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- SECTION 1

INTRODUCTION

The intent of this document is to present a technical protocol for data collection and analysis in
support of intrinsic remediation with long-term monitoring (LTM) for restoration of groundwater
contaminated with fuel hydrocarbons. Specifically, this protocol is designed to evaluate the fate
in groundwater of fuel hydrocarbons that have regulatory standards. Intrinsic remediation is an
innovative remedial approach that relies on natural attenuation to remediate contaminants in the
subsurface. In many cases, the use of this protocol should allow the proponent of intrinsic
remediation to show that natural degradation processes will reduce the concentrations of these
contaminants to below regulatory standards before potential receptor exposure pathways are
completed. The evaluation should include consideration of existing exposure pathways, as well as
exposure pathways arising from potential future use of the groundwater.

Based on experience at over 40 Air Force sites, the cost to fully implement this protocol ranges
from $100,000 to $175,000, depending on site conditions. This cost includes site characterization
(with monitoring well installation), chemical analyses, numerical modeling, report preparation
including comparative analysis of remedial options, and regulatory negotiations. The additional
chemical analyses required to implement this protocol typically increase analytical costs by 10 to
15 percent over the analytical costs of a conventional remedial investigation. This modest
investment has the potential to save significant taxpayer dollars in unnecessary cleanup activity.

The intended audience for this document is United States Air Force personnel and their
contractors, scientists, consultants, regulatory personnel, and others charged with remediating
groundwater contaminated with fuel hydrocarbons. This protocol is intended to be used within
the established regulatory framework. It is not the intent of this document to prescribe a course
of action, including site characterization, in support of all possible remedial technologies. Instead,
this protocol is another tool, similar to the Air Force Center for Environmental Excellence
(AFCEE) - Technology Transfer Division bioventing (Hinchee et al, 1992) or bioslurping
(Battelle, 1995) protocols that allows practitioners to adequately evaluate these alternatives in

1-1
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subsequent feasibility studies. This protocol is not intended to support intrinsic remediation of

chlorinated solvent plumes, plumes that are mixtures of fuels and solvents, or groundwater
contaminated with metals. It is not the intent of this document to replace existing United States

Environmental Protection Agency (USEPA) or state-specific guidance on conducting remedial
investigations.

The AFCEE Remediation Matrix - Hierarchy of Preferred Alternatives has identified intrinsic
remediation as the first option to be evaluated for Air Force sites. This matrix implies only that

intrinsic remediation should be evaluated prior to proceeding (if necessary) to more costly

solutions (e.g., pump and treat), not that intrinsic remediation be selected “presumptively” in
every case. The USEPA has not identified intrinsic remediation as a presumptive remedy at the
time of this writing (September 1995).

Fuels are released into the subsurface as oily-phase liquids that are less dense than water. As
oils, they are commonly referred to as “light nonaqueous-phase liquids,” or LNAPLs. The
greatest mass of contaminant hydrocarbons are associated with these LNAPL source areas, not
with groundwater. For typical spills, 90% of the benzene, 99% of the benzene, toluene,
ethylbenzene, and xylenes (BTEX), and 99.9% of total petroleum hydrocarbons (TPH) is
associated with the oily-phase hydrocarbons (Kennedy and Hutchins, 1992). As groundwater
moves through the LNAPL sourceareas, soluble components partition into the moving
groundwater to generate the plume of dissolved contamination. After further releases have been
stopped, these LNAPL source areas tend to slowly weather away as the soluble components, such
as BTEX, are depleted. In cases where mobile LNAPL removal is feasible, it is desirable to
remove product and decrease the time required for complete remediation of the site. However, at
many sites mobile LNAPL removal is not feasible with available technology. In fact, the quantity
of LNAPL recovered by commonly used recovery techniques is a trivial fraction of the total
LNAPL available to contaminate groundwater. Frequently less than 10% of the total LNAPL
mass in a spill can be recovered by mobile LNAPL recovery (Battelle, 1995). At 10 Air Force
sites with LNAPL that were evaluated following a draft version of the intrinsic remediation
protocol, historical data on groundwater quality are available. The concentration, and total mass,
of contaminants in groundwater declined over time at these sites even though mobile LNAPL
removal was not successful.

