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ABSTRACT

Monitored natural attenuation (MINA) is rapidly gaining popularity in the United
States as a remediation option for contaminated sites. Case studies indicate that
natural attenuation processes are also potentially viable in Alberta’s soil and

climatic conditions.

In the United States, the Environmental Protection Agency (USEPA), Department
of Defense (DOD), the American Society for Testing and Materials (ASTM), and
several states have developed protocols and guidelines for use of MNA. In
Europe, the United Kingdom is currently developing a protocol based on USEPA
documents. The Netherlands has developed a decision-making guideline for

evaluating MNA.

In Canada, no formal regulations regarding the use of natural attenuation currently
exist. Two provinces, Ontario and Alberta, may consider MNA on a case-by-case
basis. Alberta has begun development of a formal MNA policy. To assist this
process, MNA documentation from other regulatory agencies was reviewed and

options developed for an Alberta approach to MNA.
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1.0 INTRODUCTION

Natural attenuation of subsurface contaminants refers to the reliance on natural processes
to act without human intervention to reduce the mass, toxicity, mobility, volume, or
concentration of contaminants in the soil and groundwater (USEPA, 1998). Natural
attenuation includes a variety of physical, chemical, and biological processes including

dispersion, advection, volatilization, adsorption and biodegradation.

Natural attenuation is also sometimes referred to as intrinsic bioremediation. However, it
is evident from the definition of natural attenuation that intrinsic bioremediation forms
only one component of natural attenuation. Intrinsic bioremediation relies on the innate
capabilities of naturally occurring microbial populations to convert environmental
pollutants to harmless forms (Lewandowski and DeFilippi, 1998). Madsen et al., (1991),
Godsy et al., (1992), Davis et al., (1994), Lee et al., (1995), Wiedermeier et al., (1995),
Cooley and Claffey (1996), Bradley and Chapelle (1997) and Landmeyer et al., (1998)
report on sites where intrinsic bioremediation has been demonstrated to play a significant

role in attenuating organic contaminants in groundwater.

Natural attenuation seems to be emerging as the remediation method of choice for
contaminated sites in the United States. Wiedermeier et al., (1999) suggest that the
primary motivation for considering natural attenuation as a potential remediation
technology is the lack of efficient, cost-effective remediation technologies that can deal
with the large number of contaminated sites across the nation. The authors point to
problems associated with pump and treat systems and air sparging systems as support for
this conclusion. It was indicated that pump and treat systems are initially effective in
reducing contaminant concentrations but that after a while, concentrations in groundwater
level off and the systems are no longer able to further reduce the concentration. Air
sparging sets up a series of air channels through the subsurface from the injection point to
the extraction point. The method is only effective in the vicinity of the channel

(especially in low conductivity soils). Thus, an infinite number of channels would be



required to remove the contaminant mass or to reduce concemtrations to acceptable levels

over the entire site.

There are several potential advantages to using natural attenuation at a site (USEPA,
1998 and 1999). There is less generation of remediation wastes thereby reducing the
potential for cross-media transfer of contaminants. It is less Intrusive to the site and there
is no potential for facility downtime. It can be less disruptive to site development or
redevelopment in that there are no extensive underground or aboveground mechanical
structures or infrastructure to interfere with placement of other structures. It has the
potential to be applied to all parts of the site and is not limited by surface structures.
Natural attenuation reduces treatment impacts to habitats such as wetlands, which
otherwise may be significantly affected by extensive and intrusive remediation methods.
It can be used in conjunction with, or as follow-up to, other remediation methods. It also
has potentially lower overall costs than active remediation methods. Natural attenuation
may allow proponents to concentrate remediation dollars on sites with greater risks to
receptors. Natural attenuation may be more protective of potential receptors. For
example, with vapour extraction techniques for soil remediation, improper control of
emissions may lead to unacceptable benzene exposures to onsite workers or offsite

receptors. This would be avoided when natural attenuation is applied to the site.

Natural attenuation has several potential disadvantages assocaated with it (USEPA, 1998
and 1999). The cost of site characterization is generally much higher. Timeframes for
completion of the remediation may be longer than conventional remediation methods.
Natural attenuation may be affected by changes in site hydrogeology or geochemistry
over time, particularly if site development or redevelopment occurs. Therefore,
institutional controls may be necessary to ensure that natural attenuation processes are not
affected and that receptors are protected while remediation is underway. Natural
attenuation may not be clearly understood by the public requrring that proponents and
regulators provide more extensive education and consultation efforts. Remediation by
natural attenuation relies on empirical data generated from groundwater monitoring wells

during site characterization and post-implementation monitoring. These wells are not
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always properly placed or may be rendered unusable due to changes in water levels or
damage from equipment. The variability of groundwater data may also make effective
evaluation of plume behavior difficult. In addition, biodegradation processes responsible
for the removal of contaminants may result in intermediate compounds or degradation
products that are more toxic than the original contaminant. Therefore, a proponent must
be aware of potential degradation pathways and develop site characterization and

monitoring programs accordingly. This adds costs to the overall remediation program.

Natural attenuation is not a passive or “do nothing” approach as has been suggested
(Barker et al., 1989; Lewandowski and DeFilippi, 1998). In general, natural attenuation
as it is applied at sites in the United States is accompanied by some measure of source
control (USEPA, 1998). These control measures can include source removal (as in the
case of contaminated soil or free phase product), containment of the source (as in the case
of cutoff walls), or removal of an activity causing the source (as in the case of service
station site decommissioning). Although no extraneous work is done to remove
contaminants within the dissolved plume, considerable effort is involved in providing
information to prove that the necessary natural attenuation processes exist. This
extensive site and contaminant characterization is followed by comprehensive and long-
term monitoring to evaluate the effectiveness of the natural attenuation processes in
protecting potential receptors and preferably removing contaminants from the subsurface.
Monitoring programs must also be able to detect changes in subsurface conditions (e.g.
changes in hydrogeology or contaminant mass due to new sources) that can potentially
alter effectiveness of the original natural attenuation processes. In the event that those
changes cause significant effects, the monitoring program can be upgraded to
accommodate those changes or a proponent can implement contingency plans developed

for a site if additional, more intrusive remediation is required.

For natural attenuation to be accepted as a stand alone option for a site, attenuation
processes and geochemical conditions at a site must not allow the rate of contaminant

migration to exceed the rate of attenuation (i.e., a stable or shrinking plume). Therefore,
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a thorough understanding of site geology, hydrogeology, geochemistry, and microbiology
is fundamental to the successful implementation of natural attenuation.

Natural attenuation has been demonstrated to be effective as a remediation option for a
number of contaminants including fuel hydrocarbons, chlorinated solvents, and metals.
Table 1-1 provides a compilation of chemicals that are amenable to natural attenuation

processes based on literature review.

1.1 PROJECT DESCRIPTION

A review of the processes involved in natural attenuation was undertaken. Each process
is described, and examples are given of contaminants that can be remediated by that
process. Legislative requirements and guidance documents developed by regulators in
Canada, the United States, and Europe were examined. These agencies accept the use of
natural attenuation as a tool for managing contaminated sites. These documents are
described to provide insight into different components of the legislation and to allow an
understanding of pros and cons of the legislation and supporting protocols. Three case
studies in Alberta were examined to determine whether application of natural attenuation
is supported by site investigation data. Comparisons were made between the information
provided by the case studies and information required by various legislation and technical
protocols developed elsewhere. Finally, and most importantly, recommendations were
made regarding necessary legislative and information requirements to support a policy on

natural attenuation in Alberta.



Table 1-1. Compilation of Contaminants Amenable to Natural Attenuation

Mechanisms
NATURAL ATTENUATION
CONTAMINANT PROCESSES

Methyl Tertiary Butyl Ether Aerobic Biodegradation

Aerobic Biodegradation, Sulphate
Naphthalene Reduction, Meianogenesis ’
Benzene Aerobic.: Biodegradation, Sulphate

Reduction, Methanogenesis
Toluene Aerobic, Anaerobic Biodegradation
Ethylbenzene Aerobic, Anaerobic Biodegradation
Xylenes Aerobic, Anaerobic Biodegradation
Chloroalkanes Reductive Dechlorination
Chloroalkenes Reductiv.e Dechlorination, Aerobic

Degradation
Carbon Tetrachloride Cometabolism

Aerobic Biodegradation, Manganese
Diisopropanolamine Reduction, Iron (IIT) Reduction,

Denitrification
Chloroform Anaerobic Biodegradation
Metals Adsorption, Cation Exchange, Hydrolysis
Methylene Chloride Anaerobic Biodegradation
Bromoalkanes Aerobic, Anaerobic Biodegradation
Radionucleides Ion Exchange, Complexation
Sulfolane Aerobic, Anaerobic Biodegradation
Trinitrotoluene Denitrification, Sulphate Reduction
Polychlorobiphenyls Aerobic Biodegradation
Vinyl Chioride Anaerobic Biodegradation




1.2 OBJECTIVES

The objectives of this thesis are:

o Identify existing policy, legislation, and guidance on use of monitored natural
attenuation as a remediation option for contaminated sites in North America and
Europe

e Evaluate that legislation in terms of requirements to investigate, support, and
implement monitored natural attenuation at a site and document those requirements
for discussion

e Examine restrictions placed on use of monitored natural attenuation by regulators

e Present key points of existing legislation

e Examine case studies of contaminated sites in Alberta with regard to potential for
natural attenuation and how information provided complies with existing regulatory
legislation from environment agencies outside Alberta

e Provide guidance and recommendations for policy development on use of monitored

natural attenuation as a remediation option in Alberta

2.0 NATURAL ATTENUATION PROCESSES

Important attenuation processes involved in and affecting the fate and transport of
organic and inorganic contaminants dissolved in groundwater are discussed.
Hydrodynamic dispersion, molecular diffusion, adsorption, dilution, volatilization,
advection, and various chemical and biodegradation processes are discussed. The fate
and transport of a contaminant is also controlled by its physical and chemical properties
and the medium through which it travels.

Natural attenuation relies on the co-operative activities of several destructive and non-
destructive processes. Only those processes that result in reduction of a contaminant’s
concentration are termed non-destructive. Examples of non-destructive processes are
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dispersion, dilution, and adsorption. Processes that result in the destruction of a
contaminant’s mass are termed destructive. Examples of destructive processes are
biodegradation, chemical processes like oxidation, and biochemical processes like iron

(II1) reduction and methanogenesis.

Natural attenuation processes have been demonstrated for a wide variety of compounds
and chemicals. Table 2-1 provides a summary of biotic and abiotic degradation processes

for various organic compounds.

Table 2-1. Biological and Abiotic Degradation Mechanisms for Various
Anthropogenic Organic Compounds (after USEPA, 1998).

Compound Degradation Mechanism

Perchloroethene Reductive Dechlorination

Trichloroethene Reductive Dechlorination, Cometabolism

Dichloroethene Reductive Dechlorination, Direct Biological Oxidation

Vinyl Chloride Reductive Dechlorination, Direct Biological Oxidation

Trichloroethane Reductive Dechlorination, Hydrolysis,
Dehydrohalogenation

1,2-Dichloroethane | Reductive Dechlorination, Direct Biological Oxidation

Chloroethane Hydrolysis

Carbon Reductive Dechlorination, Cometabolism

Tetrachloride

Chloroform Reductive Dechlorination, Cometabolism

Methylene Chloride | Direct Biological Oxidation

Chlorobenzenes Reductive Dechlorination, Direct Biological Oxidation,
Cometabolism

Benzene Direct Biological Oxidation

Toluene Direct Biological Oxidation

Ethylbenzene Direct Biological Oxidation

Xylenes Direct Biological Oxidation

1,2-Dibromoethane | Reductive Dehalogenation, Hydrolysis, Direct Biological
Oxidation




2.1 PHYSICAL PROCESSES
2.1.1 TYPES OF PROCESSES
2.1.1.1 Hydrodynamic Dispersion

Hydrodynamic dispersion is the process that spreads the contaminant plume parallel and
at right angles to direction of groundwater flow and plume migration. It is generally the
primary cause for dilution of a contaminant plume. Hydrodynamic dispersion can also
result in migration of a plume into areas with additional electron acceptors, thereby

enhancing the biodegradation of organic compounds.

Hydrodynamic dispersion is the sum of two components; mechanical dispersion and
molecular diffusion. At low groundwater velocities, molecular diffusion may dominate.
The effect of hydrodynamic dispersion on contaminant movement is illustrated in Figures
2-1 and 2-2. In Figure 2-1, hydrodynamic dispersion spreads the contaminant slug over a
greater area and reducés its peak concentration at monitoring points downgradient of a
source. In Figure 2-2, hydrodynamic dispersion reduces the contaminant concentration at
the front of a plume and creates a zone of lower concentration moving in front of a

contaminant plume.

2.1.1.1.1 Mechanical Dispersion

Mechanical dispersion is the dominant transport mechanism at normal groundwater
velocities. The three processes responsible for mechanical dispersion and their effect on

contaminant movement are illustrated in Figure 2-3.

The first process is the variation in flow velocity caused by groundwater movement

through pore spaces of various sizes. As groundwater moves through a porous medium,

it flows more slowly through larger pores than through smaller pores. The second

process depends upon the flow path length or tortuosity. As groundwater moves through

a porous medium, some of the water moves along less tortuous or shorter paths and some
8
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along more tortuous or longer paths. The longer the flow path, the slower the average
linear velocity of the groundwater and the dissolved contaminants. The third process is
the variation in friction within an individual pore space. As with a pipe, groundwater
flowing closer to the center of the pore has less friction acting on it than groundwater
flowing next to the outer edges of the pore (i.e., in contact with soil grains adjacent to the
pore space). Therefore, some of the dissolved contaminants will move faster than the
average linear groundwater velocity and some slower. The overall result of dispersion is

the mixing and spreading of contaminants within uncontaminated groundwater.

Dispersion may be divided into longitudinal and transverse components. Longitudinal
dispersion occurs parallel to groundwater flow. Transverse dispersion occurs at angles to
the direction of groundwater flow due to the effect of tortuosity. Tortuosity and pore size
cause the flow paths through the aquifer materials to branch out from the plume
centerline (Fetter, 1988). As a result, the front of a dissolved plume travels faster than
would be predicted solely by calculating the average groundwater flow rate.

2.1.1.1.2 Molecular Diffusion

Molecular diffusion results when concentration gradients cause a solute to move from
zones of higher concentration to zones of lower concentration. This occurs even in the
absence of groundwater flow. Molecular diffusion is most important in groundwater

systems with low velocities.

Fick’s Laws describe the molecular diffusion of a solute (Wiedermeier et al., 1995).

Under steady state conditions, Fick’s First Law applies:

F = -D(dC/dx) (1)

Where: F = mass flux of solute per unit of time (M/T),
D = diffusion coefficient (L*/T),
C = solute concentration (M/L), and
11



dC/dx = concentration gradient (M/L/L3).

Fracture systems within bedrock allow for diffusion of contaminants into the rock matrix
as long as concentration gradients towards the matrix continue (Parker et al., 1994).
Once matrix diffusion is complete, clean water flushing through a fracture setsup a
reverse concentration gradient from the matrix to the clean water resulting in
recontamination of that part of the groundwater. The time it takes for diffusion from
matrix to water is often longer than diffusion from water to matrix due to much lower

concentration gradients.

2.1.1.3 Dilution

Dilution of the chemical contaminant, whether by the chemical entering the groundwater
system or by water infiltrating down into the groundwater system, has two basic effects.
The first effect is that the chemical concentration in an aquifer system is reduced. The
second effect is that re-aeration of the aquifer can occur and with it introduction of new
electron acceptors. The introduction of oxygen via recharge can be enough to shift the

dominant biodegradation process (Vroblesky and Chapelle, 1994).

2.1.1.4 Volatilization

Although volatilization does remove contaminants from the aquifer, it is not a destructive
attenuation mechanism. Henry’s Law governs partitioning of a contaminant between the
liquid phase and the gaseous phase. The Henry’s Law constant for a chemical
determines its tendency to partition between the dissolved phase in groundwater and the
gaseous phase in the soil gas. Henry’s Law states that the concentration of a compound
in the gaseous phase is directly proportional to the compound’s concentration in the

liquid phase. This relationship is a constant for the chemical.
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The Henry’s Law constant can be calculated by (Stumm and Morgan, 1996):
H/RT =C,/Cy (2)

Where: H = Henry’s Law constant (atm*m3/mol),
Ca. = concentration of chemical in air (mol/m3 )
Cw = concentration of chemical in water (mol/m3 ),
R = gas constant (atm*m>/mol*K), and
T = temperature (K).

2.1.1.5 Advection

Advection is the transport of a dissolved contaminant by the bulk movement of
groundwater. Advection is the most important process driving contaminant migration in
groundwater (Wiedermeier et al., 1995). In the direction parallel to groundwater flow,
the linear groundwater velocity caused by advection is given by (Freeze and Cherry,

1979):

vx = [(K/ne)(dH/dL)] ©)

Where: vy = average linear velocity in the x direction (L/T),
K = hydraulic conductivity of the subsurface medium (L/T),
n. = the effective porosity of the medium (Lz’/L3 )
H = hydraulic head (L), and
dH/dL = the hydraulic gradient (L/L).

When transport of dissolved contaminants occurs by advection alone, the plume has a
sharp concentration front. Ahead of the front of a plume, the concentration is the same as
background (barring the presence of some other contaminant source). Behind the plume

front, the concentration is the same as the initial concentration at the point of release.



This is observed by an examination of the contaminant slug and contaminant front due to
advection only shown in Figures 2-1 and 2-2. Contaminant movement in this fashion is
referred to as plug flow. In actuality, the plume spreads out due to the processes of

dispersion and diffusion discussed above.

2.2 CHEMICAL PROCESSES

2.2.1 ADSORPTION

The chemical processes that contribute to natural attenuation include adsorption and
chemical (abiotic) reactions (ASTM, 1998). Adsorption is controlled by chemical forces
and interactions within and between a contaminant plume and aquifer materials. It has an
effect on a contaminant’s mobility, as well as rates of other transport and transformation
reactions. Adsorption can be considered a chemical process because it does not result in

an irreversible change in the contaminant.

Adsorption refers to the process involving partitioning of dissolved contaminants from
groundwater and then adhering to particles making up aquifer materials through which a
contaminant plume travels. Therefore, adsorption results in slowing the movement of a
contaminant relative to groundwater flow velocity, a reduction in solute concentration,
and potentially an increase in soil phase concentration of a contaminant. Because of
these phenomena, adsorption can also influence rates of volatilization and

biodegradation.

Adsorption of dissolved contaminants is a complex phenomenon caused by several
mechanisms including London-van der Waals forces, Coulomb forces, hydrogen
bonding, ligand exchange, chemisorption (covalent bonding between chemical and
aquifer matrix), dipole-dipole forces, dipole induced dipole forces, and hydrophobic
forces (Wiedermeier et al., 1995). Hydrocarbons most commonly exhibit adsorption
through hydrophobic forces due to their nonpolar molecular structure. When the surfaces

of aquifer matrix material are less polar than a water molecule, there is a tendency for
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hydrocarbons to adsorb to the matrix material. Clay minerals and organic matter in
aquifer matrix have the greatest effect on adsorption. Colloidal organic material also
adsorbs nonpolar organic chemicals (Stumm and Morgan, 1996).

