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Introduction

Over the past several years, natural attenuation has
become increasingly accepted as a remedial alternative
for organic compounds dissolved in ground water. The
U.S. Environmental Protection Agency’s (EPA) Office of
Research and Development and Office of Solid Waste and
Emergency Response define natural attenuation as:

The biodegradation, dispersion, dilution, sorption,
volatilization, and/or chemical and biochemical sta-
bilization of contaminants to effectively reduce con-
taminant toxicity, mobility, or volume to levels that
are protective of human health and the ecosystem.

In practice, natural attenuation has several other names,
such as intrinsic remediation, intrinsic bioremediation, or
passive bioremediation. The goal of any site charac-
terization effort is to understand the fate and transport
of the contaminants of concern over time in order to
assess any current or potential threat to human health
or the environment. Natural attenuation processes, such
as biodegradation, can often be dominant factors in the
fate and transport of contaminants. Thus, consideration
and quantification of natural attenuation is essential to
more thoroughly understand contaminant fate and
transport.

This paper presents a technical protocol for data collec-
tion and analysis in support of remediation by natural
attenuation to restore ground water contaminated with
chlorinated aliphatic hydrocarbons and ground water
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contaminated with mixtures of fuels and chlorinated ali-
phatic hydrocarbons. In some cases, the information
collected using this protocol will show that natural at-
tenuation processes, with or without source removal, will
reduce the concentrations of these contaminants to be-
low risk-based corrective action criteria or regulatory
standards before potential receptor exposure pathways
are completed. The evaluation should include consid-
eration of existing exposure pathways as well as expo-
sure pathways arising from potential future use of the
ground water.

This protocol is intended to be used within the estab-
lished regulatory framework. It is not the intent of this
document to replace existing EPA or state-specific guid-
ance on conducting remedial investigations.

Overview of the Technical Protocol

Natural attenuation in ground-water systems results
from the integration of several subsurface attenuation
mechanisms that are classified as either destructive or
nondestructive. Biodegradation is the most important
destructive attenuation mechanism. Nondestructive at-
tenuation mechanisms include sorption, dispersion, di-
lution from recharge, and volatilization. The natural
attenuation of fuel hydrocarbons is described in the
Technical Protocol for Implementing Intrinsic Remedia-
tion With Long-Term Monitoring for Natural Attenuation
of Fuel Contamination Dissolved in Groundwater, recently
published by the U.S. Air Force Center for Environmental



Excellence (AFCEE) (1). This document differs from the
technical protocol for intrinsic remediation of fuel hydro-
carbons because the individual processes of chlorinated
aliphatic hydrocarbon biodegradation are fundamentally
different from the processes involved in the biodegrada-
tion of fuel hydrocarbons.

For example, biodegradation of fuel hydrocarbons, es-
pecially benzene, toluene, ethylbenzene, and xylenes
(BTEX), is mainly limited by electron acceptor availabil-
ity, and biodegradation of these compounds generally
will proceed until all of the contaminants are destroyed.
In the experience of the authors, there appears to be an
inexhaustible supply of electron acceptors in most, if not
all, hydrogeologic environments. On the other hand, the
more highly chlorinated solvents (e.g., perchloroethene
and trichloroethene) typically are biodegraded under
natural conditions via reductive dechlorination, a proc-
ess that requires both electron acceptors (the chlorin-
ated aliphatic hydrocarbons) and an adequate supply of
electron donors. Electron donors include fuel hydrocar-
bons or other types of anthropogenic carbon (e.g., land-
fill leachate, BTEX, or natural organic carbon). If the
subsurface environment is depleted of electron donors
before the chlorinated aliphatic hydrocarbons are re-
moved, reductive dechlorination will cease, and natural
attenuation may no longer be protective of human health
and the environment. This is the most significant differ-
ence between the processes of fuel hydrocarbon and
chlorinated aliphatic hydrocarbon biodegradation.

For this reason, it is more difficult to predict the long-term
behavior of chlorinated aliphatic hydrocarbon plumes
than fuel hydrocarbon plumes. Thus, it is important to
have a thorough understanding of the operant natural
attenuation mechanisms. In addition to having a better
understanding of the processes of advection, disper-
sion, dilution from recharge, and sorption, it is necessary
to better quantify biodegradation. This requires a thor-
ough understanding of the interactions between chlorin-
ated aliphatic hydrocarbons, anthropogenic/natural
carbon, and inorganic electron acceptors at the site.
Detailed site characterization is required to adequately
understand these processes.

Chlorinated solvents are released into the subsurface
under two possible scenarios: 1) as relatively pure sol-
vent mixtures that are more dense than water, or 2) as
mixtures of fuel hydrocarbons and chlorinated aliphatic
hydrocarbons which, depending on the relative propor-
tion of each, may be more or less dense than water.
These products commonly are referred to as
“nonaqueous-phase liquids,” or NAPLs. If the NAPL is
more dense than water, the material is referred to as a
“dense nonaqueous-phase liquid,” or DNAPL. If the
NAPL is less dense than water, the material is referred
to as a “light nonaqueous-phase liquid,” or LNAPL. In
general, the greatest mass of contaminant is associated
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with these NAPL source areas, not with the aqueous
phase.

As ground water moves through or past the NAPL
source areas, soluble constituents partition into the
moving ground water to generate a plume of dissolved
contamination. After further releases have been
stopped, these NAPL source areas tend to slowly
weather away as the soluble components, such as
BTEX or trichloroethene, are depleted. In cases where
source removal or reduction is feasible, it is desirable to
remove product and decrease the time required for com-
plete remediation of the site. At many sites, however,
mobile NAPL removal is not feasible with available tech-
nology. In fact, the quantity of NAPL recovered by com-
monly used recovery techniques is a trivial fraction of
the total NAPL available to contaminate ground water.
Mobile NAPL recovery typically recovers less than 10
percent of the total NAPL mass in a spill.

Compared with conventional engineered remediation
technologies, natural attenuation has the following
advantages:

» During natural attenuation, contaminants are ultimately
transformed to innocuous byproducts (e.g., carbon di-
oxide, ethene, and water), not just transferred to an-
other phase or location in the environment.

* Natural attenuation is nonintrusive and allows con-
tinuing use of infrastructure during remediation.

* Engineered remedial technologies can pose greater
risk to potential receptors than natural attenuation
because contaminants may be transferred into the
atmosphere during remediation activities.

* Natural attenuation is less costly than currently avail-
able remedial technologies, such as pump-and-treat.

* Natural attenuation is not subject to the limitations of
mechanized remediation equipment (e.g., no equip-
ment downtime).

* Those compounds that are the most mobile and toxic
are generally the most susceptible to biodegradation.

Natural attenuation has the following limitations:

* Natural attenuation is subject to natural and anthro-
pogenic changes in local hydrogeologic conditions,
including changes in ground-water gradients and ve-
locity, pH, electron acceptor concentrations, electron
donor concentrations, and/or potential future con-
taminant releases.

* Aquifer heterogeneity may complicate site charac-
terization and quantification of natural attenuation.

* Time frames for complete remediation may be rela-
tively long.



* Intermediate products of biodegradation (e.g., vinyl
chloride) can be more toxic than the original contaminant.

This document describes those processes that bring
about natural attenuation, the site characterization ac-
tivities that may be performed to support a feasibility
study to include an evaluation of natural attenuation,
natural attenuation modeling using analytical or numeri-
cal solute fate-and-transport models, and the post-
modeling activities that should be completed to ensure
successful support and verification of natural attenu-
ation. The objective of the work described herein is to
quantify and provide defensible data in support of natu-
ral attenuation at sites where naturally occurring subsur-
face attenuation processes are capable of reducing
dissolved chlorinated aliphatic hydrocarbon and/or fuel
hydrocarbon concentrations to acceptable levels. A
comment made by a member of the regulatory commu-
nity (2) summarizes what is required to successfully
implement natural attenuation:

A regulator looks for the data necessary to deter-
mine that a proposed treatment technology, if prop-
erly installed and operated, will reduce the
contaminant concentrations in the soil and water to
legally mandated limits. In this sense the use of
biological treatment systems calls for the same level
of investigation, demonstration of effectiveness, and
monitoring as any conventional [remediation] system.

To support remediation by natural attenuation, the pro-
ponent must scientifically demonstrate that degradation
of site contaminants is occurring at rates sufficient to be
protective of human health and the environment. Three
lines of evidence can be used to support natural attenu-
ation of chlorinated aliphatic hydrocarbons, including:

e Observed reduction in contaminant concentrations
along the flow path downgradient from the source of
contamination.

¢ Documented loss of contaminant mass at the field
scale using:

— Chemical and geochemical analytical data (e.g.,
decreasing parent compound concentrations, in-
creasing daughter compound concentrations, de-
pletion of electron acceptors and donors, and
increasing metabolic byproduct concentrations).

— A conservative tracer and a rigorous estimate of
residence time along the flow path to document
contaminant mass reduction and to calculate bio-
logical decay rates at the field scale.

* Microbiological laboratory data that support the oc-
currence of biodegradation and give rates of biode-
gradation.

At a minimum, the investigator must obtain the first two
lines of evidence or the first and third lines of evidence.
The second and third lines of evidence are crucial to the
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natural attenuation demonstration because they provide
biodegradation rate constants. These rate constants are
used in conjunction with the other fate-and-transport
parameters to predict contaminant concentrations and
to assess risk at downgradient points of compliance.

The first line of evidence is simply an observed reduction
in the concentration of released contaminants down-
gradient from the NAPL source area along the ground-
water flow path. This line of evidence does not prove
that contaminants are being destroyed because the re-
duction in contaminant concentration could be the result
of advection, dispersion, dilution from recharge, sorp-
tion, and volatilization with no loss of contaminant mass
(i.e., the majority of apparent contaminant loss could be
due to dilution). Conversely, an increase in the concen-
trations of some contaminants, most notably degrada-
tion products such as vinyl chloride, could be indicative
of natural attenuation.

