents and degreasers and in the
manufacturing of raw materials. They include such solvents as tetrachloroethene (PCE),
trichloroethene (TCE), carbon tetrachloride (CCl4), chloroform (CF), and methylene chloride
(MC).

Historical management of wastes containing CAHSs has resulted in contamination of soil
and groundwater, with CAHs present at many contaminated groundwater sites in the United
States. Of these substances, trichloroethene (TCE) is the most prevalent of those contaminants
(U.S. Air Force, 1998). In addition to CAHSs, their degradation products can include such
substances as dichloroethane (DCA), dichloroethene (DCE), and vinyl chloride (VC), which tend
to persist in the subsurface.

Physical and Chemical Properties of CAHs

The physical and chemical properties of CAHs govern their transport and fate in the
subsurface (underground) environment. The number of substituted chlorine atoms on the CAHs
directly affects their physical and chemical behavior. As the number of substituted chlorine
atoms increases, the molecular weight and density generally increase, whereas vapor pressure
and aqueous solubility generally decrease. A CAH released to the subsurface as a pure organic
liquid (commonly referred to as non-aqueous phase liquid [NAPL] in the subsurface) will seek
phase equilibrium (a condition in which all acting influences are canceled by others, resulting in
a stable, balanced, or unchanging system). The CAH will remain as a NAPL, adsorb to soil,
dissolve in groundwater, or volatilize into soil gas to the extent defined by the physical and
chemical properties of the individual CAH and the subsurface environment. Partition
coefficients, which are related to the hydrophobicity and aqueous solubility of a CAH, define the
extent to which a CAH will partition between NAPL, adsorb to soil, and dissolve in
groundwater. The vapor pressure of a CAH defines the extent to which it will partition between
NAPL or NAPL adsorbed to soil and the soil gas. CAHs dissolved in groundwater will also
partition themselves between the dissolved phase and the vapor phase, as defined by their
Henry’s Constant. Figure 1 below shows those mechanisms by which CAHs transfer phases in
an attempt to reach equilibrium conditions and their related properties.

Non-Aqueous Phase Liquids (NAPLSs) are liquids that are sparingly soluble in water.
Because they do not mix with water, they form a separate phase. Hydrocarbons, such as oil and
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gasoline, and chlorinated solvents, such as trichloroethylene, are examples of NAPLs, because
they do not mix with water, and oil and water in a glass will separate into two separate phases.

SOIL GAS

o

VOLATILIZATION
VAPOr pressurng

ADSCRPTION

GROUND it i,
partition casfficiant SOIL
WATER < DISSOLUTION

Figure 1: Phase Equilibrium Mechanisms and Defining Properties of CAHs
Source: Modified from Huling and Weaver, 1991

There are two categories of NAPLs. The first type can be lighter than water (LNAPL) while the
second group is denser than water (DNAPL). Most of the CAH NAPLSs discussed in this report
are denser than water. They are generally referred to as dense non-aqueous phase liquids
[DNAPLSs]). The exceptions are vinyl chloride, chloroethane, and chloromethane, which are
gaseous in their pure phase under standard conditions. NAPLSs that are less dense than water are
generally referred to as light non-aqueous phase liquids [LNAPL]. In addition, capillary forces
can trap NAPLs in porous media above or below the water table.

Light Non-Aqueous Phase Liquids (LNAPLSs) are liquids that are sparingly soluble in
water and less dense than water. They will sink through unsaturated permeable soils and float on
the water table, migrating to the lowest water table elevation. Hydrocarbons, such as oil and
gasoline, are examples of LNAPLSs, oil will "float" on top of water and does not mix. At LNAPL
contamination sites, LNAPL can form a pool in the subsurface on top of the water table. The
following diagram is a cross sectional view of a hypothetical LNAPL spill.

Dense Non-Aqueous Phase Liquids (DNAPLSs) are liquids that are denser than water and do not
dissolve or mix easily in water (they are immiscible). DNAPLs will tend to sink through both
unsaturated (vadose) and saturated (phreatic) zones of permeable soils until they reach the lowest
point on the top of a confining layer of the aquifer or bedrock. This movement is described by
some as immiscible transport. In the presence of water it forms a separate phase from the water.
Many chlorinated solvents, such as trichloroethylene are DNAPLS.

TRANSPORT PROCESSES
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Figure 2: Typically generalized contaminant flow model showing plume dynamics

In addition to transferring phases in an attempt to reach equilibrium conditions (fig. 1),
CAHSs can migrate in the subsurface in their non-aqueous, aqueous, and vapor phases by both
active and passive processes. The active processes, involves such dynamics as advection,
dispersion, sorption and relative mobility. CAHs migrate along with the flow of the groundwater
or soil gas to which they are partitioned. Passive processes generally involve diffusion and are
the result of concentration gradients, which cause the CAH to seek phase and concentration
equilibrium with its surrounding environment. The extent of subsurface migration is a function
of the volume of CAH released; the area over which the release occurs; the duration of the
release; the chemical and physical properties of both the CAH and the subsurface environment.
Typically, releases of CAHs to the groundwater result in the formation of a plume (see figure 2
above); releases to soil result in subsurface soil contaminated with CAH constituents. In soil,
CAHs typically are transported by the flow of DNAPL or diffusion in soil-gas vapor. In
groundwater, advective transport (the movement of contaminants by flowing groundwater) is one
of the most important processes that affect the transport of dissolved CAHs. In general, the more
soluble the compound, the further it will be transported in the subsurface.
For example, based on solubility data provided in figure , MC and CF would be transported more
readily in groundwater that PCE and CT. Figure 3 presents a more detailed example of the
subsurface transport processes associated with the dense non-aqueous phase liquid [DNAPL]
trichloroethene (TCE), a very prevalent component of those subsurface contamination.

Harambee House, Inc.
PROJECT: Citizen for Environmental Justice



-16- Community Alliance on the Savannah River Site (SRS)
Assessment of Bioremediation as a Clean-up Strategy at SRS

MO T

DiffusioAQx vapor

T T T T

Diffusion:in’ vapor

N
 ENEEEEEREEN DNAPL EEEEEEEEEEEEE OO0 GW flow
Diffusion in migration Advection
GW by gravity with GW

Fractured
bedrock

Figure 3: Example CAH Subsurface Transport Processes (DNAPL Source)
Source: Modified from Sims et al., 1992

DEGRADATION MECHANISMS

Bioremediation of CAHs can occur through natural mechanisms (intrinsic
bioremediation) or by enhancing the natural mechanisms (enhanced bioremediation). For a few
CAHs (for example, 1,1,1-TCA and CCI4), degradation can also occur by abiotic (nonbiological)
mechanisms. CAHSs can also be degraded or otherwise removed from soil and groundwater by
larger organisms (such as trees), in a process referred to as phytoremediation. In most systems,
biological degradation tends to dominate, depending on the type of contaminant and the
groundwater chemistry (EPA, 1998). A number of biological degradation mechanisms have been
identified theoretically and observed on a laboratory scale. The bioremediation mechanisms
carried out by bacteria that typically are used for enhanced bioremediation of CAHs generally
can be classified into one of the following mechanism two categories:

- Aerobic oxidation (direct and cometabolic)

- Anaerobic reductive dechlorination (direct and cometabolic)

While aerobic oxidation and anaerobic reductive dechlorination can occur naturally under
the proper conditions, enhancements such as the addition of electron donors, electron acceptors,
or nutrients can help to provide the proper conditions for aerobic oxidation or anaerobic
reductive dechlorination to occur. In general, highly chlorinated CAHs degrade primarily
through reductive reactions, while less chlorinated compounds degrade primarily through
oxidation (Vogel et al., 1987b). Highly chlorinated CAHs are reduced relatively easily because
their carbon atoms are highly oxidized. During direct reactions, the microorganism causing the
reaction gains energy or grows as the CAH is degraded or oxidized. During cometabolic
reactions, the CAH degradation or oxidation is caused by an enzyme or cofactor produced during
microbial metabolism of another compound. CAH degradation or oxidation does not yield any
energy or growth benefit for the microorganism mediating the cometabolic reaction.
Biodegradation involves the production of energy in a redox reaction within a bacterial system.
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This includes respiration and other biological functions needed for cell maintenance and
reproduction. Ecology involves the different types of bacteria electron acceptor classes, such as
oxygen-, nitrate-, manganese-, iron (111)-, sulfate-, or carbon dioxide-reducing, and their
corresponding redox potentials. Redox potentials provide an indication of the relative dominance
of the electron acceptor classes.

Aerobic Oxidation

In aerobic zones (zones of the subsurface where oxygen is present) of the subsurface,
certain CAHs can be oxidized to carbon dioxide, water, and chloride by direct and cometabolic
mechanisms (Hartman and DeBont, 1992; McCarty and Semprini, 1994; Malachowsky et al.,
1994; Gerritse et al., 1995; Bielefeld et al., 1995; Hopkins and McCarty, 1995). Direct
mechanisms are more likely to occur with the less chlorinated CAHs (mono- and di-chlorinates).
In general, the more chlorinated CAHs can be oxidized by cometabolic mechanisms, but no
energy is provided to the organism. Incidental oxidation is caused by enzymes intended to carry
out other metabolic functions. Generally, direct oxidation mechanisms degrade CAHs more
rapidly than cometabolic mechanisms (McCarty and Semprini, 1994)
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Figure 4: aerobic oxidation (direct) and (cometabolism) of CAH

Aerobic Oxidation (Direct)

Aerobic oxidation (direct) is the microbial breakdown of a compound in which the
compound serves as an electron donor and as a primary growth substrate for the micro organism
(microbe) mediating the reaction. Electrons that are generated by the oxidation of the compound
are transferred to an electron acceptor such as oxygen. In addition, a microorganism can obtain
energy for cell maintenance and growth from the oxidized compound (the compound acts as the
reductant). In general, only the less chlorinated CAHs (CAHs with one or two chlorines) can be
used directly by microorganisms as electron donors. CAHSs that can be oxidized directly under
aerobic conditions include DCE, DCA, VC, CA, MC, and CM (RTDF, 1997; Bradley, 1998;
Harkness et al., 1999). The CAHs are oxidized into carbon dioxide, water, chlorine, and
electrons, in conjunction with the reduction of oxygen to water. Figure 4 shows an example of
aerobic oxidation (direct) of a CAH.

Aerobic Oxidation (Cometabolic)

Aerobic oxidation (cometabolic) is the microbial breakdown of a contaminant in which the
contaminant is oxidized incidentally by an enzyme or cofactor produced during microbial
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metabolism of another compound. In such a case, the oxidation of the contaminant does not yield
any energy or growth benefit for the microorganism involved in the reaction.

The CAHs that have been observed to be oxidized cometabolically under aerobic
conditions include TCE, DCE, VC, TCA, DCA, CF, and MC (Edwards and Cox, 1997; McCarty,
1997a; Munakata-Marr, 1997; RTDF, 1997; Travis and Rosenberg, 1997; Bradley and Chapelle,
1998; McCarty et al., 1998). The electron donors observed in aerobic oxidation (cometabolic)
include methane, ethane, ethene, propane, butane, aromatic hydrocarbons (such as toluene and
phenol), and ammonia. Under aerobic conditions, a monooxygenase (methane monooxygenase
in the case of methanotrophic bacteria) enzyme mediates the electron donation reaction. That
reaction has the tendency to convert CAHs into unstable epoxides (Anderson and Lovley, 1997).
Unstable epoxides degrade rapidly in water to alcohols and fatty acids, which are readily
degradable. Figure 4 above also shows an example of aerobic oxidation (cometabolic) of a CAH.

Wilson and Wilson (1985) were the first to observe that the simultaneous addition of
methane and oxygen can stimulate biodegradation by aerobic oxidation (cometabolic) of TCE in
aquifer material. Subsequently, that approach was tested in the field at Naval Air Station (NAS)
Moffett Field, California. Intermittent pulses of oxygen and methane were provided to the
subsurface, bringing about the in situ stimulation of biodegradation of TCE, ¢c-DCE, and VC in a
contaminated aquifer (Semprini et al., 1990). The strategy has been applied successfully to
biodegradation of CAHs at a variety of other sites (McCarty et al., 1991; Travis and Rosenberg,
1997). Although the studies have demonstrated that addition of methane is an effective means of
stimulating cometabolic biodegradation of CAHs, additional field studies at the Moffett test site
have shown that toluene and phenol can be more effective electron donors than methane in the
stimulation of cometabolic biodegradation of TCE, ¢c-DCE, and VC in groundwater (Hopkins et
al., 1993; Hopkins and McCarty, 1995).

Anaerobic Reductive Dechlorination

Under anaerobic conditions, reductive dechlorination mechanisms can effectively
biodegrade CAHSs. Reductive dechlorination generally involves the sequential replacement of a
chlorine atom on a CAH with a hydrogen atom (that is, converting PCE to TCE to DCE, and so
on) and has been observed to occur both directly and co-metabolically. In anaerobic reductive
dechlorination (direct), the mediating bacteria use the CAH directly as an electron acceptor in
energy-producing redox reactions. Anaerobic reductive dechlorination (cometabolic) occurs
when bacteria incidentally dechlorinate a CAH in the process of using another electron acceptor
to generate energy. Reductive dechlorination theoretically is expected to occur under most
anaerobic conditions, but has been observed to be most effective under sulfate-reducing and
methanogenic conditions (EPA 1998). As in the case of aerobic oxidation, the direct mechanisms
may biodegrade CAHSs faster than co-metabolic mechanisms (McCarty and Semprini, 1994)

Anaerobic Reductive Dechlorination (Direct)

Anaerobic reductive dechlorination (direct) is a biodegradation reaction in which bacteria
gain energy and grow as one or more chlorine atoms on a chlorinated hydrocarbon are replaced
with hydrogen (Fennel et al., 1997; McCarty, 1997b; Mayo-Gatell et al., 1997; Gerritse et al.,
1999). In that reaction, the chlorinated compound serves as the electron acceptor, and hydrogen
serves as the direct electron donor (Fennel et al., 1997). Hydrogen used in the reaction typically
is supplied indirectly through the fermentation of organic substrates. The reaction is also referred
to as halorespiration or dehalorespiration (Gossett and Zinder, 1997).
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Anaerobic reductive dechlorination (direct) has been observed in anaerobic systems in
which PCE, TCE, DCE, VC, and DCA are used directly by a microorganism as an electron
acceptor in their energy producing redox reactions (Freedman and Gossett, 1989; Major et al.,
1991; DeBruin et al., 1992; Hollinger, 1993; Hollinger and Schumacher, 1994; Neumann et al.,
1994; Tandol, 1994; Yagi et al., 1994; Scholz-Muramatsu et al., 1995; Gerritse et al., 1996;
Gossett and Zinder, 1996; Sharma and McCarty, 1996; Smatlak, 1996; McCarty, 1997b;
Maymo-Gatell et al., 1997; Yager et al., 1997). The mechanism generally results in the
sequential reduction of a chlorinated ethene or chlorinated ethane to ethene or ethane. Figure 5
shows the step-by-step dechlorination of PCE.

The anaerobic reductive dechlorination of the more chlorinated CAHs (PCE and TCE)
occurs more readily than the dechlorination of CAHs that already are somewhat reduced (DCE
and VC); for that reason, DCE and VC may accumulate in anaerobic environments. It also has
been observed that, while VC can be effectively dechlorinated, the presence of PCE in
groundwater may inhibit the anaerobic reductive dechlorination of VC (Tandol and others,
1994). VC is more commonly remediated using aerobic mechanisms than anaerobic
mechanisms. In anaerobic environments in which VVC accumulates, enhanced aerobic
bioremediation can be implemented to degrade the VC. Recent studies have demonstrated
significant anaerobic oxidation of VVC to carbon dioxide under Fe(l11)-reducing conditions
(Bradley and Chapelle 1998b) and of DCE to VC and VC to carbon dioxide under humic acid-
reducing conditions (Bradley and Chapelle 1998a). These studies suggest the possibility of
alternative biotransformation mechanisms under anaerobic conditions.
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Figure 5: diagram shows the step-by-step dechlorination of PCE.

Hydrogen has been observed to be an important electron donor in anaerobic reductive
dechlorination (Fennell et al., 1997). The presence of hydrogen establishes a competition
between the bacteria that mediate the anaerobic reductive dechlorination (such as Dehalococcus
ethenogenes and Dehalospirillium multivorans) and methanogenic bacteria that also use
hydrogen as an electron donor (ITRC 2000).

However, it has been observed that the dechlorinating bacteria can survive at a partial
pressure of hydrogen ten times lower than that at which the methanogenic bacteria can survive
(Smatlak et al., 1996), thus providing an opportunity to support the dechlorinating bacteria by
providing hydrogen at a slow rate. Hydrogen addition at a slow rate has been demonstrated with
the fermentation of butyric or propanoic acid (Fennell et al., 1997). In addition, in some
subsurface environments, competition from nitrate or sulfate-reducing bacteria may limit both
methanogenic activity and the extent of anaerobic reductive dechlorination (RTDF, 1997).
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Past studies have shown that anaerobic reduction of CAHs can occur by reductive
dechlorination in a variety of environmental conditions (Beeman et al., 1994; Semprini et al.,
1995). A review of the transformation of halogenated compounds has shown that the theoretical
maximum redox potential for transformation of PCE to TCE is +580 millivolts and for TCE to
DCE is +490 millivolts (Vogel et al., 1987). Therefore, the anaerobic reductive dechlorination of
the compounds is thermodynamically possible under manganese- or iron-reducing conditions.
No peer-reviewed reports of the transformation of PCE to TCE under aerobic conditions were
identified. However, the efficiency of the anaerobic dechlorination processes at high redox
potential values is limited; efficiency improves as the redox potential decreases. Figure 6 shows
the possible reduction/oxidation (REDOX) zones associated with a petroleum plume in an
aerobic aquifer.