The amount of a contaminant that will adsorb to the aquifer matrix material can be
studied by bench-scale experiments (batch tests) where various concentrations of the
contaminant are placed in solution with differing amounts of organic matter or clays.
Once equilibrium has been reached, the amount of contaminant left in solution is
measured. The relationship between the concentration of contaminant adsorbed and the
concentration remaining in solution is called the adsorption isotherm (Wiedermeier et al.,
1995). Three types of isotherm models are observed: the Langmuir isotherm, the
Freundlich isotherm and the Linear isotherm, which is a variation of the Freundlich

isotherm. Figure 2-4 illustrates the relationship between the different isotherms.

Figure 2-4. Characteristic Adsorption Isotherm Shapes (after Wiedermeier et al.,
1995)

Adsorbed Concentration C, (pg/g)

Dissolved Concentration C, (ug/ml)
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The Langmuir isotherm describes a non-linear relationship between the contaminant
concentration adsorbed and the concentration remaining in solution. At high
concentrations the relationship becomes almost a constant. The Freundlich isotherm is
generally more applicable to dilute solutions and results in a near linear relationship. The
empirically derived Freundlich isotherm is defined by the following equation (Stumm
and Morgan, 1996):

Cs=mC,." 4)

Where: C; = quantity of adsorbate associated with the adsorbent (mol/Kg),
m = Freundlich constant,
Cw = total chemical concentration of adsorbate in solution (mol/litre), and

n = measure of nonlinearity involved (unitless).

Where the linear isotherm applies, it is generally valid for a dissolved species that is
present at a concentration less than one-half of its solubility. The distribution coefficient,
Ky, is used to describe the distribution of a chemical between the aquifer matrix material
and the aqueous phase. It is the ratio of the adsorbed contaminant concentration and the
dissolved contaminant concentration. It is also the slope of the isotherm describing the
partitioning behavior of the dissolved contaminant. The higher the distribution
coefficient, the greater the potential for the contaminant to be adsorbed to the aquifer
matrix materials. For nonionic organic compounds, K4, can also be determined from the

following equation (Wiedermeier et al., 1995):

K4 = Koc)(foc) )

Where: K, = soil adsorption coefficient, and

foc = fraction of organic carbon in an aquifer matrix.

In areas with little organic matter content, clay minerals become the dominant adsorption

sites in the aquifer matrix. The distribution coefficient can also be determined using
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laboratory batch tests as described above. Aquifer samples should be obtained from the
most transmissive zone in the aquifer. These zones also tend to have the lowest organic

content resulting in a conservative calculation of adsorption.

The coefficient of retardation, R, is used to estimate the retarded contaminant velocity. It

is given by (Wiedermeier et al., 1995):
R =1+ [(ppKa)/n] 6)

Where: R = coefficient of retardation (dimensionless),
pb» = bulk density of the aquifer (M/L>),
K4 = distribution coefficient (L3 /M), and
n = aquifer matrix porosity @L3.

The retarded velocity of an adsorbed contaminant, v, is then given by:

Ve =Vi/R @)
Where: vy = linear groundwater velocity, given by v« = Ki/n

K = hydraulic conductivity of the aquifer material (m/s),

i = hydraulic gradient, and

n = porosity of the aquifer materials.

2.2.2 ABIOTIC PROCESSES

Abiotic chemical reactions refer to those reactions that do not involve metabolically
active microorganisms or extracellular enzymes (ASTM, 1998). For metals, abiotic
processes can include adsorption and precipitation. With organic contaminants, abiotic
processes refer to destructive processes that are not facilitated by biological means. The

results of an abiotic reaction may produce intermediate compounds that are more or less
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toxic than the parent contaminant, or compounds that are more or less easily biodegraded.

Abiotic processes for organic compounds include:

a) Hydrolysis, which occurs when an organic chemical reacts with either water or a
hydroxide ion to produce an alcohol;

b) Substitution, which occurs when an organic chemical reacts with another anion as the
nucleophilic agent; and

¢) Elimination, which is the loss of two adjacent groups within a molecule and results in

the formation of a double bond.

During hydrolysis, if the alcohols are halogenated, additional hydrolysis of an organic
compound to acids or diols may occur. The addition of a hydroxyl group to the original
organic compound may either make it more susceptible to biodegradation or make the
compound more soluble (USEPA, 1998). The number of halogen substituents partly
controls the likelihood that a halogenated solvent will undergo hydrolysis. The more
substituents present, the less likely that hydrolysis will occur. Other factors that can
affect the likelihood of hydrolysis are the location of a halogen substituent on the carbon
chain and the pH of the aquifer system. Vogel et al., (1987) indicate that the presence of
clays, which can act as catalysts during hydrolysis, may also increase the rate of

hydrolysis.

Chlorinated ethanes can undergo hydrolysis to end products of ethanol (Vogel et al.,
1987) and acetate (Jeffers et al., 1989). However, as the number of chlorine atoms
increases, dehydrohalogenation may become the more important abiotic process.
Hydrolysis of 1,1,1-trichloroethane results in intermediate compounds of 1,1-

dichloroethane, and chloroethane with an end product of ethanol.

Dehydrohalogenation is an elimination reaction involving halogenated alkanes in which a
halogen is removed from one carbon atom, followed by subsequent removal of a
hydrogen atom from an adjacent carbon atom (USEPA, 1998). This two-step reaction
produces an alkene. The likelihood that dehydrohalogenation will occur increases with
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an increase in the number of halogen substituents. During dehydrohalogenation of

chioroethane, Vogel et al., (1987) reported an end product of vinyl chloride.

2.2.3 METALS HYDROLYSIS

Metals hydrolysis refers to reactions of hydrated metals with protons and hydroxides in
solution to form metal hydroxide precipitates. Polymeric hydrolysis species have been
reported for most metal ions (Stumm and Morgan, 1996). The hydrolyzed species form a
dimer (a multinuclear hydrolysis product) by a condensation process. The dimer may
undergo additional hydrolytic reactions that could provide additional hydroxyl groups
which, in turn, could form more bridges. A sequence of hydrolytic and condensation
reactions under conditions of oversaturation with respect to the metal hydroxide leads
ultimately to the formation of precipitates. A study by Swindoll et al., (1997) of natural
remediation of metal constituents at a chemical manufacturing facility in Delaware
indicated that precipitation and sorption were responsible for attenuation of dissolved
metals in groundwater. The processes were directly affected by microbial activity. As
microorganisms degraded available organic material, pH, redox potential, and availability
of reactive species such as ligands in groundwater were altered. Groundwater at the site
was also supersaturated with aluminum, barium, iron, and cﬂcim. These metals would
react with sulphate, carbonate, or phosphate in groundwater and form insoluble

precipitates.

2.2.4 ION EXCHANGE

In general, ion exchange refers to any replacement of an ion in a solid phase in contact
with a solution by another ion (Stumm and Morgan, 1996). In the context of natural
attenuation, it refers to replacement of one adsorbed, readily exchangeable ion by
another. The ion exchange capacity of a soil or soil minerals in solution (i.e., aquifer

matrix materials) is the number of moles of adsorbed ion charge that can be desorbed
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from a unit mass of soil, under given conditions of temperature, pressure, soil solution

composition, and soil solution mass ratio (Sposito, 1989).

Cationic radionuclides may be sorbed to the aquifer matrix materials by processes such as
ion exchange or surface complex formation, thus retarding their transport by

groundwater.

The exchange of ions between pore water and soil particles is not limited to aqueous ions
such as copper, cadmium, or zinc. Ion pairs and complex species such as copper and zinc
chloride or copper and zinc hydroxide exchange and adsorb with a variety of soil surfaces
(Eccles, 1998). The most important adsorbing surfaces in these exchanges are the

manganese and iron oxides.

2.3 BIOLOGICAL PROCESSES

Many organic and inorganic contaminants can be biodegraded by native populations of
microorganisms in the subsurface. Since 1980, studies by Atlas (1981, 1984 and 1988),
Barker et al., (1987, 1989), Godsy et al., (1992), Davis et al., (1994), Bradley and
Chapelle (1995), Landmeyer et al., (1998) and others have shown that native populations
of microorganisms can degrade hydrocarbons including components of gasoline, diesel,
jet fuel and kerosene. Malone et al., (1993) showed that as the molecular weight of a
hydrocarbon increases, so too does its resistance to biodegradation. Biodegradation of
fuel hydrocarbons is mainly limited by availability of electron acceptors and will proceed
until all of the contaminants biochemically accessible to the microorganisms are
destroyed (USEPA, 1998). This holds true for dilute hydrocarbon concentrations. At
high concentrations or in the presence of free-phase liquids, hydrocarbons may be toxic

to microbiological populations in soil or groundwater.

Conversely, more highly chlorinated solvents are biodegraded under natural conditions

via reductive dechlorination. This is a process that requires both electron acceptors and

20



an adequate supply of electron donors. If electron donors are depleted in the subsurface

before chlorinated solvents are reduced, the process of reductive dechlorination will stop.

Biodegradation is generally not accomplished by a single species of bacteria. Site
contamination is usually a mixture of contaminants, and several bacteria species can -
utilize those contaminants and their biodegradation byproducts as substrate for growth.
Prevalent bacteria are those that can out-compete others for substrates and nutrients.
Table 2-2 lists bacteria grown on a mixture of benzene, toluene, xylene, naphthalene,
styrene, and dicyclopentadiene (Hubert et al., 1999). This mixture represents
contamination identified at a petrochemical facility in east-central Alberta (Site B in Case
Study section). In this instance 16 different bacteria were grown on the substrate.

Table 2-2. Bacteria Population Grown in the Lab on a Hydrocarbon Mixture From
a Petrochemical Facility in East-Central Alberta (Hubert et al., 1999).

Pseudomonas Alcaligenes sp. Sphingomonas Bacillus

syringae yanoikuyae Benzeovorans
Azospirillum sp. Agrobacterium rubi | Pseudomonas putida | Pseudomonas agarici
Xanthomonas Flavobacterium Pseudomonas Pseudomonas
campestris lutescens flavescens Sflorescens

Bacillus Bortadella Rhodococcus Pseudomonas
pseudomegaterium | parapertusis globerulus aureofaciens

During biodegradation, microorganisms transform available nutrients to forms useful for
energy and cell reproduction by accommodating the transfer of electrons from donor to
acceptor. Figure 2-5 illustrates biodegradation of toluene via aerobic and anaerobic
biodegradation processes. This figure clearly illustrates differences in amounts terminal
electron acceptors utilized and the amounts of carbon dioxide and water produced by

different biodegradation processes.
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Figure 2-5. Biodegradation of Toluene Via A erobic and Anaerobic Processes (after

Wiedermeier et al., 1995).

AEROBIC PROCESSES

CsHsCH; + 9 O, = 7 CO, +4 H,0O

ANAEROBIC PROCESSES

Denitrification

5 CeHsCH; + 36 NO3 + 36 H = 18 N, + 35 CO; + 38 H,O
Manganese Reduction

CsHsCH; + 18 MnO, + 36 H" = 18 Mn®* + 7CO, + 22 H,0
Iron (III) Reduction

CsHsCH; + 36 Fe(OH); + 72 H = 36 Fe?" + 7C 0, + 94 H,0
Sulphate Reduction

8 C¢HsCH; + 36 SO4~ + 72 H = 36 H,S + 56 CO, + 32 H,O
Methanogenesis

8 CsHsCHj3 + 40 H,O = 36 CH4 +20 CO,

®)

®)

(10)

an

(12)

(13)

Electron donors, in the context of this thesis, incLude natural organic matter, chlorinated

solvents, and fuel hydrocarbons. When these domnors are not present in the subsurface in

sufficient quantity to support the microorganisms that utilize them as the sole electron

donors, the microorganisms can still degrade hydirocarbons but must utilize other electron

sources in the process. In this instance, metabolic degradation of hydrocarbons is termed

secondary utilization. Electron acceptors are elerments or compounds that occur in

relatively oxidized states. The more important el ectron acceptors are discussed in greater

detail below.

In most subsurface environments, aerobic and anaerobic biodegradation can take place

often in different parts of the same plume. From a thermodynamic perspective,
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microorganisms preferentially use electron acceptors that will provide the most free
energy during respiration. Energy produced by the reactions is termed Gibb’s Free
Energy (AG;). Negative values of AG; indicate that the reaction is exothermic, i.e.
produces energy, and therefore reactions shown in Figure 2-5 will proceed from left to
right as written. To derive energy for cell maintenance and production, microorganisms
must couple an endothermic reaction with an exothermic reaction resulting in a net gain
in energy (i.e. AG,<0). Table 2-3 illustrates the expected sequence for benzene oxidation
of microbiologically mediated reactions based on the Gibb’s Free Energy of the reaction
(Wiedermeier et al., 1995). Although denitrification yields a higher Gibb’s Free energy
than aerobic respiration, free dissolved oxygen can be toxic to some anaerobic
microorganisms at concentrations above 0.5 mg/L (Wiedermeier et al., 1995). Therefore,

dissolved oxygen must be removed from groundwater before denitrification can occur.

Table 2-3. Expected Sequence of Microbially Mediated Benzene Oxidation
Reactions and Their Gibb’s Free Energy (AGr) (after Wiedermeier et
al., 1995).

Process AG, (kJ/mol)
Aerobic Respiration -3202

U

Denitrification -3245

U

Iron (III) reduction -2343

U

Sulphate reduction -514

U

Methanogenesis -136

The expected sequence of redox processes is also a function of the oxidizing potential of
groundwater termed Eh®. High Eh°, also expressed as pE, means that groundwater has a
relatively high oxidizing potential and will easily facilitate the transfer of electrons. As

reduction of each oxidized species ii the sequence occurs, microorganisms are forced to



use electron acceptors with lower oxidizing capacity. This process can only continue as
long as microorganisms can utilize compounds or redox couples that have a higher

oxidizing potential than the contaminant of concern.

Naturally occurring mechanisms of attenuation for metals in the environment are
important for understanding and remediating sites contaminated by heavy metals. For
example, algal surfaces and exopolymers provide a complex array of potential adsorption
sites, including electrostatic bonding for alkali earth metals, and redox reactions with
noble metals (Lawrence et al., 1998). They noted that the presence of an exopolymer
matrix surrounding the cell might also contribute to the immobilization of dissolved
metals species through the provision of ion exchange sites. These sites may provide
nucleation sites for mineral formation. Xue et al., (1988) noted that the algal cell surface
presents carboxylic, amino, thio, hydroxo, and hydroxo-carboxylic groups that can be

involved in the adsorption of heavy metals at the cell surface.

2.3.1 TYPES OF PROCESSES
'2.3.1.1 Aerobic Biodegradation

When native microorganisms are supplied with the necessary oxygen and nutrients to
utilize contaminants as an energy source, biodegradation of the contaminants can occur
via aerobic processes. Native populations of microorganisms have an advantage over
introduced populations in that they are acclimated to the physical and chemical
conditions in the subsurface. Aerobic attack on petroleurn hydrocarbons requires the
action of oxygenases and hence the presence of free oxygen in the subsurface. When
high concentrations of organic or other contaminants are present, oxygen levels can
quickly become depleted. This suggests that oxygen levels and not nutrient levels may
be the most important limiting factor to aerobic biodegradation (Wiedermeier et al.,
1995).
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Low molecular weight hydrocarbons like BTEX can be readily biodegraded. Aromatic
biodegradation involves the formation of a diol followed by cleavage and formation of a
diacid. This is followed by ortho and meta cleavage of the ring structure (Smith, 1990).
Figure 2-6 shows the ortho and meta cleavage biodegradative routes of benzene. During
ortho cleavage, a dioxygenase enzyme cleaves between the two hydroxyl groups of
catechol to produce cis, cis-muconate. This compound eventually degrades to succinic
acid (Schneider and Billingsley, 1990). During meta cleavage of benzene, a dioxygenase
enzyme cleaves adjacent to the hydrxyl groups. This leads to the formation of a
semialdehyde (Schneider and Billingsley, 1990).

Biodegradation of n-alkanes (up to 22 Carbon atoms) begins with attack on the last or
second to last carbon on the saturated chain and results in formation of a primary or
secondary alcohol (Wiedermeier et al., 1995). The process continues, forming aldehydes,
fatty acids, esters and ketones. Branched alkanes and cycloaliphatic compounds are
difficult to degrade either because chains comprised of methyl or higher numbers of
carbons can block the oxidation process or they require the preseﬁce of more than one
bacteria type to provide the hydrogenases necessary for chain breakdown. Under aerobic
conditions, less oxidized chlorinated aliphatic hydrocarbons, like dichloroethanes and
vinyl chloride, can also act as the principal substrate and undergo oxidation-reduction
reactions. In this type of reaction, the facilitating microorganisms obtain energy and
organic carbon from degraded chlorinated aliphatic hydrocarbons (USEPA, 1998). In
oxidation-reduction reactions, only the least oxidized chlorinated aliphatic hydrocarbon

can be used as the electron acceptor.

Of the chlorinated ethenes, vinyl chloride is most susceptible to aerobic biodegradation
and tetrachloroethene the least (USEPA, 1998). This is because highly chlorinated
compounds tend to be much more oxidized than many compounds present in a natural
groundwater system. Hartmans and de Bont (1992) showed that vinyl chloride can be
used as a primary substrate under aerobic conditions, with end products, from direct

mineralization of the vinyl chloride, being carbon dioxide and water. McCarty and
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Figure 2-6. Biodegradative Routes of Benzene. (I) meta-Cleavage Route. (IT) ortho-

Cleavage Route (after Smith, 1990).
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Semprini (1994) also showed that vinyl chloride and 1,2-dichloroethane could be used as

the principal substrate in oxidation-reduction reactions under aerobic conditions.

Of the chlorinated ethanes, only 1,2-dichloroethane has been aerobically
mineralized/oxidized (USEPA, 1998). In this case, the compound was transformed to
chloroethanol, which was then transformed to carbon dioxide. Chlorinated benzenes with
up to four chlorine atoms have also been readily biodegradable under aerobic conditions.
Spain (1996) demonstrated that bacteria responsible for biodegradation were able to
derive their carbon and energy from chlorobenzene degradation insitu. Daniel and
Borden (1997) demonstrated that methyl tertiary butyl ether (MTBE) could be degraded
under aerobic conditions. Limited degradation occurred near the MTBE source with no

apparent evidence of degradation further downgradient.

2.3.1.2 Anaerobic Biodegradation

Anaerobic biodegradation is initiated when oxygen levels become depleted within a
dissolved contaminant plume or levels are lowered to the point where they do not
effectively maintain aerobic microorganisms. Certain requirements must be met for
anaerobic bacteria to begin to degrade contaminants: absence of dissolved oxygen in a
plume, presence of bioavailable carbon sources, presence of electron acceptors and
essential nutrients, and l;resence of proper ranges of contaminant concentrations,
temperature, pH, salinity and redox potential. Under anaerobic conditions, iron (III),

sulphate, nitrate, carbon dioxide, and manganese can act as electron acceptors.

During anaerobic biodegradation, aromatic compounds are first oxidized to phenols or
organic acids, and then transformed to long-chain fatty acids. These compounds are then

metabolized to carbon dioxide and possibly to methane.

Biodegradation of fuel hydrocarbons will occur via denitrification, manganese (IV)

reduction, iron (III) reduction, sulphate reduction and methanogenesis. Figure 2-7 shows
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Figure 2-7. Sequence of Microbially Mediated Redox Processes and
Electron Acceptor Depletion (after Stumm and Morgan, 1996)
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the sequence of microbiologically mediated redox reactions, the redox potential that
favours those reactions, and the depletion sequence of electron acceptors as reactions

occur.