Advantages of intrinsic remediation over conventional engineered remediation technologies

include: 1) during intrinsic remediation, contaminants are ultimately transformed to innocuous
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byproducts (e.g., carbon dioxide and water), not just transferred to another phase or location
within the environment; 2) intrinsic remediation is nonintrusive and allows continuing use of
infrastructure during remediation; 3) engineered remedial technologies can pose greater risk to
potential receptors than intrinsic remediation because contaminants may be transferred into the
atmosphere during remediation activities; 4) intrinsic remediation is less costly than currently
‘available remedial technologies such as pump and treat; 5) intrinsic remediation is not subject to
limitations imposed by the use of mechanized remediation equipment (e.g., no equipment
downtime); and 6) those fuel compounds that are the most mobile and toxic are generally the
most susceptible to biodegradation.

Limitations of intrinsic remediation include: 1) intrinsic remediation is subject to natural and
institutionally induced changes in local hydrogeologic conditions, including changes n
groundwater gradients/velocity, pH, electron acceptor concentrations, or potential future releases;
2) aquifer heterogeneity may complicate site characterization, as it will with any remedial
technology; and 3) time frames for completion may be relatively long.

This document describes those processes that bring about intrinsic remediation, the site
characterization activities that may be performed to support the intrinsic remediation option,
intrinsic remediation modeling using analytical or numerical solute fate and transport models, and
the post-modeling activities that should be completed to ensure successful support and
verification of intrinsic remediation. The objective of the work described herein is to support
intrinsic remediation at sites where naturaily occurring subsurface attenuation processes are
capable of reducing dissolved fuel hydrocarbon concentrations to acceptable levels. A recent
comment made by a member of the regulatory community summarizes what is required to
successfully implement intrinsic remediation:

A regulator looks for the data necessary to determine that a
proposed treatment technology, if properly installed and operated,
will reduce the contaminant concentrations in the soil and water 1o
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 (National Research Council,
1993).

1-3
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To support implementation of intrinsic remediation, the property owner 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 intrinsic
remediation including:

1) Documented loss of contaminants at the field scale,
2) Contaminant and geochemical analytical data, and

3) Direct microbiological evidence.

The first line of evidence involves using statistically significant historical trends in contaminant
concentration or measured concentrations of biologically recalcitrant tracers found in fuels in
conjunction with aquifer hydrogeologic parameters such as seepage velocity and dilution to show
that a reduction in the total mass of contaminants is occurring at the site. The second line of
evidence involves the use of chemical analytical data in mass balance calculations to show that
decreases in contaminant and electron acceptor concentrations can be directly correlated to
increases in metabolic byproduct concentrations. This evidence can be used to show that electron
acceptor concentrations in groundwater are sufficient to facilitate degradation of dissolved
contaminants. Solute fate and transport models can be used to aid mass balance calculations and
to collate information on degradation. The third line of evidence, direct microbiological evidence,
can be used to show that indigenous biota are capable of degrading site contaminants.

This document presents a technical course of action that allows converging lines of evidence to
be used to scientifically document the occurrence, and to quantify rates, of intrinsic remediation.
Ideally, the first two lines of evidence listed above should be used in the intrinsic remediation
demonstration. To further document intrinsic remediation, direct microbiological evidence can be
used. Such a “weight-of-evidence” approach will greatly increase the likelihood of successfully
implementing intrinsic remediation at sites where natural processes are restoring the

environmental quality of groundwater contaminated with fuel hydrocarbons.

Collection of an adequate database during the iterative site characterization process is an
important step in the documentation of intrinsic remediation. Site characterization should provide
data on the location and extent of contaminant sources. Contaminant sources generally consist of
nonaqueous-phase liquid (NAPL) hydrocarbons present as mobile NAPL (NAPL occurring at
sufficiently high saturations to drain under the influence of gravity into a well) and residual NAPL
(NAPL occurring at immobile residual saturations that are unable to drain into a well by gravity).

1-4
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Site characterization also should.provide information on the location, extent, and concentrations
of dissolved contamination; groundwater 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
receptors. Methodologies for determining these parameters are discussed in Appendix A.

Intrinsic remediation 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 attenuation mechanisms include sorption,
dispersion, dilution from recharge, and volatilization. Appendix B discusses both destructive and
nondestructive processes.