Pilot studies have been conducted at a variety of sites to examine the feasibility of
stimulating in situ anaerobic reductive dechlorination by providing to the subsurface simple
organic substrates, such as lactate, butyrate, methanol, ethanol, and benzoate (Freedman and
Gossett, 1989; Gibson and Sewell, 1992; Becvar et al., 1997; Buchanan et al., 1997; Litherland
and Anderson, 1997; Spuij et al., 1997; Sewell et al., 1998; Harkness et al., 1999).

Leading Edge of Plume

: Nitrate & Oxygen
Contaminant Manganase (V) Reducing
Raducing (Aarogic)
Zane Zong

Figure 6: Redox Zones of a Typical Petroleum Plume in an Aerobic Aquifer (Areal View)
Source: Modified from Anderson and Lovley, 1997

Anaerobic Reductive Dechlorination (Cometabolic)

Anaerobic reductive dechlorination (cometabolic) is a biodegradation reaction in which a
chlorinated hydrocarbon is fortuitously degraded by an enzyme or cofactor produced during
microbial metabolism of another compound. In such a case, biodegradation of the chlorinated
compound does not appear to yield any energy or growth benefit for the microorganism
mediating the reaction (Gossett and Zinder, 1997).

Several CAHs have been observed to be reductively dechlorinated by co-metabolic
mechanisms. In those instances, the enzymes that are intended to mediate the electron-accepting
reaction “accidentally” reduce and dehalogenate the CAH. Anaerobic reductive dechlorination
(co-metabolic) has been observed for PCE, TCE, DCE, VC, DCA, and CT under anaerobic
conditions (Fathepure, 1987; Workman, 1997; Yager et al., 1997).

Combined Aerobic Oxidation and Anaerobic Reductive Dechlorination
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Several investigators have suggested that the most efficient bioremediation of CAHs will
occur in aquifers that are characterized by an upgradient anaerobic zone and a downgradient
aerobic zone (Fathepure et al., 1987; Carter and Jewell, 1993; Bouwer, 1994; Gerritse et al.,
1995). In the upgradient aerobic zone, anaerobic reductive dechlorination of PCE might degrade
to TCE, and eventually to VC. VC could then be degraded by aerobic oxidation (direct)
downgradient in the aerobic zone of the CAH plume (the leading-edge fringe of the plume).
Stratified redox conditions in the field may provide the best opportunities, other than engineered
remedies, for intrinsic biodegradation of CAHSs.

Generally, the substrate requirement for direct metabolism is relatively less than that for
co-metabolism. In co-metabolism, often the amount of primary substrate required is a factor of
100 to 1,000 times the amount of the CAH. In direct metabolism (respiration with only the
chlorinated solvent as the electron acceptor), the stoichiometry is much more favorable, and a
much smaller amount of supplemental chemical is required (Bouwer, 1994).

Abiotic Degradation Mechanisms

Abiotic degradation mechanisms involve chemical reactions to treat CAHs without
biological processes. These mechanisms include hydrolysis, elimination, and abiotic reductive
dechlorination. In general, the rates of abiotic degradation may be slow relative to biological
mechanisms. However, the abiotic mechanisms may play a significant role in the overall
remediation of a site at which CAH contamination is present, depending on the specific site
conditions (for example, a site at which the contaminant plume is moving slowly) (EPA, 1998).
Hydrolysis and elimination reactions are generally independent of redox conditions, while
abiotic reductive dechlorination is highly dependent on redox conditions.

Hydrolysis is a substitution reaction in which a CAH may react with water to substitute a
chlorine atom with a hydroxyl group, producing organic alcohols, acids, or diols, such as the
formation of acetic acid from 1,1,1-TCA equation (1). Generally, less chlorinated CAHs are
more susceptible to degradation by hydrolysis. Hydrolysis rates have been reported that have
half-lives ranging from days for monochlorinated alkanes to thousands of years for
tetrachloromethane.

Cl3C-CH3 + 2H,0 — H3;C-COOH + 3HCI Q)
1,1,1-TCA Acetic Acid

Hydrolysis is a common transformation mechanism for 1,1,1-TCA, chloroethane, and
chloromethane, producing acetate, ethanol, and methanol, respectively (Vogel and McCarty,
1987). Elimination reactions involve the removal of a hydrogen and a chlorine atom (sometimes
referred to as dehydrohalogenation) from a chlorinated alkane, with the formation of the
corresponding alkane equation (2). In contrast to hydrolysis reactions, elimination reactions
become more effective as the CAHs become more chlorinated. Assuming that elimination rates
for monochlorinated CAHSs are negligible, the abiotic conversion of TCA to DCE at 200C has
been reported to exhibit relatively rapid first-order kinetics, with a rate constant of approximately
0.04 = 0.003 year-1 (Vogel and McCarty, 1987).

Cl3C-CHs — Cl, = CH, + HCI 2)
1,1,1-TCA 1,1-DCE
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Abiotic reductive dechlorination of several CAHSs also has been observed (Reinhard et
al., 1990; Gillham and O’Hannesin, 1994; Workman et al., 1997). Abiotic reductive
dechlorination occurs in the presence of an extremely strong reductant (for example, zero-valent
iron or reduced vitamin B12). When the reductant present is sufficiently strong, the more
chlorinated (and, therefore, more oxidized) of the CAHs (PCE, TCE, CT, and CF) can be
reduced to less chlorinated species without the mediation of bacteria.

CCH, + 2Fe0 — MC +  2F (3)
Carbon tetrachloride  zero-valent iron methylene chloride  ferrous iron
Iron oxidation state 0 — +2
Carbon oxidation state +4 — 0

As in the case of biologically mediated reductive dechlorination, abiotic reductive
dechlorination becomes less effective or ineffective for the less chlorinated CAHs which are
already somewhat reduced. Equation (3) shows the general mechanism of abiotic reductive
dechlorination (using zero-valent iron as the reducing agent).
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In Situ Source Treatment Processes

In situ bioremediation technologies are used to enhance the mechanisms that degrade
CAHs in contaminated soil and groundwater. Technologies include bioaugmentation and the
addition of nutrients, electron donors (substrates such as toluene, propane, and methane), and
electron acceptors (such as oxygen). Design configurations of in situ bioremediation systems
include direct injection, groundwater recirculation, installation of permeable reactive barriers
(PRBs), and bioventing.

Generally, in situ bioremediation technologies employ engineered systems to heighten
the effects of naturally occurring degradation mechanisms. The engineered systems are designed
to include one or more of the following general classes of technologies: the addition of bacteria
(bioaugmentation), the addition of nutrients, the addition of electron donors, or the addition of
electron acceptors. Each of the technologies is discussed below in a little more detail. The
discussion presents a summary of information about each technology, including an example of
how each may be applied, a discussion of the biodegradation mechanisms generally supported by
each, a discussion of the typical CAHs targeted through the use of each technology, and a
summary of how the enhancement technologies have been applied at the case study sites. (For a
more detailed summaries of these studies refer to Grindstaff, 1998; EPA/540/R-95/532).

Bioaugmentation — involves the addition of supplemental microbes to the subsurface where
organisms that are able to degrade specific contaminants are deficient. Microbes may be
“seeded” from populations already present at a site and grown in aboveground reactors or from
specially cultivated strains of bacteria known to degrade specific contaminants. The application
of bioaugmentation technology is highly site-specific and highly dependent on the microbial
ecology and physiology of the subsurface (EPA, 1998). This methodology has been used at
Dover Area 6,

Nutrient addition — involves the addition of key biological building blocks, such as nitrogen
and phosphorus and other trace nutrients necessary for cell growth. Addition of nutrients
generally is applied as a supplement to bioaugmentation or addition of electron donors or
electron acceptors, so that concentrations of nutrients in the subsurface do not become a limiting
factor for an in situ bioremediation application. This technique has been used in the past at SRS,
Texas Gulf Coast, Watertown, and Dover Area 6.

Electron donor addition — involves the addition of a substrate that acts as a reductant in the
redox reaction used by the CAH-degrading microbe to produce energy. A substrate such as
toluene, propane, or methane may be added to act as a co-metabolic oxidant, when the CAH also
is oxidized. A substrate such as hydrogen, a source of hydrogen, or a hydrogen release
compound may be added to act as a direct reductant, when the CAH is reduced. Addition of
electron donors, such as toluene, propane, or methane, and an electron acceptor (oxygen) for
aerobic co-metabolic oxidation were used at the following five sites: Moffett Field, Edwards
AFB, SRS, Watertown, and Dover Building 719. Addition of an electron donor in the form of a
hydrogen source, such as methanol, molasses, or lactate, for anaerobic reductive dechlorination
was used at the following five sites: Texas Gulf Coast, Avco Lycoming, Emeryville, Watertown,
and Dover Area 6.
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Electron acceptor addition — involves the addition of oxygen (for aerobic mechanisms) or an
anaerobic oxidant such as nitrate (for anaerobic mechanisms), which is used by the CAH-
degrading microbes present in the subsurface. One method to identify different biogeochemical
zones is to monitor the concentration of certain chemicals and minerals, those that are involved
in biogeochemical processes, in groundwater and in aquifers. Electron acceptors are minerals or
chemicals that can occur naturally in aquifer solids or ground water, such as iron oxides in the
sediments or sulfate dissolved in ground water. These chemicals are called electron acceptors
because microorganisms transfer electrons to them during respiration, which is part of the
process the microorganisms use to obtain energy. During respiration, an electron is transferred
from an electron donor, such as an organic contaminant compound, to an electron acceptor. This
electron transfer occurs when microorganisms break down organic contaminant compounds. The
availability of electron acceptors in an aquifer is therefore an important factor for evaluating the
effectiveness and sustainability of natural attenuation in contaminated aquifers.

Ex Situ Source Treatment Processes

Below are several examples of ex situ treatment processes used to remove contaminants.
Since ex situ processes require more human intervention and are generally more costly they are
only mentioned here but discussion of their details is outside the intended scope of this
discussion. Their reference is mainly establishing a comparison and gives a better idea of what is
involved in in situ projects.

Land Treatment - Contaminated soil, sediment, or sludge is excavated, applied to lined beds,
and periodically turned over or tilled to aerate the contaminated media. Amendments can be
added to the contaminated media in the beds.

Composting - Contaminated soil is excavated and mixed with bulking agents such as wood
chips and organic amendments such as hay, manure, and vegetable wastes. The types of
amendments used depend on the porosity of the soil and the balance of carbon and nitrogen
needed to promote microbial activity.

Biopiles - Excavated soils are mixed with soil amendments and placed in aboveground
enclosures. The process occurs in an aerated static pile in which compost is formed into piles and
aerated with blowers or vacuum pumps.

Slurry-Phase Treatment - An aqueous slurry is created by combining soil, sediment, or sludge
with water and other additives. The slurry is mixed to keep solids suspended and microorganisms
in contact with the contaminants. Treatment usually occurs in a series of tanks.

TECHNOLOGY DESIGN APPROACHES

The components of in situ bioremediation technologies components described above can
be implemented in several different general configurations: direct injection, groundwater
recirculation, permeable reactive barriers (PRBs), and bioventing. In addition, in situ
bioremediation may occur naturally, without the application of enhancement technologies. The
latter approach is one component of the approach EPA refers to as monitored natural attenuation
(MNA) (EPA, 1998). Because MNA does not use enhancement technologies, it is not discussed
in detail in this report. This report includes a summary of the purpose, advantages, and potential
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limitations of direct injection, groundwater recirculation, PRB, and bioventing systems,
described below, and reference to several projects sites at which the chosen configuration was
used.

As mentioned previously, there is a conceptual model for flow within the subsurface (see
fig. 2). Figure 3 and figures 7 through 11 are variation of that general idea with relevant
technology design. Figure 7 shows the general layouts of the configurations, often referred to as
amendment delivery systems. The configurations include use of vertical wells, horizontal wells,
and trenches for both injection and extraction of groundwater, or for injection of amendments.
Biological, nutrient, electron donor, or electron acceptor amendments are injected in a liquid or a
gaseous phase.
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Figure 7: In Situ Bioremediation System Configurations (Direct Injection)

Direct injection system - degradation of contaminants is enhanced through the addition of
microbes, nutrients, oxidants, or reductants directly into the aquifer at injection points or directly
into the soil. The natural flow of the groundwater generally is not impeded, but is monitored to
determine that the degradation of the contaminants and their daughter products is completed
within an acceptable distance from the source. Figure 4 above depicts a generalized diagram of
what a direct injection system using four wells would look like.

The case study sites at which direct injection into groundwater was used in the past are
SRS, Avco Lycoming, and Emeryville. At SRS, methane (gas) and air were injected below the
water table using a “lower” horizontal well located at a depth of 175 ft below ground surface
(bgs). An “upper” horizontal well, located at a depth of 80 ft bgs, was used to extract air and
contaminated vapors from the vadose zone. At Avco Lycoming, a molasses solution was injected
through 20 four-inch diameter wells completed in the overburden. Molasses was added twice
each day at various concentrations and rates, as the results of monitoring the system indicated
were appropriate.
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Groundwater recirculation - extracts contaminated groundwater from the site, adding to or
amending the extracted water ex situ, and reinjecting the “activated” water to the subsurface,
generally upgradient of the contaminated zone (fig. 8). As an alternative, extraction and injection
are performed at different elevations in a single well, creating vertical circulation. A groundwater
recirculation configuration may be used to provide containment of a plume or to allow the
addition of amendments in a more controlled environment.
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Figure 8: In Situ Bioremediation System Configurations (Groundwater Recirculation)

The case study sites at which groundwater recirculation was used are Moffett Field,
Edwards AFB, Texas Gulf Coast, Watertown, and Dover Area 6. The project at Moffett Field
was one of the earliest field demonstrations of in situ bioremediation, the Edwards AFB project
was conducted by the group of researchers who had conducted the Moffett Field demonstration,
who built upon the results obtained from the earlier project. A further discussion of these two
demonstrations is included later in this report

Permeable Reactive barrier (PRBs) - an active bioremediation zone is created by such
methods as backfilling a trench with nutrient-, oxidant-, or reductant-rich materials, or by
creating a curtain of active bioremediation zone through direct injection or groundwater
recirculation at the toe of a plume. PRBs contain a contaminant plume by treating only
groundwater that passes through it. PRBs are an emerging design approach for use of in situ
bioremediation. To date, application of PRBs to in situ bioremediation of CAHSs has been limited
to demonstration tests (ITRC, 1997). Two conceptual designs of PRBs are shown in Figures 9
and 10 below.
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Figure 9: In Situ Bioremediation System Configurations (Permeable Reactive barrier [PRB])

At the Waterloo Center for Groundwater Research at the University of Waterloo, in
Ontario, Canada, a treatment system consisting of a trench (backfilled with sand) was used in a
demonstration test at a site with groundwater contaminated with CAHSs.

Figure 10: Model of a Permeable Reactive Barrier (EPA/542/R-01/022)
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In that system, water was extracted from the pore spaces of the wall, amended with
nutrients and substrate, and reinjected into the wall over a short period of time (a few hours).
After reinjection had been completed, the pumps were shut off, and the nutrients were
transported out of the wall under natural groundwater flow conditions (as a “slug”). The slug of
amended groundwater mixed with surrounding groundwater, and a zone developed in which
microorganisms received a continuous supply of the nutrients required to support biodegradation
(Devlin and Barker, 1994).

Bioventing - the process of aerating soils to stimulate in situ biological activity and promote
bioremediation. In this process, oxygen is delivered to unsaturated soils by forced air movement
(either extraction or injection of air) to increase oxygen concentrations and stimulate
biodegradation. Bioventing uses low air flow rates to provide only enough oxygen to sustain
microbial activity, with oxygen most commonly supplied through direct air injection.

Figure 11: Model of an Air Sparging System (EPA, 2004)

Bioventing is commonly used for treatment of fuel-contamination in the vadose zone
(EPA, 1995). At Dover Building 719, an air-sparge blower (shown in fig. 11) was used to inject
a mixture of air and propane through three injection wells screened to a depth of 10 ft bgs. The
Dover Building 719 site is a field demonstration of bioventing, at which treatment is limited to
the soil above the water table.

SELECTION AND IMPLEMENTATION OF BIOREMEDIATION

The steps typically followed in the selection and implementation of an in situ
bioremediation system, at a site contaminated with CAHs, are generally the same as the steps
taken to implement other types of remedial systems. However, special attention is typically given
to identifying the degradation mechanisms that may be used to remediate the site and the

Harambee House, Inc.
PROJECT: Citizen for Environmental Justice



-30- Community Alliance on the Savannah River Site (SRS)
Assessment of Bioremediation as a Clean-up Strategy at SRS

enhancement technologies that could be beneficial for use at the site. Figure 9 shows the typical
steps in selection and implementation of in situ bioremediation, which are:

- Evaluate site characteristics

- Identify general site conditions and engineering solutions

- Identify primary reactants and possible additives

- Perform treatability (bench-scale) testing

- Perform system design, field testing, and implementation

Site Characteristics - Site characteristics relevant to in situ bioremediation of include physical,
chemical, and biological parameters. Figure 12 summarizes the parameters that are commonly
evaluated for a site where in situ bioremediation of CAHSs is being considered. These parameters
are also relevant to the design and implementation of the technology, as discussed later.

IMPLEMENTATION

Evaluate Sita
Characteristics

¥

[

]

— i
A 4 =

Idantify Ganaral Idmntify Prima?