Polychlorinated ethenes are unlikely to undergo anaerobic oxidation due to their oxidized
nature. However, Bradley and Chapelle (1996) showed that vinyl chloride can be
directly oxidized to carbon dioxide via iron (III) reduction.

2.3.1.3 Denitrification

Denitrification can occur in a contaminant plume after the aerobic bacteria have utilized
almost all of the dissolved oxygen. Starr and Gilham (1993) have identified four
requirements for the occurrence of denitrification: presence of nitrate in the aquifer
system, presence of available organic carbon, presence of denitrifying bacteria, and

presence of reducing conditions.

Denitrification occurs in the following sequence:

NO;" - NO;” > NO - N,O -5 N, (14)

Each of the reactions in this sequence is facilitated by a different microorganism
(Chapelle, 1993). Therefore, a mixed population of microorganisms is required to
complete the denitrification process. Denitrification is favoured under pH conditions

ranging from 6.2 to 10.2.

2.3.1.4 Iron (III) Reduction

Iron (III) can be used as an electron receptor after available oxygen and nitrate are
utilized. During iron (IIT) reduction, iron is reduced to iron (II). Quigley and Banwart
(1999) discuss three mechanisms for iron (III) reduction: direct contact between cell and
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iron (III), transport of iron (III) to the cell, and electron shuttling. Bradley and Chapelle
(1996) demonstrated evidence of mineralization of vinyl chloride under iron reducing
conditions as long as a sufficient supply of bioavailable iron (III) was present in the
contaminant plume. Gerlach et al., (1999) successfully demonstrated that chromium (VI)
could be reduced to chromium (IIT) by exposing it to redox-reactive iron (II). In this
case, introduced iron (IIT) was reduced by another bacterium. Chromium (III)
precipitates (hydroxides of chromium and iron) are considered to be stable under most

conditions assumed for a natural groundwater system.

2.3.1.5 Sulphate Reduction

Sulphate reduction occurs after available oxygen and nitrate have been utilized by aerobic
microorganisms. However, sulphate reduction is not as thermodynamically favourable as
iron (IIT) reduction. Sulphate reducing bacteria are sensitive to temperature, inorganic
nutrients and pH. Landmeyer et al., (1998) demonstrated in field and lab studies that
toluene, benzene and naphthalene could be degraded to CO; under anaerobic sulphate
reducing conditions. Their observations were supported by high hydrogen sulphide
concentrations and the presence of considerable levels of sulphate in groundwater
associated with contamination at a former manufactured gas plant in South Carolina.
Some iron (III) reduction of contaminants was also indicated by geochemical data from
the site. Riigge et al., (1998) also noted significant reduction of toluene, o-xylene, and
napthalene in an evaluation of the potential for natural attenuation in a landfill leachate

plume.

Sulphide production by sulphate reducing bacteria as a result of biodegradation of
organic contaminants can also be beneficial in the removal of metals in the subsurface.
Many heavy metals such as mercury, cadmium, and copper form insoluble metal
sulphides. These compounds have the lowest recorded solubilities as a sulphide solid

(solubility product values in the 1070 range, Eccles, 1998).
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2.3.1.6 Methanogenesis

Once groundwater is sufficiently reducing, the CO,-CHj4 redox couple can be used to
oxidize fuel hydrocarbons. This is because the redox couple has the appropriate free
energy yield and oxidizing potential. However, methanogenesis will only occur after
other highly oxidizing species such as oxygen, nitrate, and manganese are utilized.
Methanogenesis occurs in at least four steps (Chapelle, 1993). Figure 2-8 shows the steps
involved in the methanogenesis pathway from carbon dioxide to methane and the
enzymes involved in each step. In each step hydrogen reacts with a carbon. The reaction
is facilitated by an enzyme. During the final step, a methyl-coenzyme-M-
methylreductase (CoM-CH3) complex is formed and the carbon is reduced to methane.
Bradley and Chapelle (1997) demonstrated mineralization of DCE to carbon dioxide

under methanogenic conditions.

Godsy et al., (1992) studied methanogenic biodegradation of creosote contaminants at an
abandoned wood treatment facility in Florida. The water soluble fraction resulting from
the disposal of process wastes was enriched in organic acids, phenols, single and double
ringed polyaromatic hydrocarbons and single and double ringed nitrogen, oxygen and
sulphur containing compounds. Pore water samples taken from within the plume
indicated populations of methanogenic bacteria two orders of magnitude higher than
background populations. Sampling results downgradient of the source area indicated a
three-step sequential transformation or degradation of the contaminants in the following
order: (1) quinoline, isoquinoline, benzoic acid, and C3 — Cg¢ volatile fatty acids; (2)
phenol; and (3) 2-,3-,4-methylphenol, 2(1H)-quinolinone, and 1(2H)-isoquinolinone
(Godsy et al., 1992). End products of the biodegradation process were methane and
carbon dioxide. Of special note was that degradation of the compounds took place at a

pH of less than 6.

Westervelt et al., (1997) investigated the remediation of arctic diesel fuel at Fort
Wainwright army base in Alaska. The spill at the army base occurred within 90 metres

of two downgradient Grinking water supply wells. Geochemical analysis indicated that



Figure 2-8. Steps Involved in Methanogenesis Pathway from Carbon Dioxide to
Methane (after Ma, 1999).
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the fuel was undergoing anaerobic biodegradation by a number of pathways. However,
methanogenesis was the dominant pathway. Transport modeling indicated that all of the
contaminated groundwater would be captured by the supply wells. However,
groundwater monitoring results indicated that contamination was reduced to non-

detectable levels within 45 metres of the source area.

2.3.1.7 Reductive Dechlorination

The most important process in natural biodegradation of more highly chlorinated solvents
is reductive dechlorination (USEPA, 1998). During this process, the chlorinated
hydrocarbon becomes the electron acceptor, not a source of carbon, and a chlorine atom
is removed and replaced with a hydrogen atom. In general, reductive dechlorination of
tetrachloroethene (PCE) progresses from PCE to trichloroethene (TCE) to dichloroethene
(DCE, of which there are three isomers) to vinyl chloride to ethene. In theory itis
possible for all three isomers of DCE to be produced during the reductive dechlorination
process. However, Bouwer (1994) reports that cis—1,2-DCE is a more common daughter
product than trans-1,2-DCE and that 1,1-DCE is the least common daughter product
when the parent product is biodegraded. Therefore, reductive dechlorination is
characterized by buildup of daughter products and an increase in chloride ion
concentration in the plume. PCE is the ethene most susceptible to reductive
dechlorination whereas vinyl chloride is the least susceptible as it is the least oxidized of
the ethenes. Therefore, over the course of reductive dechlorination for ethene, the rate of
dechlorination decreases with the progression of the process. Reductive dechlorination
has been demonstrated under nitrate and iron reducing conditions. However, Bouwer
(1994) reports that the most rapid biodegradation rates, affecting the widest range of
chlorinated aliphatic hydrocarbons, occurs under sulphate reducing or methanogenic
conditions. Because a chlorinated hydrocarbon is used as the electron acceptor, there
must be an alternate bioavailable carbon source of sufficient quantity for microorganism
growth and maintenance. Sources cculd include fuel hydrocarbons or natural organic

matter.



Reductive dechlorination of tetrachloroethene and carbon tetrachloride was reported by
Hardy et al., (1999) at a former chlorinated solvent manufacturing site in Brazil. One
form of bacteria utilized 1,2-dichloropropane as the electron donor and the chlorinated
solvents as electron acceptors. The 1,2-dichloropropane was oxidized by iron (III) and

manganese reducing bacteria.

Dechlorination of tetrachloroethene and trichloroethene to dichloroethene is favoured
under mildly reducing conditions such as nitrate or iron (III) reduction, whereas
transformations of dichloroethene to vinyl chloride or vinyl chloride to ethylene require
the rﬁore strongly reducing conditions of methanogenesis (DiStefano et al., 1991).
Patterns of molecular hydrogen concentrations in a contaminant plume have been shown
by Chapelie (1996) to provide a reliable delineation of the different reducing zones
within a plume. Pfiffner et al., (1999) also report that redox conditions, (aquifer) media
composition, and electron acceptors and donors influence the effectiveness of natural

attenuation of chlorinated solvents.

2.3.1.8 Cometabolism

During cometabolism of a chlorinated aliphatic hydrocarbon, degradation is catalyzed by
an enzyme or cofactor that is fortuitously produced by the organisms for other purposes
(USEPA, 1998). The organisms do not seem to derive any benefit from cometabolism
and may in fact be harmed by the process (McCarty and Semprini, 1994). The best
documentation for cometabolism at a site indicates that the process involves catabolic
oxygenases that catalyze the initial step in oxidation of their respective primary or growth
substrate (e.g. BTEX or other organic compounds) under aerobic conditions (USEPA,
1998). McCarty and Semprini (1994) reported that under aerobic conditions, chlorinated
ethenes, with the exception of PCE, are susceptible to cometabolic biodegradation.
However, Tartakovsky et al., (1997) indicate that PCE can undergo cometabolism by

aerobic methanotrophic bacteria. Bacteria use an enzyme called soluble methane mono-
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oxygenase to oxidize methane. This enzyme has broad substrate specificity and oxidizes

a wide range of chlorinated compounds.

McCarty and Semprini (1994) also report that chlorinated ethenes can undergo
cometabolism in aerobic conditions. Aerobic cometabolism of the ethenes may be
characterized by a loss of contaminant mass, presence of intermediate degradation
products such as chlorinated oxides, aldehydes, ethanols, or epoxides, and the presence of

other products such as chloride, carbon dioxide, carbon monoxide, and organic acids.

2.3.2 ELECTRON DONORS/ACCEPTORS
2.3.2.1 Dissolved Oxygen

Dissolved oxygen is the most thermodynamically favoured electron acceptor used in the
biodegradation of fuel hydrocarbons (Wiedermeier et al., 1995). Dissolved oxygen
concentrations in groundwater are used to estimate the potential mass of a contaminant
that can be biodegraded by aerobic processes. It is estimated that for each 1.0 mg/L of

- dissolved oxygen present in groundwater and consumed by the microorganisms,
0.32 mg/L of BTEX (benzene, toluene, ethylbenzene, and xylene respectively) will be
oxidized and destroyed (Wiedermeier et al., 1995). As hydrocarbons are consumed, the
level of dissolved oxygen drops. Hence, inside the contaminant plume, the level of
dissolved oxygen is expected to be lower than the level outside the plume if aerobic
biodegradation is occurring. As a rule, anaerobic microorganisms cannot function at

dissolved oxygen concentrations above 0.5 mg/L.

Dissolved oxygen levels in a monitoring well can be measured either in the lab or in the
field. Samples can be coilected from the well either with a dedicated low volume pump
or with a disposable bailer. A low volume pump is preferred so that the sample does not
become aerated when extracted. Readings should be taken before and after purging as a

check on the efficiency of sample extraction.
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2.3.2.2 Nitrate

Once dissolved oxygen has been depleted, nitrate may be used by nitrate reducing
bacteria as an electron acceptor for anaerobic biodegradation via denitrification.
Dissolved nitrate levels in groundwater are used to estimate the potential mass of
contaminant that can be biodegraded via denitrification. Comparisons between nitrate
levels in a plume and background nitrate levels when combined with the estimated
volume of contaminated groundwater allow for an estimation of the amount of fuel
hydrocarbons (BTEX) lost due to denitrification. Chapelle (1993) provides evidence that
benzene can be biodegraded under nitrate reducing conditions. Each 1.0 mg/L of ionic
nitrate consumed by microorganisms results in the destruction of approximately 0.21

mg/L of BTEX (Wiedermeier et al., 1995).

Soil column studies on the degradation of trinitrotoluene (TNT) by Cattaneo et al., (1997)
indicated that organic carbon present in soil was sufficient to promote conversion of TNT
into amino-intermediates. A decrease in nitrate levels from 149 mg/L at the top of the
column to non-detectable levels at the bottom of the column was seen as evidence that

denitrification was a process responsible for removal of TNT from the soil column.

2.3.2.3 Iron

Dissolved iron (III) is sometimes used as an electron acceptor during anaerobic
biodegradation of BTEX. The biodegradation process results in the reduction of iron
from iron (III) to iron (II), which may be soluble in groundwater. Sampling and analysis
for iron (II) can therefore provide an indication of anaerobic biodegradation of BTEX.
Quigley and Banwart (1999) report that the form of iron (III) is critical to its
bioavailability and therefore its contribution to biodegradation. Microorganisms readily
metabolize poorly crystalline iron (IIT) but not the less reactive, more crystalline forms.
Soluble and chelated forms of iron (III) are reduced the fastest. The presence of suitable
chelating ligands has been found to dramatically increase the rates of biodegradation of
aromatic hydrocarbons coupled to iron (III) reduction (Quigley and Banwart, 1999).
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Estimates of the mass of BTEX destroyed by iron (III) reduction are made by knowing
the volume of contaminated groundwater, the concentration of iron (II) in the plume and
the background concentration of iron (II). The biodegradation of 1.0 mg/L BTEX results
in the production of 21.8 mg/L iron (II) during iron (IIT) reduction (Wiedermeier et al.,
1995).

2.3.2.4 Sulphate

Sulphate may be used by sulphate-reducing bacteria as an electron acceptor during
anaerobic biodegradation of fuel hydrocarbons after available dissolved oxygen, nitrate,
and iron (III) have been depleted in a contaminant plume. BTEX biodegradation results
in a reduction of sulphate to sulphide (Wiedermeier et al., 1995). In general, the extent
and significance of BTEX biodegradation via sulphate reduction is not well understood
(Norris et al., 1994). A study by Jobson et al., (1979) indicated that sulphate-reducing
bacteria only grew on the residues of aerobic bacterial degradation of some
hydrocarbons. Lammey and Noseworthy (1997) undertook a study of intrinsic
biodegradation processes occurring in association with a diesel and aviation gas spill at
Canadian Forces Base Goose Bay in Labrador. They found that both aerobic respiration
and anaerobic bioremediation (particularly sulphate reduction, iron (III) reduction, and
denitrification) were occurring within the contaminant plume. These processes were
effective even at a groundwater temperature of 5°C. Wiedermesier et al., (1995) suggests
that estimates of the mass of BTEX destroyed by sulphate reduction can be are made by
using the volume of contaminated groundwater, the concentration of sulphate in the
plume, and the background concentration of sulphate. They indicate that for each 1.0
mg/L of sulphate consumed by microorganisms results in the destruction of

approximately 0.21 mg/L of BTEX.
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2.3.2.5 Manganese

Manganese is sometimes used as an electron acceptor during biodegradation of fuel
hydrocarbons. The degradation process results in reduction of manganese (IV) to
manganese (II). In anaerobic groundwater contaminated with BTEX and a source of
manganese (IV), manganese (II) can be used as an indicator of biodegradation.

Cozzarelli et al., (1990) studied biodegradation of crude oil at a site in Minnesota. They
determined that the major reaction pathways in biodegradation of organic matter involved
manganese and iron reduction as well as methanogenesis. Near the crude oil zone, the
reducing chemical environment was characterized by high concentrations of carbon

dioxide, manganese, iron, and methane.

Anaerobic biodegradation studies on sulfolane and diisopropanolamine (DIPA) by
Fedorak et al., (1997) indicated that DIPA could be degraded by manganese reduction,
iron (IIT) reduction and denitrification. These studies were carried out on aquifer

sediments from Alberta at temperatures of 8°C and 28°C. Significant degradation was

noted at 8°C but not at 28°C.

2.3.2.6 Methane, Carbon Dioxide and Acetate

Methane is produced as a byproduct of anaerobic biodegradation of fuel hydrocarbons
using carbon dioxide or acetate as the electron acceptor (Chapelle, 1993). This process
usually occurs after concentrations of dissolved oxygen, nitrate, bioavailable iron III and
sulphate are depleted in a contaminant plume. Presence of methane in a plume above
background levels is an indicator of strongly reducing conditions because methane is not
found in fuel hydrocarbons. Estimates of the mass of BTEX destroyed by
methanogenesis are made by using the volume of contaminated groundwater, the
concentration of methane in the plume and the background concentration of methane.
The biodegradation of 1 mg/L of BTEX results in the production of approximately 0.78

mg/L of methane during methanogenesis (Wiedermeier et al., 1995).
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2.3.3 OTHER GEOCHEMICAL INDIC’ATORS AND PARAMETERS
ASSOCIATED WITH BIODEGRADATION

2.3.3.1 Alkalinity

The total alkalinity of a groundwater systemm is an indication of a water’s capacity to
neutralize acid (Stumm and Morgan, 1996)- Alkalinity in groundwater results from the
presence of carbonates, hydroxides and bicarbonates of elements such as calcium,
magnesium, sodium, potassium or ammonia. These species occur due to dissolution of
rocks, particularly carbonates, transfer of caarbon dioxide from atmosphere via recharge to
a groundwater system, and respiration of miicroorganisms in the subsurface. During
biodegradation, alkalinity prevents lowering of groundwater pH as a result of the
introduction of acids generated by aerobic aind anaerobic processes such as denitrification
and sulphate reduction. Alkalinity plays an important role in the success of
biodegradation of fuel hydrocarbons by maiintaining pH of a groundwater system.

As a rule, areas contaminated by fuel hydroscarbons have higher concentrations of total
alkalinity than background areas. This is bescause chemical reactions involved in
biodegradation of hydrocarbons cause an inecrease in alkalinity of a groundwater system
due to respiration of the microorganisms. Wolatile fatty acid utilization by
microorganisms also produces bicarbonate, - which is a component of alkalinity. Changes
in alkalinity are more pronounced during ae-robic biodegradation, denitrification, iron
reduction, and sulphate reduction and less prronounced during methanogenesis (Morel and
Hering, 1993). Each 1.0 mg/L of alkalinity produced by microorganisms results from the
destruction of approximately 0.13 mg/L of t-otal BTEX (Wiedermeier et al., 1995).

2.3.3.2 Oxidation/Reduction Potential (Eih")

The oxidation/reduction potential of a groumdwater system provides an indication of the
tendency of groundwater to accept or transfer electrons. Reactions involving
oxidation/reduction (redox) of fuel hydrocar-bons in groundwater are usually facilitated

biologically. Therefore, redox potential of aa groundwater system depends upon and
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influences rates of biodegradation. Some biological processes operate only within a set
range of redox conditions making knowledge of redox potential of a groundwater system
important. Figure 2-9 shows typical redox conditions for the more common

biodegradation processes.

Redox potential can also be used in the field and during data analysis to determine the
approximate location of the contaminant plume. Analytical results for redox are
influenced by aeration of the sample during collection. Therefore, care must be taken to

minimize potential aeration during sampling.