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
concentration of the dissolved plume. Several models can be used to simulate dissolved
contaminant transport and attenuation. The intrinsic remediation modeling effort has three
primary objectives: 1) to predict the future extent and concentrations of a dissolved contaminant
plume by simulating the combined effects of advection, dispersion, sorption, and biodegradation;
2) to assess the potential for downgradient receptors to be exposed to contaminant concentrations
that exceed regulatory levels intended to be protective of human health and the environment; and
3) to provide technical support for the intrinsic remediation option at post-modeling regulatory
negotiations. Appendix C discusses data interpretation and pre-modeling calculations. The use of
solute fate and transport models is discussed in Appendix D.

Upon completion of the fate and transport modeling effort, model predictions can be used in an
exposure pathways analysis. If intrinsic remediation is sufficiently active to mitigate risks to
potential receptors, the proponent of intrinsic remediation has a reasonable basis for negotiating
this option with regulators. The exposure pathways analysis allows the proponent to show that
potential exposure pathways to receptors will not be completed.

Intrinsic remediation is achieved when naturally occurring attenuation mechanisms, such as
biodegradation (aerobic and anaerobic), bring about a reduction in the total mass of a contaminant
dissolved in groundwater. In most cases, intrinsic remediation will reduce dissolved contaminant
concentrations to below regulatory standards such as maximum contaminant levels (MCLs)
before the contaminant plume reaches potential receptors. To date (September 1995), this

1-5
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protocol has been fully or partially implemented at 40 Air Force sites at Hill Air Force Base
(AFB), UT, Eglin AFB, FL,; Patrick AFB, FL; Dover AFB, DE; Plattsburgh AFB, NY; Elmendorf
AFB (two sites), AK; Bolling AFB, D.C.; Madison Air National Guard Base (ANGB), WI; Battle
Creek ANGB, MI; King Salmon AFB (two sites), AK; Eaker AFB, AR, Wurtsmith AFB (four
sites), MI; Beale AFB, CA; Pope AFB, NC; Fairchild AFB (two sites), WA, Griffis AFB, NY;
Langley AFB, VA; MacDill AFB (three sites), FL; Myrtle Beach AFB (two sites), SC; Offutt
AFB (two sites), NE; Rickenbacker AFB, OH; Seymour Johnson AFB, NC; Travis AFB, CA;
Westover AFRB (two sites), MA; Grissom AFB, IN; Tyndall AFB, FL; Carswell AFB, TX,
Ellsworth AFB, SD; and Kessler AFB, MS. In 28 out of 30 Air Force sites that have been fully
evaluated using this protocol (Parsons ES, 1994a through 1994d; Parsons ES 1995a through
1995q; Wiedemeier et al., 1995c), intrinsic remediation is expected to reduce concentrations of
contaminants to levels below regulatory standards prior to reaching potential receptors, and only
two of the 30 plumes have crossed or are projected to cross Air Force boundaries. At the 20 sites

where historical data are available, contaminant concentrations and mass have declined over time.

The material presented herein was prepared through the joint effort of the AFCEE Technology
Transfer Division; the Bioremediation Research Team at USEPA’s National Risk Management
Research Laboratory in Ada, Oklahoma (NRMRL), Subsurface Protection and Remediation
Division; and Parsons Engineering Science, Inc. (Parsons ES) to facilitate implementation of
intrinsic remediation at fuel-hydrocarbon-contaminated sites owned by the United States Air
Force and other United States Department of Defense agencies, the United States Department of
Energy, and public interests. This document contains three sections, including this introduction,
and six appendices. Section 2 presents the protocol to be used to obtain scientific data to support
the intrinsic remediation option. Section 3 presents the references used in preparing this
document. Appendix A describes the collection of site characterization data necessary to support
intrinsic remediation, and provides soil and groundwater sampling procedures and analytical
protocols. Appendix B provides an in-depth discussion of the destructive and nondestructive
mechanisms of intrinsic remediation. Appendix C covers data interpretation and pre-modeling
calculations. Appendix D describes solute fate and transport modeling in support of intrinsic
remediation. Appendix D also describes the post-modeling monitoring and verification process.
Appendices E and F present case studies of site investigations and modeling efforts that were
conducted in support of intrinsic remediation using the methods described in this document.
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SECTION 2