Sita Canditians Regctents gn

end Englnearing Posslble Addltives
Salutlons

% x

Parfarm

Treetabil
(Bench-Scale)
Testing

System Design

N 2

Filgt=Scale/Field
Tasting

v

Full-Scal&
Imglamantatian

SELECTION end Start-ug

LEGEND

Success

Reevaluation

Figure 12: Typical Selection and Implementation Steps for In Situ Bioremediation
Source EPA 542-R-00-008 July 2000 (revised)

Physical Parameters - Physical parameters determine how and at what rate liquids and gases
move through soils, aquifers, and other geologic units. Common physical parameters that are
relevant to in situ bioremediation include porosity, hydraulic conductivity, and hydraulic
gradient of the geologic unit, and the organic and moisture content of the soil. Because these
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parameters affect the flow rate of fluids, they also are considered in determining the delivery
method for any amendments that are used.

Hydrogeologic studies help determine information about several physical parameters
such as groundwater flow, and contaminant fate and transport, and might include aquifer
parameter testing, tracer tests and hydrogeologic flow and transport modeling. Aquifer parameter
tests include either slug tests or downhole velocity measurements. Tracer tests have been
conducted using constituents such as sodium bromide, added at 100 times its detection limits.
According to ITRC, the most commonly used flow model is the U.S. Geological Survey model
MODFLOW, which is often coupled with transport models such as RT3D or MT3D, and a
particle tracking module such as MODPATH. (ITRC, 1998)

Chemical Parameters - Chemical parameters, along with biological parameters, affect the type
of degradation mechanisms that are likely to occur and the rate of degradation. Common
chemical parameters that are relevant to in situ bioremediation include concentrations of CAHs
and daughter products, oxygen content, pH, redox potential, concentrations of electron donors
and acceptors, and nutrient concentrations. Such parameters provide information about the
baseline contamination at the site, whether the natural conditions at the site are aerobic or
anaerobic, whether sufficient electron donors and acceptors are present to support
biodegradation, and whether and how much intrinsic biodegradation (without enhancements)
may be occurring at the site. Several of these parameters are discussed in more detail below.
CAH concentrations affect the specific degradation mechanisms that may be occurring at
the site and the substrate levels for direct degradation. In addition, the presence of co-
contaminants may affect biodegradation. For example, organic compounds such as toluene,
methane, or phenol may augment the performance by providing a substrate for oxygen depletion
or for co-metabolic degradation. Alternatively, biodegradation may be limited by high
concentrations of metals or other toxic compounds that may inhibit microbial activity.

GEOCHENICAL TRANSPORT MODELS

Modeling Contaminant Transport and Biodegradation

Numerical models that simulate transport and biodegradation processes are useful for

integrating information collected in the field and for studying the relative importance of
simultaneously occurring processes. It is difficult to develop an accurate mass balance for a
contaminant, and thus to distinguish the amount and rate of removal by biodegradation, dilution,
and sorption. If sufficient data are available, a numerical model can be used to help explore these
questions, simulate the evolution of the plume, and evaluate factors limiting biodegradation.
A two-dimensional, multispecies solute-transport model including multiple substrate uptake,
sequential terminal electron acceptor use, and cellular nutrient limitation of biomass growth
(BIOMOC, Essaid and Bekins, 1997) was developed to analyze the evolution of the ground-
water contaminant plume at the Bemidji site (Essaid and others, 1995).

Simulations included the biodegradation of volatile (VDOC) and non-volatile dissolved
organic carbon (NVDOC) fractions of DOC by aerobic processes, Mn/Fe reduction, and
methanogenesis. Geochemical evidence indicates that these processes are important in degrading
the oil. Model parameter estimates were constrained by published Monod kinetic parameters,
theoretical yield estimates, and field biomass measurements. Despite considerable uncertainty in
the model parameter estimates, results of simulations reproduced the general features of the
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measured ground-water plume (fig. 19) and the measured constituent concentrations (fig. 13).
For the simulation shown in figure 13, 46 percent of the TDOC introduced into the aquifer was
degraded after 13 years. Aerobic degradation accounted for 40 percent of the TDOC degraded
and anaerobic processes accounted for 60 percent: 5 percent by Mn reduction, 19 percent by Fe
reduction, and 36 percent by methanogenesis. The model results indicate that anaerobic
processes account for more than one-half of the removal of DOC at this site, consistent with the
geochemical evidence.
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Figure 13: Simulated and measured concentrations of selected constituents 36
meters downgradient from the center of the oil body. (USGS Fact Sheet 084-98)

Microbial Distributions - In 1994, water and sediment samples were collected from a
background location and six locations downgradient from the oil body for microbial biomass
determinations (Essaid and others, 1995). The Most Probable Number method was used to
enumerate microorganisms capable of degradation under differing redox conditions. In the
background location, aerobes and fermenters were the only significant microbes detected. Within
the plume the microorganism counts are consistent with the conceptual model of sequential
aerobic, Mn/Fe reduction, and methanogenesis degradation sequence. There are 104-105 iron-
reducers per gram in the contaminated aquifer compared to none detected in the uncontaminated
background area. Similarly there are 102 methanogens per gram in the plume and none detected
in the background area. This result is similar to that of Godsy and others (1992) who reported a
100-fold increase in methanogens within a creosote plume. In general, greater numbers of
microorganisms were found closer to the oil body and in the upper half of the plume. Denitrifiers
and sulfate reducers are present in lower numbers than all other types of microbes, in accordance
with the low availability of nitrate and sulfate in the ground water. The data were used to
formulate a model of biodegradation of the contaminants coupled to growth of the microbial
population.
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Bioremediation technologies also include predictive modeling of coupled hydraulic-
geochemical-microbial processes in surface and subsurface environment. Geochemical and 1-, 2-
, and 3-D flow programs (e.g. PhreeQC, USGS) can be used to model multimedia fate and
transport of contaminants.

Aerobic Biodegradation of Xylene with Biomass Increase - Biodegradation relies on the
catalyzing action of enzymes produced by microbes. Therefore, the maximal rate depends on the
concentration of the enzymes or the bacteria. The variable kmax in the Monod rate equation (see
eqn (7) in the phenol example below) can be rewritten to account explicitly for the concentration
of bacteria:

a4 _p __[ E)L
dt Monod /Umax Y k1/2 +S (4)
where:

umax is the specific bacterial growth rate (S-1)

B is biomass (mol C/ L-1)

Y is the yield factor (mol biomass-C / mol substrate-C)

Y expresses how much of substrate in converted into biomass. As substrate is degraded and
transformed into energy and organic molecules which can be used for biosynthesis, the number
of microorganisms (bacteria) increase by:

dB__, ds

dt dt (5)

equations (4) and (5) are coupled reactions. Biodegradation augments when the bacteria increase
in number, and more biodegradation produces more bacteria. In figure 14 below the decrease of
substrate concentration first becomes notable when sufficient microbes are present, and the
process stops when all the substrate has been consumed. Schirmer et al. (1999) measured aerobic
breakdown of xylene, a component in BTEX, in a batch experiment with pristine aquifer
sediment in which the microbes had to adapt and grow before they could digest their new food.
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Figure 14: The decrease of substrate concentration first becomes notable when sufficient
microbes are present, and the process stops when all the substrate has been consumed

The geochemical program PHREEQC is used to calculate the above equations and plot
the lines in the graph, the data points are from Schirmer et al. (1999). Quite conspicuous is the
delay of xylene breakdown that occurs because the microbes which degrade the substance first
must grow and increase in number. When the biomass is sufficient, xylene is quickly consumed.
Note that the xylene concentration in Schirmer's experiment indicates only part of total xylene.
Other biodegradable forms comprise xylene that is sorbed to the sediment and gaseous in the
headspace. These are mimicked with a retardation factor R, but they can be included as process-
dependent entities in the model. The yield factor was found to be 0.305 mol biomass-C/xylene-
C. Thus, the actual increase in biomass can be calculated. In the above example the biomass
growth is calculated as:

( 8.6mg xyleneL™

106gmol * xerner(S mol C/mol xylene)(R)Y }(22.6 g /mol CH, ,0,,N,,)

(6)

In the above calculation, the retardation factor (R) = 1.86 and the yield factor (Y) = 0.305.
CH1.400.4N0.2 is the formula used for calculating the molar weight of dry biomass. This
produces a result of 8.32 mg biomass L-1.

Methanogenic Biodegradation of Phenol - Similarly, it can be calculated that the anaerobic
degradation of 40 mg phenol produces 2.9 mg biomass using the above yield factor, for
methanogenic conditions, Y usually is small, about 0.05. This is about the increase shown in fig
15 (blue line) for the phenol calculation. Accordingly, the biomass can be considered constant in
the phenol model and therefore included in the value of kmax. The concentrations of phenol and
biomass during methanogenic degradation in this laboratory experiment are shown In Figure 15
(Bekins et al., 1998). The phenol concentration decreases linearly with time (characteristic for a
zeroth order degradation rate), but the degradation declines at very small concentrations.
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Figure 15: the concentrations of phenol and biomass during methanogenic degradation in a laboratory experiment
are shown in the figure (Bekins et al., 1998). The phenol concentration decreases linearly with time (characteristic
for a zeroth order degradation rate), but the degradation declines at very small concentrations.

The breakdown is modeled with the Monod kinetic rate equation:

ds S
E: RMonod = kmax m
112 )

where:

S is the concentration of phenol (mg L-1)

t is time (sec)

kmax is the maximal rate (mg L-1s-1)

kY2 is the half-saturation constant (mg L-1).

In fig. 15 the rate is zero order when the phenol concentration is above 5 mg L-1 (about 3 times

higher than k¥, the slope dS/dt is constant), but that it becomes first order with respect to phenol
(S) at lower concentrations.
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The following discussion takes a brief look at several case studies prepared by EPA and
USGS of sites which have used, or are in the process of using, in situ bioremediation for
treatment of CAHs in contaminated soil and groundwater. In addition, summary information
about other full-scale and pilot-scale applications of in situ bioremediation based on information
from the proceedings of the Fifth International and On-Site Bioremediation Symposium and
from the Bioremediation the Field Search System (BFSS) is included.

Ground-water contaminated with crude oil

Ground-water contamination by crude oil, and other petroleum-based liquids, is a
widespread problem. An average of 83 crude-oil spills occurred per year during 1994-96 in the
United States, each spilling about 50,000 barrels of crude oil (U.S. Office of Pipeline Safety,
electronic commun., 1997). An understanding of the fate of organic contaminants (such as oil
and gasoline) in the subsurface is needed to design innovative and cost-effective remedial
solutions at contaminated sites.

The problem ground-water contamination by crude oil and other petroleum-based liquids
started in Hanahan, South Carolina, a quiet suburb of Charleston. In 1975, a massive leak from a
military fuel storage facility released about 80,000 gallons of kerosine-based jet fuel. Immediate
and extensive recovery measures managed to contain the spill, but could not prevent some fuel
from soaking into the permeable sandy soil and reaching the underlying water table. Soon,
ground water was leaching such toxic chemicals as benzene from the fuel-saturated soils and
carrying them toward a nearby residential area.

By 1985, a contaminant plume had reached the residential area, and the facility was faced
with a serious environmental problem. At the time, removing the contaminated soils was
technically impractical, and removing contaminated groundwater did not address the source of
the contaminants. The underlying question was, how could contaminated ground water be kept
from seeping toward the residential area in the future?

One possible solution was a new technology called bioremediation. Studies by the U.S.
Geological Survey (USGS) had shown that microorganisms naturally present in the soils were
actively consuming fuel-derived toxic compounds and transforming them into harmless carbon
dioxide. Furthermore, these studies had shown that the rate of these biotransformations could be
greatly increased by the addition of nutrients. By "stimulating™ the natural microbial community
through nutrient addition, it was theoretically possible to increase rates of biodegradation and
thereby shield the residential area from further contamination.

In 1992, this theory was put into practice by USGS scientists. Nutrients were delivered to
contaminated soils through infiltration galleries, contaminated ground water was removed by a
series of extraction wells, and the arduous task of monitoring contamination levels began. By the
end of 1993, contamination in the residential area had been reduced by 75 percent. Nearer to the
infiltration galleries (the source of the nutrients), the results were even better. Groundwater that
once had contained more than 5,000 parts per billion (ppb) toluene now contained no detectable
contamination. Bioremediation had worked!

Similarly, a long-term, interdisciplinary research project sponsored by the USGS’ Toxic
Substances Hydrology Program began in 1983 at a crude-oil spill site near Bemidji, Minnesota
(fig. 16). The project involves research by scientists from the USGS and several academic
institutions. This research is directed toward understanding the physical, chemical, and biological
processes controlling the migration and fate of hydrocarbon contaminants in the subsurface.
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Figure 16: Features of the Bemidji, Minnesota crude-oil spill research site superimposed on a 1991 aerial
photograph. (Adapted from USGS Fact Sheet 084-98)

A buried crude oil pipeline located in a glacial outwash plain near Bemidji, Minnesota,
ruptured in 1979, spilling about 1.7x106 liters (11,000 barrels) of crude oil contaminating the
underlying aquifer. An estimated 1.2x106 liters (7,800 barrels) of the spilled oil were recovered.
The remaining oil infiltrated into the subsurface and provides a long-term, continuous source of
hydrocarbons that dissolve in, and are transported with ground water.

The spill site became a USGS Toxic Substances Hydrology Program (TSHP) research
site in 1983. USGS scientists studying the site found that toxic chemicals leaching from the
crude oil were rapidly degraded by natural microbial populations. Significantly, it was shown
that the plume of contaminated ground water stopped enlarging after a few years as rates of
microbial degradation came into balance with rates of contaminant leaching. This was the first
and best-documented example of intrinsic bioremediation in which naturally occurring microbial
processes remediates contaminated ground water without human intervention. Evidence for
microbial degradation of the petroleum hydrocarbons has been documented in several studies
(Baedecker et al., 1993; Bennett et al., 1993; Eganhouse et al., 1993; Ryan et al., 1999). Five
geochemical zones (fig. 19) have been identified in the ground water along a cross-section
through the northern oil body.
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The goal is to provide information and methods to help evaluate the potential for, and
long-term performance of, natural and enhanced bioremediation of hydrocarbon contamination
across the nation. The crude-oil spill site near Bemidji is one of the better characterized sites of
its kind in the world. Results of research conducted on processes affecting the migration and fate
of crude oil in the environment have provided fundamental knowledge that has been used to
remediate similar sites worldwide. The Bemidji research project was the first to document that
the extent of crude-oil contamination at a site can be largely limited by natural attenuation.
Scientists studying and documenting natural attenuation at other contaminated sites have used
many of the methods and approaches developed at the Bemidji site.

Description and History of Site - On August 20, 1979 approximately 16 kilometers northwest
of Bemidji, Minnesota, the land surface and shallow subsurface were contaminated when a
crude-oil pipeline burst, spilling about 1,700,000 L (liters) (about 10,700 barrels) of crude oil
onto a glacial outwash deposit (fig. 16). Crude oil also sprayed to the southwest covering an
approximately 7,500 m2 (square meter) area of land (spray zone). After cleanup efforts were
completed about 400,000 L (about 2,500 barrels) of crude oil remained. Some crude oil
percolated through the unsaturated zone to the water table near the rupture site (North oil pool,
fig. 16). Some of this sprayed oil flowed over the surface toward a small wetland forming a
second area of significant oil infiltration (South oil pool, fig. 16). The land surface is a glacial
outwash plain underlain by stratified glacial outwash deposits. The water table ranges from near
land surface to about 11 m below the land surface. About 370 wells and test holes had been
installed as of 1998.

Research Results - The fate, transport, and multiphase flow of hydrocarbons depend on
geochemical processes and on the processes of volatilization, dissolution, biodegradation,
transport, and sorption (fig. 17). An interdisciplinary investigation of these processes is critical to
successfully evaluate the migration of hydrocarbons in the subsurface. The investigation at the
Bemidji site involved the collection and analysis of crude oil, water, soil, vapor, and sediment
samples. The oil phase that occurs as floating product on the water table and as residuum on
sediment grains provided a continued source of hydrocarbon to the ground-water and vapor
plumes. Knowledge of the geochemistry of a contaminated aquifer is important to understanding
the chemical and biological processes controlling the migration of hydrocarbon contaminants in
the subsurface. Studies were also conducted to document the concentrations of gases in the
unsaturated zone. Multiphase-flow modeling was used to study the oil movement after the spill.
Transport and biodegradation modeling was used to simulate the evolution of the plume,
evaluate factors limiting biodegradation, and to develop a mass balance for contaminants at the
site and thus evaluate the amount and rate of removal of hydrocarbons by biodegradation.
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Figure 17: Processes critical to understanding the fate and transport of hydrocarbons
in the subsurface at the Bemidji site. (USGS Fact Sheet 084-98)
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Oil movement is affected by sediment properties, and their variability, which has resulted in a
complex distribution of oil in the subsurface at the North oil pool (fig. 18). Geostatistical
analysis and multiphase-flow simulations have been used to explain how spatial variability
affects the oil distribution (Dillard and others, 1997). As of 1996, the leading edge of the oil
floating on the water table at the North oil pool had moved about 40 m downgradient since the
spill.
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Figure 18: QOil saturation distribution at the north oil pool. ( USGS Fact Sheet 084-98)

Degradation of the oil product has resulted in selective loss of soluble and volatile compounds
through dissolution and volatilization. Mass loss rates of crude oil at different locations range
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from 0 to 1.25 percent per year. The total loss of oil mass was estimated at 11 percent from
1979-89 (Landon and Hult, 1991).