2.3.3.3 Temperature, pH, and Conductivity

Temperature of a groundwater system can affect solubility of dissolved oxygen and other
geochemical species. Dissolved oxygen is more volatile in warmer groundwater.
Groundwater temperature also affects bioactivity of microorganisms. Rates of
hydrocarbon biodegradation roughly double for every 10°C increase in temperature over
the temperature range between 5°C and 25°C (Wiedermeier et al., 1995). Groundwater
temperatures less than 5°C are thought to inhibit biodegradation or slow rates of
biodegradation. However, Herrington et al., (1997) showed that significant
biodegradation rates could still be achieved at sites in Alaska where groundwater
temperatures were consistently below 10 °C. To study differences in toluene
degradation at temperate versus cold climates, Bradley and Chapelle (1995) compared
rates of degradation for a defined microbiological community at sites in Adak, Alaska
and Hanahan, South Carolina. In Adak, groundwater temperatures were around 5°C
while in Hanahan, groundwater temperatures were around 20°C. They found that rates of
toluene degradation in Adak were higher than those in Hanahan (16.3 percent of total
toluene per day and 5.1 percent per day, respectively). In addition, rates of overall
microbiological metabolism in sediments from the two sites, as estimated by acetate

mineralization, were similar (~10.6% day™) at their respective insitu temperatures. This
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provides support to the concépt that microbiological populations can adapt to colder

climates and provide high rates of growth and metabolism under colder temperatures.

The pH of groundwater can affect the presence and activity of microbiological
populations. This is especially true of methanogens. Microorganisms capable of

biodegrading fuel hydrocarbons generally prefer a pH range of 6 to 8.

Conductivity is a measure of the ability of a solution to conduct electricity. Groundwater
conductivity is directly related to the concentration of ions in solution and increases with
increased ion concentration. Conductivity measurements can be used as a check to
ensure that groundwater samples collected during site characterization and monitoring are
representative of groundwater in the same saturated zone as that of the contaminant
plume. If conductivities of the plume and the samples are radically different, they may
be from different zones and additional monitoring locations in the proper zone are

required.

2.3.3.4 Chloride

Chloride can be used in the same way as conductivity to ensure that the proper saturated
zone is being monitored and sampled. Elevated chloride levels within a contaminant
plume as compared to background may be an indication that reductive dechlorination of
chlorinated solvents is occurring. Isotope ratios of chloride can be used to provide
evidence that in situ bioremediation is occurring in situations where chemical
measurements alone may not provide sufficient or conclusive evidence. Sturchio et al.,
(1998) investigated changes in >’Cl isotope ratios between the parent compound
trichloroethene and its degradation products. Groundwater samples were taken from
wells at a gaseous diffusion plant in Kentucky. They found that the 37Cl1 isotope values
for trichloroethene increased with its decreasing concentration in groundwater. Each

successive degradation product had lower 37Cl isotope values.
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2.3.3.5 Field Dehydrogenase Test

The field dehydrogenase test is a qualitative method used to determine if aerobic bacteria
are present in an aquifer in quantities capable of biodegrading fuel hydrocarbons
(Wiedermeier et al., 1995). If the test gives a positive result, a sufficient number of
microorganisms capable of aerobic metabolism and/or denitrification are present in the
groundwater system. No differentiation of process is available with this test. In addition,
the test gives no indication of the presence of facultative anaerobic microorganisms in the

groundwater system.

2.3.3.6 Volatile Fatty Acids

Volatile fatty acids are produced during biodegradation of BTEX compounds. The
presence of volatile fatty acids in a contaminant plume is a direct indication that
biodegradation of BTEX has occurred. Individual organic acid concentration can also
provide an indication of biodegradation (Seagren and Becker, 1999). Their research
determined that under methanogenic conditions, degradation of petroleum hydrocarbons
produced a ratio of acetate to benzoate that was greater than that for sulphate-reducing

conditions.

2.3.3.7 Hydrogen Gas

Dissolved hydrogen gas is produced in anaerobic groundwater systems where natural and
man-made organic matter is decomposed by fermentative microorganisms. The
hydrogen gas is then consumed by microorganisms that use nitrate, iron (III), sulphate, or
carbon dioxide as electron acceptors. In effect, hydrogen is continuously cycled between
microorganism species. The different electron acceptor reducing microorganisms have
different efficiencies in utilizing available hydrogen. Nitrate reducers are highly efficient
hydrogen users whereas methanogenic bacteria are less efficient users. Primary and

secondary fermentation reactions generally produce hydrogen used in reductive
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dechlorination of chlorinated solvents. For dechlorination to occur, hydrogen respirators
must compete successfully against other hydrogen utilizers for the available hydrogen
(Wiedermeier et al., 1999). This difference in hydrogen use is reflected in the subsurface
hydrogen concentration and can be a means of identifying which electron accepting

process is responsible for degradation of a contaminant.

2.3.3.8 Carbon Isotopes

Two isotopes of carbon, C'* and C", can be used to evaluate natural attenuation of
organic contaminants. The ratio of C'* to C' can be changed by chemical reactions and
this ratio provides information regarding the type of biodegradation process in the
subsurface. For example, Revesz et al., (1995) studied carbon and hydrogen isotope
ratios in methane produced at a crude oil spill in Minnesota. They found that cB
measurements could provide accurate information on the source of methane production
and the biodegradation processes involved. Theoretically, stable carbon isotope ratios
would be able to save analytical costs due to the cost for their analysis being cheaper than
that for actual contaminants and the potential for fewer analyses per site during post
implementation monitoring of the site. However, greater initial site characterization is
required in order to understand background isotope conditions. In addition, stable isotope
analysis does not provide confirmation of contaminant mass or concentration reduction.
Rather, it only gives an indication of the processes involved. This information, together
with rate studies may satisfy regulators that reduction will occur rather than directly

measuring that reduction.

2.3.3.9 K4 Values

Brady et al., (1998) discuss the use of K4 values (solid/fluid distribution coefficients) to
demonstrate irreversible metals adsorption. They suggest that if irreversible adsorption
has occurred, the K4 value should increase with time and be greater at the source of the

plume than at the leading edge of the plume. Groundwater samples could be collected
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along the axis of the plume and near the source over time to evaluate this method. If K4’s
increase with time, it could be argued that irreversible adsorption is occurring. They
further suggest that steepness of the K4 versus distance curve might be used to predict
how long the metals remain in solution, thereby giving a prediction of the duration for

natural attenuation to be effective at a site.

2.3.4 MICROCOSM STUDIES

Some protocols for determining the applicability of natural attenuation as a remediation
option require microcosm studies as a tertiary line of evidence after historical and
geochemical data review. Microcosm studies are lab or field evaluations of
microorganism populations and the processes utilized by those populations in degrading a
contaminant. Microcosm studies are undertaken to show that microorganisms necessary
for biodegradation of contaminants are present in the area of contamination. Microcosm
studies can be strongly influenced by geological material submitted for study, physical
properties of the microcosm, sampling strategy, and duration of the study.

Microcosm studies are appropriate for indicating the potential for insitu biodegradation
and as proof that losses of contaminants are biological in origin. They may also be used
to provide a quick indication that contaminants are being biodegraded. For example, an
Increase in microbiological population size within a contaminant plume versus
background population levels may be an indication that degradation is occurring.
However, microcosm studies should be used with caution to calculate biodegradation rate
constants. This is because rate constants calculated from a microcosm study are generally
higher than those realized in the field (Suarez and Rifai, 1999). In the lab, it is easier to

maintain ideal ambient conditions for biodegradation.

Schroth et al., (1997) suggest that there are some inherent problems with conducting
microcosm studies and that site specific information is required to better quantify
microbiological metabolic activities. Problems discussed include the need for core

material, difficulty in reproducing field conditions in the lab (potentially resulting in
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preferential bacteria growth), and inability to compute mass balances for reactants and

products. Therefore, biodegradation rate constants should be calculated from field

measurements.

Microcosm studies can be used to identify potential intermediate compounds associated
with a particular degradation process. This information can be used when developing a
monitoring program for a site so that intermediates can be monitored for confirmation

that degradation is taking place.

Microcosm studies can also be used to determine types of processes affecting
contaminants. Landmeyer et al., (1998) determined that benzene, toluene, and
naphthalene could undergo both aerobic and anaerobic biodegradation by evaluating

degradation processes with microcosm studies.

There are several types of basic microcosm studies that can be conducted for a site. Total
heterotrophic plate counts (aerobic or anaerobic) indicate the total number of bacteria that
can grow on a wide variety of carbon/energy sources (Hinchee et al., 1995). A most
probable number (MPNN) study indicates population numbers of specific groups of
anaerobes such as iron or sulphate reducers or methanogens. Direct counts use
microscopy to more accurately determine total bacteria in a sample. While bacteria
counts provide an indication that bacteria are present, they do not necessarily indicate that
the bacteria can biodegrade contaminants of concern. In contrast, contaminant specific
bioassays provide direct evidence of popuiations of contaminant degrading bacteria at a
site. Assays can provide bacteria counts for specific contaminants or families of
contaminants. Volatile fatty acid analyses and genetic probes are examples of more
advanced genetic and biochemical methods that can be used to characterize specific

contamination degradation activities.
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2.3.5 NATURAL ATTENUATION RATE STUDIES

Biodegradation rates are sometimes calculated to provide an estimate of the length of
time required to remediate a contaminated site or to predict contaminant plume lengths.
Existing protocols for natural attenuation require documentation of three lines of
evidence to support the occurrence of natural attenuation. The biodegradation rate can be
used as support for the first line of evidence which is the loss of contaminants.
Wiedermeier et al., (1996) used two different methods to determine the biodegradation
rate constant for BTEX in groundwater at Hill Air Force Base in Utah. The first method
involved use of a biologically recalcitrant tracer, trimethylbenzene that was introduced
into groundwater at the source of the BTEX contamination. This compound was selected
because its three isomers have Henry's Law constants and soil sorption coefficients
similar to those of BTEX. Rates of tracer loss versus hydrocarbon loss at downgradient
monitoring points were compared. Attenuation of the tracer was attributed to physical
and chemical processes. Attenuation in excess of that of the tracer was attributed to
biodegradation. The second method involved modeling of the analytical data using a
one-dimensional analytical solution derived by Buscheck and Alcantar. The solution
assumes a steady state for the plume and that effects from sorption, dispersion, and
volatilization are negligible. Wiedermeier et al., (1996) were able to calculate first order
rate constants from their study that were similar for both methods. However, the second
method was sensitive to rate of dispersivity selected for the site. Therefore, site specific

data would provide the best estimate of biodegradation rate.

Degradation rate studies can also be used to determine the types of processes affecting
contaminants and which processes may be more effective at degrading contaminants of
concern. Studies conducted by Landmeyer et al., (1998) indicated effective rate
constants for benzene, toluene, and naphthalene under both aerobic and anaerobic
conditions. However, aerobic rate constants were much higher (two to three orders of

magnitude) than anaerobic rate constants.
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2.3.6 BIODEGRADATION INTERMEDIATES

Biodegradation intermediates are compounds formed during the biodegradation process.
In the discussion of different biodegradation processes and types of contaminants that can
be biodegraded, several metabolites have already been mentioned. For example, phenol
is an intermediate of benzene biodegradation under methanogenic conditions. Ethene is a
metabolite of chlorinated solvents such as tetrachloroethene, trichloroethene,-or vinyl
chloride which undergo reductive dechlorination. Chloride can also be released during
this process. Vinyl chloride itself is a metabolite of chlorinated solvents under certain
degradation processes. Godsy et al., (1992) found that acetate was an intermediate in

methanogenic biodegradation of the water-soluble fraction of creosote contaminants.

The concern with intermediates is that they may be more toxic and mobile than the parent
compound. For example, vinyl chloride is a carcinogen whereas dichloroethene is not.

In this case, a monitoring program must be able to detect and delineate the extent of these
intermediates and ensure that they are also being attenuated and do not become a

potential threat to receptors or to the existing microbiological population.

Table 2-4, adapted from Cozzarelli et al., (1990), shows some intermediates of
biodegradation of several monoaromatic parent hydrocarbons under anoxic conditions.
The hydrocarbons were detected downgradient of a crude oil spill in a shallow glacial

outwash aquifer in Minnesota.
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Table 2-4. Oxidized Intermediates of Seweral Volatile Monoaromatic Parent
Hydrocarbons (after Cozzare:lli et al., 1990).

PARENT OXIDIZED INTERMEDIATE
Benzene Phenol

Toluene Benzoic Acidl

o-xylene o-toluic acid

m-xylene m-toluic acid

p-Xylene p-toluic acid

1-ethyl-2-methylbenzene Unknown

1-ethyl-3-methylbenzene m-methylphemylacetic acid

1-ethyl-4-methylbenzene p-methylphemylacetic acid

1,3,5-trimethylbenzene 3,5-dimethylbenzoic acid

1,2,4-trimethylbenzene 2,4-dimethylbenzoic acid, 2,5-dimethylbenzoic
acid, 3,4-dimeethylbenzoic acid

1,2,3,5-tetramethylbenzene | 2,4,6-trimethwlbenzoic acid, 2,3,5-trimethylbenzoic
acid

Aerobic degradation studies on sulfolane ansd diisopropanolamine (DIPA) by Fedorak et

al., (1997) identified two metabolites of DIFPA; monoisopropanolamine and methyl

glyoxal. These compounds also served as gsrowth substrates for bacteria responsible for
the parent compound’s biodegradation. Sul-folane was also degraded under aerobic

conditions but metabolites could not be idemtified.

2.3.7 OTHER FACTORS AFFECTING _BIODEGRADATION

The presence of a microbiological populatioen in the subsurface capable of biodegrading a
contaminant does not ensure that bioremediation will occur (Lewandowski and DeFilippi,
1998). A site’s environment and geochemisstry must be favourable for microbiological
growth and maintenance. Environmental faectors such as pH, temperature, contaminant
concentration, site geology and nutrient avaiilability can determine whether or not
biodegradation will occur. Subsurface variaability is also recognized as a controlling
factor by regulatory agencies. For example,.the USEPA’s National Center for
Environmental Research and Quality Assurance (NCERQA, 1999) is currently
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conducting a series of studies to examine processes controlling anaerobic bioattenuation
of dissolved hydrocarbons in groundwater. At each site studied, spatial variations in
contaminant biodegradation rates, sediment characteristics, and microbiological

populations will be examined.

While some microorganisms grow in pH conditions ranging from 4 to 10, most grow in
pH conditions ranging from 6 to 8. Decreases in pH over the duration of the natural
attenuation period can result in a decrease of microbiological activity. Godsy et al.,
(1992) demonstrated that decreases in pH can occur downgradient of contaminant
sources due to incomplete anaerobic degradation of aromatic compounds, resulting in
volatile fatty acid accumulation within a plume. Therefore, low pH may be both an
indicator of the occurrence of biodegradation as well as an indicator that inhibition of the
biodegradation processes may potentially occur. A decrease in pH may also lead to
carbonate dissolution. The presence of carbonate may act to buffer acids produced by
bacteria and maintain groundwater at pH conditions more favourable for microorganism

activity.

Metcalf and Eddy (1991) indicate that rates of many microbiological reactions double for
each 10°C rise in temperature. In contrast, colder temperatures often slow biodegradation
rates leading to longer completion times for biodegradation processes. Work by
Herrington et al., (1997) demonstrated that microorganisms can become acclimatized to

colder temperatures resulting in biodegradation rates similar to those in warmer climates.

At high concentrations, many organic contaminants become toxic to microorganisms
(Lewandowski and DeFilippi, 1998). At sites containing free phase liquids,
bioremediation may not be relied upon as the primary means of natural attenuation of a
contaminant plume. Where biodegradation is active at the fringes of the free phase
liquid, bioavailability of a contaminant will be controlled by the rate at which it dissolves
into groundwater. If a contaminant has adsorbed onto aquifer matrix materials,

bioavailability will also be controlled by the rate of desorption. As a dissolved phase is

50



used up by microorganisms, the local concentration gradient increases resulting in

desorption of the contaminant.

Higher concentrations of contaminants require greater amounts of electron acceptors and
nutrients that may be of limited supply at a site. Conversely, at low concentrations in the
microgram to nanogram range (Lewandowski and DeFilippi, 1998), contaminants may
not provide enough energy or carbon essential for cell growth and maintenance.
Contaminant mixtures, such as metals and organics, present at a site can also create
problems for the success of biodegradation. The metals may be toxic to microorganisms

involved in degradation of the organics, thereby limiting their success.

Site hydrogeology can also limit the success of natural attenuation. Low hydraulic
conductivity soils such as clay or fine textured till can limit migration of the
contamination and the movement and availability of essential electron acceptors and
nutrients. When combined with a high hydraulic gradient, high hydraulic conductivity
soils such as sand or gravel may facilitate too rapid a migration of the plume. As a result,
the natural attenuation processes can be overwhelmed. Plume migration is also
controlled by the sorptive capacity of soils and rate of biodegradation. The effectiveness
of natural attenuation is inversely proportional to the distance of migration of the plume
(USGS, 1998). If groundwater flow velocity is much greater than the sorptive capacity
and the biodegradation rate, a plume will be relétively large and natural attenuation may
not prevent exposure of potential receptors to unacceptable levels of contamination. If
groundwater flow velocity is small relative to sorptive capacity and biodegradation rate, a
plume will be relatively small and natural attenuation may be successful at preventing
receptor exposure to unacceptable levels of contamination. Consequently, it is very
important to understand the geology and hydrogeology of a site as well as their potential

affect on natural attenuation as a whole.

The success of computer models used to predict behavior of expected natural attenuation
processes depends on accuracy of data obtained during initial site characterizations. One

aspect of site characterization that is susceptible to error is hydrogeologic interpretation
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of data obtained from monitoring wells. Brittle clay-rich geologic materials can develop
interconnected fractures around the borehole during drilling. Consequently, groundwater
(and contaminants) can migrate around the well seals with relative ease (Trojan, 1988).
This can lead to misinterpretation of groundwater flow directions and gradients, incorrect
hydraulic conductivity values, and potential contamninant migration through an aquitard.
Modeling cannot account for the leakage and resulting groundwater monitoring programs

may not pick up this short-circuit in the contaminant’s movement across a site.

Ammonia-nitrogen and ortho-phosphate are limiting nutrients required for
microbiological growth and activity. Ammonia is the preferred nitrogen source and
ortho-phosphate is the preferred phosphorous source for most soil bacteria. It is possible
that biodegradation rates and activities could be liknited by low levels of these nutrients
even if all other growth needs such as electron acceptors or carbon sources are available.
Depletion of these nutrients as compared to background groundwater concentrations can

also be used as an indicator of biodegradation of contaminants.

Dissolved oxygen may or may not be a limiting factor at a site. In situations where
_dissolved oxygen levels are low, anaerobic processes may facilitate the biodegradation of
contaminants. For example, BTEX compounds have been shown to be biodegraded both
aerobically and anaerobically. However, in general, dissolved oxygen levels less than 0.5
mg/L suggests that anaerobic conditions may exist. Aerobic degradation usually takes
place when dissolved oxygen levels are between 3 and 5 ppm. Dissolved oxygen content
can be related to soil moisture content. Soil saturation greater than 80% can reduce

availability of oxygen and therefore affect bacterial activity (CPPI, 1995).

In the case of iron (III) reduction processes, Quigley and Banwart (1999) have shown that
bioavailability of iron (III) can affect biodegradation of organic pollutants. Poorly
crystalline forms of iron (III) and the presence of chelators capable of forming iron (IIT)
complexes greatly increase bioavailability of the iron, which in turn increases

biodegradation of a contaminant.
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Too much iron precipitation can also be detrimental to other, more favourable
bioremediation processes. For example, Lammey and Noseworthy (1997) noted that
precipitation of ferrous iron greatly reduced the size of the zone of denitrification within a
contaminant plume. Because denitrification supplies more energy to microorganismes, it
is a more efficient degradation process. Efforts were made to increase the size of a

denitrification zone by addition of nitrate rich fertilizer in monitoring wells.