PROTOCOL FOR IMPLEMENTING INTRINSIC REMEDIATION

The primary objective of the intrinsic remediation investigation is to show that natural
processes of contaminant degradation will reduce contaminant concentrations in groundwater to
below regulatory standards before potential receptor exposure pathways are completed. Further,
intrinsic remediation should be evaluated to determine if it can meet all appropriate federal and
state remediation objectives for a given site. This requires that a projection of the potential extent
and concentration of the contaminant plume in time and space be made. This 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 inherent
uncertainty associated with such predictions, it is the responsibility of the proponent of intrinsic
remediation to provide sufficient evidence to demonstrate that the mechanisms of intrinsic
remediation will reduce contaminant concentrations to acceptable levels before potential receptors
are reached. This requires the use of conservative input 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 reduction and removal of the dissolved contaminant plume.

This section describes the steps that should be taken to gather the site-specific data necessary
to predict the future extent of a contaminant plume and to successfully support the intrinsic
remediation option. The flow chart presented in Figure 2.1 presents the information that must be

developed and the important regulatory decision points in the process of implementing intrinsic
remediation.

Predicting the future extent of a contaminant plume requires the quantification of groundwater
flow and solute transport and transformation processes, including rates of natural attenuation.
Quantification of contaminant migration and attenuation rates, and successful implementation
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of the intrinsic remediation option, require completion of the following steps, each of which is
outlined in Figure 2.1 and discussed in the following sections:

1) Review available site data;
2) Develop preliminary conceptual model and assess potential for intrinsic remediation;

3) If intrinsic remediation' is selected as potentially appropriate, perform site
characterization in support of intrinsic remediation;

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

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

6) Conduct an exposure pathways analysis;

7) Ifintrinsic remediation alone is acceptable, prepare LTM plan; and

8) Present findings to regulatory agencies and obtain approval for the intrinsic
remediation with LTM option.

2.1 REVIEW AVAILABLE SITE DATA

The first step in the intrinsic remediation investigation is to review available site-specific data
to determine if intrinsic remediation is a viable remedial option. A thorough review of these data
also allows development of a preliminary conceptual model. The preliminary conceptual model
will help identify any shortcomings in the data and will allow placement of additional data
collection poirits in the most scientifically advantageous and cost-effective manner possible.

When available, information to be obtained during data review includes:

e Nature, extent, and magnitude of contamination:

- Nature and history of the contaminant release:
--Catastrophic or gradual release of LNAPL ?
--More than one source area possible or present ?
--Divergent or coalescing plumes ?

- Three-dimensional distribution of mobile and residual LNAPL and dissolved

contaminants. The distribution of mobile and residual LNAPL will be used to define the
dissolved plume source area.

- Groundwater and soil chemical data.

- Historical water quality data showing variations in contaminant concentrations through
time.
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- Chemical and physical characteristics of the contaminants.
- Potential for biodegradation of the contaminants.

® Geologic and hydrogeologic data (in three dimensions, if feasible):

- Lithology and stratigraphic relationships.

Grain-size distribution (sand vs. silt vs. clay).

Aquifer hydraulic conductivity.

Groundwater flow gradients and potentiometric or water table surface maps (over
several seasons, if possible).

Preferential flow paths.

Interactions between groundwater and surface water and rates of infiltration/recharge.

e Locations of potential receptors:
- Groundwater wells.

- Downgradient and crossgradient groundwater discharge points.

In some cases, few or no site-specific data are available. If this is the case, and if it can be
shown that intrinsic remediation is a potential remedial option (Section 2.2), all future site
characterization activities should include collecting the data necessary to support this remedial
alternative. The additional costs incurred by such an investigation are greatly outweighed by the
cost savings that will be realized if intrinsic remediation is selected. Even if not selected, most of

the data collected in support of intrinsic remediation can be used to design and support other
remedial measures.