To support remediation by natural attenuation at most
sites, the investigator will have to show that contaminant
mass is being destroyed via biodegradation. This is
done using either or both of the second or third lines of
evidence. The second line of evidence relies on chemi-
cal and physical data to show that contaminant mass is
being destroyed via biodegradation, not just diluted. The
second line of evidence is divided into two components:

* Using chemical analytical data in mass balance cal-
culations to show that decreases in contaminant and
electron acceptor and donor concentrations can be
directly correlated to increases in metabolic end
products and daughter compounds. This evidence
can be used to show that electron acceptor and do-
nor concentrations in ground water are sufficient to
facilitate degradation of dissolved contaminants. Sol-
ute fate-and-transport models can be used to aid
mass balance calculations and to collate information
on degradation.

e Using measured concentrations of contaminants
and/or biologically recalcitrant tracers in conjunction
with aquifer hydrogeologic parameters, such as
seepage velocity and dilution, to show that a reduc-
tion in contaminant mass is occurring at the site and
to calculate biodegradation rate constants.

The third line of evidence, microbiological laboratory
data, can be used to provide additional evidence that
indigenous biota are capable of degrading site contami-
nants at a particular rate. Because it is necessary to
show that biodegradation is occurring and to obtain
biodegradation rate constants, the most useful type of
microbiological laboratory data is the microcosm study.

This paper presents a technical course of action that
allows converging lines of evidence to be used to scien-
tifically document the occurrence and quantify the rates
of natural attenuation. Ideally, the first two lines of evidence



should be used in the natural attenuation demonstration.
To further document natural attenuation, or at sites with
complex hydrogeology, obtaining a field-scale biodegra-
dation rate may not be possible; in this case, microbi-
ological laboratory data can be used. Such a
“weight-of-evidence” approach will greatly increase the
likelihood of successfully implementing natural attenu-
ation at sites where natural processes are restoring the
environmental quality of ground water.

Collection of an adequate database during the iterative
site characterization process is an important step in the
documentation of natural attenuation. Site charac-
terization should provide data on the location, nature,
and extent of contaminant sources. Contaminant sour-
ces generally consist of hydrocarbons present as mobile
NAPL (i.e., NAPL occurring at sufficiently high satura-
tions to drain under the influence of gravity into a well)
and residual NAPL (i.e., NAPL occurring at immobile,
residual saturation that is unable to drain into a well by
gravity). Site characterization also should provide infor-
mation on the location, extent, and concentrations of
dissolved contamination; ground-water geochemical
data; geologic information on the type and distribution
of subsurface materials; and hydrogeologic parameters
such as hydraulic conductivity, hydraulic gradients, and
potential contaminant migration pathways to human or
ecological receptor exposure points.

The data collected during site characterization can be
used to simulate the fate and transport of contaminants
in the subsurface. Such simulation allows prediction of
the future extent and concentrations of the dissolved
contaminant plume. Several models can be used to
simulate dissolved contaminant transport and attenu-
ation. The natural attenuation modeling effort has three
primary objectives: 1) to predict the future extent and
concentration of a dissolved contaminant plume by
simulating the combined effects of advection, disper-
sion, sorption, and biodegradation; 2) to assess the po-
tential for downgradient receptors to be exposed to
contaminant concentrations that exceed regulatory or
risk-based levels intended to be protective of human
health and the environment; and 3) to provide technical
support for the natural attenuation remedial option at
postmodeling regulatory negotiations to help design a
more accurate verification and monitoring strategy and
to help identify early source removal strategies.

Upon completion of the fate-and-transport modeling ef-
fort, model predictions can be used in an exposure
pathways analysis. If natural attenuation is sufficient to
mitigate risks to potential receptors, the proponent of
natural attenuation has a reasonable basis for negotiat-
ing this option with regulators. The exposure pathways
analysis allows the proponent to show that potential
exposure pathways to receptors will not be completed.
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The material presented herein was prepared through
the joint effort of the AFCEE Technology Transfer Divi-
sion; the Bioremediation Research Team at EPA's Na-
tional Risk Management Research Laboratory in Ada,
Oklahoma (NRMRL), Subsurface Protection and Reme-
diation Division; and Parsons Engineering Science, Inc.
(Parsons ES). This compilation is designed to facilitate
implementation of natural attenuation at chlorinated ali-
phatic hydrocarbon-contaminated sites owned by the
U.S. Air Force and other U.S. Department of Defense
agencies, the U.S. Department of Energy, and public
interests.

Overview of Chlorinated Aliphatic
Hydrocarbon Biodegradation

Because biodegradation is the most important process
acting to remove contaminants from ground water, an
accurate estimate of the potential for natural biodegra-
dation is important to obtain when determining whether
ground-water contamination presents a substantial
threat to human health and the environment. This infor-
mation also will be useful when selecting the remedial
alternative that will be most cost-effective in eliminating
or abating these threats should natural attenuation
alone not prove to be sufficient.

Over the past two decades, numerous laboratory and
field studies have demonstrated that subsurface micro-
organisms can degrade a variety of hydrocarbons and
chlorinated solvents (3-23). Whereas fuel hydrocarbons
are biodegraded through use as a primary substrate
(electron donor), chlorinated aliphatic hydrocarbons
may undergo biodegradation through three different
pathways: through use as an electron acceptor, through
use as an electron donor, or through co-metabolism,
where degradation of the chlorinated organic is fortui-
tous and there is no benefit to the microorganism. At a
given site, one or all of these processes may be operat-
ing, although at many sites the use of chlorinated ali-
phatic hydrocarbons as electron acceptors appears to
be most important under natural conditions. In general,
but in this case especially, biodegradation of chlorinated
aliphatic hydrocarbons will be an electron-donor-limited
process. Conversely, biodegradation of fuel hydrocar-
bons is an electron-acceptor-limited process.

In a pristine aquifer, native organic carbon is used as an
electron donor, and dissolved oxygen (DO) is used first
as the prime electron acceptor. Where anthropogenic
carbon (e.g., fuel hydrocarbon) is present, it also will be
used as an electron donor. After the DO is consumed,
anaerobic microorganisms typically use additional elec-
tron acceptors (as available) in the following order of
preference: nitrate, ferric iron oxyhydroxide, sulfate, and
finally carbon dioxide. Evaluation of the distribution of
these electron acceptors can provide evidence of where
and how chlorinated aliphatic hydrocarbon biodegradation



is occurring. In addition, because chlorinated aliphatic
hydrocarbons may be used as electron acceptors or
electron donors (in competition with other acceptors or
donors), isopleth maps showing the distribution of these
compounds can provide evidence of the mechanisms of
biodegradation working at a site. As with BTEX, the driving
force behind oxidation-reduction reactions resulting in
chlorinated aliphatic hydrocarbon degradation is elec-
tron transfer. Although thermodynamically favorable,
most of the reactions involved in chlorinated aliphatic
hydrocarbon reduction and oxidation do not proceed
abiotically. Microorganisms are capable of carrying out
the reactions, but they will facilitate only those oxidation-
reduction reactions that have a net yield of energy.

Mechanisms of Chlorinated Aliphatic
Hydrocarbon Biodegradation

Electron Acceptor Reactions (Reductive
Dechlorination)

The most important process for the natural biodegrada-
tion of the more highly chlorinated solvents is reductive
dechlorination. During this process, the chlorinated hy-
drocarbon is used as an electron acceptor, not as a
source of carbon, and a chlorine atom is removed and
replaced with a hydrogen atom. In general, reductive
dechlorination occurs by sequential dechlorination from
perchloroethene to trichloroethene to dichloroethene to
vinyl chloride to ethene. Depending on environmental
conditions, this sequence may be interrupted, with other
processes then acting on the products. During reductive
dechlorination, all three isomers of dichloroethene can
theoretically be produced; however, Bouwer (24) reports
that under the influence of biodegradation, cis-1,2-di-
chloroethene is a more common intermediate than
trans-1,2-dichloroethene, and that 1,1-dichloroethene is
the least prevalent intermediate of the three dichlo-
roethene isomers. Reductive dechlorination of chlorin-
ated solvent compounds is associated with all
accumulation of daughter products and an increase in
the concentration of chloride ions.

Reductive dechlorination affects each of the chlorinated
ethenes differently. Of these compounds, perchlo-
roethene is the most susceptible to reductive dechlori-
nation because it is the most oxidized. Conversely, vinyl
chloride is the least susceptible to reductive dechlorina-
tion because it is the least oxidized of these compounds.
The rate of reductive dechlorination also has been ob-
served to decrease as the degree of chlorination de-
creases (24, 25). Murray and Richardson (26) have
postulated that this rate decrease may explain the ac-
cumulation of vinyl chloride in perchloroethene and
trichloroethene plumes that are undergoing reductive
dechlorination.
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Reductive dechlorination has been demonstrated under
nitrate- and sulfate-reducing conditions, but the most
rapid biodegradation rates, affecting the widest range of
chlorinated aliphatic hydrocarbons, occur under methano-
genic conditions (24). Because chlorinated aliphatic hy-
drocarbon compounds are used as electron acceptors
during reductive dechlorination, there must be an appro-
priate source of carbon in order for microbial growth to
occur (24). Potential carbon sources include natural
organic matter, fuel hydrocarbons, or other organic com-
pounds such as those found in landfill leachate.

Electron Donor Reactions

Murray and Richardson (26) write that microorganisms
are generally believed to be incapable of growth using
trichloroethene and perchloroethene as a primary sub-
strate (i.e., electron donor). Under aerobic and some
anaerobic conditions, the less-oxidized chlorinated ali-
phatic hydrocarbons (e.g., vinyl chloride) can be used as
the primary substrate in biologically mediated redox re-
actions (22). In this type of reaction, the facilitating micro-
organism obtains energy and organic carbon from the
degraded chlorinated aliphatic hydrocarbon. This is the
process by which fuel hydrocarbons are biodegraded.

In contrast to reactions in which the chlorinated aliphatic
hydrocarbon is used as an electron acceptor, only the
least oxidized chlorinated aliphatic hydrocarbons can be
used as electron donors in biologically mediated redox
reactions. McCarty and Semprini (22) describe investi-
gations in which vinyl chloride and 1,2-dichloroethane
were shown to serve as primary substrates under aero-
bic conditions. These authors also document that dichlo-
romethane has the potential to function as a primary
substrate under either aerobic or anaerobic environ-
ments. In addition, Bradley and Chapelle (27) show
evidence of mineralization of vinyl chloride under iron-
reducing conditions so long as there is sufficient
bioavailable iron(lll). Aerobic metabolism of vinyl chlo-
ride may be characterized by a loss of vinyl chloride
mass and a decreasing molar ratio of vinyl chloride to
other chlorinated aliphatic hydrocarbon compounds.