Eight transport zones have been identified; five geochemical zones have been identified
at the North oil pool within the saturated zone (Baedecker and others, 1993; Bennett and others,
1993) (fig. 19) and three in the vadose zone (unsaturated zone above the water table). Zone 1
consists of oxygenated uncontaminated native ground water. Zone 2, which is below the spray
zone, is characterized by low oxygen concentrations and high concentrations of total dissolved
inorganic and organic carbon. Zone 3, beneath and immediately downgradient of the floating oil,
consists of an anoxic plume of ground water containing high concentrations of hydrocarbons,
dissolved manganese (Mn2+), iron (Fe2+), and methane (CH4). Zone 4, a transition zone from
anoxic to oxygenated conditions, contains low concentrations of hydrocarbons as a result of
aerobic degradation processes. Zone 5 consists of oxygenated water downgradient from the
contamination plume that contains slightly higher concentrations of dissolved constituents, such
as benzene, toluene, ethylbenzene, and xylene (BTEX).

Figure 19: Geochemical zones in the unsaturated and saturated zones at the North oil pool, 1997. Locations of the
monitoring wells sampled in this investigation shown with oil body and geochemical zones of contamination
designated by Baedecker and others (1993). The ground water zones have the following characteristics: (1) native
uncontaminated ground water, oxic; (1) high organic and inorganic carbon, sub-oxic; (I11) high hydrocarbons,
Mn2+, Fe2+, methane, anoxic; (IV) transition zone between Il and V, sub-oxic; and (V) slightly elevated benzene,
toluene, ethylbenzene, and xylenes (BTEX), oxic. The water table depth ranges from 8 to 9 m for the wells shown.
(Modified from Baedecker and others, 1993 and Taken from Ryan et al., 1999; USGS Fact Sheet 084-98)

Long-term monitoring of the plume since 1984 has shown that, near the water table, the
concentration of total dissolved organic carbon (TDOC) and dissolved oxygen (DO)
downgradient from the oil body has remained relatively stable suggesting that degradation of the
plume has reached equilibrium. In the anoxic zone (Zone 3), concentrations of reduced chemical
species Mn2+, Fe2+, and CH4 have increased with time, indicating a sequence of Mn reduction,
Fe reduction, and methanogenesis. With depletion of Mn(IV) near the oil body, Mn reduction
has become a less important reaction. The data show that both Fe (I11) reduction and
methanogenesis are major reactions in the anoxic plume (Baedecker and others, 1993).
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Although these geochemical processes have changed over time, the plume has not
migrated as far as predicted considering the ground-water flow velocities and sorption constants
for these compounds (Baedecker and others, 1993). As of 1996, the leading edge of the plume of
ground water containing a total BTEX concentration greater than 10 micrograms per liter had
moved only about 200 m downgradient, whereas advective flow of ground water since the spill
has been about 500 m. The primary reason is that hydrocarbons have biodegraded under oxic and
anoxic conditions. The rate of removal of organic contaminants by natural attenuation and the
factors that affect rates of biodegradation are important considerations in making decisions
concerning cleanup of contaminated ground water. Biodegradation of petroleum-derived
hydrocarbons in oxic and sub-oxic environments is generally considered a more efficient
attenuation mechanism than is biodegradation in anoxic environments. However, research at this
site has demonstrated that biodegradation in anoxic environments can remove substantial
amounts of hydrocarbons from ground water (Lovley and others, 1989; Baedecker and others,
1993; Eganhouse and others, 1993; Cozzarelli and others, 1994; Ryan et al., 1999).

Volatile oil components have left the subsurface through volatilization and
biodegradation in, and diffusion through, the unsaturated zone. The distribution of gases
(hydrocarbon, oxygen (02), carbon dioxide (CO2), and CH4) in the unsaturated zone were
quantified at the North oil pool during 1997 and used to identify three geochemical zones (fig.
15). Zone 6 exhibits near atmospheric concentrations of O2. Zone 7, a transition zone, is defined
by lower concentrations of O2 (10-20 percent), hydrocarbon concentrations less than 1 part per
million (ppm), and higher concentrations of CO2 (0-10 percent) and CH4 (0-10 percent). Zone 8,
immediately above the oil body, is relatively anoxic and contains maximum concentrations of
CO2 (>10 percent), CH4 (>10 percent), and hydrocarbon (>1 ppm).

The distribution of gases at the North oil pool has changed considerably since the spill.
For example, as of 1985 the leading edge of the plume of hydrocarbon vapors (concentrations >
1 ppm, zone 7) in the unsaturated zone was about 150 m downgradient (Hult and Grabbe, 1988).
As of 1997 the plume of vapors had receded to about 75 m downgradient (fig. 19) and the
receding likely was due to aerobic biodegradation.

Leachate Plumes at a Municipal Solid-Waste Landfill

Municipal solid waste is a combination of non-hazardous wastes from households,
commercial properties, and industries. The U.S.EPA reports that the United States produced
about 230 million tons of solid waste in 1999, about 57 percent of which is disposed of in
landfills (EPA, 1999). Disposal of municipal solid waste in landfills was largely unregulated
prior to the 1970s. Most solid waste was deposited in unlined pits. Precipitation and ground
water seeping through this waste produces leachate, which is water contaminated from the
various organic and inorganic substances with which it comes in contact as it migrates through
the waste. Leachate seeping from a landfill contaminates the ground water beneath the landfill,
and this contaminated ground water is known as a plume. The normal movement of ground water
causes the leachate plume to extend away from a landfill, in some cases for many hundreds of
meters. Many studies have shown leachate plumes emanating from old unlined landfills.
Estimates for the number of closed landfills in the United States are as high as 100,000 (Suflita
and others, 1992).

Federal and state regulations were passed in the 1980s and 1990s to manage disposal of
solid waste. Those regulations require that most landfills use liners and leachate collection
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systems to minimize the seepage of leachate to ground water. Although liners and leachate
collection systems minimize leakage, liners can fail and leachate collection systems may not
collect all the leachate that escapes from a landfill. Leachate collection systems require
maintenance of pipes, and pipes can fail because they crack, collapse, or fill with sediment. The
USEPA has concluded that all landfills eventually will leak into the environment (U.S.EPA,
1988). Thus, the fate and transport of leachate in the environment, from both old and modern
landfills, is a potentially serious environmental problem.

Figure 20: Map of the Norman Landfill Environmental Research Site (taken from Christenson and Cozzarelli, 2003,
USGS Fact Sheet FS-040-03)

Site History/Source of Contamination - The Norman Landfill Environmental Research Site (fig.
20) is a closed municipal solid waste landfill, formerly operated by the city of Norman,
Oklahoma. The landfill is sited directly on the Canadian River alluvial aquifer and has no liner or
leachate collection system, so a leachate plume has developed in ground water in the aquifer.
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The ground water and leachate plume flow away from the landfill toward the Canadian River, a
large tributary of the Arkansas River that drains into the Mississippi River.

The Norman Landfill was designated a research site by the U.S. Geological Survey
(USGS) through its Toxic Substances Hydrology Research Program. Monitoring wells and
instruments have been installed in and adjacent to the leachate plume. A small stream and
wetland overlie the leachate plume, and studies are in progress to determine the fate of leachate
compounds that enter the wetland from the ground water. USGS hydrologists and technicians
have accomplished comprehensive site characterization, which provides a wealth of information
about the site hydrogeology and geochemistry.

This site characterization provides essential information to the scientists conducting
research about the chemical, biological, and hydrologic processes in ground water and surface
water affected by landfill leachate. Research is in progress at the site by scientists from the
University of Oklahoma, Oklahoma State University, other universities, the USEPA, and the
USGS. In addition to providing a laboratory for studies of ground and surface water
contaminated by landfill leachate, the Norman Landfill Environmental Research Site is used to
study other types of contaminant problems. The plume can be used to study microbiological and
geochemical processes that are not specific to landfills. All research at the Norman Landfill
Environmental Research Site is designed to investigate problems and processes that have a high
transfer value to other subsurface contamination problems.

Comprehensive physical, chemical, and microbial characterizations at this and other
USGS Toxic Substances Hydrology Program sites provide fundamental knowledge of the
processes that control important types of contamination problems. This knowledge of
fundamental processes can be generalized to a wide range of field conditions by comparing
results to field and laboratory experiments at other sites with differing conditions and properties.
The resulting knowledge and methods improve the effectiveness and reduce the cost of
characterization and remediation at contaminated sites across the nation.

Scientists used a combination microbiological and geochemical approach to identify the
important processes occurring in the aquifer contaminated by leachate from the Norman Landfill
(Cozzarelli and others, 2000, Harris and others, 1999). The combined sciences of microbiology
and geochemistry are called biogeochemistry. The Landfill researchers identified zones in the
leachate plume where different biogeochemical processes are occurring.

Some evidence of natural attenuation at the Landfill is shown in figure 21 (Cozzarelli and
others, 2000), illustrated as generalized hydrogeologic sections through the leachate plume in the
aquifer. The three illustrations within figure 19 show chemical concentrations of important
indicators of natural attenuation processes along the same vertical slice of the aquifer. These
illustrations demonstrate that the leachate plume begins near the surface (on the left side of the
figure), where the solid waste is stored in the landfill. Ground water flows to the south toward
the Canadian River. The leachate plume migrates toward the bottom of the aquifer as it flows
toward the river.

Sulfate occurs naturally in ground water in the Canadian River alluvial aquifer. Sulfate is
depleted in the center of the leachate plume (fig. 21, ill. 2A) because the microorganisms use
sulfate as an electron acceptor. When microorganisms transfer electrons to sulfate, it changes
chemically to form dissolved sulfide or hydrogen sulfide gas. The highest rates of sulfate
reduction have been measured at the plume boundaries, such as where fresh water from rainfall
infiltrating the aquifer mixes with the contaminant plume (Cozzarelli and others, 2000), and
causes the sharp concentration gradients observed in figure 21, ill. 2A.
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Figure 21: (illustrations 2A-C). Concentrations of electron acceptors and donors in the
Norman Landfill leachate plume (USGS FS-040-03).

The degradation of organic contaminants occurs most rapidly at the plume boundaries.
Iron occurs naturally as mineral coatings on sediments in the Canadian River alluvial aquifer.
Dissolved iron concentrations increase in the leachate plume (fig. 21, ill. 2B) because
microorganisms transfer electrons to the iron on the mineral coatings, which contain insoluble
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ferric iron, while degrading the organic contaminants. With the addition of an electron, the iron
is reduced to ferrous iron, which dissolves in water. Although the solid-phase electron acceptor
(ferric iron) cannot be measured in the ground water, the detection of the end product of the
reaction (ferrous iron) in water provides evidence that iron reduction has occurred.

The concentration of non-volatile dissolved organic carbon (NVDOC) is shown in figure 21, ill.
2C and in fig 13 above. NVDOC is a measure of the organic contaminant compounds in the
landfill. In the center of the plume, the concentration of NVDOC shows little change with
distance, indicating that NVDOC is not efficiently degraded in this zone.

Researchers at Norman Landfill have learned that most of the natural attenuation occurs
at the boundaries of the plume where electron acceptors are available. Sulfate concentrations are
low in the center of the plume, as are measured rates of iron and sulfate reduction. The natural
attenuation capacity of the aquifer, that is, its ability to attenuate contaminants, is depleted in the
center of the leachate plume because microorganisms have used all the electron acceptors during
migration of the leachate plume.

USGS and other scientists have been investigating volatile organic compounds (VOCs) in
the leachate at Norman Landfill (Eganhouse and others, 2001). VOCs are organic compounds
that tend to vaporize at room temperature and pressure. Examples include some of the
compounds in gasoline, lubricants, paints, and solvents, some of which are highly toxic or
carcinogenic. VOCs end up in landfills in many ways, including the disposal of ordinary
household items such as cleaners or marking pens. Although VOCs make up less than 0.1
percent of the mass of organic carbon in the leachate plume, they are useful indicators of natural
attenuation.

At Norman Landfill, USGS scientists compared concentrations of two different
alkylbenzene isomers, n-propylbenzene and i-propylbenzene, in landfill leachate. Isomers of
alkylbenzene have the same number and type of atoms, but the molecules have slightly different
chemical structures. These different isomers have similar physical properties, so they should be
affected by volatilization, dilution, and sorption in a similar manner.

As shown in figure 22 below, the concentration of n-propylbenzene decreases much
faster as leachate flows away from the landfill than does the concentration of i-propylbenzene.
This decrease in concentration of n-propylbenzene is caused by biological degradation,
indicating that biologically mediated natural attenuation is decreasing the concentrations of some
contaminants at Norman Landfill. This technique of comparing alkylbenzene isomers as
indicators of biological processes can be applied at sites with contaminants other than landfill
leachate.

Field experiments are being carried out at Norman Landfill to investigate how the rate of
natural attenuation may vary with aquifer permeability (permeability is a measure of the ability
of a material to transmit fluid). These experiments use push-pull or single-well injection-
withdrawal tests (Istok and others, 1997). During the injection phase of the test, a solution
consisting of groundwater amended with tracers, electron donors, or electron acceptors is
injected or “pushed” through a well into the aquifer. During the extraction phase, the test
solution is pumped or “pulled” from the same well. Concentrations of tracers, reactants, and
possible reaction products are measured as a function of time in order to construct breakthrough
curves, measure reaction rates, and to compute mass balances for each solute.
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Figure 22: Distribution of the alkylbenzene isomers (a) n-propylbenzene and (b) i-propylbenzene in the
leachateplume at Norman Landfill. Concentrations in micrograms per liter (Fg/L) are proportional to bubble
diameter.Maximum concentration: n-propylbenzene = 0.80 Fg/L, i-propylbenzene = 1.24 Fg/L (from Eganhouse and
others, 2001; USGS FS-040-03).

These tests can be conducted anywhere in the aquifer, making it possible to investigate
processes and rates in different geologic textures and geochemical environments. Push-pull tests
were conducted at Norman Landfill to measure biodegradation rates of simple organic acids in
the leachate plume (Scholl and others, 2001). Wells were drilled into layers of three different
types of sediments (medium sand, silt/clay lenses in sand, and poorly sorted gravel), each with a
different permeability. Biodegradation rates of two simple organic acids, formate and lactate,
were compared in the three different zones in the anoxic leachate plume at the site. These
organic acids were used as microbial process indicators because they degrade at different rates
depending on the dominant microbial processes. A conservative tracer (bromide) and the two
organic acids were added to 50 or 100 liters of contaminated ground water pumped from each
test well. The mixture was then re-injected and allowed to mix with the natural ground water.
Daily samples were taken from the injection well until organic acids could no longer be detected.
Although complete disappearance of the formate and lactate occurred within 7-9 days in all the
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wells, there were differences in degradation patterns. The results of the test show that the loss of
lactate was due to natural attenuation and that there are differences in the rate of natural
attenuation in areas of different permeability. These variable degradation rates may be related to
microbial community structure, sediment chemistry, and water flow regime.

Research at the Norman Landfill Environmental Research Site has good implications for
the further use of bioremediation as a clean-up strategy. Results show that chemicals leaching
from old unlined landfills are contaminating groundwater, and that some of the contaminant
concentrations are being reduced by natural attenuation. Modern landfills are designed to
minimize contamination of groundwater, but modern landfills eventually may leak contaminants
into the environment. Research results will be useful to scientists and regulators trying to
determine the effects of landfill leachate on the environment.

Leachate Plumes at Federally Operated Facilities

The majority of federally controlled facilities have historically problems with extensive
areas of subsurface contamination. Two previous completed projects are chosen below for
further illustration of bioremediation technologies at federal facilities. The projects are Aerobic
degradation field demonstration at Moffett Naval Air Station, Mountain View, California and
bioremediation of TCE through Toluene injection at Edwards Air Force Base, California (EPA,
2000).

Site History/Source of Contamination - Moffett Naval Air Station (Moffett) was used for
aircraft operations and maintenance, operated from 1933 to 1994. Moffett is located 35 miles
south of San Francisco in Santa Clara County. In 1994, the Navy ceased operations and the
airfield was transferred to the National Aeronautics and Space Administration (NASA). Soil and
groundwater at the site are contaminated with petroleum products and chlorinated aromatic
hydrocarbons (CAHSs) such as tetrachloroethene (PCE) and trichloroethene (TCE). Moffett is
adjacent to other Superfund sites in the Middlefield-Ellis-Whisman (MEW) study area, and a
large groundwater plume crosses Moffett from off-site sources. This site was added to the
National Priorities List (NPL) on July 22, 1987 and is being addressed through Federal actions.
Several Records of Decision (RODs) have been signed for this facility, including RODs for OU
1 (Sites 1 and 2 Landfills), dated August 1997; OU 2 (East Side Soils), dated December 1994;
and OU 5 (East Side Aquifers), dated June 1996. In addition, for the West Side Aquifers, the
Navy adopted an adjacent site’s ROD, dated 1989.

Moffett was selected by researchers from Stanford University for a field demonstration of
in situ aerobic degradation to treat groundwater contaminated with CAHs. A series of
experiments was conducted between September 1986 and November 1998 to evaluate native
bacteria enhanced through addition of methane, toluene, and phenol in degrading CAHs,
including PCE and TCE. At Moffett Field, groundwater was extracted from one well, amended
chemically, and reinjected at another well located 6 meters (m) from the extraction well (see fig.
21 above for diagram). The wells, screened in a sand and gravel layer approximately 4 to 6 m
bgs, created induced-gradient conditions in the aquifer.