Natural or introduced changes to a site’s hydrogeochemistry can also affect natural
attenuation of metal precipitates. For example, when landfill leachate enters an aquifer,
biodegradation of organic matter in leachate can create anaerobic conditions that can
induce the formation of reduced sulphur and iron species. Heavy metals are often also
present in leachate and, under reducing conditions, can be expected to react with sulphide
to form insoluble metal sulphide precipitates. However, once organic matter is degraded
and anaerobic conditions revert to aerobic, it is possible that formerly precipitated metals
such as cadmium may be mobilized in an aquifer. Altmann and Bourg (1997)
demonstrated that cadmium sulphide precipitates could be remebilized once a
groundwater system made the transition from anaerobic to aerobic. The major
controlling factor for cadmium remobilization in the groundwater system was pH. Ata

pH of less than 6, cadmium was easily remobilized.

The physical state of a metal pollutant can govermn its effective removal from soil. For
example, the extent of pollution would be less severe with metal powders or metal
objects than with a liquid containing dissolved metal salts. One major problem with
metal attenuation is that most removal mechanisms involved can be reversed. That is
because they are influenced mainly by adjustments to soil and pore water pH. These
adjustments can occur on a localized scale due to changes in site development or
recontamination. For natural attenuation to be considered for metals, it is also necessary
to demonstrate that concentrations will be decreased prior to reaching a point of
compliance and that metals are irreversibly adsorbed or trapped. Problems can arise
when fresh recharge is introduced into the contaminated zone. Recharge creates

desorption of metals as the sorbed fraction tries to equilibrate with the recharge.
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Generally, the longer metal-rich solutions stay in contact with aquifer matrix minerals,
the larger the irreversibly sorbed fraction becomes (Brady et al., 1998). Thus, limiting

recharge could enhance natural attenuation of metals.

Reductive dechlorination of chlorinated solvents 1s only effective where there is an
adequate supply of electron donors. Its use 1s therefore limited to sites where these
donors exist and where the supply is sufficient to ensure that they will not be depleted

before remediation is complete.

Colloids are mineral fragments such as clays, organic macromolecules, microorganisms
or biological debris usually between 10 and 10 metres in length. They can be removed
from groundwater when they aggregate and settle or when they are trapped by physical or
chemical bonds. However, until this happens they can travel hundreds of metres in an
aquifer (Brady et al., 1998). Metals and organics can be adsorbed onto colloids and
travel with them through the aquifer matrix. This can result in contaminant transport
beyond what can be predicted by modeling or by monitor well analysis unless colloids

are specifically part of the analytical suite.

2.4 MODELING

Modeling is conducted to provide an estimate of the fate and transport behavior of
contaminants of concern. Modeling provides an estimate of the migration potential of
contaminants and the length of time contaminants will persist so that potential effects on
downgradient receptors can be assessed. This can be achieved by allowing the model to
run until steady state conditions are met. The distance a plume migrates can be compared
to the distance to receptors, and decisions made regarding whether natural attenuation is
appropriate for site remediation and risk management. Models can also be used to
develop a groundwater monitoring program for a site by evaluating plume shape and
migration patterns in two and three dimensions. This information can then be used to

assist in placement of wells not only in terms of their location around a plume but also
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vertically within expected flow regimes. Modeling accuracy depends on the
thoroughness of site characterization and input of as much site-specific information as
possible. This includes information on site geology, hydrogeology, and geochemistry as
well as information on degradation rates determined by microcosm and degradation rate
studies. Models are an analytical representation of what might be expected to occur at a
site. Mathematical equations are used to simulate effects to contaminants during
transport within an aquifer matrix. Problems can occur when sites have complex
geologies or multiple sources. Therefore, modeling predictions must always be followed

by continued groundwater monitoring to ensure that the site behaves as predicted.

There are several models available for evaluating the fate and transport of contaminants
in the environment. Three models, Bioscreen (USEPA, 1996a), MT3D (USEPA, 1990),
Bioplume II / III (Rifai et al., 1987), will be discussed. These models were chosen
because they are relatively easy to use and are available at no cost to the user. Bioscreen
was developed for the Air Force Center for Environmental Excellence Technology
Transfer Division (www.afcee.brooks.af.mil/) and is available to the public domain

through the USEPA. MT3D and Bioplume II (and its replacement Bioplume III) are two

of the more commonly used models for contaminant fate and transport evaluation. They
are also available in the public domain through the USEPA
(www.epa.gov/epahome/data.html). Additional documentation on these modeling
programs can be obtained from Wiedermeier et al., (1999).

Bioscreen (USEPA, 1996a) is based on the Domenico analytical solute transport model
and can simulate advection, dispersion, adsorption, and biodegradation processes.
Domenico and Robbins (1985) demonstrated that a relatively simple extended pulse
model can closely approximate more rigorous solutions to the advection-dispersion
equation for a finite constant source. Domenico (1987) modified this extended pulse
model to include first order decay. The revised model assumed constant regional flow
and three-dimensional dispersion in a homogenous, isotropic, infinite aquifer. Bioscreen
simulates biodegradation in one of two ways. It either uses a first order decay rate

constant or else background concentrations of electron acceptors are entered and an
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instantaneous reaction is simulated. The first order decay constant approach combines
the biodegradation parameters. The instantaneous reaction approach uses principles of
superposition, and contaminant mass at any time and location can be calculated by
subtracting 1 mg/L of dissolved organic mass for each 1 mg/L of biodegradation capacity
supplied by the available electron acceptors.

Bioscreen (USEPA, 1996a) is a two dimensional model that is sometimes used to
represent a three dimensional problem. Depending on the type of contaminant, it may not
accurately represent the source of the contamination. This can lead to errors in

estimating distance from centerline to outer edge of the plume. Bioscreen also seems to
be highly sensitive to values for dispersivity chosen for a model run. Dispersivity is
defined as a medium-dependent hydrodynamic parameter characterizing solute dispersion
of a contaminant plume in a porous medium (Xu and Eckstein, 1997). Information for a
case study discussed below indicated that if high dispersivity values were used, distance
the contaminant plume migrated was significantly reduced. Longitudinal values for
dispersivity of half of the expected actual site values had to be used in order to provide

modeling responses similar to those determined by site monitoring.

MT3D (USEPA, 1990) was developed for use with a block-centered finite difference
flow model such as Modflow. It assumes that changes in a plume concentration do not
measurably affect the flow field. This allows the user to construct and calibrate a flow
model independently. MT3D simulates biodegradation under first order decay conditions
only. Inputs for diffusion coefficients, retardation factors and dispersivities can be
entered into the model. Model output is contaminant concentration distribution at various
time intervals. MT3D can accommodate confined and unconfined aquifer conditions,
mass flux boundaries and solute transport effects from external sources such as wells,

recharge areas or evapotranspiration sites.

MT3D can also provide time step simulations of contaminant concentrations. A time step
is determined by the model based on grid spacing, groundwater velocity and dispersivity

parameters. Sites with low groundwater velocities may require a large time step in order
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to attain a reasonable solution. With smaller time steps, the model may not project the
contaminant particle far enough into the future to move the contaminant beyond the
starting cell. This leads to the perception that the contaminant is not migrating.
Bioplume II is a two-dimensional finite difference model for simulating biodegradation
of hydrocarbons in groundwater under the influence of oxygen-limiting conditions (Rifai
et al., 1987). The model computes changes in concentration over time due to advection,
dispersion, mixing and biodegradation. The model does not consider dynamics of
microbiological activity required to consume hydrocarbons and assumes that oxygen is
the only electron acceptor used by microorganisms during biodegradation (Zhong et al.,
1995). Bioplume III simulates both aerobic and anaerobic biodegradation processes in
addition to advection, dispersion, adsorption, and ion exchange. The model simulates
biodegradation of organic contaminants using a number of aerobic and anaerobic electron
acceptors including oxygen, nitrate, iron (III), sulphate, and carbon dioxide. Simulations
assume homogeneous conditions, steady state groundwater flow, a constant initial
background dissolved oxygen concentration, and dissolved oxygen recharge upgradient
of the source. The model tracks two plumes: oxygen and hydrocarbon. The two plumes
are superimposed to determine resulting concentrations of oxygen (or other electron
acceptors) and hydrocarbon at each time step. Three different kinetic expressions can be
used to simulate aerobic and anaerobic biodegradation reactions. These include first
order decay, instantaneous reaction and Monod kinetics. The major differences between
Bioplume II and Bioplume III are that Bioplume III runs on a Windows environment
instead of Bioplume II’'s DOS environment, that Bioplume III incorporates anaerobic
processes, and that Bioplume IT has been integrated with an environmental information
system adopted by the U.S. Air Force (Rifai et al., 1987). The USEPA has issued a
warning regarding the use of Bioplume III (www.epa.gov/epahome/data.html/).
Apparently there is a problem with the first order decay option for the electron acceptors.

To date, this problem has not been corrected.
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3.0 EXISTING LEGISLATION

3.1 APPROACH TO OBTAINING LEGISLATIVE INFORMATION
FROM OTHER JURISDICTIONS

In developing policy, guidelines, codes of practice, or regulations for natural attenuation,
it is useful to examine legislation already in existence in other regulatory agencies.
Contact and discussion with these agencies allow for a better understanding of the
motivation for developing the policy, how the policy was developed, what the policy
content is, what input from the public and other stakeholders was allowed or considered
when forming the policy, how the policy is administered and implemented, and problems
or benefits associated with that policy. It also allows for an examination of a policy and a
determination as to whether it can be adopted as is, with minor changes or additions, or
whether a policy specific to the reviewing agency is required. The benefits of not “re-
inventing the wheel” are that a researched, useable, functional, and workable policy can
be put in place quickly and that administrators of the adopted policy can be trained
quickly.

Regulatory agencies have published numerous documents related to natural attenuation.
Review of all these documents was beyond the need or scope of the research into existing
legislation. Though some insight can be gained as to the process of the review of natural
attenuation by regulators and its eventual acceptance, the fact is that natural attenuation is
documented as a viable remediation alternative. Therefore, a documentation of the
history of natural attenuation was not deemed necessary for the objective of reviewing
existing legislation. However, in many instances, these older documents were consulted
for insight into issues such as pubiic consultation and the need for, and requirements of,

adequate site characterization to support the use of natural attenuation.

Currently, there are no regulatory agencies in Canada which have a formal policy specific
to natural attenuation as a remediation/site management option. The Federal Government
is working in co-operation with it armed forces in examining the use of natural

attenuation and will inevitably be required to develop a policy.
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The Environment Departments of both British Columbia and Ontario were contacted by
e-mail and telephone to determine whether natural attenuation is an acceptable
remediation alternative and, if so, how applications for its use are considered. Both
provinces do not directly mention natural attenuation but refer to natural processes to
different degrees (BC, 1999; MOEE, 1996). Alberta has begun the process of including
natural attenuation when considering the remediation of upstream oil and gas lease si-tes
and risk assessment and management options (AENV, 1999a and b). A more detailed

discussion of each province’s legislation follows below.

The United States Environmental Protection Agency (USEPA) has issued several
documents regarding natural attenuation. A complete listing of those publications cam be

found in the USEPA publications website (www.epa.gov/cinc/). The main document.s

reviewed for technical requirements and protocols for site investigations to support thee
implementation of natural attenuation were Use of Monitored Natural Attenuation at
Superfund, RCRA Corrective Action, and Underground Storage Tank Sites, April 1999
(USEPA, 1999) and Technical Protocol for Evaluating Natural Attenuation of
Chlorinated Solvents in Groundwater, 1998 (USEPA, 1998).

The United States Department of Defense (DOD) has also developed policy and

protocols for the investigation and use of natural attenuation at its military bases
(Wiedermelier et al., 1995). The preface to those documents also indicates that persoms
outside the military can also use the protocol. The documents can be obtained as a toolkit
for use by interested parties by contacting the Air Force Center for Environmental
Excellence on their website (www.afcee.brooks.af. mil/). The main document, 7echni-cal
Protocol for Implementing Intrinsic Remediation with Long-Term Monitoring for Nat-ural
Attenuation of Fuel Contamination Dissolved in Groundwater, (Wiedermeier et al., 1995)
was developed for the DOD by the United States Air Force Center for Environmental

Excellence in San Antonio, Texas.

The American Society for Testing and Materials (ASTM) has also a document related! to
natural attenuation and bioremediation (ASTM, 1998). A complete listing for their
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documents can be found by searching their website (www.astm.org/). The main
document Guide for Remediation of Groundwater by Natural Attenuation at Petroleum
Release Sites, 1998 (ASTM, 1998), was reviewed for information regarding technical

requirements in support of the use of natural attenuation.

As part of this study, individual states in the United States were contacted regarding
formal policy development. First, all 50 states were evaluated for formal policy
regarding natural attenuation via searches conducted on the internet. Environmental
department documents for each of the states were searched. Relevant documents were
downloaded for later review from each of the state’s having a formal natural attenuation
policy. If no documents were found the environment departments were contacted via e-
mail for information regarding policy, regulations or guidelines pertaining to natural
attenuation. The departments were asked if they had a formal policy on natural
attenuation and whom to contact for more information. A formal policy is defined here
as documents or legislation specifically written for natural attenuation. Acceptance of
natural attenuation by a regulator on a case-by-case basis under general site remediation
guidelines or regulation was not seen as formal policy. However, lack of a formal policy
does not mean that natural attenuation is not considered. The purpose of the preliminary
screening was to categorize the states as to whether they did or did not have a formal
policy on the use of natural attenuation and whether they had developed their own policy.
Contacts for states with formal polices were sent an evaluation questionnaire as a starting
point for information collection and as a means of selecting representative states for
review as discussed below. A copy of the questionnaire is included in Appendix A.
Information obtained from the questionnaire was useful in clarifying issues related to
limitations placed on MNA use by a regulator or the role of public participation.
However, the questionnaire did not provide significant additional information on the
content of a particular policy, regulation, or guideline. Additional information on natural
attenuation was sought by telephoning the environment department contact who
responded to the questionnaire. This step was included to clarify understanding of the
legislation, discuss the state’s approach to implementation of natural attenuation, and

discuss case studies where natural attenuation had been implemented.
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Documents selected for review from the website searches were reviewed for relevant
sections on natural attenuation, site investigation, site closure, and remediation
objectives. Information from these sections were included in the discussion of each
state’s legislation. This discussion was first written while waiting for responses to
questionnaires and then revised based on response to the questionnaires and discussion

with the state contact person.

There are some inherent problems associated with the approach taken to complete the
research. This may have led to states with formal policies being overlooked. Contact via
e-mail relies upon the internet representative having a firm grasp of all the business of the
environment department. If the representative is unaware that a certain division or group
within an environment department deals with natural attenuation this may resultin a
response that the particular state does not have a formal policy on that subject. The
writer also has no knowledge of either the structure of the environment department or the
responsibilities of the different groups within that department. Therefore, it is possible
that the wrong government department may have been contacted for information. It is
also possible that natural attenuation could be dealt with by two different divisions within
an environment department, requiring two different contacts to be made. Such was the
case with the State of Utah where issues related to underground storage tanks and issues
related to other wastes are dealt with by two different divisions. Policies related to
natural attenuation are not always referred to by that name. For example, until recently,
the State of Florida dealt with natural attenuation under “monitoring only plans” rather
than formally calling it natural attenuation (FDEP, 1998). Therefore, questionnaires sent
to the various environment department contacts as part of the research were carefully

worded to ensure that policies were not overlooked due to differences in terminology.

Of 50 states contacted, 26 had an informal policy on natural attenuation. An informal
policy means that contaminated sites are be dealt with on a case-by-case basis and either
the USEPA (1998, 1999) or DOD (Wiedermeier et al., 1995) documents would form the
basis of a review of an application to the regulator by a proponent to use natural

attenuation at a site. Table 3-1 shows a generalized breakdown of U.S. state
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natural attenuation policies. For states with a formal policy, contaminants governed by

that policy are also listed.

Originally states were to be grouped by a more formal categorization method outlined in
Table 3-2 in order to reduce the anticipated size of the task of reviewing each the states
with a formal natural attenuation policy. All states with a formal policy on natural
attenuation were to be included in this step. However, once research revealed that very

few states had a formal natural attenuation policy, this categorization step was eliminated.

Table 3-2. Proposed Selection Criteria for Grouping of States with a Formal
Natural Attenuation Policy.

Category Descriptor Descriptor
Population Size Large Small
Winter Climate Cold Winters Warm Winters
Surficial Geology Thick clayey/silty soils Thin soils or

: sandy/gravelly soils
Geographic Location Inland Coastal
USEPA Region One from each Region (if possible)
.Groundwater Usage High | Low

A total of eight of the ten states with a formal policy were reviewed (Table 3-1). These
states were selected to provide a representative view of the existing legislation and
practices adopted by those states and allow for their methods to be reviewed in the
context of Alberta specific conditions. South Carolina and North Carolina were not
reviewed in detail as their respective legislation did not vary significantly from the eight
states that were reviewed. States were chosen from a range of potential climates and soil
conditions to examine what effect these differences might play in the application of the
regulations. Other goals in selecting these states were to determine the motivation of a
state for developing its own policy, the procedure used for developing that policy and
subsequent regulations or guidelines, the consultative approach, (both internal and
external) used to review the policy, the approach to implementing the policy, and to gain

feedback from regulators and industry regarding the implementation of a policy at

63



contaminated sites. The following states were selected: Alaska, Florida, Michigan,
Minnesota, Utah, New Hampshire, Texas, and Wisconsin.

3.2 REVIEW OF EXISTING LEGISLATION
3.2.1 CANADA
3.2.1.1 Federal

The Canadian Federal government does not have a formal policy on the use of natural
attenuation. Its use is considered on a site-by-site basis. Existing USEPA and DOD
protocols (USEPA, 1998, 1999 and Wiedermeier et al., 1995) are used in the evaluation
of data submitted by a proponent.

3.2.1.2 Ontario

The Ontario Water Resources Act (1990) charges the Ontario Ministry of Environment
and Energy (MOEE) with conservation of groundwater resources in the Province of
Ontario. Discharges of contaminants into groundwater are divided into two categories
each with their own guidance. Discharges at sites are dealt with under Guide B-7,
Incorporation of the Reasonable Use Concept into MOEE Groundwater Management
Activities, April 1994 (MOEE, 1994a). Discharges at sites not requiring an approval or
discharges from spills are dealt with under Guide B-9, Resolution of Groundwater
Quality Interference Problems, April, 1994 (MOEE, 1994b).

Guide B-7 establishes the reasonable use of groundwater on properties adjacent to
sources of contamination and determines the limits on discharge of contaminants from
facilities approved by MOEE that are used for disposal of waste into shallow
groundwater (MOEE, 1994a). The concept of reasonable use was introduced due to

recognition of variability in quality, quantity and availability of groundwater in Ontario.
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The Regional Director has the responsibility for establishing reasonable use based on
input from the facility owner, MOEE staff and, in the case of major issues, the public.

Reasonable current and potential uses are established using three main considerations:

e Present use of groundwater in vicinity of the contamination
e Potential use of groundwater in vicinity of the contamination

e Existing quality and quantity of groundwater in vicinity of the contamination

Potential use of the groundwater is almost always thought to be for domestic supplies due
to the availability and quality of groundwater across the province. Adjacent land uses
such as agricultural activities and utility corridors can also affect the reasonable use

designation.