Co-metabolism

When a chlorinated aliphatic hydrocarbon is biode-
graded via co-metabolism, the degradation is catalyzed
by an enzyme or cofactor that is fortuitously produced
by the organisms for other purposes. The organism
receives no known benefit from the degradation of the
chlorinated aliphatic hydrocarbon; in fact, the co-metabolic
degradation of the chlorinated aliphatic hydrocarbon
may be harmful to the microorganism responsible for the
production of the enzyme or cofactor (22).

Co-metabolism is best documented in aerobic environ-
ments, although it could occur under anaerobic condi-
tions. It has been reported that under aerobic conditions



chlorinated ethenes, with the exception of perchlo-
roethene, are susceptible to co-metabolic degradation
(22, 23, 26). Vogel (23) further elaborates that the co-
metabolism rate increases as the degree of dechlorina-
tion decreases. During co-metabolism, trichloroethene
is indirectly transformed by bacteria as they use BTEX
or another substrate to meet their energy requirements.
Therefore, trichloroethene does not enhance the degra-
dation of BTEX or other carbon sources, nor will its co-me-
tabolism interfere with the use of electron acceptors
involved in the oxidation of those carbon sources.

Behavior of Chlorinated Solvent Plumes

Chlorinated solvent plumes can exhibit three types of
behavior depending on the amount of solvent, the
amount of biologically available organic carbon in the
aquifer, the distribution and concentration of natural
electron acceptors, and the types of electron acceptors
being used. Individual plumes may exhibit all three types
of behavior in different portions of the plume. The differ-
ent types of plume behavior are summarized below.

Type 1 Behavior

Type 1 behavior occurs where the primary substrate is
anthropogenic carbon (e.g., BTEX or landfill leachate),
and this anthropogenic carbon drives reductive dechlori-
nation. When evaluating natural attenuation of a plume
exhibiting Type 1, behavior the following questions must
be answered:

1. Is the electron donor supply adequate to allow
microbial reduction of the chlorinated organic
compounds? In other words, will the microorganisms
“strangle” before they “starve”—will they run out of
chlorinated aliphatic  hydrocarbons  (electron

acceptors) before they run out of electron donors?

. What is the role of competing electron acceptors
(e.g., DO, nitrate, iron(lll), and sulfate)?

3. Is vinyl chloride oxidized, or is it reduced?

Type 1 behavior results in the rapid and extensive deg-
radation of the highly chlorinated solvents such as per-
chloroethene, trichloroethene, and dichloroethene.

Type 2 Behavior

Type 2 behavior dominates in areas that are charac-
terized by relatively high concentrations of biologically
available native organic carbon. This natural carbon
source drives reductive dechlorination (i.e., is the pri-
mary substrate for microorganism growth). When evalu-
ating natural attenuation of a Type 2 chlorinated solvent
plume, the same questions as those posed for Type 1
behavior must be answered. Type 2 behavior generally
results in slower biodegradation of the highly chlorin-
ated solvents than Type 1 behavior, but under the right
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conditions (e.g., areas with high natural organic carbon
contents) this type of behavior also can result in rapid
degradation of these compounds.

Type 3 Behavior

Type 3 behavior dominates in areas that are charac-
terized by low concentrations of native and/or anthropo-
genic carbon and by DO concentrations greater than
1.0 milligrams per liter. Under these aerobic conditions,
reductive dechlorination will not occur; thus, there is no
removal of perchloroethene, trichloroethene, and dichlo-
roethene. The most significant natural attenuation
mechanisms for these compounds is advection, disper-
sion, and sorption. However, vinyl chloride can be rap-
idly oxidized under these conditions.

Mixed Behavior

A single chlorinated solvent plume can exhibit all three
types of behavior in different portions of the plume. This
can be beneficial for natural biodegradation of chlori-
nated aliphatic hydrocarbon plumes. For example,
Wiedemeier et al. (28) describe a plume at Plattsburgh
Air Force Base, New York, that exhibits Type 1 behavior
in the source area and Type 3 behavior downgradient
from the source. The most fortuitous scenario involves
a plume in which perchloroethene, trichloroethene, and
dichloroethene are reductively dechlorinated (Type 1 or
2 behavior), then vinyl chloride is oxidized (Type 3 be-
havior) either aerobically or via iron reduction. Vinyl
chloride is oxidized to carbon dioxide in this type of
plume and does not accumulate. The following se-
guence of reactions occurs in a plume that exhibits this
type of mixed behavior:

Perchloroethene — Trichloroethene -
Dichloroethene - Vinyl chloride —» Carbon dioxide

The trichloroethene, dichloroethene, and vinyl chloride
may attenuate at approximately the same rate, and thus
these reactions may be confused with simple dilution.
Note that no ethene is produced during this reaction.
Vinyl chloride is removed from the system much faster
under these conditions than it is under vinyl chloride-re-
ducing conditions.

A less desirable scenario—but one in which all contami-
nants may be entirely biodegraded— involves a plume
in which all chlorinated aliphatic hydrocarbons are re-
ductively dechlorinated via Type 1 or Type 2 behavior.
Vinyl chloride is reduced to ethene, which may be further
reduced to ethane or methane. The following sequence
of reactions occurs in this type of plume:

Perchloroethene - Trichloroethene -
Dichloroethene - Vinyl chloride — Ethene — Ethane



This sequence has been investigated by Freedman and
Gossett (13). In this type of plume, vinyl chloride de-
grades more slowly than trichloroethene and thus tends
to accumulate.

Protocol for Quantifying Natural
Attenuation During the Remedial
Investigation Process

The primary objective of the natural attenuation investi-
gation is to show that natural processes of contaminant
degradation will reduce contaminant concentrations in
ground water to below risk-based corrective action or regu-
latory levels before potential receptor exposure pathways
are completed. This requires a projection of the potential
extent and concentration of the contaminant plume in time
and space. The projection should be based on historic
variations in, and the current extent and concentrations
of, the contaminant plume, as well as the measured
rates of contaminant attenuation. Because of the inher-
ent uncertainty associated with such predictions, the
investigator must provide sufficient evidence to demon-
strate that the mechanisms of natural attenuation will
reduce contaminant concentrations to acceptable levels
before potential receptors are reached. This requires the
use of conservative solute fate-and-transport model in-
put parameters and numerous sensitivity analyses so
that consideration is given to all plausible contaminant
migration scenarios. When possible, both historical data
and modeling should be used to provide information that
collectively and consistently supports the natural reduc-
tion and removal of the dissolved contaminant plume.

Figure 1 outlines the steps involved in the natural at-
tenuation demonstration. This figure also shows the
important regulatory decision points in the process of
implementing natural attenuation. Predicting the fate of
a contaminant plume requires the quantification of sol-
ute transport and transformation processes. Quantifica-
tion of contaminant migration and attenuation rates and
successful implementation of the natural attenuation re-
medial option requires completion of the following steps:

1. Review available site data, and develop a preliminary
conceptual model.

2. Screen the site, and assess the potential for natural
attenuation.

3. Collect additional site characterization data to support
natural attenuation, as required.

4. Refine the conceptual model, complete premodeling
calculations, and document indicators of natural
attenuation.

5. Simulate natural attenuation using analytical or
numerical solute fate-and-transport models that allow
incorporation of a biodegradation term, as necessary.

6. Identify potential receptors, and conduct an

exposure-pathway analysis.

7. Evaluate the practicability and potential efficiency of
supplemental source removal options.

8. If natural attenuation with or without source removal
is acceptable, prepare a long-term monitoring plan.

9. Present findings to regulatory agencies, and obtain
approval for remediation by natural attenuation.

Review Available Site Data, and Develop a
Preliminary Conceptual Model

Existing site characterization data should be reviewed
and used to develop a conceptual model for the site. The
preliminary conceptual model will help identify any
shortcomings in the data and will allow placement of
additional data collection points in the most scientifically
advantageous and cost-effective manner. A conceptual
model is a three-dimensional representation of the
ground-water flow and solute transport system based on
available geological, biological, geochemical, hydrologi-
cal, climatological, and analytical data for the site. This
type of conceptual model differs from the conceptual site
models that risk assessors commonly use that qualita-
tively consider the location of contaminant sources, re-
lease mechanisms, transport pathways, exposure
points, and receptors. The ground-water system con-
ceptual model, however, facilitates identification of these
risk-assessment elements for the exposure pathways
analysis. After development, the conceptual model can
be used to help determine optimal placement of addi-
tional data collection points (as necessary) to aid in the
natural attenuation investigation and to develop the sol-
ute fate-and-transport model.

Contracting and management controls must be flexible
enough to allow for the potential for revisions to the
conceptual model and thus the data collection effort. In
cases where few or no site-specific data are available,
all future site characterization activities should be de-
signed to collect the data necessary to screen the site
to determine the potential for remediation by natural
attenuation. The additional costs incurred by such data
collection are greatly outweighed by the cost savings
that will be realized if natural attenuation is selected.
Moreover, most of the data collected in support of natu-
ral attenuation can be used to design and support other
remedial measures.