Edwards Air Force Base (AFB), is located on the western portion of the Mojave Desert,
about 60 miles north of Los Angeles, covers approximately 301,000 and is used for aircraft
research and development. From 1958 through 1967, engines for the X-15 rocket airplane were
maintained in facilities at the site, and trichloroethene (TCE) was used to clean the engines. The
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used TCE was disposed of at Site 19, an area of about 53 acres on the west side of Rogers Dry
Lake, resulting in groundwater contamination. The contaminant plume extends approximately
3,200 ft down-gradient from the contamination source, and nearly the same distance cross-
gradient. This site was added to the National Priorities List (NPL) on August 30, 1990, and is
being addressed through Federal actions. A Record of Decision (ROD) had not been signed for
this facility at the time of this report. A field demonstration of aerobic biodegradation was
performed at Site 19. The area of the plume used for this field demonstration was about 400
meters (m) east of the contamination source.

At Edwards AFB, a two-well recirculation system was constructed; the system created
separate bioactive zones in upper and lower aquifers. One well was used to extract groundwater
from the lower aquifer, amend it chemically, and reinject the groundwater into the upper aquifer.
The other well was used to extract groundwater from the upper aquifer, amend it chemically, and
reinject the groundwater into the lower aquifer. The wells were spaced 10 m apart, and screened
between approximately 6 and 24 m bgs.
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Figure 23: Cross-section of Well Field Used at Moffett (EPA-542-R-00-008)

Geology/Hydrogeology/Contaminant Characterization - As shown in Figure 23, the
demonstration site (test zone) was approximately 4 to 6 meters (m) below ground surface (bgs),
located in a shallow, confined aquifer (1.5 m thick) consisting of sands and gravels. The
groundwater velocity ranged from 1.5 to 3 m/day and the hydraulic conductivity of the aquifer
was 0.11 cm/sec. In addition, indigenous methanotrophic bacteria were reported to be present in
the aquifer. The CAHSs present in the test zone prior to the demonstration included 1,1,1-
trichloroethane (TCA) and 1,1-dichloroethane (DCA). However, TCE, cis-dichloroethene (cis-
DCE), trans-dichloroethene (trans-DCE), and vinyl chloride (VC) were not detected in the
groundwater in the test zone. As described below, regulatory approval was obtained to inject
TCE, cis- and trans-DCE, and VC into the groundwater for the demonstration.

Likewise, the Site 19 demonstration area at Edwards AFB contains two relatively
homogeneous aquifers. The upper, unconfined aquifer is 8 m thick, and is separated by a 2 m
aquitard from the lower confined aquifer. The lower, confined aquifer is approximately 5 m thick
and lies above weathered bedrock. At the demonstration site, the concentration of TCE in the
groundwater plume varied between 500 and 1,200 micrograms per liter (ug/L), with average
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TCE concentrations in the upper and lower aquifer of 680 and 750 pg/L, respectively. No 1, 1-
DCE was found at the site prior to the demonstration.

Technology Description - The demonstration of aerobic degradation was performed under
induced-gradient conditions created by the extraction and injection of groundwater. As shown in
Figure 23, groundwater was extracted at well P, amended chemically, and injected at wells Sl
and NI, located 6 m from extraction well P (information about the construction and operation of
the wells was not provided). Regulatory approval was obtained for injecting TCE, cis- and trans-
DCE, and VC into the groundwater.

A summary of the nine experiments that were conducted over three seasons of the
demonstration, including the period of operation, groundwater extraction and injection rates,
chemical amendments, and processes studied. The experiments included biostimulation
(Biostim) to stimulate the activity of native methane-using bacteria, and biotransformation
(Biotran) to transform TCE into lower chlorinated compounds. Tracer experiments, using
bromide, were performed to evaluate organic transport and “Decmeth” experiments were
performed to evaluate methane addition. Concentrations of CAHs, methane, DO, and bromide
were monitored using the wells shown in Figure 23. An automated data acquisition and control
system was used to provide as many as six sets of analyses per day at each of the sampling
locations.

Additional experiments performed at the site included using phenol and toluene
(alternative electron donors) as substrates in place of methane, and using hydrogen peroxide as
an alternative to oxygen.
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Figure 24: Cross-section of two-well cometabolic TCE biodegradation treatment system spanning two
separate aquifers at Edwards AFB. Source: McCarty et al., Enviro Sci & Tech, 1998; Grindstaff, 1998)

The in situ bioremediation treatment system used at Site 19, shown in Figure 24, was
designed based on the results from the demonstration at Moffett case study, and consisted of two
8-in diameter, PVC treatment wells installed approximately 24 m deep and spaced 10 m apart.
Each treatment well was screened in both the upper and lower aquifers (15 m and 10 m,
respectively), and a submersible pump, placed in each well, was used to draw contaminated

Harambee House, Inc.
PROJECT: Citizen for Environmental Justice




Bioremediation Technologies -51-

water into the well through one of the screens. The initial flow rate for the wells was 38 liters per
minute (L/min) to limit drawdown in the upper aquifer and pressure changes in the lower aquifer.
The primary substrate (toluene) and oxygen were introduced into the wells via feed lines and
mixed with the water using static mixers inside the wells. The groundwater, containing TCE,
toluene, and oxygen, was discharged from the second screen into the aquifer, where a treatment
zone developed around the well. As shown figure 24, treatment well 1 (T1) withdrew water from
the upper aquifer and discharged it into the lower aquifer; while treatment well 2 (T2) withdrew
water from the lower aquifer and discharged it into the upper aquifer. This process recirculated
the water between the two aquifers creating a bioreactive treatment cell.

Treatment system operation included groundwater pumping, pulsed addition of toluene,
and addition of dissolved oxygen (DO, as gaseous oxygen) and hydrogen peroxide (H202). The
system was operated for 444 days. The demonstration included five phases, during which time
the operating parameters were varied as follows:

phase 1; pre-operational studies (days 0 - 33)

phase 2; establishment of a toluene-degrading consortium (days 34 - 55)

phase 3; pre-steady-state operation (days 56 - 136)

phase 4; steady-state operation (days 142 - 271)

phase 5; balanced flow operation (days 317 - 444)

Technology Performance - Hydrogen peroxide was found to achieve TCE removals similar to
those achieved using oxygen. While 1,1-DCE was partially transformed in the study with phenol,
the transformation products were found to be toxic to the transforming bacteria.

Specific remedial goals were not established for this demonstration. The objective of the field
demonstration was to collect data to be used in evaluating aerobic degradation of CAHs under
several different experimental scenarios. Several methods were used to evaluate the amount of
CAHs that were biodegraded in these experiments, including mass balances on the amounts of
CAH injected and extracted, and comparison of breakthrough concentrations using controlled
experiments and bromide tracers. Results showed that active use of methane in the treatment
zone was required for biodegradation of CAHs, and that groundwater residence times in the
treatment zone of 1-2 days resulted in biodegradation of TCE at 20 - 30%, cis-DCE at 45 -55%,
trans-DCE at 80 - 90%, and VVC at 90- 95%. The results indicated a similar degree of
biodegradation of TCE over the three seasons of field testing, suggesting that there was no
apparent increase in the ability of the bacteria to degrade TCE. In addition, results showed that
an intermediate biotransformation product, trans-DCE oxide, was produced in a manner
consistent with the expected transformation pathway for trans-DCE. Detailed analytical results
for each of the nine experiments are provided for this case study. The results from the third
season of the methane addition experiments and the experiments with phenol and toluene as
primary substrates show that the use of phenol and toluene achieved higher percent removals of
TCE (93 - 94%) compared with use of methane (19%).

Specific remedial goals (contaminant concentrations in groundwater) were not
established for the demonstration. However, the objectives of the pilot study at Edwards AFB
were to evaluate the advantages and limitations of in situ bioremediation for full-scale aquifer
remediation. An area of 480 m2 (0.12 acres) was monitored using 20 monitoring wells. Fourteen
of the monitoring wells surrounded treatment wells T1 and T2 in a diamond formation, and two
wells were nested between the treatment wells. Other wells were located at the “compass points”
(North, South, East, West) surrounding the site. The 14 diamond formation wells and three of the
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four compass point wells were screened in both the upper and lower aquifers, allowing sampling
from each aquifer independently. A total of 10,500 samples were collected and analyzed
automatically at the site throughout the course of the demonstration. Comparison of measured
TCE concentrations at the treatment well discharge screens, and at monitoring wells located 7.5
m away from the screens, allowed estimation of TCE removal in the bioactive treatment zones
surrounding the discharge screens.

The results shows that the average reduction of TCE during steady-state operation (days
145 - 271) was 87% in the upper aquifer bioactive zone and 69% in the lower aquifer adjacent to
treatment well T1 discharge screen. During balanced flow operation (days 365 - 444), the
average removal of TCE was 86% and 83% in the upper and lower aquifer bioactive zones,
respectively. Over the duration of the demonstration, TCE concentrations were reduced by
97.7%, from 1,150 g/L (groundwater moving into the study area) to 27 g/L (groundwater moving
out of the study area) and toluene removal generally exceeded 99.98%.

According to the study the overall TCE concentration reduction of 97.7% is higher than
the removals reported as groundwater recirculated through the bioactive zone multiple times
during the overall demonstration. The dual-well system was found to be technically feasible for
remediation of TCE in a two aquifer system.

No information was provided about potential degradation products from this
demonstration. The researchers presumed that toluene degraded aerobically to carbon dioxide
and water, and TCE was co-metabolized, ultimately producing carbon dioxide, water, and
chloride ions. No exceptions to established quality assurance/quality control (QA/QC) protocols
were noted in the available information.

CAPITAL COSTS ($)

Total treatment costs (treatment wells, mixers 62.707
Pumps, deionized water system, etc.)

Total monitoring costs (19 monitoring wells, pumps, 260,746
Tubes and connectors, valves and fittings)

Total Capital Costs 323,453
Annual Operating Costs ($)

Well redevelopment ($/well-year) x 2 wells 8,000
Hydrogen peroxide, 30% 4,633
Toluene 47
Oxygen 1,674
Total Annual Operating Costs 14,354

Table 1: Capital and Operation Costs for Aerobic In Situ Bioremediation
at Edwards AFB. Source: Adapted from: Rowans, 1998; (Grindstaff, 1998)

Technology Cost - No information was provided about the cost for the in situ bioremediation
treatment system used at Moffett. However, Table 1 provides an example costs incurred in
similar projects of this type. The information contained in the table shows the actual cost for the
in situ bioremediation treatment system used for the demonstration at Edwards AFB, including
capital and operation and maintenance costs. Software is available [EPA, 2001] for estimating
costs of applying this technology at a site with specified characteristics. These actual costs are
provided as an example in the software user’s guide.

Summary Observations and Lessons Learned - The results of the field demonstration at
Moffett showed that native bacteria enhanced with methane, phenol, or toluene, plus oxygen or
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hydrogen peroxide was effective in degrading CAHs in groundwater. Concentrations of CAHs
were reduced by as much as 94% for TCE, 92% for cis-DCE, and 98% for VVC. Native bacteria
enhanced with phenol and toluene achieved higher removal rates for TCE than bacteria enhanced
with methane. The results from the field experiments were consistent with the results from batch
soil column laboratory testing using aquifer solids from the test zones. The presence of 1,1-DCE
in the groundwater was found to be toxic to the bacteria, and should be considered when
evaluating this technology for use in other applications. However, the relatively low
concentration of phosphate in the groundwater did not limit the biodegradation of CAHs at this
site.

According to the researchers, other phosphate minerals may have dissolved in the groundwater to
replenish this mineral as it was being removed by the bacteria. During the field demonstration,
the use of alternating pulsed addition of methane and oxygen minimized biofouling in the area
near the injection well.

The dual-well system met the objectives of the pilot study, and was found to be
technically feasible for remediation of TCE in a two aquifer system. In addition, this technology
might be feasible for use in a single aquifer system where low permeability layers separate lower
and upper zones, and where vertical hydraulic conductivity is significantly lower than horizontal
conductivity. Alternatively, with a relatively homogeneous single aquifer system, groundwater
might be pumped to the surface from one location and then reinjected at another location with
chemical amendments added at the surface or down-well at the injection location.

Prevention of well clogging was identified as an important operational consideration for
application of this technology. To control well clogging during this demonstration, site operators
used well redevelopment (three times in the upper and twice in the lower aquifer) and addition of
hydrogen peroxide, which increased the operational costs.

The extensive network of monitoring wells was a major capital cost component for this
application. The monitoring system was installed to allow a detailed evaluation of the treatment
system’s performance. Monitoring of this magnitude would likely not be required for a full-scale
application.

OTHER PAST PROJECTS

Chlorinated solvents, New Jersey

Chlorinated solvents are a particularly common contaminant in the heavily industrialized
Northeast. Because their metabolic processes are so adaptable, microorganisms can use
chlorinated compounds as oxidants when other oxidants are not available. Such transformations,
which can naturally remediate solvent contamination of ground water, this study has been
extensively documented by USGS scientists at Picatinny Arsenal, New Jersey.

Gasoline contamination, Galloway, New Jersey

Gasoline is probably the most common contaminant of ground water in the United States.
Studies at this site have demonstrated rapid microbial degradation of gasoline contaminants and
have shown the importance of processes in the unsaturated zone (the zone above the water table)
in degrading contaminants.
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Sewage effluent, Cape Cod, Massachusetts

Disposal of sewage effluent in septic drain fields is a common practice throughout the
United States. Systematic studies of a sewage effluent plume at Massachusetts Military
Reservation (formerly known as Otis Air Force Base) led to the first accurate field and
laboratory measurements of how rapidly natural microbial populations degrade nitrate
contamination (denitrification) in a shallow aquifer.

Agricultural chemicals in the midcontinent

Agricultural chemicals affect the chemical quality of ground water in many Midwestern
States. Studies in the midcontinent have traced the fate of nitrogen fertilizers and pesticides in
ground and surface waters. These studies have shown that many common contaminants, such as
the herbicide atrazine, are degraded by biological (microbial degradation) and non-biological
(photolytic degradation) processes.

Pesticides, San Francisco Bay Estuary

Pesticide contamination of rivers and streams is a matter of concern throughout the
United States. Field and laboratory studies in the Sacramento River and San Francisco Bay have
shown the effects of biological and non-biological processes in degrading commonly used
pesticides, such as molinate, thiobencarb, carbofuran, and methyl parathion.

Lessons Learned

Scientists studying the crude oil spill at the Bemidji site, found that toxic chemicals
leaching from the crude oil were rapidly degraded by natural microbial populations.
Significantly, it was shown that the plume of contaminated ground water stopped enlarging after
a few years as rates of microbial degradation came into balance with rates of contaminant
leaching. This was the first and best-documented example of intrinsic bioremediation in which
naturally occurring microbial processes remediates contaminated ground water without human
intervention. Some of the findings from that project are listed below as lessons learned.

Research at this site has provided a comprehensive documentation of natural attenuation
of hydrocarbons in a contaminated aquifer under both aerobic and anaerobic conditions. Project
results are an often-cited example of natural attenuation, promoting its widespread adoption for
use to remediate oil and gasoline contaminated sites.

Research results from this project are directly applicable to decisions to use natural
attenuation to remediate similar sites, to design performance monitoring, and to prioritize sites
for remedial action, which may result in less expensive remedial actions.

The freezing drive shoe sampler, developed at the Bemidji site by Murphy and Herkelrath
(1996), enables efficient recovery of saturated, unconsolidated sandy sediments; recovery of
such samples was not possible using standard coring methods. The method enabled estimation of
oil saturation (the fraction of pore space occupied by oil) in the subsurface.

The comprehensive study of the oil distribution in the unsaturated and saturated zones at
the Bemidji site is unique. New methods were developed to determine the fraction of the pore
space occupied by oil, water, and air in unconsolidated sediments. The oil distribution data have
been used to test numerical models of multiphase flow.

A two-dimensional, multispecies solute-transport model code with biodegradation
(BIOMOC) was developed to quantify natural rates of biodegradation, to evaluate natural
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attenuation as a long-term remedial strategy, and to design performance monitoring. This code
can be readily applied to other systems and has been used at several other sites within the United
States.

Technology Transfer

The Hanahan Site, the Bemidji site and the Norman Landfill Bioremediation Projects are just
three of many successful bioremediation experiments that can be traced to basic research carried
out by USGS scientists developed as part of the Toxic Substances Hydrology Program. Together,
these studies laid the technical foundation that enabled bioremediation to be applied at other
locations. The Methods and technologies are now being used by private contractors, State
environmental managers, and other Federal agencies to address contaminant problems
throughout the United States.

Future Challenges

Although bioremediation holds great promise for dealing with intractable environmental
problems, it is important to recognize that much of this promise has yet to be realized.
Specifically, there is still much to be learned about how microorganisms interact with different
hydrologic environments. As these understanding increases, the efficiency and applicability of
bioremediation will grow rapidly ultimately delivering: (1) greater scientific confidence in
utilizing natural processes as a risk-based management option; (2) technical guidance, including
simple models, guidelines based on type scenarios, and training; and (3) promotion of natural
attenuation, when appropriate, as a cost-efficient in-situ remediation practice.
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The Savannah River Site (SRS) occupies approximately 310 square miles of land
adjacent to the Savannah River, principally in Aiken and Barnwell counties of western South
Carolina. SRS is owned by the United States Department of Energy (DOE). Management and
operating services are currently provided by Westinghouse Savannah River Company LLC
(WSRC). SRS has historically produced special nuclear materials for our nation's defense
programs. This effort was discontinued in 1988. SRS has also provided nuclear materials for the
space program, as well as for medical, industrial, and research efforts up to the present. Chemical
and radioactive wastes are by-products of nuclear material production processes. These wastes
have been treated, stored, and in some cases, disposed of at SRS. Waste materials handled at
SRS are regulated and managed under Resource Conservation Recovery Act (RCRA) and the
Comprehensive Environmental Response, Compensation and Liability Act (CERCLA).