2.2 DEVELOP PRELIMINARY CONCEPTUAL MODEL AND ASSESS POTENTIAL
FOR INTRINSIC REMEDIATION

After reviewing existing site characterization data, a conceptual model should be developed,
and a preliminary assessment of the potential for intrinsic remediation should be made. The
conceptual model is a three-dimensional representation of the groundwater flow and solute
transport system based on available geological, biological, geochemical, hydrological,
climatological, and analytical data for the site. This type of conceptual model differs from the
conceptual site models commonly used by risk assessors that qualitatively consider the location of
contaminant sources, release mechanisms, transport pathways, exposure points, and receptors.
However, the groundwater system conceptual model facilitates identification of these risk-

assessment elements for the exposure pathways analysis. After development, the conceptual
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model can be used to help determine optimal placement of additional data collection points as
necessary to aid in the intrinsic remediation investigation and to develop the solute 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.

Successful conceptual model development involves:

e Definition of the problem to be solved (generally the unknown nature and extent of
existing and future contamination).

¢ Integration and presentation of available dafa, including:
- Local geologic and topographic maps,
- Geologic data,
- Hydraulic data,
- Biological data,
- Geochemical data, and
- Contaminant concentration and distribution data.

e Determination of additional data requirements, including:
- Borehole locations and monitoring well spacing,

- An approved sampling and analysis plan, and

- Any data requirements listed in Section 2.1 that have not been adequately
addressed.

After conceptual model development, an assessment of the potential for intrinsic remediation
must be made.  As stated previously, existing data can be useful in determining if intrinsic
remediation will be sufficient to prevent a dissolved contaminant plume from completing exposure
pathways, or from reaching a predetermined point of compliance (POC), in concentrations above
applicable regulatory standards. Determining the likelihood of exposure pathway completion is an
important component of the intrinsic remediation investigation. This is achieved by estimating the
migration and future extent of the plume based on contaminant properties, including
biodegradability, aquifer properties, groundwater velocity, and the location of the plume and
contaminant source relative to potential receptors (i.e., the distance between the leading edge of
the plume and the potential receptors). Appendix B discusses the biodegradability of BTEX
under laboratory conditions and in the field.
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If intrinsic remediation is determined to be a significant factor in contaminant reduction, site
characterization activities in support of this remedial option should be performed. If exposure
pathways have already been completed and contaminant concentrations exceed regulatory levels,
- or if such completion is likely, other remedial measures should be considered. Even so, the
collection of data in support of the intrinsic remediation 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.

2.3 PERFORM SITE CHARACTERIZATION IN SUPPORT OF INTRINSIC
REMEDIATION

Detailed site characterization is necessary to document the potential for intrinsic remediation.
As discussed in Section 2.1, 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 the intrinsic remediation
investigation. The first is to collect the data needed determine if natural mechanisms of
contaminant attenuation are occurring at rates sufficient to protect human health and the
environment. The second is to provide sufficient site-specific data to allow prediction of the
future extent and concentration of a contaminant plume through solute fate and transport
modeling. Because the burden of proof for intrinsic remediation is on the proponent, very
detailed site characterization is required to achieve these goals and to support this remedial
option. Adequate site characterization in support of intrinsic remediation requires that the
following site-specific parameters be determined:

e Extent and type of soil and groundwater contamination.

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

e The potential for a continuing source due to leaking tanks or pipelines.
- ® Aquifer geochemical parameters.

e Regional hydrogeology, including:
- Drinking water aquifers, and
- Regional confining units.
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e Local and site-specific hydrogeology, including:
- Local drinking water aquifers.
- Location of industrial, agricultural, and domestic water wells.
- Patterns of aquifer use (current and future).
- Lithology.
- Site stratigraphy, including identification of transmissive and nontransmissive units.
- Grain-size distribution (sand vs. silt vs. clay).
- Aquifer hydraulic conductivity.
- Groundwater hydraulic information.
- Preferential flow paths.
- Locations and types of surface water bodies.

- Areas of local groundwater recharge and discharge.

e Identification of potential exposure pathways and receptors.

The following sections describe the methodologies that should be implemented to allow
successful site characterization in support of intrinsic remediation.