The MOEE also specifies locations where potential placement of waste disposal facilities

may not be appropriate. These include:

e Areas where no appreciable attenuation can be provided
e Areas where natural attenuation capacity is weak
e Areas where the subsurface is suited to a better use

e Areas where consequences of failure are unacceptable

Determination of contamination limits and definition of an attenuation zone are dealt with
in Procedure B-7-1 MMOEE, 1996). In this guide, the purpose of a contaminant
attenuation zone is to allow limited impairment of off-site property by means of
easements or other methods without imposing severe restrictions on land use listed above
which apply to a waste disposal site (MOEE, 1996). The attenuation zone lies outside a
waste disposal site and is delineated both with respect to area of land that it underlies and
with respect to its depth. Within the zone, it is intended that contaminants will be
attenuated to levels compatible with reasonable use of the adjacent properties as defined

in Guide B-7 (MOEE, 1994a). An agreement between the facility owner and the adjacent
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landowner as to use of the zone must be reached and should be registered on the land

title.
The MOEE may support an application for attenuation in the following circumstances:

e Where an alternate water supply that is superior to any associated with the attenuation
zone is available

e Where a contaminant zone is limited and clearly defined

e Where high levels of dissolved solids (iron, manganese, or total dissolved solids) are
present in groundwater associated with the attenuation zone

e Where the Regional Director judges appropriate use to be an attenuation zone

regardless of its suitability for other purposes

Guide B-7 (MOEE, 1994a) recommends that future use of attenuation zone property bé
strictly controlled. These controls should be permanent or until such time as it can be

proven that they are no longer needed.

- Guide B-9 (MOEE, 1994b) deals with impacts to the quality of groundwater supplies due
to discharges :at closed facilities or discharges resulting from spills. This guide governs
discharges following pathways from surface to the subsurface, from subsurface to the
surface and pathways within the subsurface. The facility owner is responsible for all
costs associated with site investigation, remediation of the environment and restoration of
affected water supplies. The level of remediation is determined on a case-by-case basis
but no mention is made of the concept of reasonable use in the Guide. The adjacent
landowner can also initiate restoration and recover costs from the facility owner. The
facility owner must submit an action plan to MOEE establishing a method of remediation

and a time frame for remediation.
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3.2.1.3 British Columbia

British Columbia’s (BC) Municipal Waste Reduction Branch has prepared Guidelines for
Environmental Monitoring at Municipal Solid Waste Landfills, January, 1996 (BC,
1996). The guidelines provide a definition for attenuation and mention remedial action -
should the analytical data indicate an upward trend in concentration or results above the
applicable regulatory criteria. However, natural attenuation is not dealt with as a specific
remediation option. The Regulation of Petroleum Hydrocarbons in Water under the
Contaminated Sites and Special Waste Regulation (BC, 1999) specifies that certain
criteria must be met in surface and ground waters “at the downgradient property
boundary of the petroleum hydrocarbon contaminated site, or on any property of any
other site(s) that may be affected by migration of petroleum hydrocarbon contamination”
and that remediation must occur if the criteria are exceeded. However, natural
attenuation is not discussed as a means of preventing the migration of the contamination

to the property boundary.

When determining what criteria to use at a site, facility owners have three options. They
may choose to remediate to existing default criteria, they may choose criteria based on a
generic risk assessment, or they may choose to modify the generic risk assessment model
by incorporating site specific information and generating site specific criteria. The
current mathematical model used by the BC Ministry of Environment models
hydrocarbon transport from soil into groundwater and then ultimately to an aquatic
receptor. The model can use a water well as an ultimate receptor. Petroleum
hydrocarbons are the only contaminants considered by the model. The model assumes a
set pathway length and that no biodegradation occurs within the aquifer. However,
proponents can modify pathway length and add in biodegradation or other attenuation
type parameters, provided these changes are supported by data from the site. Details for
evaluating biodegradation or other attenuation factors are not discussed. Greater detail
for deriving site-specific criteria can be found in the Ministry document Methods for
Deriving Site-Specific Water Quality Objectives in British Columbia and Yukon dated
November, 1997.
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3.2.1.4 Alberta

Alberta Environment (AENV) has developed two documents which contain a reference

to natural attenuation. Those documents are:

e A Proposed Management Framework and Associated Remediation Objectives for
Upstream Oil and Gas Sites in Alberta (AENV, 1999a)
e Policy for Management of Risks at Contaminated Sites in Alberta (AENV, 1999b)

The purpose of the management framework document (AENV, 1999a) is to outline a
proposed administrative and technical framework for managing contamination at only
upstream oil and gas sites such as wellheads or compressor stations. The document
defines unconditional, conditional and deferred states of closure for upstream sites using
risk-based criteria. Unconditional closure sites are those that do not require additional
remediation. Conditional closure and deferred closure sites are those where ongoing
remediation is required to meet remediation objectives. At those sites, natural attenuation
can be used when developing site closure strategies. Draft guidelines for Phase I and
Phase I site assessments for oil and gas lease sites are currently under development
(Nason, 1999). The guides will require a facility owner to provide preliminary support

for the use of natural attenuation at a site.

The policy for risk management (AENV, 1999b) provides general guidance for
establishing or modifying risk-based remediation objectives and applying site-specific
risk assessment and management to meet AENV objectives. The concept of risk
management is divided into two categories: remediation and exposure prevention. The
remediation category includes physical, chemical and biological treatment to reduce
contamination to acceptable levels appropriate for a particular land use category. Natural
attenuation could be considered under the remediation category. However, no details

regarding the characterization or evaluation of natural attenuation are provided.
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The risk management guidelines do not allow for imgpairment of offsite property above
applicable land use objectives without that adjacent llandowner’s consent. If the facility
owner cannot obtain consent, AENV may require specific objectives to be met at the
property line. Remediation of the adjacent affected property must also meet those

objectives.

3.2.2 UNITED STATES
3.2.2.1 United States Environmental Protection Aagency

The two main documents reviewed were Use of Monritored Natural Attenuation at
Superfund, RCRA Corrective Action, and Undergrouwsnd Storage Tank Sites, April 1999
(USEPA, 1999) and Tecknical Protocol for Evaluatisng Natural Attenuation of
Chlorinated Solvents in Groundwater 1998 (USEPA._, 1998).

A. Use of Monitored Natural Attenuation at Superfund, RCRA Corrective Action
and Underground Storage Tank Sites (USEPAs, 1999).

The purpose of this Directive is to clarify USEPA’s policy regarding use of monitored
natural attenuation (MNA) for cleanup of contaminatted soil and groundwater in the
Superfund, RCRA Corrective Action, and Undergrownd Storage Tank programs. It
provides a rationale for implementation of the policy and a discussion of background to
natural attenuation processes. This background disctusses specific issues related to

contaminants of concern, transformation products, amd cross-media transfer.
The Directive advocates a three-tiered approach to determining and demonstrating the

efficacy of MNA as a remediation option. The tiered approach requires three lines of

evidence to be provided as evidence of natural attenusation at a site.
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These lines of evidence are (USEPA, 1999):

e Historical groundwater and/or soil analytical data to demonstrate a clear and
meaningful trend of decreasing contaminant mass and /or concentration over time at
appropriate monitoring or sampling points. Migration of contaminants should not be
the sole reason for the reduction seen.

e Hydrogeologic and chemical data that can be used to demonstrate indirectly the
type(s) of natural attenuation processes active at a site, and the rate at which
processes will reduce contaminant concentrations to required levels.

e Data from field or microcosm studies which directly demonstrate the occurrence of a
particular natural attenuation process at a site and its ability to degrade contaminants

of concern.

The first line of evidence of information may be acceptable to prove natural attenuation if
the data provided are deemed of sufficient quality and duration. Usually this is not the
case and the second line of evidence is required for a site. Data from microcosm studies
are only deemed necessary where information for the first two lines of evidence is seen as

inadequate.

The Directive includes guidance as to sites where MNA may be appropriate. The
Directive states that “USEPA expects that MNA will be most appropriate when used in
conjunction with other remediation measures (e.g., source control, groundwater
extraction), or as a follow-up to active remediation measures that have already been
implemented” (USEPA, 1999). Several factors for consideration of MNA at a site are

presented including:

e Whether contaminants at a site are likely to be remediated by natural attenuation

processes
e Stability of a groundwater plume and potential for further migration

e Potential for unacceptable risks to receptors, both environmental and human.
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Source control is seen as an important part of the remediation approach to any site where

MNA is being considered.

The Directive also discusses the concept of reasonable time for site remediation. The
idea is that MNA must be able to attain remediation objectives for a site in a timeframe
comparable to that of other appropriate remedial alternatives. Items to be considered

when evaluating reasonable timeframes include:

e (lassification of the affected resource and potential requirement for future use

e Plume stability

e Uncertainties regarding contaminant mass and predictive capability of the site
conceptual model

e Reliability of institutional controls and long-term monitoring

e Public acceptance of the predicted timeframe

e Ability of the proponent to fund required monitoring or contingency remedies over

the predicted remediation timeframe

The timeframe required for MNA is recognized to likely be longer than that for other
more active approaches to site remediation. Therefore, proper performance monitoring
and contingency remedies are seen as the key to dealing with uncertainties in the above

items.

Performance monitoring and evaluation are also seen as a critical aspect of any proposal
for MNA. The Directive recommends that the monitoring program should be designed to

accomplish the following items:

e Demonstrate that natural attenuation is occurring according to expectations

e Detect changes in environmental conditions with time or site development that may
reduce effectiveness of natural attenuation processes

e Identify any potentially toxic and/or mobile transformation products

e Verify that a plume is not expanding

71



e Verify that no unacceptable effects to downgradient or onsite receptors are occurring
e Detect new releases to the environment that could adversely affect effectiveness of
natural attenuation

e Verify that remediation objectives are being met

The Directive further recommends that monitoring continue after objectives have been

met to ensure that there is no threat to human health or to the environment.

Contingency remedies must be included with the proposal for implementation of MNA.
There must be flexibility in contingency measures to accommodate changes in site
conditions or information, and risk or the development of new remediation technologies.
The Directive recommends that trigger criteria be established prior to implementation of
a remediation program that will indicate when contingency measures must be
implemented. These criteria could include increasing trends in contaminant
concentration, unexpected expansion of a contaminant plume to previously unaffected
monitoring wells, evidence from monitoring that MNA alone will not meet the
remediation objectives, and changes to land use or groundwater use that compromise the

protectiveness of MNA.

B. Technical Protocol for Evaluating Natural Attenuation of Chlorinated Solvents
in Ground Water (USEPA, 1998).

The purpose of this Protocol is to present a technical protocol for data collection and
analysis to evaluate monitored natural attenuation through biological processes for
remediating groundwater contaminated with mixtures of fuels and chlorinated aliphatic
hydrocarbons (USEPA, 1998). The Protocol is aimed at improving the characterization
process for sites where natural attenuation is being considered as a remediation option.
Table 3-3, adapted from the Protocol, lists contaminants covered under it. This Protocol
focuses on technical details needed to evaluate natural attenuation as a remediation option

rather than on policy issues. In addition, the Protocol provides a flow chart for evaluation
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of information gathered to support the use of natural attenuation at a site. The flow chart
guides the proponent through an initial screening process in which preliminary site data
are used to determine the potential for natural attenuation at a site. If the screening

process indicates there is potential for natural attenuation addition data are collected.

Section 2 of the Protocol provides detail not only on the types of information required for
the initial screening process and subsequent investigation phases but also some guidance
as to how to collect the information. Section 2 also provides a discussion of the initial
site screening process. The screening process, undertaken once initial chemical and

geochemical analysis have been conducted, involves the following steps:

e Determining if geochemical data indicate that biodegradation is occurring. If data are
not sufficient, additional analysis is necessary

e Determining groundwater flow and solute transport parameters from field data (site
characterization)

e Locating sources and potential points of exposure

e Estimating the biodegradation rate constant

e Comparing the rate of transport to the rate of biodegradation. This can involve
modeling

e Determining if the screening criteria are met

The first step of the screening process is a scoring procedure that grades the amount of
initial information available for a site in relation to its support for biodegradation. The
scoring procedure is used by the regulator to evaluate the potential for natural attenuation
at a site. Points are given for contaminant and geochemical analytical data based on
whether they support the possibility of biodegradation occurring (e.g., presence of parent
and daughter compounds, electron acceptors, etc.) and whether data fall within
appropriate ranges for each parameter for biodegradation to potentially occur at a site.
Table 3-4 lists parameters considered by the Protocol and their associated score based on
data interpretation for each parameter as per Table 3-4. Points for data are then totaled.

A total score of 0 to 5 points indicates inadequate evidence for anaerobic biodegradation.
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Table 3-4. USEPA Chlorinated Solvents Screening Process Analytical Parameters,
Interpretation, and Associated Score (after USEPA, 1998)

Analysis Concentration Interpretation Score
in Zone of
Highest
Contamination
Oxygen® <0.5 mg/L Tolerated, suppresses the reductive pathway at higher | 3
concentrations
Oxygen® >5 mg/L Not tolerated; however, VC may be oxidized -3
aerobically
Nitrate® <] mg/L At higher concentrations may compete with reductive | 2
pathway
Iron (II)® >1 mg/L Reductive pathway possible 3
Sulphate® <20 mg/L At higher concentrations may compete with reductive | 2
pathway
Sulfide® >1 mg/L Reductive pathway possible 3
Methane® <0.5 mg/L VC oxidizes 0
>0.5 mg/L Ultimate reductive daughter product, VC accumulates | 3
Redox <50 millivolts Reductive pathway possible 1
Potential® <-100 mV Reductive pathway likely 2
pH’ 5<pH<9 Optimal range for reductive pathway 0
5>ph>9 Outside optimal range -2
TOC >20 mg/L Carbon and energy source, drives dechlorination 2
Temperature® | >20 °C Promotes accelerated biochemical processes I
CO; >2x Background Ultimate oxidative daughter product 1
Alkalinity >2x Background Results form interaction of CO, and aquifer minerais 1
Chloride' >2x Background Daughter product of organic chlorine 2
Hydrogen >! nM Reductive pathway possible, VC may accumulate 3
Hydrogen <l nM VC oxidized 0
Volatile Fatty | >0.1 mg/L Intermediates resulting from biodegradation of more 2
Acids complex compounds; carbon and energy source
BTEX® >0.1 mg/L Carbon and energy source; drives dechlorination 2
PCE Material released 0
TCE?® Material released 0
Daughter product of PCE 2°
DCE® Material released 0
Daughter product of TCE 2°
vC' Material Released 0
Daughter product of DCE 2°
1.1.1-TCA® Material released 0
DCA Daughter product of TCA under reducing conditions 2
CCl, Material released 0
Chloroethane’ Daughter product of DCA or VC under reducing 2
conditions
Ethene/Ethane | >0.01 mg/L Daughter product of VC or Ethene 2
>0.1 mg/L 3
Chloroform Material released 0
Daughter product of Carbon Tetrachloride 2
Dichloro- Material released 0
methane Daughter product of chloroform 2

* Analysis required in protocol

® points only awarded for daughter product evidence
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A score of 6 to 14 points indicates limited evidence, a score of 15 to 20 points adequate
potential and a score of >20 points strong evidence for anaerobic biodegradation. A
score of 15 or more indicates that the proponent can proceed to step 2 of the screening
process which is site characterization. A more detailed description of the scoring system

is provided in the Protocol.

Appendix A of the Protocol provides details regarding field investigation methodologies
for a detailed site characterization. Information is provided on sampling techniques,
investigation methods and quality assurance for sample collection. Appendix B provides
a discussion on important processes affecting fate and transport of organic compounds in
the subsurface. A description of each mechanism, such as advection or dispersion, is
provided and equations given to assist with evaluation of those processes at the subject
site. Appendix C provides detail on the interpretation of data and the calculations
necessary to evaluate and document natural attenuation at a site. This appendix addresses
tasks that must be completed to document natural attenuation including evaluation and
presentation of site characterization and analytical data. Details are also provided as to

how to design, implement and interpret microcosm studies.

3.2.2.2 United States Department Of Defense

On November 11, 1995, The Air Force Center for Environmental Excellence issued
Technical Protocol for Implementing Intrinsic Remediation with Long —Term Monitoring
Jor Natural Attenuation of Fuel Contamination Dissolved in Groundwater (Wiedermeier
et al., 1995). In this document, intrinsic remediation is defined as a remedial approach

that relies on natural attenuation to remediate contaminants in the subsurface.

The purpose of this document is to provide a technical protocol for the collection and
analysis of data used to support natural attenuation with long-term monitoring at U.S. Air
Force sites. The document is intended for use by Air Force personnel and their
consultants but has been used by other scientists, consultants, and regulatory personnel.

The document deals specifically with fuel hydrocarbons. It describes processes involved
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in natural attenuation, site characterization activities carried out to support the use of
natural attenuation, information regarding models to determine fate and transport of
contaminants, and post implementation activities used to verify effectiveness of natural

attenuation at a site.

The document suggests that three lines of evidence must be satisfied for a proponent to
prove that human health and the environment are protected under a remediation scheme

involving natural attenuation. These lines of evidence are (Wiedermeier et al., 1995):

o Documented loss of contaminants at the field scale
e Contaminant and geochemical analytical data

e Direct microbiological evidence

The first line of evidence involves historical trends in contaminant concentration togefher
with relevant hydrogeological information to support that a loss of contaminant mass is
occurring at the site. The second line of evidence involves quantitative evaluation of
analytical data in mass balance equations to show that decreases in contaminant and
-electron acceptor concentrations can be directly correlated to increases in metabolic by-
product concentrations (Wiedermeier et al., 1995). The third line of evidence involves
determining that biota from a site are capable of degrading contaminants of concern.

This approach to gathering evidence in support of natural attenuation is termed a

“weight-of-evidence™ approach in the document.

Data collected during site characterization can be used to simulate fate and transport of
contaminants using modeling. The purpose of modeling is to allow for prediction of
future behavior, extent and concentration of a dissolved plume. Modeling has three

objectives:

e Predict the future extent and concentrations of a dissolved contaminant plume by

simulating the combined effects of advection, dispersion, sorption and biodegradation
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e Assess the potential for downgradient receptors to be exposed to contaminant
concentrations that exceed regulatory levels intended to be protective of human health
and the environment

e Provide technical support for an intrinsic remediation option at post-monitoring

regulatory negotiations (Wiedermeier et al., 1995).

Modeling predictions can also be used for exposure pathway predictions. If natural
attenuation will mitigate all suspected pathways, as demonstrated by modeling, its use at

a site is further supported.

Wiedermeier et al., (1995) provides a protocol for implementing intrinsic remediation.
This protocol describes the sequence of steps that should be followed to gather data
necessary for modeling a plume and ultimately to support implementing natural

attenuation. The steps include:

e Review available site data

e Develop preliminary conceptual model and assess potential for intrinsic remediation

¢ If potentially appropriate, perform site characterization in support of intrinsic
remediation

e Refine conceptual model based on site characterization data, complete pre-modeling
calculations, and document indicators of intrinsic remediation

e Simulate intrinsic remediation using analytical or numerical solute fate and transport
models that allow incorporation of biodegradation term, as necessary

e Conduct an exposure pathway analysis

e Ifintrinsic remediation alone is acceptable, prepare long-term monitoring plan

e Present findings to regulatory agencies and obtain approval for intrinsic remediation

with long-term monitoring option

These steps and the decisions associated with each are summarized in Figure 3-1, adapted

from Wiedermeier et al., (1995).