In accordance with Section 120 of CERCLA, DOE has negotiated a Federal Facility
Agreement (FFA) with the United States Environmental Protection Agency (EPA) and South
Carolina Department of Health and Environmental Control (SCDHEC) to coordinate remedial
activities at SRS as one comprehensive strategy to fulfill these dual regulatory requirements:
RCRA/CERCLA units at SRS are subject to a multi-stage remedial investigation process that
includes investigation and characterization of potentially impacted environmental media (such as
soil, sludge, sediment, groundwater, and surface water) comprising the waste site and
surrounding areas;

o the evaluation of risk to human health and the environment;

0 the evaluation and screening of several remediation alternatives;

o final selection of the remedy which will protect human health and the environment, based
on the National Oil and Hazardous Substance Contingency Plan (NCP) selection criteria;

o implementation of the selected alternative;

o verification of adequacy and completion of remedial action; and

o evaluation of the effectiveness of the selected remediation technique.

These steps are iterative in nature and are documented in several reports. The remedy
selection process, including the final selected remedy, is summarized in the Record of Decision
(ROD) for the waste unit. The completion of the ROD process requires agreement between DOE,
EPA, SCDHEC, and the public (Ganguly et al., 1999).

Overview of DOE’s MNA/EPR and Bioremediation Technologies

U.S. Department of Energy’s (DOE) has implemented a plan that will be developed in
collaboration with regulatory agencies as input for regulation updates and guidance documents,
as appropriate. The project is called the Monitored Natural Attenuation and Enhanced Passive
Remediation (MNA/EPR) Technology Alternative Project. Its objective is supposed to be
narrowly focused on providing the scientific and policy support to facilitate implementing
appropriate passive cleanup and cost effective monitoring strategies leading to responsible
completion of active remediation activities at high risk DOE waste sites. MNA/EPR describes
natural processes that mitigate exposure and risk and that are self-sustaining once implemented
or requires minimal adjustments to maintain functionality. The overall MNA/EPR project effort
is to be performed as a collaboration between DOE science and operations organizations at the
target sites along with regulatory agencies, stakeholders, industry, and universities, as identified
in the approved Alternative Project Plan.

The plan describes the project initiation activities, individual roles and responsibilities,
milestones, and budget for the project. A primary product of this project will be a collaboratively
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developed MNA/EPR protocol that will facilitate widespread use and acceptance. Central to the
passive remediation technologies involved in MNA/EPR is the focus on the use of
bioremediation technologies in several projects.

Bioremediation technologies use microorganisms to treat contaminants by degrading
organic compounds to less toxic materials, such as Carbon Dioxide (CO,), methane (CH,), water
(H20), and a variety of inorganic salts. These technologies include intrinsic or enhanced
bioremediation and can be performed in situ (in place) or ex situ (removal) under aerobic (in the
presence of oxygen) or anaerobic (absent of oxygen) conditions. It should be pointed out here
that there is a small difference between the two processes. During enhanced bioremediation,
amendments are typically added to the media to supplement biodegradation processes.
Amendments include nutrients (such as nitrogen and phosphorus), electron donors (such as
methanol or lactic acid for anaerobic processes), electron acceptors (such as oxygen for aerobic
processes, ferric iron or nitrate for anaerobic processes), or additional microbes
(bioaugmentation) [EPA, 1994; EPA, 2000]. With intrinsic bioremediation, no such
enhancements are involved. Likely benefits of enhancement maybe shorter clean-up times, better
levels of clean-up, and higher occurrences of successful clean-ups.

As previously mentioned, in situ bioremediation is the preferred approach since it is less
invasive and ultimately less costly. Technologies include source treatment technologies such as
bioventing and slurry-phase lagoon aeration, and groundwater technologies such as biosparging
and in situ aerobic or anaerobic treatment. Amendments are generally added using direct
injection and/or groundwater recirculation systems. For direct injection (illustrated in Figure 4),
amendments are added to the contaminated media through injection points. With groundwater
recirculation systems, contaminated groundwater is extracted, amendments are mixed with the
groundwater ex situ, and the amended groundwater is re-injected into the subsurface, usually
upgradient of the contaminated zone (a process known as pump and treat - P&T). One
configuration for a groundwater recirculation system is to extract and re-inject groundwater in a
single stratum or at a common groundwater elevation. An alternative configuration is extraction
and re-injection at different elevations in a single treatment cell, creating vertical circulation.

Major Objectives

The major objective DOE’s waste management and cleanup plan is to develop the “next
generation” MNA/EPR protocol for chlorinated solvents that will be broadly accepted by
regulators, end users, technologists and the public in the states of South Carolina, Tennessee and
Washington and EPA Regions four and ten. The implementation activities and overall structure
of this project (fig. 25), along with the specific science selected for systematic deployment and
documentation is supported by the following key objectives:

0 Expand the definition of MNA to include enhanced Natural Attenuation and all forms of
sustainable passive natural remediation.

o Gain regulatory concurrence in the states and regions overseeing the Savannah River
Site, Hanford, and Oak Ridge sites — while working with interstate and national
regulatory partners to contribute to national MNA efforts.

o0 Advance the science and broaden the understanding of natural attenuation and
remediation systems.

o Establish and document new monitoring paradigms that provide high levels of
performance for reduced costs.
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Key considerations in achieving the project objectives include:
0 Maintain focus on acceptable end state(s) and the transitional steps that lead to the end
state(s).
o0 Set clear boundaries for expanding MNA concepts and develop consensus with regulators
and stakeholders.
o0 Emphasize a systems approach for both MNA processes and MNA monitoring.

Establish
Project .
_-'L1:|1:|t'-m'ed Te_-:lm.fml
Working
Group

devalop final

-:ar:g;E::pLinu. Technical Critical
Implementation place contracts, Working S&T

Plan charter, hegin Group Report,
developed by Call for

Analysis

) " ) -
Perform critical Leveraged

COnsSensus

(Interactive Working Establish o
Corpm) Resul ) evaluations and EResearch
i eguiatory write S&T 1
i ; and 5ES
Partnership TEpOTt SECtions )
formalize . Site
regulatory Workshop
sponsorship and
Participatian, Implement
docnment —_
P —— Critical and

Collaborative
Field Studies
Continie into active

Figure 25: MNAJ/EPR Alternative Project Start-Up Sequence

Project Start-Up Activities

To efficiently meet the project objectives, an intense period of project initiation activities
were planned. The purpose of these activities was to critically evaluate the specific science,
technology, implementation, and regulatory concepts that had been proposed for this project and
to identify the most promising in terms of potential to accelerate and facilitate the use of
MNAV/EPR. This evaluation was to be performed by the Technical Working Group (TWG) and
the results to be documented in a milestone document, “Critical Science and Technology Targets
to Support Monitored Natural Remediation of Chlorinated Organic Solvents”. This report served
as the foundation of the project as it moves into the field research and protocol development
phases. As shown in Figure 25, the report (hereinafter designated the science and technology
(“S&T Report”) report will be used as the basis for a detailed research specification, for
collaborative and leveraged research. The science and technology specification articulates the
specific types of work deemed by the TWG as having the most impact on future viability and
usability of MNA/EPR. The emphasis of this specification will be for field studies.

It is anticipated that approximately 90 % of the studies will be field based. The specification will
be used as the basis of identifying critical field efforts and opportunities to leverage participation
and cooperation with science programs such as EMSP and NABIR in DOE, SERDP in DOD,
and STAR in EPA.
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Scientific Basis

The TWG will critically evaluate past MNA/EPR protocols, along with related research.
This critical review process will be organized into several lines of inquiry as specified below.
The team will document the potential benefits of progress in each line of inquiry and the
resulting improvement in the applicability and usability of MNA. For each line of inquiry, the
evaluation factors shall include but not be limited to the specific benefits resulting from progress
(with the most credit going to items that result in a positive “step change” in MNA/EPR
progress); regulatory/stakeholder acceptability; collateral and lifecycle issues; potential cost of
the required S&T; and the potential for leveraging existing science efforts.

The historical protocol review, the review of national and international performance
history of MNA/EPR for chlorinated solvents, and the critical assessment of the potential value
of advancement in the identified lines of inquiry will be included in the milestone S&T Report.
The specific titles and the contents of the lines of inquiry will be finalized by the TWG. The lines
of inquiry will, however, align with the conceptual model, approach, and core values described
in the approved Alternative Project Plan:

0 Processes must be based on natural mechanisms.

0 Processes must be sustainable and allow closure of the site from the perspective of active
treatment.

0 Processes can expand traditional definition of MNA to allow enhancements and
reconfiguration (as long as the resulting mechanisms are naturally sustainable).

o0 New Approaches should build on and link to past MNA protocols.

0 New Approaches should focus on the basis for transition from active to passive to
MNAV/EPR and defining a valid and environmentally protective exit strategy for active
remediation.

o0 New approaches should emphasize the concept of working toward an “agreed” risk based
end state.

The following is a preliminary outline of the potential lines of inquiry and specific
examples of science and technology to be evaluated. Importantly, the list includes a relatively
comprehensive list of ideas that are being examined in current research programs, but all of these
will not be determined to be promising or appropriate to incorporate into the “next generation”
protocol. Determination of potential value of any concept will be a primary function of the TWG
and will be the basis for subsequent inclusion in the S&T Report and the leveraged research
specification. This critical evaluation process is the primary mechanism for the project to manage
costs, maintain schedule, and to assure that the product will provide the best value to DOE.

Lines of inquiry:

o0 Incorporation of latest research on mechanisms and rates of processes that occur without
any enhancement. This includes abiotic degradation, anaerobic biodegradation, aerobic
biodegradation, and phytoremediation (either in the rhizosphere or through uptake and
subsequent processes). This would also include the latest research on abiotic degradation
and consider sorption, dispersion and possibly in-stream processes such as volatilization
or other processes that affect contaminant bioavailability.

o Incorporation of latest research on processes that create permanent or semipermanent
(sustainable) treatment capacity in the system. This includes the possibility of
halorespiring zones, substrates and conditions needed to generate and maintain such
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zones, etc. This would link to the potential applicability of inexpensive characterization

and monitoring of the bulk conditions (a surrogate) or microbial nucleic acids (low-cost

bioassessment) as improved documentation techniques. Evaluate how far down this path
is appropriate for a MNA/EPR protocol — is fertilization or other periodic maintenance

OK with criteria to transition to monitoring only?

o Incorporation of research on the active biological, chemical and physical processes
occurring at major system interfaces such as the vadose groundwater interface and the
groundwater surface water interface. Examine MNA/EPR potential for NAPL or “near
NAPL” environments (as is being studied extensively in DOD).

o0 Incorporation of research on deployment and enhancements based on large-scale
modification of hydrology, reconfiguration of the system, and similar actions. One
example is -- expanding existing interfacial zones where treatment is occurring but total
treatment is needed to fully address plume delivery (flux). Other examples include
deployment of sustainable treatment zones, modification or alteration of plants
(community structure and biomass, fertilization), isolation schemes (for deep fractured
system for example), and schemes for sustainable large-scale alteration of bulk properties
and master geochemical variables (pH, redox, etc.). This work would emphasize study of
collateral damage, life-cycle analysis of benefits and costs, systems engineering
evaluation, etc.

o Examination of need and uncertainties associated with different conditions — notable
“outcropping systems” such as those in the east, “vadose systems” as in the west, and
fractured/karst systems.

o0 Incorporation of national and international data on experiences (successes and failures) of
MNAV/EPR for chlorinated solvents to date.

There have been a number of technology assessment and needs assessments over the past
several years that are relevant to MNA/EPR of chlorinated solvents. Notable examples include
the NAS review, “Natural Attenuation for Groundwater Remediation”, and the recent DOE
Technical Targets effort, “Technical Targets: A Tool to Support Strategies Planning in the
Subsurface Contaminants Focus Area”. These will be key resources to the team to simplify and
streamline their task.

Characterization and Long-Term Monitoring

The structure and concept for efforts to advance Characterization and Long-Term
Monitoring are the same as those for the scientific basis — i.e., (1) review of the state-of-practice
and the state-of-science, and (2) critical evaluation of the potential benefits of different types of
activity organized into lines of inquiry. Specific titles and contents of the lines of inquiry will be
finalized by the TWG. They are aligned with the conceptual model, approach, and core values
described in the MNA/EPR Project Plan:

o0 Develop clear strategies for the distinct needs associated with MNA/EPR characterization
and then long-term monitoring.

o Develop responsive characterization and monitoring approaches that beneficially use data
to refine and improve decisions and interpretations.

o Emphasize integrating measures, such as flux, remote sensing and other averaging and
volumetric methods.

0 Refine the idea of “multiple lines of evidence” in current protocols and develop a
defensible approach to define a “quorum of evidence” that will be acceptable (given
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natural variability and uncertainty). The goal is to refine and streamline characterization
and monitoring, not to add more parameters to a long list of requirements for MNA/EPR.
o Emphasize large-scale design and monitoring concepts. Document performance and
robustness using overall mass balances and MNA process/condition mapping to
supplement or replace the traditional requirement of “plume stability.”
0 Emphasize system and ecosystem monitoring concepts.

The overarching goal of the characterization and monitoring developments will be to
facilitate MNA/EPR by reducing costs while maintaining or enhancing the information available
to document that the system is protecting the public and the environment. The following is a
preliminary outline of the potential lines of inquiry and specific examples of science and
technology to be evaluated. Importantly, the list includes a relatively comprehensive list of ideas
that are being examined in current research programs, but all of these will not be determined to
be promising or appropriate to incorporate into the “next generation” protocol. Determination of
potential value of any concept will be a primary function of the TWG and will be the basis for
subsequent inclusion in the specification.

Lines of inquiry:

o0 Incorporate latest research and scientific logic to enhance the existing multiple lines of
evidence concept. This includes a responsive characterization process based on
conditional rules (i.e., no need to measure reduced gases at sites with measurable
dissolved oxygen).

o0 Develop a paradigm that includes some of the spatial process mapping (GIS) and other
items highlighted in the NAS review of the previous protocol.

o0 Lay out a clear “quorum of evidence” concept.

o0 Incorporate the latest bioassessment tools. These include nucleic acid probes, fatty acid
profiles, taxonomy, structure and function screening profile systems, fluorescence
methods, and other tools. Many of these technologies have been examined for innovative
field deployment in DOE — at SRTC, ORNL, and other labs. Other bioassessment tools
include hyperaccumulators (possibly coupled with remote sensing) and
macrobioaccumulators (clams, etc.), and biomarkers (ecosystem structure and species
composition). These latter tools integrate exposure and may provide a more realistic
measure of impact. This is a key topic because there have recently been significant
advancements in basic scientific knowledge relative to the microbial biodegradation of
chlorinated solvents. For example, it is now widely known that halo-respiring bacteria are
primarily responsible for the complete in situ anaerobic biodegradation of chlorinated
solvents observed at most anaerobic sites. This knowledge has impacted remedial
strategies resulting in new efforts to intentionally alter in situ conditions to develop and
optimize this microbial activity (e.g. biostimulation). In other cases, the absence of in situ
halo-respiring bacteria has pointed to the need for inoculation of deficient sites with seed
cultures of these important chlorinated solvent—degrading bacteria (bioaugmentation). In
both cases, bioassessment is a key step in determining the presence, or potential, of a
given site for MNA of chlorinated solvents as well as tracking the presence and humbers
of key microorganisms during the remediation process.

o Incorporate latest research on remote sensing, geophysics, and flux monitoring. This
includes both instrumentation and interpretation and deployment options (horizontal
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wells, lidar, remote sensing, and others). Examine lessons from agriculture and soil
science (“smart farming”) and potential for cross over applicability.

0 Incorporate the latest research on surrogate measures to reduce costs. These include bulk
and master variable properties such as redox potential, as well as indicator species (e.g.,
Cl-) and specialized tools such as total halocarbons, degree of chlorination sensors, etc.

o0 Incorporate latest research on bioinformatics and modeling. This includes data mining,
neural networks, incorporating new types of data, integrating diverse types of data,
working at sites with large amounts of data and determining the value of data to justify
reducing the number and frequency of analyses. Consider the latest progress in both
forward and inverse predictive modeling and the potential value of large-scale mass
balance models (i.e. simple balancing delivery and treatment capacity) as an alternative
that might be used at many sites.

0 Incorporate the latest research on state-of-the-art sensors. Determine the value of sensors
in characterization and in monitoring MNA/EPR systems. Examine the need for sensors
that provide high frequency data. Examine alternative configurations that use on-off
sensor signals rather than concentration signals as a way to reduce costs. Evaluate passive
and cumulative sensors that would act similarly to bioconcentration.

o0 Incorporate the latest research on monitoring system configuration. This includes
focusing monitoring on designed or identified monitoring points (weak points that would
serve as indicators of performance throughout the system) and focus on interface
monitoring.
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The Savannah River Site (SRS) is one of several government-owed sites in the U.S.
Department of Energy (DOE) nuclear defense complex. The SRS is located on 325 square miles
along the Savannah River primarily in Aiken and Barnwell counties, South Carolina (fig 26).
This site was constructed during the early 1950’s to produce basic materials used in the
fabrication of nuclear weapons. In addition, it has also produced materials for use in medical
research, and space exploration. Over the last 50 years, five production nuclear reactors have
been built and operated resulting in the generation of vast amounts waste by-products. Large
amounts of solid and liquid wastes were generated in the course of construction and operation of
the reactors and associated fuel fabrication, processing, and waste handling operations. These
include high-level liquid waste, solid transuranic waste, low-level waste (solid and liquid),
hazardous waste, mixed waste and sanitary waste. The SRS has operated since 1950 and up until
the 1970’s; most of this waste was burned, buried, or dumped in “rubble pits” near the reactor
areas (Canyons) or other major facilities. This practice has resulted in large areas of land and
huge amounts of both surface and groundwater contaminated with dangerous long-lived
radioactive, non-radioactive and heavy metal pollutants, persistent organic pollutants (POPS),
persistent bioaccumulative toxins (PBTs) among others.