Table 1 contains the soil and ground-water analytical
protocol for natural attenuation of chlorinated aliphatic
hydrocarbons and/or fuel hydrocarbons. Table 1A lists a
standard set of methods, while Table 1B lists methods
that are under development and/or consideration. Any
plan to collect additional ground-water and soil quality
data should include targeting the analytes listed in Table
1A, and possibly Table 1B.
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Table 1A. Soil and Ground-Water Analytical Protocol 2

Recommended Sample Volume, Field or
Frequency of Sample Container, Fixed-Base
Matrix Analysis Method/Reference  ®® Comments "9  Data Use Analysis Sample Preservation Laboratory
Soil  Volatile SW8260A Handbook Useful for determining Each soil Collect 100 g of soil  Fixed-base
organic method the extent of soil sampling round in a glass container
compounds modified for contamination, the with Teflon-lined cap;
field extraction contaminant mass cool to 4°C
of soil using present, and the need
methanol for source removal
Soil  Total SW9060, modified Procedure The amount of TOC At initial Collect 100 g of soil  Fixed-base
organic for soil samples must be in the aquifer matrix sampling in a glass container
carbon accurate over influences with Teflon-lined cap;
(TOC) the range of contaminant migration cool to 4°C
0.5 to 15% and biodegradation
TOC
Soll 0,, CO, Field soil gas Useful for determining At initial Reuseable 3-L Field
gas analyzer bioactivity in the sampling and  Tedlar bags
vadose zone respiration
testing
Soil Fuel and EPA Method Useful for determining At initial 1-L Summa canister  Fixed-base
gas chlorinated TO-14 the distribution of sampling
volatile chlorinated and BTEX
organic compounds in soil
compounds
Water Volatile SW8260A Handbook Method of analysis for Each sampling Collect water Fixed-base
organic method,; BTEX and chlorinated round samples in a 40-mL
compounds analysis may  solvents/byproducts volatile organic
be extended to analysis vial; cool to
higher 4°C; add hydrochloric
molecular- acid to pH 2
weight alkyl
benzenes
Water Polycyclic  Gas chromatography/ Analysis PAHs are components As required by Collect 1 L of water  Fixed-base
aromatic mass spectroscopy needed only of fuel and are regulations in a glass container;
hydro- Method SW8270B; when required typically analyzed for cool to 4°C
carbons high-performance for regulatory  regulatory compliance
(PAHS) liquid chromatography compliance
(optional; Method SW8310
intended
for diesel
and other
heavy oils)
Water Oxygen DO meter Refer to Concentrations less Each sampling Measure DO on site  Field
Method A4500 than 1 mg/L generally round using a flow-through
for a indicate an anaerobic cell
comparable pathway
laboratory
procedure
Water Nitrate Iron chromatography Method E300  Substrate for microbial Each sampling Collect up to 40 mL  Fixed-base
Method E300; anion is a handbook respiration if oxygen round of water in a glass or
method method; also is depleted plastic container; add
provides H,SO,4 to pH less
chloride data than 2; cool to 4°C
Water Iron(ll) Colorimetric HACH Filter if turbid ~ May indicate an Each sampling Collect 100 mL of Field
(Fe*?) Method 8146 anaerobic degradation round water in a glass

process due to
depletion of oxygen,
nitrate, and
manganese
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Table 1A. Soil and Ground-Water Analytical Protocol

@ (Continued)

Recommended Sample Volume, Field or
Frequency of Sample Container, Fixed-Base
Matrix Analysis Method/Reference  ®¢ Comments "9  Data Use Analysis Sample Preservation Laboratory
Water Sulfate Iron chromatography  Method E300  Substrate for Each sampling Collect up to 40 mL  E300 =
(S04-2) Method E300 or is a handbook anaerobic microbial round of water in a glass or Fixed-base
HACH Method 8051  method, HACH respiration plastic container; cool
Method 8051 to 4°C HACH
is a Method
colorimetric 8051 = Field
method; use
one or the
other
Water Methane, Kampbell et al. (35) Method The presence of CH, Each sampling Collect water Fixed-base
ethane, or SW3810, modified published by suggests round samples in 50 mL
and ethene EPA biodegradation of glass serum bottles
researchers organic carbon via with butyl
methanogensis; gray/Teflon-lined
ethane and ethane caps; add H,SO, to
are produced during pH less than 2; cool
reductive to 4°C
dechlorination
Water Alkalinity HACH alkalinity test ~ Phenolphtalein Water quality Each sampling Collect 100 mL of Field
kit Model AL AP MG-L method parameter used to round water in glass
measure the buffering container
capacity of ground
water; can be used to
estimate the amount
of CO, produced
during biodegradation
Water Oxidation- A2580B Measurements The oxidation- Each sampling Collect 100 to Field
reduction made with reduction potential round 250 mL of water
potential electrodes, of ground water in a glass container
results are influences and is
displayed on a influenced by the
meter, protect nature of the
samples from  biologically mediated
exposure to degradation of
oxygen; report contaminants; the
results against oxidation-reduction
a silver/silver  potential of ground
chloride water may range from
reference more than 800 mV to
electrode less than -400 mV
Water pH Field probe with Field Aerobic and Each sampling Collect 100 to Field
direct reading meter anaerobic processes  round 250 mL of water
are pH-sensitive in a glass or plastic
container; analyze
immediately
Water Temperature Field probe with Field only Well development Each sampling Not applicable Field
direct reading meter round
Water Conductivity E120.1/SW9050, Protocols/ Water quality Each sampling Collect 100 to 250 Field
direct reading meter  Handbook parameter used as a  round mL of water in a
methods marker to verify that glass or plastic
site samples are container
obtained from the
same ground-water
system
Water Chloride Mercuric nitrate lon Final product of Each sampling Collect 250 mL of Fixed-base
titration A4500-CI"C  chromatography chlorinated solvent round water in a glass
Method E300; reduction; can be container
Method used to estimate
SW9050 may  dilution in calculation

also be used

of rate constant
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Table 1A. Soil and Ground-Water Analytical Protocol 2 (Continued)

Recommended Sample Volume, Field or
Frequency of Sample Container, Fixed-Base
Matrix Analysis Method/Reference  ®® Comments "9  Data Use Analysis Sample Preservation Laboratory
Water Chloride HACH chloride test Silver nitrate As above, and to Each sampling Collect 100 mL of Field
(optional; kit Model 8-P titration guide selection of round water in a glass
see data additional data points container
use) in real time while in
the field
Water Total SW9060 Laboratory Used to classify Each sampling Collect 100 mL of Laboratory
organic plumes and to round water in a glass
carbon determine whether container; cool

anaerobic metabolism
of chlorinated solvents
is possible in the
absence of
anthropogenic carbon

2 Analyses other than those listed in this table may be required for regulatory compliance.

buSW” refers to the Test Methods for Evaluating Solid Waste, Physical, and Chemical Methods (29).

Z“E” refers to Methods for Chemical Analysis of Water and Wastes (30).
“HACH?" refers to the Hach Company catalog (31).

f“A" refers to Standard Methods for the Examination of Water and Wastewater (32).
“Handbook” refers to the AFCEE Handbook to Support the Installation Restoration Program (IRP) Remedial Investigations and Feasibility
Studies (RI/FS) (33).

9 “protocols” refers to the AFCEE Environmental Chemistry Function Installation Restoration Program Analytical Protocols (34).

Table 1B. Soil and Ground-Water Analytical Protocol: Special Analyses Under Development and/or Consideration ab
Recommended Sample Volume, Field or
Frequency Container, Fixed-Base
Matrix  Analysis Method/Reference  Comments Data Use of Analysis Preservation Laboratory
Soil Biologically Under development  HCI To predict the One round of  Collect minimum Laboratory
available iron(lIl) extraction possible extent of sampling in 1-inch diameter
followed by iron reduction in five borings, core samples into
quantification an aquifer five cores a plastic liner; cap
of released from each and prevent
iron(l11) boring aeration
Water Nutritional Under development  Spectro- To determine the One round of  Collect 1,000 mL Laboratory
quality of native photometric  extent of reductive  sampling in in an amber glass
organic matter method dechlorination two to five container
allowed by the wells
supply of electron
donor
Water Hydrogen (H,) Equilibration with Specialized  To determine the One round of  Sampling at well Field
gas in the field; analysis terminal electron sampling head requires the
determined with a accepting process; production of 100
reducing gas predicts the mL per minute of
detector possibility for water for 30
reductive minutes
dechlorination
Water  Oxygenates SW8260/8015°¢ Laboratory Contaminant or At least one Collect 1 L of Laboratory
(including electron donors sampling water in a glass
methyl-tert-butyl for dechlorination round or as container;
ether, ethers, of solvents determined preserve with HCI
acetic acid, by regulators
methanol, and
acetone)

& Analyses other than those listed in this table may be required for regulatory compliance.
Site characterization should not be delayed if these methods are unavailable.
€ “SW" refers to Test Methods for Evaluating Solid Waste, Physical and Chemical Methods (29).
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Screen the Site, and Assess the Potential for
Natural Attenuation

After reviewing available site data and developing a
preliminary conceptual model, an assessment of the
potential for natural attenuation must be made. As stated
previously, existing data can be useful in determining
whether natural attenuation will be sufficient to prevent
a dissolved contaminant plume from completing expo-
sure pathways, or from reaching a predetermined point
of compliance, in concentrations above applicable regu-
latory or risk-based corrective action standards. Deter-
mining the likelihood of exposure pathway completion is
an important component of the natural attenuation in-
vestigation. This is achieved by estimating the migration
and future extent of the plume based on contaminant
properties, including volatility, sorptive properties, and
biodegradability; aquifer properties, including hydraulic
gradient, hydraulic conductivity, porosity, and total or-
ganic carbon (TOC) content; and the location of the
plume and contaminant source relative to potential re-
ceptors (i.e., the distance between the leading edge of
the plume and the potential receptor exposure points).
These parameters (estimated or actual) are used in this
section to make a preliminary assessment of the effec-
tiveness of natural attenuation in reducing contaminant
concentrations.

If, after completing the steps outlined in this section, it
appears that natural attenuation will be a significant
factor in contaminant removal, detailed site charac-
terization activities in support of this remedial option
should be performed. If exposure pathways have al-
ready been completed and contaminant concentrations
exceed regulatory levels, or if such completion is likely,
other remedial measures should be considered, possi-
bly in conjunction with natural attenuation. Even so, the
collection of data in support of the natural attenuation
option can be integrated into a comprehensive remedial
plan and may help reduce the cost and duration of other
remedial measures, such as intensive source removal
operations or pump-and-treat technologies. For exam-
ple, dissolved iron concentrations can have a profound
influence on the design of pump-and-treat systems.

Based on the experience of the authors, in an estimated
80 percent of fuel hydrocarbon spills at federal facilities,
natural attenuation alone will be protective of human
health and the environment. For spills of chlorinated
aliphatic hydrocarbons at federal facilities, however,
natural attenuation alone will be protective of human
health and the environment in an estimated 20 percent
of the cases. With this in mind, it is easy to understand
why an accurate assessment of the potential for natural
biodegradation of chlorinated compounds should be
made before investing in a detailed study of natural
attenuation. The screening process presented in this
section is outlined in Figure 2. This approach should
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allow the investigator to determine whether natural attenu-
ation is likely to be a viable remedial alternative before
additional time and money are expended. The data re-
quired to make the preliminary assessment of natural
attenuation can also be used to aid the design of an
engineered remedial solution, should the screening proc-
ess suggest that natural attenuation alone is not feasible.