78



Figure 3-1.

Flow Chart for Evaluatieon of Intrinsic Remediation Potential
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The appendices to the document provide detail on site characterization techniques,
processes affecting fate and transport of contaminants, data interpretation and
calculations, and modeling the fate and transport of dissolved fuel hydrocarbons. The
document also provides two case studies documenting the implementation of intrinsic
remediation at Hill Air Force Base in Utah and Patrick Air Force Base in Florida. These

case studies can be used by proponents as guides to data collection and evaluation.

3.2.2.3 American Society For Testing And Materials

The American Society for Testing and Materials (ASTM) has published a number of
guides dealing with site investigation, risk based corrective action, and use of natural

attenuation for petroleum hydrocarbons.

Guide E 1943, Remediation of Groundwater by Natural Attenuation at Petroleum Release
Sites, is a guide for determining the appropriateness of remediation by natural attenuation
and implementing remediation by natural attenuation at a given petroleum release site,
either as a stand alone remedial action or in combination with other remedial actions
(ASTM, 1998). The Guide recognizes that natural attenuation can be used as a sole
remedial action provided that immediate risks to human health, safety and the
environment either do not exist or can be dealt with at the site in question. The Guide
also spells out potential advantages and disadvantages of natural attenuation and stresses
the need for monitoring to confirm that suspected processes associated with natural
attenuation are working and that changes to site conditions do not alter their

effectiveness.

Evaluation of natural attenuation is based on two primary lines of evidence: a stable or
shrinking plume, and geochemical indicators of naturally occurring biodegradation and
estimation of biodegradation rates. Fate and transport modeling and microbiological
studies are seen as optional lines of evidence. The appendices to the Guide provide a

thorough discussion of the evaluation of data collected to satisfy the primary lines of
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evidence. A discussion of each calculation is given and examples provided to assist the

user in data interpretation.

The Guide lists the following as key components for decision making related to the use of

natural attenuation:

e Site characterization and establishment of remedial goals

e Evaluation of plume status

e Comparing remediation by natural attenuation performance to remedial goals
e Comparing remediation by natural attenuation to other remediation options

e Development and implementation of an appropriate monitoring program

The guide indicates that site characterization must provide a proponent with enough
information to determine if natural attenuation is a viable option for a site. This includes
information on site geology, hydrogeology, contaminants of concern, sources and
distribution of contaminants, migration pathways and receptors. A conceptual model
showing potential exposure pathways to receptors should also form part of the site
characterization. Remediation goals are to be determined using ASTM’s Standard Guide
Jor Risk-Based Corrective Action at Petroleum Release Sites (ASTM, 1995) and can be
either concentration based target levels to be applied at specific points across the site or

performance based criteria such as demonstrated containment of the plume.

Evaluation of plume status provides the primary evidence for judging effectiveness of
natural attenuation at a site. Historical information on contaminant concentrations is seen
as the best evidence in support of an evaluation. A shrinking or stable plume over time
indicates that natural attenuation processes are effective in controlling and reducing
migration and mass of contaminants respectively at a site. In situations where historical
information is not available, options for providing evidence include monitoring to collect
additional contaminant concentration data, collection and evaluation of geochemical data,

and estimation of the natural attenuation rate.
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Potential use of natural attenuation as a remediation option should include comparison
with other remedial options. Natural attenuation should only be considered for a site if it
can achieve the desired goals within the desired time frame, and it provides an acceptable
level of risk or exposure prevention. [tems such as cost-effectiveness and ability of

natural attenuation to deal with land use changes should also be evaluated.

Once natural attenuation has been accepted for implementation, a monitoring program
must be established for the site. The program must be able to evaluate performance and
progress of natural attenuation towards meeting remedial goals and ensure that plume
migration meets expected performance (ASTM, 1998). Monitoring frequency should be
quarterly for the first year and then determined on a site-specific basis thereafter.
Contingency plans must be implemented where monitoring information indicates that

natural attenuation is not performing as predicted.

3.2.2.4 State of Alaska

The State of Alaska has its own formal policy on the use of natural attenuation as a
remediation option for contaminated sites. In August, 1999, the Alaska Department of
Environmental Conservation (ADEC) issued a revised draft of Guidance on the Selection
of Natural Attenuation as a Cleanup Alternative for the Restoration of Groundwater at
Contaminated Sites (ADEC, 1999). The necessity for and degree of cleanup required to
protect human health, safety and welfare and the environment are established under
Alaska’s Contaminated Sites Remediation Program (18 AAC 75 Article 30). These
regulations define site characterization requirements, soil, groundwater and surface water
cleanup standards, and reporting and monitoring requirements for sites where discharges

or releases have occurred.

ADEC does not consider natural attenuation to be a presumptive or default remedy.
Natural attenuation is considered to be one option that may be evaluated along with other

viable options during the site characterization phase. Natural attenuation should only be
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selected when it meets all relevant cleanup selection criteria, where it is fully protective
of human health, safety and the environment, where it will meet site cleanup objectives,
and where the time frame for cleanup will be reasonable compared to other options.
Selection of natural attenuation must be supported by detailed site-specific information
that demonstrates effectiveness of the approach. Use of natural attenuation does not
imply that activities associated with investigating a site or selecting a remedy have been

eliminated (ADEC, 1999).

Implementation of natural attenuation at a site is only allowed after several pieces of

information are provided. These pieces of information are discussed below.

Site Characterization

Site characterizations for natural attenuation require a quantitative understanding of such

things as:

e Source mass

¢ Groundwater flow

e Contaminant phase distribution and partitioning between soil
e Groundwater and soil gas

e Rates of biological and non-biological transformation

e How all these factors vary with time

Site characterization should include collecting data to define the nature and distribution
of the contamination source(s), movement of contamination, and vertical and lateral
extent of a groundwater plume and its potential impacts on receptors. A detailed
understanding of aquifer hydraulics, recharge and discharge areas and volumes, and
chemical properties is required to assess the contributions of adsorption, dispersion and
dilution on natural attenuation of contaminated groundwater. Analytical or numerical
simulation of complex attenuation processes should also form part of the site

characterization process.
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Process Efficacy

Once site characterization data have been collected, the next step is to evaluate efficacy

of the natural attenuation process.

Three types of site specific evidence should be used in such an evaluation (ADEC, 1999):

e Historical groundwater and soil chemistry data that demonstrate a clear and
meaningful trend of decreasing contaminant mass and concentration over time at
appropriate monitoring or sampling points

e Hydrogeologic and geochemical data that can be used to demonstrate the type(s) of
natural attenuation processes active at a site and the rate at which such processes will
reduce contaminant concentrations to required cleanup levels

e Data from field or microcosm studies that directly demonstrate the occurrence of a
particular natural attenuation process at a site and its ability to degrade contaminants

of concern.

Appropriate Sites

In determining whether natural attenuation is an appropriate remedy for soil or
groundwater, factors listed below should be considered by a proponent. These factors

also constitute evaluation of potential effects to sensitive receptors, including:

e Whether contaminants present can be effectively remediated by natural attenuation
processes

e Whether resulting transformation products present a greater risk than parent
contaminants

e Whether nature and distribution of contaminant sources will allow them to be
adequately controlled

e Whether a plume is relatively stable or is still migrating and the potential for

environmen:al conditions to change over time
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Whether existing or proposed active cleanup measures will affect the natural
attenuation component of the remedy

Whether drinking water supplies, other groundwaters, surface waters, ecosystems,
sediments, air or other environmental resources could be adversely affected as a result
of selecting natural attenuation as the remediation option

Whether a time frame for natural attenuation is reasonable compared to time frames
for other remediation options

Changes to demand for the affected aquifer over the duration of the natural
attenuation process

Whether site specific vehicles for implementing institutional controls such as deed
restrictions are available and whether they are binding and enforceable

Whether the natural attenuation remedy is in compliance with ADEC regulations in
18 AAC 75 Article 3

Reasonableness of Remediation Time Frame

Longer time frames associated with use of natural attenuation must be compatible with

site-specific land and groundwater use. While it is expected that natural attenuation may

require somewhat longer time frames for cleanup than other remediation options, those

time frames should not be excessive when compared to those other options. Factors that

should be considered when evaluating the length of time appropriate for remediation

include:

Classification of the type of groundwater resource and value of the resource

Relative time frame in which affected portions of an aquifer might be needed for
future water supply

Uncertainties regarding mass of contaminants in the subsurface

Reliability of monitoring and institutional controls over long time periods

Public acceptance of the extended time for cleanup

Provisions by a proponent for monitoring and performance evaluation over the period

of time for cleanup
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Consideration of these factors should allow ADEC to determine whether natural
attenuation will fully protect human and ecological receptors and whether site cleanup
objectives and the time frame needed to meet these objectives will be reasonable. ADEC
also expects that source removal will form part of any proposal involving natural

attenuation.

Performance Monitoring

Performance monitoring to evaluate effectiveness of natural attenuation is considered to
be a critical part of a cleanup program. The monitoring program developed for a site
should specify the location, frequency, and types of samples and measurements necessary
to evaluate performance as well as define anticipated performance objectives. All

monitoring programs should be designed to accomplish the following:

e Demonstrate that natural attenuation is occurring according to objectives and
expectations specified in the monitoring work plan

e Demonstrate that geochemical conditions are conducive to natural attenuation
processes

e Identify any potential toxic transformation products resulting from natural attenuation
processes

e Determine if a plume is expanding

e Ensure no impact to downgradient receptors

e Detect new releases of contaminants to the environment that could affect the
effectiveness of the natural attenuation remedy

e Detect changes in environmental conditions that may reduce the efficacy of the
natural attenuation processes

e Verify attainment of cleanup levels

Performance monitoring is required as long as contamination remains above approved
cleanup levels. Monitoring may also continue for a specified time after cleanup levels

have been achieved to ensure that concentration levels are stable and remain below
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cleanup levels. A long-term monitoring plan must be submitted to ADEC as part of any

proposed natural attenuation program.

Contingency Remedies

A contingency remedy is defined as a cleanup technology or approach that functions as a
“backup” remedy in the event that the selected remedy fails to perform as anticipated
(ADEC, 1999). Contingency remedies would be employed where natural attenuation is
not proven for the site-specific application, where there is significant uncertainty
regarding the nature and extent of contamination at the site, or where there is uncertainty
regarding whether natural attenuation will perform as anticipated. The Guide also
recommends that a number of triggers be established in the cleanup decision document
that will signal unacceptable performance of natural attenuation at a site. These triggers

could include when:

e Contaminant concentrations in soil or groundwater at specified locations exhibit an
increasing trend

e Near source wells exhibit large concentration increases indicative of a new or
renewed release

e Contaminants are identified in sentry/sentinel wells located outside of the original
plume boundary, indicating renewed contaminant migration

e Contaminant concentrations are not decreasing at a sufficiently rapid rate to meet the
approved cleanup levels

e Changes in land and/or groundwater use will adversely affect the protective capability

of the natural attenuation remedy

3.2.2.5 State of Florida

The State of Florida’s Department of Environmenta! Protection (FDEP) is responsible for

regulating use of natural attenuation at contaminated sites. Natural attenuation is

considered under Florida regulation Chapter 62-770 of the Florida Administrative Code
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Petroleum Contaminated Site Cleanup Criteria (FDEP, 1997). This regulation defines
assessment and cleanup procedures for petroleum contaminated sites. After 1997,
FDEP’s Bureau of Petroleum Storage Systems added a guidance document BPSS-11,
Natural Attenuation Evaluation Procedures (FDEP, 1998) to supplement their treatment
of natural attenuation. It is based on the draft ASTM procedure on natural attenuation.

FDEP has approved natural attenuation monitoring programs in its cleanup programs for
several years in the form of monitoring only plans (MOPs). Criteria for MOPs are set out
in Chapter 62-770 (FDEP, 1997). The criteria incorporate specific factors into the rule
for determining if monitoring of natural attenuation is an acceptable remediation strategy.
The requirements of the rule allow for two general procedures for justifying the use of

natural attenuation as a remediation remedy.

The first procedure, described as a “Level 1 evaluation”, allows for a simplified
justification of natural attenuation as a remediation strategy. A Level 1 evaluation
indicates that natural attenuation is appropriate for a site if the following criteria are met
(FDEP, 1997):

e Absence of free product

e Absence of soil contamination or evidence that soil will not constitute a continuing
contaminant source

e Groundwater contamination above background levels or regulator specified cleanup
levels are not migrating beyond points of compliance

e Physical, chemical, and biological characteristics of contaminants are conducive to
natural attenuation

e Natural attenuation is anticipated to remediate the site in five years or less
If the criteria of the Level 1 evaluation are not met, natural attenuation may still be

considered as a remedy. However, a more rigorous demonstration of natural attenuation

feasibility is required (FDEP, 1998).

88



A Level 2 evaluation comprises the following (FDEP, 1997):

e Technical evaluation of groundwater and soil characteristics, chemistry, and
biological activity that verifies contaminants will degrade under site-specific
conditions

e Scientific evaluation (historical data or modeling results) of the potential for plume
migration to reach points of compliance

e Estimation of annual target concentration reduction of contaminants in groundwater
monitoring wells

e Estimation of timeframe for remediation

e Comparison of projected costs for natural attenuation versus other remediation

alternatives

The strategy for dealing with soil contamination exceeding soil cleanup target levels must
be considered before embarking on a program of long-term monitoring of natural
attenuation in groundwater. If soil contamination above target cleanup levels remains on
site, the soil will have to be remediated, or alternatively, conditional closure may be

- issued by FDEP if the proponent is willing to agree to deed restrictions as an assurance
that engineering and/or controls will remain in effect (FDEP, 1998). Even if the
groundwater is ultimately remediated by natural attenuation to applicable groundwater
target levels, final closure will only be issued if soil cleanup target criteria are also met.
Once natural attenuation has been proven by either the Level 1 or Level 2 evaluation,
annual milestones for contaminant concentration reductions in monitoring wells must be

set.

Procedures for Verification of Natural Attenuation

The following procedures for verifying the occurrence of natural attenuation at a site
came as a result of revisions to the petroleum cleanup program in January 1998 (FDEP,

1998). The revisions include comments made at a series of public meetings held between
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January 1997 and February 1998. The verification procedures include the following
(FDEP, 1998):

A. Examination of Historic Data

Historical data, if considered sufficient, can be used to examine the vertical and areal
extent of a plume with time. The purpose is to determine if the plume is stable, shrinking
or expanding. The evaluation must also determine decay rate kinetics as a function of
time or distance for all contaminants of concern. The ASTM draft Standard Guide for
Remediation of Groundwater by Natural Attenuation at Petroleum Release Sites (ASTM,
1998) is referenced as an appropriate means of calculating decay rates. There is also a
requirement for statistical and practical relevance of decay rate determination to be
evaluated. If the decay rate is evaluated as a function of distance, the following support

information is required:

e Groundwater flow direction must be defined
e Concentration data must be available from a minimum of three monitoring wells
along the direction of groundwater flow

e Calculation of decay rate requires an estimate of groundwater velocity
B. Evaluation of Geochemical Indicators Supperting Natural Attenuation

In the absence of sufficient historical data, the verification procedure allows for a more
aggressive approach to assess geochemical indicators used to demonstrate the effect of
natural attenuation at a site. This assessment can also be used as an extra measure to
support historical data review as discussed in item A above. Based on site assessment,
representative monitoring wells indicating groundwater contamination, as well as a
sufficient number of up and down gradient wells, should be sampled for chemicals of
concern and all appropriate biological indicators (FDEP, 1998). Representative
monitoring wells should be selected based on contaminant concentration distribution,

areas of potential aeration such as drainage structures, monitoring well construction, and
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well location. Trends in concentration differences between background and

contaminated area wells should be properly evaluated.

In areas where dissolved oxygen is above 1 to 2 mg/L, an assumption can be made that
oxygen is the preferred electron acceptor. Biological indicators in that instance would
include, as a minimum, dissolved oxygen and pH. In areas where dissolved oxygen is
below 1 mg/L, biological indicators for anaerobic degradation should be included in a
sampling program. Geochemical parameters would then include, as a minimum, sulfate,
nitrate, iron, methane, manganese, redox potential and pH. Field measurements of these
parameters are allowed. Indicators for biodegradation should be evaluated according to
ASTM draft Standard Guide for Remediation of Groundwater by Natural Attenuation at
Petroleum Release Sites (ASTM, 1998) and a method for calculating theoretical
biodegradation capacity is included in the Florida guidance document (FDEP, 1998).

C. Fate and Transport Modeling

For sites with complex conditions such as an expanding plume or multiple sources, all
appropriate attenuation processes should be evaluated using a fate and transport model.
FDEP maintains a list of acceptable models. Any and all input parameters must be fully
justified by information obtained from a site or by sound technical assumptions. An error
calculation must be made and it must fall within a scientifically acceptable range. Proper
calibration of the model is expected where data are sufficient. Based on modeling, the
time required to achieve no further action may be calculated. A cost evaluation of natural

attenuation is also expected in comparison to other remediation methods.

D. Monitoring Requirements

1. Initial Year

In the absence of sufficient historical data, quarterly monitoring is expected. A

representative number of source wells and a minimum of one downgradient well should
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be monitored. Monitoring parameters would include water table elevations, chemicals of

concern and appropriate biological indicators.

II. Subsequent Years

Based on the initial year’s data and the estimated time of cleanup, semi-annual or annual

monitoring is required. Parameters would include those of the initial year.

Monitoring reports are to be submitted semi-annually for the first year and annually
thereafter. Also required with the status reports is an updated evaluation of the modeling

predictions.

3.2.2.6 State of Michigan

The Michigan Department of Environmental Quality (MDEQ) is responsible for
regulating remediation of contaminated sites. There are four main documents dealing

with site remediation and natural attenuation in the State of Michigan. They are:

e Part 201 of the Natural Resources and Environmental Protection Act (Act 451) of
1994 and revised in 1996 — Environmental Remediation (MDEQ, 1996)

e Part R299 — Environmental Contaminant Response Activity, 1990 (MDEQ, 1990)

e Fundamental Principles of Bioremediation (an aid to the development of
bioremediation proposals), April, 1998 (MDEQ, 1998a)

e Interoffice Communication, Relevant Information for Reviewing Proposals on
Natural Attenuation through Unenhanced Bioremediation, July, 1998 (MDEQ,
1998b)

The first two documents deal with general reporting, investigation, implementation and
monitoring requirements for any type of release. These documents consider all forms of

site remediation and do not specifically mention natural attenuation or bioremediation.
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However, natural attenuation can be considered as a remediation option under these

regulations.
Part 201 — Environmental Remediation (MDEQ, 1996).

This document lists the contents of, and procedures for, obtaining a remedial action plan
and its approval. Any plan must be protective of human health, safety and welfare, and
the environment. Cost effectiveness is considered when selecting and reviewing
remediation alternatives. Remedial actions that permanently and significantly reduce the
volume, toxicity, or mobility of hazardous substances are preferred (MDEQ, 1996).
There are several objectives that can be achieved by a remedial action depending on
degree of risk to receptors. One of the conditions is that remedial action provides for
reduction of hazardous substance concentrations in an aquifer through a “naturally
occurring process” that is documented to occur at a site. Natural attenuation is
considered in the discussion of “naturally occurring process” (Stenzel, 1999). A
proponent must submit a remedial action plan to MDEQ for approval prior to
implementing the plan. A remedial action plan may be revoked by MDEQ if the
proponent fails to maintain monitoring or if land use restrictions placed on a site at the
time of implementation of the plan change. MDEQ requires the proponent to provide
financial assurance to pay for monitoring, operation and maintenance of the remedial

action as part of all remedial action plans.
Part R299 - Environmental Contaminant Response Activity (MDEQ, 1990).