Environmentally recalcitrant compounds, such as polychlorinated biphenyls (PCBs) and
persistent organic pesticides (POPs) such as dichlorodiphenyl trichloroethane (DDT), are to be
found in several onsite groundwater contamination plumes. Simply stated, SRS is home to
almost every known type of chemical contaminant existing. Of critical importance is the
Savannah River, which flows along the southwestern border of Savannah River Site and is used
as a drinking water supply for approximately 65,000 primarily low-income and minority people
100 miles down river in the communities of Port Wentworth, Georgia and in Beaufort and Jasper
Counties of South Carolina. SRS uses water drawn from the Savannah River (and Par Pond) as
secondary reactor coolant which is them discharged back into the river.

NEPA Relevance

The U.S. Department of Energy (DOE) has developed an integrated approach to address
the treatment, storage and disposal of site-generated waste. Near-term program emphasis has
been placed on the construction and start-up of new facilities for the stabilization/solidification
of high-level waste, the treatment of stored transuranic waste in preparation for future shipment
to the Waste Isolation Pilot Plant in New Mexico, and the incineration of low-level hazardous
and mixed waste. About 30 million gallons of high-level waste containing nearly 600 million
curies of radioactivity, is currently stored in underground tanks at the Savannah River Site. This
waste is slated to be pretreated in order to concentrate most of the radioactivity into a smaller
fraction (10 percent) of the original volume. In addition, the SRS is the home of Defense Waste
Processing Facility (DWFP) which is receiving Spent Nuclear Fuel (SNF) rods from foreign
research reactors, is a temporary site for plutonium disposition (including pit disassembly) and
for the development of an accelerator for tritium production.

With the marriage of new and old cleanup missions continuing at the site, people of color
communities continually find themselves disenfranchised from significant involvement in
Environmental Management’s clean up activities at SRS. There continues to exist a critical need
for resources to be channeled to community based organizations, with the aim of increasing their
research capacity and collaboration with technical experts. Armed with scientific reviews
conducted by scientists, researchers and community gives more credibility and power to the
voice of communities as they interact with DOE and administrators (e.g. WSRC) of their sites.
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This report focuses the discussion of MNA/EPR as it is implemented at the Savannah
River Site (SRS) because it is necessary that the process is understood by marginalized
communities. In addition, these communities must be able to review and comment on the use of
specific technologies that are being used in the SRS clean-up process and environmental
management’s new accelerated strategy. It is understood that bioremediation technologies
(discussed above) will be used as part of the new accelerated strategy at SRS. Unfortunately, the
neighboring minority and low income communities are completely unaware of its use, impact
and role in cleaning up contamination at SRS. This report is therefore a needed and necessary to
focus the spotlight on bioremediation as a clean up technology and analyzes what role it will play
in the new accelerated clean up strategy at SRS as outlined in the Performance Management Plan
(PMP).

Fig. 26: Schematic of the SRS General Separations Areas, associated waste disposal facilities and contamination
areas (adapted from)

Waste Management at SRS

At the Savannah River Site (SRS), waste was generated as a result of the manufacturing
of plutonium, tritium and other nuclear materials required to support national defense. SRS
manages high-level waste, low-level waste, hazardous waste, mixed waste, transuranic waste and
sanitary (non-radioactive, non-hazardous) waste. Not all wastes are compatible with MNA
technologies and therefore the discussion and scope of their remediation is differed. Only those
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waste and associated contaminated sites that have been determined as compatible with
bioremediation technologies as outline in the MNA/ERP or S&T report are mentioned. This
report does not serve as a comprehensive review, only as a discussion of the potential use of
bioremediation as part of the cleanup process as included in the new accelerated clean up
strategy at SRS outlined in the Performance Management Plan (PMP).

Waste minimization program

SRS has an active waste minimization program to reduce volume and/or avoid production
of all waste types generated onsite. Efforts to reduce or eliminate waste before it is generated
include process modification, use of alternative process material, recycling and reuse. Efforts to
reduce waste after it has been generated include segregation of non-radioactive and non-toxic
materials and waste compaction. This report summarizes several demonstration and test projects
to show whether the incorporation of bioremediation technologies as part of an accelerated
cleanup program is scientifically sound and feasible. It does not address activities involving the
remediation of high level radioactive wastes owing to their characteristics rendering them, for the
most part, incompatible with bioremediation processes and therefore outside the scope of this
discussion.

Selection of Wastes Type and Locations for Field Testing

The goal of MNA/EPR program is to develop the “next generation” protocol for
monitored natural attenuation and natural remediation. The first step in this process must be to
identify both the areas where the science and technology tools need development, refinement and
testing under real conditions and the type interfaces where studies must occur. Several waste
units have been evaluated to determine the levels of contamination present, the interfaces
available and the impact of testing at the waste unit to the regulatory path.

There are some 545 waste units at SRS currently under consideration for some type of
cleanup. The general locations of 515 around the SRS are shown in figure 26. Some of these are
described in the following paragraphs. Since each site offers specific opportunities for testing,
those projects that are selected herein are selected because they collectively can present a
reasonable picture of current clean-up efforts, particularly those that pertain to the use of
bioremediation technologies. The first group of sites are at various stages of the MNA/EPR
process and presents good opportunities for further cleanup studies

Composite Analysis - There are two currently active radioactive waste disposal facilities at SRS,
located in E-Area and Z-Area. Both of these are in the central part of the site, known as the
General Separations Area (Figs. 27, 28). This name arises because two large chemical
separations plants are located there. Each of these sites has completed at least one Composite
Analysis (DOE, 1998). The work at Savannah River was used to demonstrate both the process
and the results. These and similar activities are not evaluated in this report.

Sanitary Waste - Sanitary Waste or municipal solid waste is solid waste that is neither
radioactive nor hazardous as defined by the AEA or RCRA. Sanitary Waste consists of materials
that would be received by a municipal sanitary landfill (office waste, food, garbage, refuse and
other solid wastes that are similar to those generated by most households) and industrial waste
(construction debris, scrap metals, wood waste, etc). there are several locations used for disposal
(landfills) these wastes types (see fig 28 and 31 below) on site.
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Low-level Waste (Solid) - The site’s solid low-level wastes include such items as contaminated
protective clothing, tools and equipment that have become contaminated with small amounts of
radioactive material. In October 1994, SRS opened engineered concrete vaults for the permanent
disposal of solid low-level waste. Low-level waste which is very low in radioactivity may also be
disposed in trenches if the waste meets acceptance criteria based on a long-term (10,000-year)
radiological performance assessment. Limits are derived to ensure performance criteria such as
drinking water standards are adhered to.

Two types of vaults are used, one for low-activity waste (LAW - waste radiating less than
200 mrem/hour) and one for intermediate-activity waste (waste radiating greater than 200
mrem/hour). The concrete used in both vaults was specially formulated. Its composition is
designed to mitigate cracking, extending the vault life.

The trenches (ET) opened in 1994 are called slit trenches because they are long and
narrow, measuring 20 feet wide and 600 feet long. These are used primarily for disposal of soil
from potentially contaminated areas containing no measurable radioactivity. In February 2001,
SRS began disposal of low-level waste with extremely low radioactive content in Engineered
Trench #1. This “drive-in” trench, located inside E-Area, is designed to extend the useful life of
the existing Low Activity Waste Vaults (LAWV) and allow shallow land burial of selected low-
level waste. A large percentage of waste (approximately 65 percent); currently stored in the
existing LAWYV is a candidate for future trench disposal. This approach will enable the more
robust LAWVs to be reserved for higher activity low-level waste.

The E-Area Engineered Trench (fig. 27) measures 200 feet in length by 20 feet in width
and is located on the north side of the old radioactive waste burial ground. The primary water
way is the Upper Three Runs-Crounch Branch Streams. It is equipped with a concrete sump and
pump system (including sample station) to manage anticipated rainfall. The trench is also
equipped with a vadose zone monitoring system (VZMS) installed around the perimeter. With
the ET #1 now fully operational, SRS expects to extend the valuable and expensive LAWYV
space until 2024.

Low-level Waste (Liquid) - Liquid low-level waste is a by-product of the separations process
and tank farm operations. This waste is treated in the Effluent Treatment Facility (ETF) (fig. 27).
This facility treats the liquid waste for discharge to a National Pollutant Discharge Elimination
System (NPDES) permitted outfall, effectively capturing all chemical and radioactive
contaminants except tritium. The effluent from this outfall enters Four Mile Branch Stream and
subsequently finds its way to the Savannah River. The state-of-the-art process includes: pH
adjustment, submicron filtration, organic removal, reverse osmosis and ion exchange. ETF
replaced the seepage basins that were used until November 1988.

C-Area Reactor Groundwater Operable Unit

Contaminant plumes are associated with historical releases from the C-Area reactor and
its support facilities (fig 26). The unit is well characterized and the flow model is complete for
this unit. The plume contains trichloroethylene (TCE) (9,600,000 pg/L (max)) and Tritium
(57,000 pCi/mL (max)). TCE is present in source, agueous and fringe concentrations.
Contaminants are present in the vadose zone and throughout plume to the discharge zone. Depth
to groundwater is approximately 80 ft at the source. TCE is present at the vadose
zone/groundwater interface. Even though sampling of Castor Creek surface water has not
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detected TCE above the maximum contaminant limit (MCL) of 5 pg/L, the flow model indicates
TCE should be present at the surface water/groundwater interface. The Remedial
Investigation/Baseline Risk Assessment, revision 0, was to be submitted December 2003. The
project team is considering several likely response actions including Monitored Natural
Attenuation, recirculation wells, permeable treatment walls (barriers), air sparge/Soil Vapor
Extraction (SVE), phytoremediation (spray irrigation), and dam construction / wetlands
management for this area. A potential disadvantage for this site is the difficulty of access to the
distal plume and Castor Creek. A portion of Castor Creek is a steep incised channel in the plume
discharge area, limiting the size of the hyporheic zone. In summary, some opportunities exist for
site work/studies at the distal end of the plume and discharge area.

CMP (Chemical, Metals and Pesticides) Pits

The Chemicals, Metals, and Pesticides (CMP) Pits are located in the central portion of the
Savannah River Site (SRS) in the area of the radioactive waste burial ground (fig 26, 27 and 28).
The waste unit consists of seven unlined pits that occupy the top of a knoll at an elevation of 310
ft above mean sea level. The pits were constructed in 1971 to dispose of solvents, pesticides, and
lighting ballast components; it received waste until 1979. Subsequent monitoring detected
solvents in the groundwater. In 1984, the contents of the pits were excavated, the pits were then
back-filled, and an infiltration cover was installed. During excavation of the drums, an area to the
west of the pits was used for material staging. This area, which later became known as the ballast
area, contains surface soils that are contaminated with low levels of pesticides and
polychlorinated biphenyls (PCBs). A maintenance action was conducted in 1996 to minimize
erosion by placing six inches of soil over the ballast area, thus improving the perimeter drainage
and erosion control.

Remediation of the residual subsurface solvent contamination in the vadose zone beneath
the pits began in 2000 with the deployment of a soil vapor extraction (SVE) system. Surface
soils in the ballast area are contaminated with pesticides and PCBs that exceed risk-based
remediation goals (RG) or cleanup levels. The majority of the contamination is confined to the
top two feet of soil with a limited amount detected down to 5 ft below land surface. The soil
consists of hardpan sandy clay with cobbles, and is lacking organic materials and most normal
soil nutrients. Initial characterization of the site indicates that the soils are only sparsely
populated with natural microbial concentrations and are not suitable for bioremediation without
substantial amendment additions.

Vadose and groundwater contamination is associated with the CMP disposal pits.
Characterization of this unit is complete. The Corrective Measures Study/Feasibility Study
(CMS/FS) is in preparation with the Proposed Plan being submitted in April 2004. This is a
major disadvantage for this unit because the decision making process for the remedial action is
very far along. At present, an interim action of SVE and air sparging is in operation. The
preferred final remedial option is a small-scale phytoremediation (pump and treat and treatment
of surface soils) and a mixing zone.

Perchloroethylene (PCE), Trichloroethylene (TCE) and Lindane are present in the upper
aquifer system. PCE concentrations range from 18,800 pug/L to <1 pg/L and TCE concentrations
range from 4,200 pg/L to <1 pg/L. PCE and TCE are present at both the vadose
zone/groundwater interface and the surface water/groundwater interface. PCE and TCE are
present in the aqueous phase at the vadose zone/groundwater interface. Depth to groundwater
ranges from approximately 100 ft to 20 ft below ground surface. The vadose zone - groundwater
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interface is important at the CMP Pits and is a good resource for scientific studies. However, the
infrastructure for the air sparging and SVE units is located on the surface of the vadose
zone/groundwater interface area and makes access very difficult. At present, characterization
data does not indicate PCE and TCE are discharging to Pen Branch from the main plume. A
small plume to the north of the main plume contains low levels of PCE that is discharging to Pen
Branch. There are no access issues at the surface water/groundwater interface. Because of
topography, hyporheic zone is limited in extent in the groundwater discharge downgradient of
CMP Pits.

The plume at the CMP Pits is well characterized and standard flow modeling is complete.
In summary, this is a promising site for study but the OU is far along in the RCRA/CERCLA
process. There is little opportunity for immediate use of the technical protocol at this OU. The
technical protocol will need to be applied as a long-term strategy.

Observations and lessons learned

With the discrete samples for individual windrows, concentrations of contaminants of
concern (COC) were reduced to less than the new RG levels in nearly all cases. In a few discrete
sample cases, the levels of COC did not quite achieve the RG levels, but would almost certainly
get below RG levels with additional time.

Enhanced bioremediation based on horse manure, molasses, appropriate soil amendments
and moisture is a process that can be duplicated to give reproducible results within an acceptable
time frame.

Technology Cost

Contract costs for Phase 1 were $690,000 to remediate 600 yd® of soil or $1,150/yd*. Because of
the increased efficiencies achieved in Phase 2, the same quantity of soil was remediated in three
months instead of six for $350,000 or $585/ yd®. These unit costs are relatively high for
enhanced bioremediation and are principally due to two factors. The quantities of soil involved
in Phase 1 and Phase 2 are relatively low. Full-scale bioremediation is normally conducted on
soil quantities much higher than deployed in this TS, which would reduce the unit cost. In
addition, the largest individual component of the cost of this process is the rental or capitalization
of the Microenfractionator® machine itself.

L-Area Southern Groundwater Operable Unit

Contaminant plumes are associated with historical releases from the L Reactor and its
support facilities (fig 26). Characterization of the unit began in 1999. The post-characterization
scoping meeting was held on January 28, 2003. Tritium, perchloroethylene (PCE) and
trichloroethylene (TCE) are present in the upper aquifer system. Concentrations of PCE and TCE
are low, ranging from a high of 155 pug L™ to a low of < 1pg L™. PCE and TCE are present at
both the vadose zone/groundwater interface and the surface water/groundwater interface. Depth
to groundwater ranges from approximately 50 ft to 8 ft below ground surface (bgs). Both
interfaces are easily accessible. The contamination is from multiple point sources ranging in size
from direct discharge of drums/buckets of spent cleaning solutions to seepage basins. The
locations where the PCE and TCE are present at the vadose zone/groundwater interface are not
identified. The concentrations would be in the aqueous phase. The surface water/groundwater
interface occurs at the boundary of L Lake. This is a classic MNA setting with PCE and TCE

Harambee House, Inc.
PROJECT: Citizen for Environmental Justice



The Savannah River Site (SRS) -71-

concentrations being in the fringe range. In addition, L Lake sediments are contaminated to
varying degrees with cesium-137 (Cs). Thus, there may be contact issues for working in the
sediments. The Remedial Investigation Report for this unit is scheduled for submittal in February
2004. Overall this unit is a promising site for studies at the surface water/groundwater interface.

P-Reactor Groundwater Operable Unit

Contaminant plumes are associated with historical releases from the P-Area Reactor and
its support facilities. Pre-characterization activities at this unit began in 2002. To date,
Trichloroethylene (TCE), perchloroethylene (PCE) and tritium have been identified in the upper
aquifer system. Concentrations of TCE range from 21,100 ug L™ to <1 ug L™ with much lower
concentrations of PCE (range 365 ug L™ to <1 ug L™). TCE and PCE are present at both the
vadose zone/groundwater interface and the surface water/groundwater interface. Depth to
groundwater is approximately 50 ft below ground surface. Both interfaces are accessible.

The surface water/groundwater interface that occurs on the eastern bank of Steel Creek will
present some access issues, but they can be managed. There may be contact issues related to
cesium -137 (Cs) present in the sediments of Steel Creek. The source(s) of the contamination
have not been identified at this time. The early characterization work indicates the potential for a
dense non-aqueous phase liquid (DNAPL) source near the reactor facilities.

In summary, this unit presents a good opportunity for field studies due to accessibility,
contaminant concentrations at the surface water/groundwater interface and the unit being in the
very early phase of the regulatory process. Because of its regulatory status, accessibility, and
lack of conflicting activities, the IWG considers this site as potentially serving as the principal
“Field Test Bed for MNA/EPR of chlorinated solvents.”