The following information is required for the screening
process:

e The chemical and geochemical data presented in
Table 2 for a minimum of six samples. Figure 3
shows the approximate location of these data collec-
tion points. If other contaminants are suspected, then
data on the concentration and distribution of these
compounds also should be obtained.

* Locations of source(s) and receptor(s).

* An estimate of the contaminant transport velocity and
direction of ground-water flow.

Once these data have been collected, the screening
process can be undertaken. The following steps sum-
marize the screening process:

1. Determine whether biodegradation is occurring using
geochemical data. If biodegradation is occurring,
proceed to Step 2. Ifitis not, assess the amount and
types of data available. If data are insufficient to
determine whether biodegradation is occurring,
collect supplemental data.

. Determine ground-water flow and solute transport
parameters. Hydraulic conductivity and porosity may
be estimated, but the ground-water gradient and flow
direction may not. The investigator should use the
highest hydraulic conductivity measured at the site
during the preliminary screening because solute
plumes tend to follow the path of least resistance
(i.e., highest hydraulic conductivity). This will give the
“worst case” estimate of solute migration over a
given period.

Locate sources and receptor exposure points.

Estimate the biodegradation rate constant. Bio-
degradation rate constants can be estimated using
a conservative tracer found commingled with the
contaminant plume, as described by Wiedemeier et
al. (36). When dealing with a plume that contains
only chlorinated solvents, this procedure will have to
be modified to use chloride as a tracer. Rate
constants derived from microcosm studies can also
be used. If it is not possible to estimate the
biodegradation rate using these procedures, then
use a range of accepted literature values for
biodegradation of the contaminants of concern.
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Table 2. Analytical Parameters and Weighting for Preliminary Screening

Concentration in Most Points
Analyte Contaminated Zone Interpretation Awarded
Oxygen? < 0.5 mg/L Tolerated; suppresses reductive dechlorination at higher 3
concentrations
Oxygen? >1 mg/L Vinyl chloride may be oxidized aerobically, but reductive -3
dechlorination will not occur
Nitrate? <1 mg/L May compete with reductive pathway at higher 2
concentrations
Iron ()2 >1 mg/L Reductive pathway possible 3
Sulfate? <20 mg/L May compete with reductive pathway at higher 2
concentrations
Sulfide? >1 mg/L Reductive pathway possible 3
Methane? >0.1 mg/L Ultimate reductive daughter product 2
>1 Vinyl chloride accumulates 3
<1 Vinyl chloride oxidizes
Oxidation reduction <50 mV against Ag/AgCI Reductive pathway possible <50mv=1
potential® <-100 mV =2
pH? 5<pH<9 Tolerated range for reductive pathway
DOC >20 mg/L Carbon and energy source; drives dechlorination; can be 2
natural or anthropogenic
Temperature?® >20°C At T > 20EC, biochemical process is accelerated 1
Carbon dioxide > 2x background Ultimate oxidative daughter product 1
Alkalinity > 2x background Results from interaction of carbon dioxide with aquifer 1
minerals
Chloride? > 2x background Daughter product of organic chlorine; compare chloride 2
in plume to background conditions
Hydrogen >1nM Reductive pathway possible; vinyl chloride may 3
accumulate
Hydrogen <1nM Vinyl chloride oxidized
Volatile fatty acids >0.1 mg/L Intermediates resulting from biodegradation of aromatic 2
compounds; carbon and energy source
BTEX?® >0.1 mg/L Carbon and energy source; drives dechlorination 2
Perchloroethene? Material released
Trichloroethene? Material released or daughter product of perchloroethene 2b
Dichloroethene? Material released or daughter product of trichloroethene; 2b
if amount of cis-1,2-dichloroethene is greater than 80%
of total dichloroethene, it is likely a daughter product of
trichloroethene
Vinyl chloride?® Material released or daughter product of dichloroethenes 2b
Ethene/Ethane <0.1 mg/L Daughter product of vinyl chloride/ethene >0.01 mg/L= 2
>01=3
Chloroethane? Daughter product of vinyl chloride under reducing 2

1,1,1-Trichloroethane?

1,1-dichloroethene?

conditions
Material released

Daughter product of trichloroethene or chemical reaction
of 1,1,1-trichloroethane

& Required analysis.

Points awarded only if it can be shown that the compound is a daughter product (i.e., not a constituent of the source NAPL).
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Figure 3. Data collection points required for screening.

5. Compare the rate of transport to the rate of attenuation,
using analytical solutions or a screening model such
as BIOSCREEN.

6. Determine whether the screening criteria are met.

Each of these steps is described in detail below.

Step 1: Determine Whether Biodegradation Is
Occurring

The first step in the screening process is to sample at
least six wells that are representative of the contaminant
flow system and to analyze the samples for the parame-
ters listed in Table 2. Samples should be taken 1) from
the most contaminated portion of the aquifer (generally
in the area where NAPL currently is present or was
present in the past); 2) downgradient from the NAPL
source area but still in the dissolved contaminant plume;
3) downgradient from the dissolved contaminant plume;
and 4) from upgradient and lateral locations that are not
affected by the plume.

Samples collected in the NAPL source area allow deter-
mination of the dominant terminal electron-accepting
processes at the site. In conjunction with samples col-
lected in the NAPL source zone, samples collected in
the dissolved plume downgradient from the NAPL
source zone allow the investigator to determine whether
the plume is degrading with distance along the flow path
and what the distribution of electron acceptors and do-
nors and metabolic byproducts might be along the flow
path. The sample collected downgradient from the dis-
solved plume aids in plume delineation and allows the
investigator to determine whether metabolic byproducts
are present in an area of ground water that has been
remediated. The upgradient and lateral samples allow
delineation of the plume and indicate background con-
centrations of the electron acceptors and donors.

After these samples have been analyzed for the pa-
rameters listed in Table 2, the investigator should ana-
lyze the data to determine whether biodegradation is
occurring. The right-hand column of Table 2 contains
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scoring values that can be used for this task. For exam-
ple, if the DO concentration in the area of the plume with
the highest contaminant concentration is less than 0.5
milligrams per liter, this parameter is awarded 3 points.
Table 3 summarizes the range of possible scores and
gives an interpretation for each score. If the site scores
a total of 15 or more points, biodegradation is probably
occurring, and the investigator can proceed to Step 2.
This method relies on the fact that biodegradation will
cause predictable changes in ground-water chemistry.

Table 3. Interpretation of Points Awarded During Screening Step 1

Score Interpretation

Oto5 Inadequate evidence for biodegradation
of chlorinated organics

6to 14 Limited evidence for biodegradation of
chlorinated organics

15 to 20 Adequate evidence for biodegradation of
chlorinated organics

>20 Strong evidence for biodegradation of

chlorinated organics

Consider the following two examples. Example 1 con-
tains data for a site with strong evidence that reductive
dechlorination is occurring. Example 2 contains data for
a site with strong evidence that reductive dechlorination
is not occurring.

Example 1. Strong Evidence for Biodegradation of
Chlorinated Organics

Concentration in Most Points
Analyte Contaminated Zone Awarded
DO 0.1 mg/L 3
Nitrate 0.3 mg/L 2
Iron(ll) 10 mg/L 3
Sulfate 2 mg/L 2
Methane 5 mg/L 3
Oxidation-reduction -190 mV 2
potential
Chloride 3x background 2
Perchloroethene 1,000 pg/L 0
(released)
Trichloroethene 1,200 pg/L 2
(none released)
cis-1,2-Dichloroethene 500 pg/L 2
(none released)
Vinyl chloride 50 pg/L 2
(none released)

Total points awarded 23




In this example, the investigator can infer that biodegra-
dation is occurring and may proceed to Step 2.

Example 2. Biodegradation of Chlorinated Organics Unlikely
Concentration in Most Points
Analyte Contaminated Zone Awarded
DO 3 mg/L -3
Nitrate 0.3 mg/L 2
Iron(I1) Not detected 0
Sulfate 10 mg/L 2
Methane ND 0
Oxidation-reduction 100 mV 0
potential
Chloride Background 0
Trichloroethene 1,200 ug/L 0
(released)
cis-1,2-Dichloroethene Not detected 0
Vinyl chloride ND 0

Total points awarded

In this example, the investigator can infer that biodegra-
dation is probably not occurring or is occurring too slowly
to be a viable remedial option. In this case, the investi-
gator cannot proceed to Step 2 and will likely have to
implement an engineered remediation system.

Step 2: Determine Ground-Water Flow and Solute
Transport Parameters

After biodegradation has been shown to be occurring, it
is important to quantify ground-water flow and solute
transport parameters. This will make it possible to use
a solute transport model to quantitatively estimate the
concentration of the plume and its direction and rate of
travel. To use an analytical model, it is necessary to
know the hydraulic gradient and hydraulic conductivity
for the site and to have estimates of the porosity and
dispersivity. The coefficient of retardation also is helpful
to know. Quantification of these parameters is discussed
by Wiedemeier et al. (1).

To make modeling as accurate as possible, the investi-
gator must have site-specific hydraulic gradient and hy-
draulic conductivity data. To determine the ground-water
flow and solute transport direction, the site must have at
least three accurately surveyed wells. The porosity and
dispersivity are generally estimated using accepted lit-
erature values for the types of sediments found at the
site. If the investigator does not have TOC data for soil,
the coefficient of retardation can be estimated; however,
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assuming that the solute transport and ground-water
velocities are the same may be more conservative.

Step 3: Locate Sources and Receptor Exposure
Points

To determine the length of flow for the predictive model-
ing conducted in Step 5, it is important to know the
distance between the source of contamination, the
downgradient end of the dissolved plume, and any po-
tential downgradient or cross-gradient receptors.