Objectives of a response activity covered by this document are similar to those in Part
201 above, with the exception that source control or abatement measures shall be
undertaken whenever feasible. Remedial action plans are to include an operation and
maintenance plan, a monitoring pian, and any land use restrictions imposed on the site
during completion of the response activities. Remedial actions that are naturally

occurring biological or chemical processes that can be documented to occur at the site are

allowed (MDEQ, 1990).
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Both of the above documents deal with public participation in the remedial action plan
development or implementation. Part 201 (MDEQ, 1996) requires a public meeting to
discuss the investigation and proposed remedial action plan but only at sites where state
funds will be spent on a site. Part R299 (MDEQ, 1990) allows for public meetings where
Type C criteria (established by a site-specific risk assessment) are proposed for a site or

for any site where MDEQ determines that there will be significant public interest.

Interoffice Communication — Relevant Information for Reviewing Proposals on

Natural Attenuation Through Unenhanced Bioremediation, (MDEQ, 1998b).

This document is a concise summary of the protocols recommended in scientific
literature for verification of natural attenuation through unenhanced bioremediation
projects. Additional information on bioremediation processes is included in MDEQ
document Fundamental Principles of Bioremediation, (MDEQ, 1998a).

MDEQ requires three lines of evidence to prove that the rate of bioremediation is

adequate to protect public health and the environment:

e Observed reductions in contaminants along the plume flowpath
e Documented loss of contaminant mass using geochemical data and/or conservative
tracer studies with a rigorous estimate of residence time

e Microbiological lab data to support, and give rates of, biodegradation

MDEQ recommends that a minimum of eight consecutive quarters of monitoring data be
obtained. These data can be used to provide an historical perspective on degradation

rates and to evaluate seasonal variations in the groundwater and its potential affect on the

rate and success of biodegradation.

A minimum of six monitoring wells should be used with additional sites determined by
the site’s geology and hydrogeology. Samples are to be collected from the most
contaminated part of the plume, downgradient of the source but within the plume,
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downgradient of the plume, and in background areas. Collected data should be used to

model the site and gain further understanding of biodegradation processes.

Downgradient sentinel wells must form part of the monitoring program. These wells
provide trigger points such that if remediation objectives are exceeded, the compulsory

contingency plan can be implemented.

Once it has been determined that natural attenuation is occurring at a site, a long-term
operation and maintenance plan must be developed. This plan details the sampling
program used to determine that natural attenuation will be protective of human health and

the environment.

3.2.2.7 State of Minnesota

Minnesota Rules Chapter 7060 Minnesota Pollution Control Agency (MPCA), Water
Quality Division, Underground Waters establishes state policy and imposes regulations
on pollution of all groundwaters in the state (MPCA, 1998a). The goal of the legislation
is to preserve these groundwaters for their highest resource values defined as a drinking
water, culinary or foqd processing water source. The health risk limits adopted under
Minnesota Statutes Section 103H.201 (MPCA, 1994) are the appropriate cleanup levels

for managing groundwater contamination and risk to human receptors.

MPCA has developed a working draft of a Groundwater Guidance Document (MPCA,
1998b). The intent of the guidance is to develop a consistent framework through which
groundwater contamination issues are evaluated and remedial action decisions are
managed in the state. The policy is to apply promulgated standards as cleanup levels,
stabilize plumes which migrate through aquifers at concentrations which exceed cleanup
levels, and implement remedial actions which manage the risk a groundwater plume
poses to human health and the environment (MPCA, 1998b). Groundwater remedial

actions are separated into two categories: iuterim response actions that control and
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eliminate exposure to contamination posing an immediate human or environmental
receptor risk and actions that eliminate long-term risks to current and future receptors.
Evaluating the degree of groundwater contamination and developing appropriate
remedial activities involves a remedial investigation. Major activities in that investigation
include a receptor survey, a hydrogeologic evaluation, groundwater flow modeling,

development of an interim response action, and ultimately, the remedial action decision.

To assist with the consideration of natural attenuation as a remediation option for
petroleum hydrocarbon contaminated sites, MPCA has issued Fact Sheet #3.21
Assessment of Natural Biodegradation at Petroleum Release Sites, dated May 1996
(MOCA, 1996). This document explains how to assess the occurrence of natural
biodegradation where a petroleum release has impacted a resource aquifer MPCA,
1996). According to the fact sheet, an evaluation of bioactivity at a site involves analysis
of groundwater samples for pertinent inorganic parameters such as dissolved oxygen,
soluble ferrous iron and sulphate, establishment of a monitoring well network, and data
analysis. The fact sheet indicates that an adequate monitoring network for natural

attenuation will require:

e One well near the source of the release
e Several wells along the longitudinal axis of the contaminant plume
e One background well

e Several wells along the outer boundary of the contaminant plume

Results of data analysis should establish a difference of relative electron acceptor
concentrations or metabolic byproduct concentrations inside versus outside a plume. To
evaluate occurrence of natural biodegradation, concentrations of the following inorganic

parameters should be measured both inside and outside a plume (MPCA, 1996):

e Dissolved oxygen
e Nitrate

e Soluble ferrous iron
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e Sulphate or sulphide

Calculation of a contaminant reduction rate as part of the bioactivity evaluation is seen as
optional but is recommended for plumes more than 61 metres in length. The fact sheet
discusses a concentration versus distance approach for its calculation. This approach
uses groundwater monitoring data for BTEX to estimate the contaminant reduction rate.
It requires data from two or more wells located close to the longitudinal axis of the
plume, beyond the presence of free product and far enough apart that BTEX

concentrations differ by several fold. The reduction rate is calculated by:
k = (-In(C,/Cy))Vy/x (15)

Where: k = first order decay constant (day™)
C, = concentration of BTEX in a well near the source (ug/L)
C. = concentration of BTEX in a well further away from the source (ug/L)
Vp = plume velocity (m/day)

x = distance between wells (m)

The reduction rate is assumed to be first order and is used to assist a proponent in

deciding whether to monitor only or to implement some more active form of remediation.

MPCA has also issued a working draft for natural attenuation of chlorinated solvents
Natural Attenuation of Chlorinated Solvents in Groundwater, dated December 12, 1997
(MPCA, 1997). The document gives guidance on selection of natural attenuation as a
remediation option for groundwater contaminated with chlorinated solvents. The
selection process is a two-phased approach involving an initial screening and detailed site

characterization.

The initial screening phase involves sampling monitoring wells at locations background
to and within a plume. Samples are analyzed for a range of organic and inorganic

parameters, both in the field and lab, which indicate whether the oxidation/reduction state
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of groundwater is favourable to natural attenuation processes. Results from the analytical
program are used to assess the oxidation/reduction state of the site by awarding points in
a ranking system for those analytes that indicate reducing conditions in groundwater. A
score of 0 to S points indicates inadequate evidence for natural attenuation. A score of 6
to 14 points indicates limited evidence. A score of 15 to 20 indicates adequate evidence
and a score of >20 points indicates strong evidence. MPCA suggests that a score of <15
points does not warrant pursuing natural attenuation as a remediation option. Preliminary
modeling as part of the screening process provides an early indication as to whether
natural attenuation is a promising solution for a site. Using a tool such as Bioscreen
allows for comparison between the distance groundwater contamination is likely to move
without assuming biodegradation or attenuation versus the distance when degradation

factors are incorporated into the model.

The second phase consists of a detailed site characterization that could be compared to a
feasibility study. The characterization includes refining site specific biodegradation rates,
obtaining detailed hydrogeologic data, plume definition, exposure pathways, and
distances to receptors. Fate and transport modeling is used to refine predictions made

regarding plume behavior over time.

Implementation of natural attenuation includes placement of monitoring wells between
the plume edge and exposure points, establishing a long-term sampling plan, and
establishment of contingency plans in the event of unforeseen plume expansion.
Regardless of the potential success of natural attenuation as a remediation option, MPCA

recommends that the contaminant source be removed.
The guidance also provides a workplan checklist for natural attenuation based on the

USEPA technical protocol for evaluating natural attenuation for chlorinated solvent
contaminated groundwater (USEPA, 1998).
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3.2.2.8 State of Utah

The State of Utah’s Department of Environmmental Quality (UDEQ) issued a final draft of
its Tier 2 Risk Based Corrective Action document Guidelines for Utah's Corrective
Action Process for Leaking Underground Seorage Tank Sites on July 30, 1999 (UDEQ,
1999). The document was developed using USEPA, ASTM and DOD policies and
protocols and with the assistance of representatives from industry and consulting
companies. It describes a process to evaluate risks to human health and the environment
due to petroleum hydrocarbon contamination from leaking underground storage tanks.
The process is intended to address cleanup when maximum contaminant levels or other

applicable cleanup standards cannot reasonably be achieved.

Utah uses a modified ASTM two-tiered approach for performing risk assessments.
Initially, a Tier 1 screening analysis is performed using general Utah-specific
hydrogeological data and standard exposure assumptions to estimate screening level
concentrations at a source area. These initial source area Tier 1 screening levels are
expected to attenuate to maximum allowable concentrations within specific critical
distances from the source area. Critical distances are specified for items such as utility
lines, property lines, buildings, water wells and surface water in Utah’s Guidance for Tier
1 Risk-Based Corrective Action, 1997 (UDEQ, 1997). If the screening levels are
exceeded at the critical distance, then the proponent has the option to clean up to
applicable standards or to perform a Tier 2 risk assessment to determine if receptors are
protected. A Tier 2 assessment first requires the proponent to complete a subsurface
investigation to determine soil and groundwater impacts and associated exposure
pathways. Details on the components of a subsurface investigation are provided in
Utah’s Leaking Underground Storage Tank (LUST) Subsurface Investigation Report
Guide, April 1998 (UDEQ, 1998). Once the investigation is complete, the proponent can
either prepare a corrective action plan or a Tier 2 risk assessment proposal to further

define corrective action plan requirements.
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The Tier 2 risk assessment incorporates a natural attenuation factor. The natural
attenuation factor is used to calculate site specific cleanup levels for each exposure
pathway and contaminant of concern. Natural attenuation factors can be calculated either
by empirical methods based on the measured concentration ratio between source and
points of exposure or estimated based on fate and transport modeling to predict

concentration reductions between source and points of exposure.

For each exposure pathway posing a potential concern, the proposed corrective action
plan must achieve minimum performance standards. Therefore, appropriate corrective
action depends on the immediacy of exposure. For example, UDEQ considers that all
groundwater must be protected as a potential drinking water resource (UDEQ, 1998). A
corrective action must be able to preserve that potential groundwater resource to quality
conditions suitable for human consumption. Corrective action involving active removal
or treatment of contaminated soil or groundwater may be required to deal with present
day exposures whereas passive corrective action such as natural attenuation may be all

that is required for future potential exposures.

- The corrective action plan must evaluate appropriate and applicable remediation
alternatives on the basis of technical feasibility, cost-effectiveness and ability of the
method to protect human health and the environment. Once the corrective action plan or
risk assessment has been completed, the proponent is required to submit information
confirming that the applicable standards have been achieved. In the case of natural
attenuation, this information must demonstrate that controls will prevent human exposure
to harmful levels of the contaminants of concern. Any corrective action involving
groundwater requires sampling and compliance monitoring for a period specified by the

regulator. This monitoring is usually done on a quarterly basis.

3.2.2.9 State of New Hampshire

The State of New Hampshire Department of Environmental Sciences (NHDES) has two

main Administrative Rules dealing with investigation, reporting and remediation of
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releases to soil and groundwater. They are Rule Env —Ws 412 Reporting and
Remediation of Oil Discharges (INHDES, 1996), and adopted Rule Env-Wm 1403
(formerly 410) Groundwater Management and Groundwater Release Detection Permits
(NHDES, 1993). In October 1998, New Hampshire also published Draft Guidelines for
Selection of Natural Attenuation for Groundwater Restoration (NHDES, 1998) which are
guidelines dealing with selection, reporting, and monitoring requirements for natural
attenuation. The latter document also provides groundwater quality standards that must
be met when site remediation is undertaken. Each of these documents will be discussed

in some detail below.

Rule Env-Ws 412

This Rule, adopted on November 20, 1996, deals with reporting and remediation of oil
discharges. Any person who discharges oil above a specified volume must report it to the
NHDES and take steps to remediate the discharge. Any free product must be removed.
The Rule also provides an outline of information required for site characterization to
define the degree and extent of the contamination. Site characterization must include the

following information:

e Data on the nature, location, and estimated quantity of the discharge
e Data from available sources or other investigations concerning:
e Surrounding populations
e Water quality
e Use and approximate locations of drinking water supplies potentially affected by
the discharge
e Subsurface soil conditions
e Locations of underground utilities, drains, and sewers
e Land use
e Documentation of free product removal

e Preliminary assessment of receptors and potential receptors
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This initial site characterization is followed by a specific site investigation to refine
information previously provided. Once NHDES is satisfied with a site investigation, a
remedial action plan (RAP) must then be submitted.

Site closure with no restrictions is achieved when health hazards and sources of
contamination have been eliminated, when groundwater standards are met, and when

liability requirements for cost of remediation have been met.
Rule Env-Wm 1403

Rule Env-Wm 1403 provides a broader perspective on the requirements for investigating,
remediating and managing contamination for sites where discharges of regulated
contaminants have occurred and to establish procedures for monitoring groundwater for
early detection of any impact associated with regulated activities (NHDES, 1993). This
rule, originally Env-Wm 410, was amended and adopted on February 11, 1993.

As with Rule Env-Ws 412, Rule Env-Wm 1403 specifies steps for reporting,
investigating and remediating discharge to groundwater. However, this rule provides an
expanded version of requirements for site characterization as well as ambient
groundwater criteria that must be met during remediation. These ambient criteria do not

apply to naturally occurring contaminants.

Requirements for site investigation and types of information required for site
investigation reports are much more comprehensive in this document. Details on
physical features of a site, facility features, site geology, sampling methods, and RAP
must all form part of the report submitted to NHDES. The report must also contain a
conceptual model of the site upon which decisions for site monitoring and remediation
are based. The RAP must be submitted to NHDES within 120 days of approval of a site
investigation report unless NHDES decides that no remediation is necessary. NHDES
must approved the RAP before it can be implemented (NHDES, 1993).
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Upon completion of the remedial action, NHDES issues two types of certificates. A
Certificate of Completion is issued if the activities specified in the RAP, with the
exception of soil and groundwater monitoring, have been met. Once monitoring has been
completed and NHDES is satisfied that all human health hazards have been eliminated
and that groundwater criteria have been met, a Certificate of No Further Action can be

issued.
Draft Guideline for Selection of Natural Attenuation for Groundwater Restoration

Specific to natural attenuation, NHDES issued draft guidelines for selection of natural
attenuation (NHDES, 1998) for restoration of groundwater contaminated with volatile
organic compounds above ambient groundwater standards listed in Env-Wm 1403. The
policy does not apply to contamination due to inorganic compounds or to contamination
in the unsaturated zone. Reference is made throughout the guideline to related portions
of Rule Env-Wm 1403. Officially, NHDES encourages the use of natural attenuation of

dissolved phase contamination at sites where:

. e It is demonstrated to be protective of human health and the environment and meets
other relevant requirements of Env-Wm 1403

e It is demonstrated to present no additional risk to receptors

e A clear decreasing trend exists over time and distance for all regulated contaminant
concentrations, including all regulated contaminant breakdown products

e Biodegradation or other destructive processes are demonstrated to be occurring

¢ Evidence of a stable or receding plume is provided

e Remedial goals will be achieved within a reasonable period of time including
reduction of groundwater contaminant concentrations below ambient groundwater

quality standards

NHDES does not approve site investigations or RAPs proposing natural attenuation
without adequate site specific supporting data. Supporting information includes

adequately characterized site hydrogeology, contaminant pathways, and estimates of
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travel times. NHDES also does not support natural attenuation as a stand-alone option if
phase separated product or other contaminant sources are not controlled such that the
source continues to add contaminant mass to the groundwater. In those instances, source
removal is encouraged unless it can be demonstrated that the effects from the source are
short term. Any proposal for natural attenuation must include a contingency plan should

natural attenuation not achieve remedial goals.

Evidence for demonstrating effectiveness of natural attenuation can include information
on historical trends, terminal electron acceptor (TEA) and byproduct concentrations,
determination of rates of individual processes, quantitative evaluation of geochemical
data, and microbiological evidence for occurrence of remediation processes. NHDES
accepts three lines of evidence for natural attenuation. Primary evidence is to be
evaluated for all sites where natural attenuation is proposed. It is to include evaluation of
contaminant, TEA, and byproduct concentration trends over time in individual wells and
over distance near a plume centerline, unaffected by human intervention. Acceptable
primary evidence must clearly demonstrate that destructive processes are occurring.
Secondary evidence must include evaluation of the rate of natural attenuation using
appropriate analytical or numerical modeling or graphical methods. Secondary evidence
may be required where historical trend data are unavailable or where a better
understanding of the natural attenuation process is required. Microcosm studies may be
accepted if the primary or secondary evidence is not sufficient or satisfactory. '
Recommended sampling and analysis procedures and appropriate analytical models are

specified in the guidelines.

Remediation time is the predicted time needed to restore groundwater quality to achieve
remedial goals (NHDES, 1998). This time must be reasonable based on site-specific
criteria including the proximity and presence of receptors, aquifer use, contaminant
characteristics, site geologic and hydrogeologic conditions, and use of institutional
controls. NHDES uses a default time period of ten years as an acceptable remediation

time. It does allow the time period to be increased or decreased based on information
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contained in a site investigation report or the RAP. Changes to the ten-year period must

address the following:

e Resource value of affected groundwater, considering present and anticipated future
uses

e Time frame in which portions of an aquifer might be needed for future water supply,
considering the possibility of alternate supplies

e Uncertainties regarding contaminant mass, reactions, and fate and transport
assumptions

e Reliability of monitoring and institutional controls (such as a record of a
groundwater management zone on the deed)

e Comments from the public regarding remediation time

e Ability of a proponent to fund monitoring and evaluation over the remediation time

period

Annual reporting is required unless directed otherwise by NHDES. The reporting must
include all monitoring data, an evaluation of plume status, and an assessment of
effectiveness of natural attenuation in meeting performance goals. Monitoring and
reporting must continue at a site until remedial objectives for a site are met. A Certificate
of No Further Action can be issued when it is demonstrated that there is no active
contaminant source at the site, that there is an overall decreasing trend in volatile organic
concentrations in groundwater, and that ambient groundwater quality standards have been

met for at least two consecutive sampling rounds.

3.2.2.10 State of Texas

Remediation of contaminated sites in the State of Texas falls under jurisdiction of the
Texas Natural Resource Conservation Commission (TNRCC). The Texas Water Act
specifies the need to remediate sites where soil and groundwater have become

contaminated. Guidance RG-261 Operation, Monitoring and Performance of Remedial
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