Savannah River Site Soil & Groundwater Closure Projects

The Soil and Groundwater Closure Projects (SGCP) completed several key initiatives to
accelerate the cleanup schedule. Integrated with Site D&D (Decontamination
and Decommissioning), SGCP embraced an area closure concept that deploys innovative
technologies to achieve program completion 14 years sooner than previously planned.

While using innovative technologies has always been a cornerstone of SGCP’s success, area
closures became an integral part of the closure plan when the U.S. Environmental Protection
Agency and South Carolina Department of Health and Environmental Control signed a
Memorandum of Agreement supporting the concept. In accelerating the cleanup schedule, SGCP
revised the baseline to close a minimum of 46 waste units through 2006, adding another 29 for a
total of 75 waste unit closures as a goal. These closures will be completed without compromising
worker safety. In 2003, 23 waste sites were safely closed, exceeding the goal of 13 (fig. 26).

The Savannah River Site plans to complete up to more than 70 additional waste sites in
the next three years. Closure of these waste sites by the end of 2006 represents one-third of the
entire to-go scope in the SGCP program and includes final closure of the largest and highest risk
site, the central Old Radioactive Waste Burial Ground shown in figure 27 below. This site is
located between F-Area (on left) and H-Area (on right). In the foreground (bottom right) is one
of the seepage basins found on site.
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Figure 27: SRS plans to complete up to more than 70 additional waste sites in the next three years.

Closure of these waste sites by the end of 2006 represents one-third of the entire to-go
scope in the SGCP program and includes final closure of the largest and highest risk site, the
central Old Radioactive Waste Burial Ground shown above in the center (see fig. 28 for
schematic of the area). It is located between F-Area Canyon (on left) and H-Area Canyon (on
right). In the foreground (bottom right) is one of the seepage basins found on site. The
boomerang-shaped E-Area Engineered Trench can be seen in the back area of the clearing.

General Separations Area Consolidation Unit

Grout activities were completed at the 10 remaining underground solvent tanks in the Old
Radioactive Waste Burial Ground (ORWBG) shown in green in figure 28, (also pictured in fig.
27 above). This is the program’s highest risk site. Site preparation and remedial design was
completed at the General Separations Area Consolidation Unit (GSACU) in preparation for
remedial action. The GSACU was formed last year when three nearby waste unit closures were
consolidated with the ORWBG closure. The GSACU accelerates closure of the four individual
waste units by two years and achieves 99 percent risk reduction to future site workers when
completed.

Ford Building Seepage Basin

The final remedial action for the Ford Building Seepage Basin was completed when the
remaining contaminated soil from an earlier underground tank removal action was excavated.
The contaminated soil was placed on the basin floor with similar insignificant contamination.
The basin was then filled and covered with native soil. The action marked the closure of 300
waste units, over half of the program’s original 515 waste units (see fig 26). The remainder of
sites below includes more detailed descriptions of demonstration and testing projects completed
recently.

TNX Operable Unit

A pilot-scale, nuclear-research facility at the TNX site located close to the bank of the
Savannah River (fig 37) introduced several radionuclides and metals into an unlined seepage
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basin. These materials have since migrated by overland flow (runoff), subsurface flow
(groundwater), and direct discharge (outfall pipe) into a gully into an adjoining wetland site
(WSRC, 1999). Among the contaminants that have entered the wetland area is the
bioaccumulative heavy metal Mercury (Hg), which was introduced to the seepage basin as
aqueous mercury nitrate (Figure 36). Mercury is classified as a neurotoxin; it was detected in 97
of 98 sediment surface samples, ranging from 0.007 mg/kg to 30.8 mg/kg. Hg concentrations in
an adjoining uncontaminated portion of the site ranged from 0.007 to 0.12 mg/kg. A surface
sediment concentration of 1-mg/kg Hg was measured as far as 300-m southwest from the point
source (Figure 36).

Figure 28: Schematic of the central location at the Savannah River Site (SRS) of the General Separations Area. F-
Area and H-Area Canyons and support structures are shown in yellow. Soil and Groundwater remediation projects
in closure includes the old radioactive wastes burial ground (ORWBG) and seepage basins (shown in green)
(adapted from Cook, 2002)

The objective of this study was to characterize Hg sorption to sediments in the area of the
TNX OU with the intention of providing a conceptual geochemical model for use in risk
assessment calculations and to provide guidance for the selection of an appropriate in-situ
remediation strategy. The approach discussed here was to characterize the sediment Hg through a
series of adsorption and desorption tests. Data generated from these tests, as well as field
measurements of the oxidation-reduction potential, were then used to predict Hg speciation at the
contaminated site.

Total Hg concentrations in the sediments were as high as 10-mg/kg, whereas, associated
pore water Hg concentrations were below detection, <0.010-mg/L. Sediment Hg was not in an
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exchangeable form, and <8% of it was associated with organic matter. The remainder of the Hg
was strongly associated with Fe-oxides and/or with a precipitated phase, presumably a sulfide.
Sediment Hg concentrations were significantly correlated (r = 0.94) to Fe-oxide concentrations.
Thermodynamic calculations based on field Eh/pH measurements and laboratory results suggest
that under present field conditions, meta-cinnabar (HgS) would not be stable due to the relatively
low pH (~4.2) and sulfate concentrations (0.14-mM) and high Eh levels at the study site.
However, these calculations indicate that meta-cinnabar may have formed when the Hg first
entered the wetland at elevated concentrations (~5-mg/L). Given the ecologically sensitive nature
of the wetland and the fact that the Hg is strongly bound to the sediment, it was concluded that a
monitored natural attenuation approach for site remediation may be appropriate.

The Record of Decision (ROD) for the TNX Operable Unit (OU) was submitted to the
U.S. Environmental Protection Agency (EPA) and the South Carolina Department of Health and
Environmental Control (SCDHEC) for review and approval. The unit’s cleanup remedy was
integrated with building demolition activities as part of the T-Area closure concept. Construction
activities for the TNX OU cleanup remedy were scheduled to begin in September 2004.

Upper Three Runs Projects

A-Area Miscellaneous Rubble Pile

Remediation activities, including soil removal, are under way at the A-Area
Miscellaneous Rubble Pile. The field investigation and characterization identified construction
rubble and ash material as primary waste concerns. Final remediation will include a one-foot soil
cover (about 6,000 cubic yards) and an active soil vapor extraction technology to remove
solvents from the subsurface soils.

M-Area Settling Basin and A-014 outfall

It has been estimated that over 13 million pounds of chlorinated degreasing solvents,
including trichloroethylene (TCE) and perchloroethylene (PCE) were used at SRS during reactor
operations. Although much of the waste volume was reduced by evaporation, over 3 million
pounds, including 317,000 pounds of TCE, were discharged to the M-Area Settling Basin and
the A-014 outfall. The M-Area Settling Basin and A-014 outfall were unlined and much of these
solvents seeped into the subsurface contaminating the groundwater. The associated groundwater
zones in A/M Area (i.e. M-Area and Lost Lake Aquifers) discharge to seeplines adjacent to Tims
Branch and Upper Three Runs Creek (WSRC-TR-99-00113; Brigmon, 2000).

This site at the SRS facility was added to the National Priorities List on November 21,
1989. A Record of Decision (ROD) had not been signed for this facility at the time of this report.
M-Area was used for aluminum forming and metal finishing operations. The SRS facility
generated nuclear textiles for defense operations for over twenty years. Solvents used in
degreasing operations were disposed of in seepage basins and discharged into a leaky sewer line
resulting in Trichloroethylene (TCE) and Tetrachloroethene (PCE) groundwater contamination
in M-Area of the 300 square mile SRS site. The solvents later migrated into the groundwater
producing a TCE and PCE plume. From the 1950's to the 1980's, wastewaters from Area M
operations were discharged to an unlined settling basin and a nearby stream, resulting in soil and
groundwater in the area becoming contaminated with high levels of chlorinated solvents,
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primarily trichloroethlyene (TCE) and tetrachloroethene (PCE). Dense non-aqueous phase
liquids (DNAPLS) have also been observed.

A Area SUERTCE

Figure 29: Cut-away diagram showing the 3D structure of a real groundwater
plume at A-/ M-Area TCE cleanup site (taken from Looney, 2000)

In September 1985, a full-scale pump and treat system began operating at the site.
Methane enhanced bioremediation (MEBR) or biosparging using horizontal wells was the
innovative technology tested at this site (DOE, 1996; EPA, 1998; Gerdes, 1999). The aerobic
MEBR project consisted of two horizontal wells, a lower injection well and an upper extraction
well. The lower horizontal well was constructed in the aquifer 50.3 m bgs and was used to inject
gas (methane), nutrients (nitrogen and phosphorus), and air into the contaminated zone of the
aquifer.

In the past several other remediation programs were tested or demonstrated using the
contaminant plume at M-Area. DOE, as part of the volatile organic compound (VOCs) in Non-
Arid Soils Integrated Demonstration program, tested several innovative technologies to augment
the pump and treat (P&T) system in M-Area. The demonstration site was located within the
VOC groundwater plume, estimated to cover about 1200 acres and to be about 150-ft thick. Prior
to the demonstration, concentrations of TCE and PCE in groundwater ranged from 10 to 1,031
ng L™ and 3 to 124 pg L?, respectively. Sediment TCE and PCE concentrations ranged from
0.67 t0 6.29 mg kg™ and 0.44 to 1.05 mg kg™, respectively (DOE, 1996; EPA, 1998; Gerdes,
1999). A more detailed discussion on the field demonstration of Methane Enhanced
Bioremediation (MEBR) using horizontal wells as a cleanup technology is included below.

Geology/Hydrogeology/Contaminant Characterization — a 3D model of the M-Area plume
and general surrounding area is shown in figure 29. The demonstration area is underlain by
relatively permeable sands with thin lenses of clayey sediments. The contaminated aquifer lies in
a tan clay zone, 30 to 47 meters (m) below ground surface (bgs). The clay layers generally were
relatively thin and discontinuous, with thicker clay layers found at depths of 90 and 160 feet
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below ground surface (bgs). The water table is located 36.5 m bgs. The water table occurred at
depths ranging from 120 and 135 feet bgs. The groundwater flow was radial, extending outward
from a groundwater plateau under the demonstration area. In addition, there was a moderate
downward gradient beneath the site, with vertical flow rate estimated to be 2 to 8 feet/year
(DOE, 1996; Gerdes, 1999).

Matrix Characterization Value

Soil Type sand, clay, and gravel

Depth to Groundwater  ranges from 120 to 135 feet bgs

Thickness of Aquifer(s) 150 feet

DNAPL Present None identified

Groundwater Velocity 15 to 100 feet/year (horizontal)
Table 2: Characterization of M-Area aquifer

Technology Description - Figure 30 presents a process schematic of the methane enhanced
bioremediation (MEBR) system used for the demonstration at the M-Area. The system included
two horizontal wells. The “lower” horizontal well was placed below the water table (saturated
zone) at a depth of 175 feet bgs, with a screen length of 310 feet. The “upper” horizontal well
was placed in the vadose zone at a depth of 80 feet bgs, with a screen length of 205 feet. Air and
gas were injected into the saturated zone through the lower horizontal well at a rate of 200 scfm
(Standard Cubic Foot per Minute). Air and contaminants were then extracted from the vadose
zone through the upper horizontal well at a rate of 240 scfm. A thermal catalytic oxidizer,
operated at 825° C, was used to treat the extracted vapors, prior to discharge to the atmosphere
(DOE, 1996, 1998; WSRC, 1998).
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Figure 30: Conceptualized schematic of the Methane Enhanced Bioremediation (MEBR) and Soil VVapor Extraction
Field Demonstration Using Horizontal Wells at Savannah River Site M-Area, Aiken, South Carolina [DOE, 1996]
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The methane-air mixture as well as nutrients was introduced to stimulate the growth of
methanotrophs which produce the enzyme monooxygenase (MMO). The nitrogen and
phosphorus were added in the form of nitrous oxide and triethyl phosphate, respectively.
Following the addition of methane, nutrients, and air, the population of MMO generating
microorganisms increased to five times its original concentration after two months, then
remained constant (DOE, 1996, 1998; WSRC, 1998).

An upper horizontal extraction well, located in the unsaturated zone of the aquifer, 23 m
bgs, was used to extract air containing Volatile Organic Compounds (VOCs) that had not been
oxidized. The extracted air plus VOCs were treated further in a catalytic oxidizing furnace
(CatOx system). Carbon dioxide (CO;) and hydrochloric acid (HCI) were released into the
atmosphere.

Figure 30 above shows a schematic of the process. The system was operated for 429
days. A monitoring system consisting of 13 wells was sampled bimonthly throughout the
duration of the demonstration. By the end of the demonstration, the concentration of TCE and
PCE had been reduced to 2g L™. The final concentrations were below the drinking water
standard of 5g L™ for both TCE and PCE. It is important to note that PCE is not biodegraded
aerobically. However, PCE degradation can be enhanced by nearby methanotrophic activity
(Enzien, 1995). Most of the PCE was assumed to have volatilized and been captured in the vapor
extraction well.

Operational Description of System Operation
Mode
Baseline Test Initial vacuum extraction of vadose zone gases at a range of 240 scfm

Baseline Test Addition of air sparging — simultaneous injection of air into the saturated zone
coupled with vacuum extraction of the vadose zone at a rate of 202 scfm
(84% of the first baseline test)

Nutrient Addition of 1% methane

Addition - 1

Nutrient Addition of 4% methane

Addition — 2

Nutrient Pulsed 4% methane addition at a range of 8 hr. every two days

Addition - 3

Nutrient Continuous addition of a combination of nitrous oxide at 0.007% and triethyl
Addition — 4 phosphate at 0.007% in air in combination with pulses of 4% methane
Tracer tests Helium tracer tests to measure the amount of injected methane consumed by

the indigenous microbes

Microbiological Comparison of microbial assays for monitoring and control of in situ
Assays bioremediation

Table 3: Modes of operation for the MEBR system Demonstration [DOE, 1996, 1998]

Technology Performance - The demonstration was performed in six different operational
modes, as described in Table 3. These included baseline tests of the vapor extraction and
injection systems, a series of nutrient additions, a tracer test, and an assessment of
microbiological assays for monitoring performance.
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After just over one year (384 days) of operation, measured concentrations of PCE and
TCE in sediments were reduced to below detectable limits, and concentrations of PCE and TCE
in groundwater were reduced to below 5 ppb each for PCE and TCE. In addition, soil gas
concentrations decreased by more than 99%. The system removed about 17,000 Ibs of VOCs
through a combination of vacuum extraction and biodegradation. The concentration of TCE and
PCE in the sediments before and after the demonstration was used to calculate the mass of VOCs
degraded. The vacuum component of the system removed 12,096 Ibs of VOCs and the biological
component degraded 4,838 Ibs of VOCs.

The addition of methane stimulated the growth of methanotrophs. During the 1%
methane addition phase, the population of methanotrophs increased by several orders of
magnitude, to levels close to 100,000 MPN/ml. During the 4% methane addition phase, the
population of methanotrophs increased initially, and then decreased as a result of nutrient
depletion. The addition of nitrogen and phosphorous nutrients with pulsed methane stimulated
microbial activity, and was reported to have optimized bioremediation and mineralization of
TCE and PCE in groundwater and sediments. The results of the helium tracer tests indicated that
more than 50% of the injected methane was consumed by indigenous microbes before it reached
the extraction well. No results were provided from the microbiological assays.

The zone of influence of the extraction well in the vadose zone was reported to be greater
than 200 feet based on pressure measurements. The sparge zone of influence in the saturated
zone, measured using electrical resistance tomography, was reported to be a “complex three-
dimensional network of channels” extending as far as 100 feet from the injection well. The
system was operational 90% of the time and no problems were reported during the demonstration
(DOE, 1996, 1998; WSRC, 1998).

Element Cost ($)
Site cost 5,400
Equipment cost 9,200
Design and Engineering 10,000
Mobile equipment 18,000
Well Installation 183,000
Other fixed equipment 183,732
Mobilization 43,075
Total Capital Equipment and Mobilization Cost 452,407
Monitoring maintenance 71,175
Consumables 122,215
Demobilization 43,075
Total O and M Costs 236,465

Table 4: Project Costs for Full-scale MEBR Application [DOE, 1996, Gerdes, 1999]

Technology Cost - Table 4 presents the projected costs for full-scale application of MEBR. The
projected capital costs were $452,407 (including equipment costs amortized over 10 years, and
costs for well installation and mobilization), and the projected operation and maintenance
(O&M) costs were $236,465 (including monitoring, consumables, and demobilization) (DOE,
1995, 1996; Gerdes, 1999).

Actual cost appears to be somewhat different. The initial cost for the system including set
up and assembly was approximately $150,000. An estimated 200 hours were required for site
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preparation. The operation and maintenance of the site required only one technician 25 percent
of the time (10 hours per week). The operational costs included: the electricity required to run
the system, natural gas (methane) and nutrients, and equipment maintenance. The total cost of
the MEBR system, which removed 16,934 Ibs of VOCs, was about $354,000. Therefore, the
estimated cost per pound of VOC remediated was $21 (DOE, 1996, 1998; WSRC, 1998).

Observations and Lessons Learned - The in situ bioremediation (MEBR) system demonstrated
at M-Area removed about 17,000 Ibs (16,934 Ibs) of VOCs. Of that total, about 12,000 Ibs
(12,096 Ibs) were removed through vacuum extraction and an estimated 5,000 Ibs (4,838 Ibs)
through normal biodegradation processes. According to DOE (1996) the addition of nitrogen and
phosphate nutrients in conjunction with 4% pulsed methane provided the best results of the four
nutrient addition campaigns tested (see table 4 