Step 4: Estimate the Biodegradation Rate
Constant

Biodegradation is the most important process that de-
grades contaminants in the subsurface; therefore, the
biodegradation rate is one of the most important model
input parameters. Biodegradation of chlorinated ali-
phatic hydrocarbons can commonly be represented as
a first-order rate constant. Site-specific biodegradation
rates generally are best to use. Calculation of site-spe-
cific biodegradation rates is discussed by Wiedemeier
etal. (1, 36, 37). If determining site-specific biodegrada-
tion rates is impossible, then literature values for the
biodegradation rate of the contaminant of interest must
be used. It is generally best to start with the average
value and then to vary the model input to predict “best
case” and “worst case” scenarios. Estimated biodegra-
dation rates can be used only after biodegradation has
been shown to be occurring (see Step 1).

Step 5: Compare the Rate of Transport to the
Rate of Attenuation

At this early stage in the natural attenuation demonstra-
tion, comparison of the rate of solute transport to the rate
of attenuation is best accomplished using an analytical
model. Several analytical models are available, but the
BIOSCREEN model is probably the simplest to use.
This model is nonproprietary and is available from the
Robert S. Kerr Laboratory’s home page on the Internet
(www.epa.gov/ada/kerrlab.html). The BIOSCREEN
model is based on Domenico’s solution to the advection-
dispersion equation (38), and allows use of either a
first-order biodegradation rate or an instantaneous reac-
tion between contaminants and electron acceptors to
simulate the effects of biodegradation. To model trans-
port of chlorinated aliphatic hydrocarbons using
BIOSCREEN, only the first-order decay rate option
should be used. BIOCHLOR, a similar model, is under
development by the Technology Transfer Division of
AFCEE. This model will likely use the same analytical
solution as BIOSCREEN but will be geared towards
evaluating transport of chlorinated compounds under
the influence of biodegradation.

The primary purpose of comparing the rate of transport
with the rate of attenuation is to determine whether the



residence time along the flow path is adequate to be
protective of human health and the environment (i.e., to
qualitatively estimate whether the contaminant is attenu-
ating at a rate fast enough to allow degradation of the
contaminant to acceptable concentrations before recep-
tors are reached). It is important to perform a sensitivity
analysis to help evaluate the confidence in the prelimi-
nary screening modeling effort. If modeling shows that
receptors may not be exposed to contaminants at con-
centrations above risk-based corrective action criteria,
then the screening criteria are met, and the investigator
can proceed with the natural attenuation feasibility study.

Step 6: Determine Whether the Screening Criteria
Are Met

Before proceeding with the full-scale natural attenuation
feasibility study, the investigator should ensure that the
answers to all of the following criteria are “yes”:

* Has the plume moved a distance less than expected,
based on the known (or estimated) time since the
contaminant release and the contaminant velocity, as
calculated from site-specific measurements of hydrau-
lic conductivity and hydraulic gradient, as well as esti-
mates of effective porosity and contaminant
retardation?

¢ Is it likely that the contaminant mass is attenuating
at rates sufficient to be protective of human health
and the environment at a point of discharge to a
sensitive environmental receptor?

* |s the plume going to attenuate to concentrations
less than risk-based corrective action guidelines be-
fore reaching potential receptors?

Collect Additional Site Characterization Data
To Support Natural Attenuation, As Required

Detailed site characterization is necessary to document
the potential for natural attenuation. Review of existing
site characterization data is particularly useful before
initiating site characterization activities. Such review
should allow identification of data gaps and guide the most
effective placement of additional data collection points.

There are two goals during the site characterization
phase of a natural attenuation investigation. The first is
to collect the data needed to determine whether natural
mechanisms of contaminant attenuation are occurring
at rates sufficient to protect human health and the envi-
ronment. The second is to provide sufficient site-specific
data to allow prediction of the future extent and concen-
tration of a contaminant plume through solute fate-and-
transport modeling. Because the burden of proof for
natural attenuation is on the proponent, detailed site
characterization is required to achieve these goals and
to support this remedial option. Adequate site charac-
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terization in support of natural attenuation requires that
the following site-specific parameters be determined:

* The extent and type of soil and ground-water
contamination.

* The location and extent of contaminant source area(s)
(i.e., areas containing mobile or residual NAPL).

* The potential for a continuing source due to leaking
tanks or pipelines.

* Aguifer geochemical parameters.

* Regional hydrogeology, including drinking water
aquifers and regional confining units.

* Local and site-specific hydrogeology, including local
drinking water aquifers; location of industrial, agricul-
tural, and domestic water wells; patterns of aquifer
use (current and future); lithology; site stratigraphy,
including identification of transmissive and nontrans-
missive units; grain-size distribution (sand versus silt
versus clay); aquifer hydraulic conductivity; ground-
water hydraulic information; preferential flow paths;
locations and types of surface water bodies; and
areas of local ground-water recharge and discharge.

* Identification of potential exposure pathways and
receptors.

The following sections describe the methodologies that
should be implemented to allow successful site charac-
terization in support of natural attenuation. Additional infor-
mation can be obtained from Wiedemeier et al. (1, 37).

Soil Characterization

To adequately define the subsurface hydrogeologic sys-
tem and to determine the amount and three-dimensional
distribution of mobile and residual NAPL that can act as
a continuing source of ground-water contamination, ex-
tensive soil characterization must be completed. De-
pending on the status of the site, this work may have
been completed during previous remedial investigation
activities. The results of soils characterization will be
used as input into a solute fate-and-transport model to
help define a contaminant source term and to support
the natural attenuation investigation.

The purpose of soil sampling is to determine the subsur-
face distribution of hydrostratigraphic units and the dis-
tribution of mobile and residual NAPL. These objectives
can be achieved through the use of conventional soil
borings or direct-push methods (e.g., Geoprobe or cone
penetrometer testing). All soil samples should be col-
lected, described, analyzed, and disposed of in accord-
ance with local, state, and federal guidance. Wiedemeier
et al. (1) present suggested procedures for soil sample
collection. These procedures may require modification
to comply with local, state, and federal regulations or to
accommodate site-specific conditions.



The analytical protocol to be used for soil sample analy-
sis is presented in Table 1. This analytical protocol
includes all of the parameters necessary to document
natural attenuation, including the effects of sorption and
biodegradation. Knowledge of the location, distribution,
concentration, and total mass of contaminants of regu-
latory concern sorbed to soils or present as residual
and/or mobile NAPL is required to calculate contaminant
partitioning from NAPL into ground water. Knowledge of
the TOC content of the aquifer matrix is important for
sorption and solute-retardation calculations. TOC sam-
ples should be collected from a background location in
the stratigraphic horizon(s) where most contaminant
transport is expected to occur. Oxygen and carbon di-
oxide measurements of soil gas can be used to find
areas in the unsaturated zone where biodegradation is
occurring. Knowledge of the distribution of contaminants
in soil gas can be used as a cost-effective way to
estimate the extent of soil contamination.

Ground-Water Characterization

To adequately determine the amount and three-dimen-
sional distribution of dissolved contamination and to
document the occurrence of natural attenuation,
ground-water samples must be collected and analyzed.
Biodegradation of organic compounds, whether natural
or anthropogenic, brings about measurable changes in
the chemistry of ground water in the affected area. By
measuring these changes, documentation and quantita-
tive evaluation of natural attenuation’s importance at a
site are possible.

Ground-water sampling is conducted to determine the
concentrations and distribution of contaminants, daugh-
ter products, and ground-water geochemical parame-
ters. Ground-water samples may be obtained from
monitoring wells or with point-source sampling devices
such as a Geoprobe, Hydropunch, or cone penetrome-
ter. All ground-water samples should be collected in
accordance with local, state, and federal guidelines.
Wiedemeier et al. (1) suggest procedures for ground-
water sample collection. These procedures may need to
be modified to comply with local, state, and federal
regulations or to accommodate site-specific conditions.

The analytical protocol for ground-water sample analy-
sis is presented in Table 1. This analytical protocol in-
cludes all of the parameters necessary to document
natural attenuation, including the effects of sorption and
biodegradation. Data obtained from the analysis of
ground water for these analytes is used to scientifically
document natural attenuation and can be used as input
into a solute fate-and-transport model. The following
paragraphs describe each ground-water analytical pa-
rameter and the use of each analyte in the natural
attenuation demonstration.
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Volatile organic compound analysis (by Method
SW8260a) is used to determine the types, concentra-
tions, and distributions of contaminants and daughter
products in the aquifer. DO is the electron acceptor most
thermodynamically favored by microbes for the biode-
gradation of organic carbon, whether natural or anthro-
pogenic. Reductive dechlorination will not occur,
however, if DO concentrations are above approximately
0.5 milligrams per liter. During aerobic biodegradation of
a substrate, DO concentrations decrease because of
the microbial oxygen demand. After DO depletion, an-
aerobic microbes will use nitrate as an electron ac-
ceptor, followed by iron(lll), then sulfate, and finally
carbon dioxide (methanogenesis). Each sequential re-
action drives the oxidation-reduction potential of the
ground water further into the realm where reductive
dechlorination can occur. The oxidation-reduction po-
tential range of sulfate reduction and methanogenesis is
optimal, but reductive dechlorination may occur under
nitrate- and iron(lll)-reducing conditions as well. Be-
cause reductive dechlorination works best in the sulfate-
reduction and methanogenesis oxidation-reduction
potential range, competitive exclusion between micro-
bial sulfate reducers, methanogens, and reductive
dechlorinators can occur.

After DO has been depleted in the microbiological treat-
ment zone, nitrate may be used as an electron acceptor
for anaerobic biodegradation via denitrification. In some
cases iron(lll) is used as an electron acceptor during
anaerobic biodegradation of electron donors. During this
process, iron(lll) is reduced to iron(ll), which may be
soluble in water. Iron(Il) concentrations can thus be used
as an indicator of anaerobic degradation of fuel com-
pounds. After DO, nitrate, and bioavailable iron(lll) have
been depleted in the microbiological treatment zone,
sulfate may be used as an electron acceptor for anaero-
bic biodegradation. This process is termed sulfate re-
duction and results in the production of sulfide. During
methanogenesis (an anaerobic biodegradation proc-
ess), carbon dioxide (or acetate) is used as an electron
acceptor, and methane is produced. Methanogenesis
generally occurs after oxygen, nitrate, bioavailable
iron(lll), and sulfate have been depleted in the treatment
zone. The presence of methane in ground water is
indicative of strongly reducing conditions. Because
methane is not present in fuel, the presence of methane
in ground water above background concentrations in
contact with fuels is indicative of microbial degradation
of fuel hydrocarbons.

The total alkalinity of a ground-water system is indicative
of a water’'s capacity to neutralize acid. Alkalinity is
defined as “the net concentration of strong base in
excess of strong acid with a pure CO,-water system as
the point of reference” (39). Alkalinity results from the
presence of hydroxides, carbonates, and bicarbonates
of elements such as calcium, magnesium, sodium, po-



tassium, or ammonia. These species result from the
dissolution of rock (especially carbonate rocks), the
transfer of carbon dioxide from the atmosphere, and the
respiration of microorganisms. Alkalinity is important in
the maintenance of ground-water pH because it buffers
the ground-water system against acids generated dur-
ing both aerobic and anaerobic biodegradation.

In general, areas contaminated by fuel hydrocarbons
exhibit a total alkalinity that is higher than that seen in
background areas. This is expected because the micro-
bially mediated reactions causing biodegradation of fuel
hydrocarbons cause an increase in the total alkalinity in
the system. Changes in alkalinity are most pronounced
during aerobic respiration, denitrification, iron reduction,
and sulfate reduction, and are less pronounced during
methanogenesis (40). In addition, Willey et al. (41) show
that short-chain aliphatic acid ions produced during
biodegradation of fuel hydrocarbons can contribute to
alkalinity in ground water.

The oxidation-reduction potential of ground water is a
measure of electron activity and an indicator of the
relative tendency of a solution to accept or transfer

electrons. Redox reactions in ground water containing
organic compounds (natural or anthropogenic) are usually
biologically mediated; therefore, the oxidation-reduction
potential of a ground-water system depends on and
influences rates of biodegradation. Knowledge of the
oxidation-reduction potential of ground water also is
important because some biological processes operate
only within a prescribed range of redox conditions. The
oxidation-reduction potential of ground water generally
ranges from -400 to 800 millivolts (mV). Figure 4 shows
the typical redox conditions for ground water when dif-
ferent electron acceptors are used.

Oxidation-reduction potential can be used to provide
real-time data on the location of the contaminant plume,
especially in areas undergoing anaerobic biodegrada-
tion. Mapping the oxidation-reduction potential of the
ground water while in the field helps the field scientist to
determine the approximate location of the contaminant
plume. To perform this task, it is important to have at
least one redox measurement (preferably more) from a
well located upgradient from the plume. Oxidation-re-
duction potential measurements should be taken during
well purging and immediately before and after sample
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Figure 4. Redox potentials for various electron acceptors.

Optimal Range
for Reductive —

500 == MnO,(s) + HCO, +3H" +2¢° —> MnCO(s) + 2H,0

(E,® = + 520)

FeOOH(s) + HCO, +2H' +&© —> FeCO, + 2H,0

(Ey" =-50)
S80,"+9H'+8¢ —> HS +4H,0 (E, =-220)
CO,+8H +8e —> CH,+2H,0 (E,°=-240)



acquisition using a direct-reading meter. Because most
well purging techniques can allow aeration of collected
ground-water samples (which can affect oxidation-reduction
potential measurements), it is important to minimize
potential aeration.

Dissolved hydrogen concentrations can be used to de-
termine the dominant terminal electron-accepting proc-
ess in an aquifer. Because of the difficulty in obtaining
hydrogen analyses commercially, this parameter should
be considered optional at this time. Table 4 presents the
range of hydrogen concentrations for a given terminal
electron-accepting process. Much research has been
done on the topic of using hydrogen measurements to
delineate terminal electron-accepting processes (42-
44). Because the efficiency of reductive dechlorination
differs for methanogenic, sulfate-reducing, iron(lll)-re-
ducing, or denitrifying conditions, it is helpful to have
hydrogen concentrations to help delineate redox condi-
tions when evaluating the potential for natural attenu-
ation of chlorinated ethenes in ground-water systems.
Collection and analysis of ground-water samples for

Table 4. Range of Hydrogen Concentrations for a Given
Terminal Electron-Accepting Process

Terminal
Electron-Accepting Process

Hydrogen Concentration
(nanomoles per liter)

Denitrification <0.1
Iron(Ill) reduction 0.2t0 0.8
Sulfate reduction lto4
Methanogenesis >5

dissolved hydrogen content is not yet commonplace or
standardized, however, and requires a relatively expen-
sive field laboratory setup.

Because the pH, temperature, and conductivity of a
ground-water sample can change significantly shortly
following sample acquisition, these parameters must be
measured in the field in unfiltered, unpreserved, “fresh”
water collected by the same technique as the samples
taken for DO and redox analyses. The measurements
should be made in a clean glass container separate from
those intended for laboratory analysis, and the meas-
ured values should be recorded in the ground-water
sampling record.

The pH of ground water has an effect on the presence
and activity of microbial populations in the ground water.
This is especially true for methanogens. Microbes capa-
ble of degrading chlorinated aliphatic hydrocarbons and
petroleum hydrocarbon compounds generally prefer pH
values varying from 6 to 8 standard units. Ground-water
temperature directly affects the solubility of oxygen and
other geochemical species. The solubility of DO is tem-
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perature dependent, being more soluble in cold water
than in warm water. Ground-water temperature also affects
the metabolic activity of bacteria. Rates of hydrocarbon
biodegradation roughly double for every 10°C increase
in temperature (“Q"1o rule) over the temperature range
between 5°C and 25°C. Ground-water temperatures
less than about 5°C tend to inhibit biodegradation, and
slow rates of biodegradation are generally observed in
such waters.

Conductivity is a measure of the ability of a solution to
conduct electricity. The conductivity of ground water is
directly related to the concentration of ions in solution;
conductivity increases as ion concentration increases.
Conductivity measurements are used to ensure that
ground water samples collected at a site are repre-
sentative of the water in the saturated zone containing
the dissolved contamination. If the conductivities of
samples taken from different sampling points are radi-
cally different, the waters may be from different hydro-
geologic zones.

Elemental chlorine is the most abundant of the halo-
gens. Although chlorine can occur in oxidation states
ranging from CI"to CI*/, the chloride form (CI') is the only
form of major significance in natural waters (45). Chlo-
ride forms ion pairs or complex ions with some of the
cations present in natural waters, but these complexes
are not strong enough to be of significance in the chem-
istry of fresh water (45). The chemical behavior of chlo-
ride is neutral. Chloride ions generally do not enter into
oxidation-reduction reactions, form no important solute
complexes with other ions unless the chloride concen-
tration is extremely high, do not form salts of low solu-
bility, are not significantly adsorbed on mineral surfaces,
and play few vital biochemical roles (45). Thus, physical
processes control the migration of chloride ions in the
subsurface.

Kaufman and Orlob (46) conducted tracer experiments
in ground water and found that chloride moved through
most of the soils tested more conservatively (i.e., with
less retardation and loss) than any of the other tracers
tested. During biodegradation of chlorinated hydrocar-
bons dissolved in ground water, chloride is released into
the ground water. This results in chloride concentrations
in the ground water of the contaminant plume that are
elevated relative to background concentrations. Be-
cause of the neutral chemical behavior of chloride, it can
be used as a conservative tracer to estimate biodegra-
dation rates using methods similar to those discussed
by Wiedemeier et al. (36).

Field Measurement of Aquifer Hydraulic
Parameters

The properties of an aquifer that have the greatest im-
pact on contaminant fate and transport include hydraulic
conductivity, hydraulic gradient, porosity, and dispersiv-



ity. Estimating hydraulic conductivity and gradient in the
field is fairly straightforward, but obtaining field-scale
information on porosity and dispersivity can be difficult.
Therefore, most investigators rely on field data for hy-
draulic conductivity and hydraulic gradient and on litera-
ture values for porosity and dispersivity for the types of
sediments present at the site. Methods for field meas-
urement of aquifer hydraulic parameters are described
by Wiedemeier et al. (1, 37).

Microbiological Laboratory Data

Microcosm studies are used to show that the microor-
ganisms necessary for biodegradation are present and
to help quantify rates of biodegradation. If properly de-
signed, implemented, and interpreted, microcosm stud-
ies can provide very convincing documentation of the
occurrence of biodegradation. Such studies are the only
“line of evidence” that allows an unequivocal mass bal-
ance determination based on the biodegradation of en-
vironmental contaminants. The results of a well-designed
microcosm study will be easy for decision-makers with
nontechnical backgrounds to interpret. Results of such
studies are strongly influenced by the nature of the
geological material submitted for study, the physical
properties of the microcosm, the sampling strategy, and
the duration of the study. Because microcosm studies
are time-consuming and expensive, they should be un-
dertaken only at sites where there is considerable skep-
ticism concerning the biodegradation of contaminants.

Biodegradation rate constants determined by micro-
cosm studies often are much greater than rates
achieved in the field. Microcosms are most appropriate
as indicators of the potential for natural bioremediation
and to prove that losses are biological, but it may be
inappropriate to use them to generate rate constants.
The preferable method of contaminant biodegradation
rate-constant determination is in situ field measurement.
The collection of material for the microcosm study, the
procedures used to set up and analyze the microcosm,
and the interpretation of the results of the microcosm
study are presented by Wiedemeier et al. (1).

Refine the Conceptual Model, Complete
Premodeling Calculations, and Document
Indicators of Natural Attenuation

Site investigation data should first be used to refine the
conceptual model and quantify ground-water flow, sorp-
tion, dilution, and biodegradation. The results of these
calculations are used to scientifically document the occur-
rence and rates of natural attenuation and to help simulate
natural attenuation over time. Because the burden of
proof is on the proponent, all available data must be
integrated in such a way that the evidence is sufficient to
support the conclusion that natural attenuation is occurring.
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Conceptual Model Refinement

Conceptual model refinement involves integrating newly
gathered site characterization data to refine the prelimi-
nary conceptual model that was developed based on
previously existing site-specific data. During conceptual
model refinement, all available site-specific data should
be integrated to develop an accurate three-dimensional
representation of the hydrogeologic and contaminant
transport system. This conceptual model can then be
used for contaminant fate-and-transport modeling. Con-
ceptual model refinement consists of several steps, in-
cluding preparation of geologic logs, hydrogeologic
sections, potentiometric surface/water table maps, con-
taminant contour (isopleth) maps, and electron acceptor
and metabolic byproduct contour (isopleth) maps. Re-
finement of the conceptual model is described by
Wiedemeier et al. (1).

Premodeling Calculations

Several calculations must be made prior to implementa-
tion of the solute fate-and-transport model. These cal-
culations include sorption and retardation calculations,
NAPL/water-partitioning calculations, ground-water flow
velocity calculations, and biodegradation rate-constant
calculations. Each of these calculations is discussed in
the following sections. Most of the specifics of each
calculation are presented in the fuel hydrocarbon natural
attenuation technical protocol by Wiedemeier et al. (1),
and all will be presented in the protocol incorporating
chlorinated aliphatic hydrocarbon attenuation (37).

Biodegradation Rate Constant Calculations

Biodegradation rate constants are necessary to simu-
late accurately the fate and transport of contaminants
dissolved in ground water. In many cases, biodegrada-
tion of contaminants can be approximated using first-or-
der kinetics. To calculate first-order biodegradation rate
constants, the apparent degradation rate must be nor-
malized for the effects of dilution and volatilization. Two
methods for determining first-order rate constants are
described by Wiedemeier et al. (36). One method in-
volves the use of a biologically recalcitrant compound
found in the dissolved contaminant plume that can be
used as a conservative tracer. The other method, pro-
posed by Buscheck and Alcantar (47) involves interpre-
tation of a steady-state contaminant plume and is based
on the one-dimensional steady-state analytical solution
to the advection-dispersion equation presented by Bear
(48). The first-order biodegradation rate constants for
chlorinated aliphatic hydrocarbons are also presented
(J. Wilson et al., this volume).



Simulate Natural Attenuation Using Solute
Fate-and-Transport Models

Simulating natural attenuation using a solute fate-and-
transport model allows prediction of the migration and
attenuation of the contaminant plume through time. Natu-
ral attenuation modeling is a tool that allows site-specific
data to be used to predict the fate and transport of
solutes under governing physical, chemical, and biologi-
cal processes. Hence, the results of the modeling effort
are not in themselves sulfficient proof that natural attenu-
ation is occurring at a given site. The results of the
modeling effort are only as good as the original data
input into the model; therefore, an investment in thor-
ough site characterization will improve the validity of the
modeling results. In some cases, straightforward ana-
lytical models of contaminant attenuation are adequate
to simulate natural attenuation.

Several well-documented and widely accepted solute
fate-and-transport models are available for simulating
the fate-and-transport of contaminants under the influ-
ence of advection, dispersion, sorption, and biodegra-
dation. The use of solute fate-and-transport modeling in
the natural attenuation investigation is described by
Wiedemeier et al. (1).

Identify Potential Receptors, and Conduct an
Exposure-Pathway Analysis

After the rates of natural attenuation have been docu-
mented and predictions of the future extent and concen-
trations of the contaminant plume have been made
using the appropriate solute fate-and-transport model,
the proponent of natural attenuation should combine all
available data and information to negotiate for imple-
mentation of this remedial option. Supporting the natural
attenuation option generally will involve performing a
receptor exposure-pathway analysis. This analysis in-
cludes identifying potential human and ecological recep-
tors and points of exposure under current and future
land and ground-water use scenarios. The results of
solute fate-and-transport modeling are central to the
exposure pathways analysis. If conservative model in-
put parameters are used, the solute fate-and-transport
model should give conservative estimates of contami-
nant plume migration. From this information, the poten-
tial for impacts on human health and the environment
from contamination present at the site can be estimated.

Evaluate Supplemental Source Removal
Options

Source removal or reduction may be necessary to re-
duce plume expansion if the exposure-pathway analysis
suggests that one or more exposure pathways may be
completed before natural attenuation can reduce chemi-
cal concentrations below risk-based levels of concern.
Further, some regulators may require source removal in
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conjunction with natural attenuation. Several technolo-
gies suitable for source reduction or removal are listed
in Figure 1. Other technologies may also be used as
dictated by site conditions and local regulatory require-
ments. The authors’ experience indicates that source
removal can be very effective at limiting plume migration
and decreasing the remediation time frame, especially
at sites where biodegradation is contributing to natural
attenuation of a dissolved contaminant plume. The im-
pact of source removal can readily be evaluated by
modifying the contaminant source term if a solute fate-
and-transport model has been prepared for a site; this
will allow for a reevaluation of the exposure-pathway
analysis.

Prepare a Long-Term Monitoring Plan

Ground-water flow rates at many Air Force sites studied
to date are such that many years will be required before
contaminated ground water could potentially reach Base
property boundaries. Thus, there frequently is time and
space for natural attenuation alone to reduce contami-
nant concentrations in ground water to acceptable lev-
els. Experience at 40 Air Force sites contaminated with
fuel hydrocarbons using the protocol presented by
Wiedemeier et al. (1) suggests that many fuel hydrocar-
bon plumes are relatively stable or are moving very
slowly with respect to ground-water flow. This informa-
tion is complemented by data collected by Lawrence
Livermore National Laboratories in a study of over 1,100
leaking underground fuel tank sites performed for the
California State Water Resources Control Board (49).
These examples demonstrate the efficacy of long-term
monitoring to track plume migration and to validate or
refine modeling results. There is not a large enough
database available at this time to assess the stability of
chlorinated solvent plumes, but in the authors’ experi-
ence chlorinated solvent plumes are likely to migrate
further downgradient than fuel hydrocarbon plumes be-
fore reaching steady-state equilibrium or before receding.

The long-term monitoring plan consists of locating
ground-water monitoring wells and developing a
ground-water sampling and analysis strategy. This plan
is used to monitor plume migration over time and to
verify that natural attenuation is occurring at rates suffi-
cient to protect potential downgradient receptors. The
long-term monitoring plan should be developed based
on site characterization data, the results of solute fate-
and-transport modeling, and the results of the exposure-
pathway analysis.

The long-term monitoring plan includes two types of
monitoring wells: long-term monitoring wells are in-
tended to determine whether the behavior of the plume
is changing; point-of-compliance wells are intended to
detect movements of the plume outside the negotiated
perimeter of containment, and to trigger an action to



manage the risk associated with such expansion. Figure
5 depicts 1) an upgradient well in unaffected ground
water, 2) a well in the NAPL source area, 3) a well
downgradient of the NAPL source area in a zone of
anaerobic treatment, 4) a well in the zone of aerobic

Anaerobic Treatment Zone

LNAPL

/ Extent of Dissolved
Source Area\
L

v BTEX Plume

Aerobic Treatment
Zone

Direction of ;

Plume Migration

LEGEND

& Point-of-Compliance Monitoring Well
O Long-Term Monitoring Well Not To Scale

Note: Complex sites may require more wells. The final
number and placement should be determined in conjunction
with the appropriate regulators.

Figure 5. Hypothetical long-term monitoring strategy.

treatment, along the periphery of the plume, 5) a well
located downgradient from the plume where contami-
nant concentrations are below regulatory acceptance
levels and soluble electron acceptors are depleted with
respect to unaffected ground water, and 6) three point-
of-compliance wells.

Although the final number and placement of long-term
monitoring and point-of-compliance wells is determined
through regulatory negotiation, the following guidance is
recommended. Locations of long-term monitoring wells
are based on the behavior of the plume as revealed
during the initial site characterization and on regulatory
considerations. Point-of-compliance wells are placed
500 feet downgradient from the leading edge of the
plume or the distance traveled by the ground water in
2 years, whichever is greater. If the property line is less
than 500 feet downgradient, the point-of-compliance
wells are placed near and upgradient from the prop-
erty line. The final number and location of point-of-
compliance monitoring wells also depends on regulatory
considerations.

The results of a solute fate-and-transport model can be
used to help site the long-term monitoring and point-of-
compliance wells. To provide a valid monitoring system,
all monitoring wells must be screened in the same hy-
drogeologic unit as the contaminant plume. This gener-
ally requires detailed stratigraphic correlation. To
facilitate accurate stratigraphic correlation, detailed vis-
ual descriptions of all subsurface materials encountered
during borehole drilling should be prepared prior to
monitoring-well installation.

A ground-water sampling and analysis plan should be
prepared in conjunction with point-of-compliance and
long-term monitoring well placement. For long-term
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monitoring wells, ground-water analyses should include
volatile organic compounds, DO, nitrate, iron(ll), sulfate,
and methane. For point-of-compliance wells, ground-
water analyses should be limited to determining volatile
organic compound and DO concentrations. Any state-
specific analytical requirements also should be ad-
dressed in the sampling and analysis plan to ensure that
all data required for regulatory decision-making are col-
lected. Water level and LNAPL thickness measurements
must be made during each sampling event. Except at
sites with very low hydraulic conductivity and gradients,
quarterly sampling of long-term monitoring wells is rec-
ommended during the first year to help determine the
direction of plume migration and to determine baseline
data. Based on the results of the first year’s sampling,
the sampling frequency may be reduced to annual sam-
pling in the quarter showing the greatest extent of the
plume. Sampling frequency depends on the final place-
ment of the point-of-compliance monitoring wells and
ground-water flow velocity. The final sampling frequency
should be determined in collaboration with regulators.

Present Findings to Regulatory Agencies, and
Obtain Approval for Remediation by Natural
Attenuation

The purpose of regulatory negotiations is to provide
scientific documentation that supports natural attenu-
ation as the most appropriate remedial option for a given
site. All available site-specific data and information de-
veloped during the site characterization, conceptual
model development, premodeling calculations, biode-
gradation rate calculation, ground-water modeling,
model documentation, and long-term monitoring plan
preparation phases of the natural attenuation investiga-
tion should be presented in a consistent and comple-
mentary manner at the regulatory negotiations. Of
particular interest to the regulators will be proof that
natural attenuation is occurring at rates sufficient to
meet risk-based corrective action criteria at the point of
compliance and to protect human health and the envi-
ronment. The regulators must be presented with a
“weight-of-evidence” argument in support of this reme-
dial option. For this reason, all model assumptions
should be conservative, and all available evidence in
support of natural attenuation must be presented at the
regulatory negotiations.

A comprehensive long-term monitoring and contingency
plan also should be presented to demonstrate a com-
mitment to proving the effectiveness of natural attenu-
ation as a remedial option. Because long-term
monitoring and contingency plans are very site specific,
they should be addressed in the individual reports gen-
erated using this protocol.
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