2.3.1 Soil Characterization

In order to adequately define the subsurface hydrogeologic system and to determine the
amount and three-dimensional distribution of mobile and residual NAPL that can act as a
continuing source of groundwater contamination, extensive soil characterization must be
completed. Depending on the status of the site, this work may already have been completed
during previous remedial investigation work. 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 intrinsic remediation investigation. |

2.3.1.1 Soil Sampling

The purpose of soil sampling is to determine the subsurface distribution of hydrostratigraphic
units and the distribution 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 collected, described, analyzed, and disposed of
in accordance with local, state, and federal guidance. Appendix A contains suggested procedures
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for soil sample collection. These procedures may require modification to comply with local, state,
and federal regulations.

2.3.1.2 Soil Analytical Protocol

The analytical protocol to be used for soil sample analysis is presented in Table 2.1. This
analytical protocol includes all of the parameters necessary to document intrinsic remediation of
fuel hydrocarbons, including the effects of sorption and biodegradation (aerobic and anaerobic) of
fuel hydrocarbons. Each analyte is discussed separately below.

2.3.1.2.1 Total Volatile and Extractable Hydrocarbons

Knowledge of the location, distribution, concentration, and total mass of TPH sorbed to soils
or present as mobile NAPL is required to calculate contaminant partitioning from these phases
into groundwater. The presence or absence of TPH also is used to define the edge of the NAPL
plume. One of the greatest areas of uncertainty remaining in the conventional remedial
investigation process is delineation of NAPL in the subsurface. Knowledge of the location of the

leading edge of the NAPL plume is important in proper model implementation because it defines
the extent of the contaminant source area.

2.3.1.2.2 Aromatic Hydrocarbons

Knowledge of the location, distribution, concentration, and total mass of fuel-derived
hydrocarbons of regulatory concern (especially BTEX) sorbed to soils or present as mobile NAPL

is required to calculate contaminant partitioning from mobile and residual NAPL into
groundwater.

2.3.1.2.3 Total Organic Carbon

Knowledge of the total organic carbon (TOC) content of the aquifer matrix is important in
sorption and solute-retardation calculations. TOC samples should be collected from a
background location in the zone(s) where most contaminant transport is expected to occur.
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2.3.2 Groundwater Characterization

To adequately determine the amount and three-dimensional distribution of dissolved
contamination and to document the occurrence of intrinsic remediation, groundwater samples
must be collected and analyzed. Biodegradation of fuel hydrocarbons brings about measurable
changes in the chemistry of groundwater in the affected area. By measuring these changes, the

proponent of intrinsic remediation can document and quantitatively evaluate the importance of
intrinsic remediation at a site.

~ 2.3.2.1 Groundwater Sampling

Groundwater sampling is conducted to determine the concentration and three-dimensional
distribution of contaminants and groundwater geochemical parameters. Groundwater samples
may be obtained from monitoring wells or point-source sampling devices such as a Geoprobe®,
Hydropunch®, or cone penetrometer. All groundwater samples should be collected in accordance
with local, state, and federal guidelines. Appendix A contains suggested procedures for

groundwater sample collection. These procedures may have to be modified to comply with local,
state, and federal regulations.

2.3.2.2 Groundwater Analytical Protocol

The analytical protocol to be used for groundwater sample analysis is presented in Table 2.1.
This analytical protocol includes all of the parameters necessary to document intrinsic remediation
of fuel hydrocarbons, including the effects of sorption and aerobic and anaerobic biodegradation.
Data obtained from the analysis of groundwater for these analytes is used to scientifically
document intrinsic remediation of fuel hydrocarbons and can be used as input into a solute fate
and transport model. The following paragraphs describe each groundwater analytical parameter
and the use of each analyte in the intrinsic remediation demonstration.

2.3.2.2.1 Total Volatile and Extractable Hydrocarbons, Aromatic Hydrocarbons, and Polycyclic
Aromatic Hydrocarbons

These analytes are used to determine the type, concentration, and distribution of fuel
hydrocarbons in the aquifer. Of the compounds present in most gasolines and jet fuels, the BTEX
compounds generally represent the contaminants of regulatory interest. For this reason, these
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compounds are generally of significant interest in the fate and transport analysis, as described
below and in the appendices. At a minimum, the aromatic hydrocarbon analysis (Method
SW8020) must include BTEX and the trimethylbenzene isomers. The combined dissolved
concentrations of BTEX and trimethylbenzenes should not be greater than about 30 milligrams
per liter (mg/L) for a JP-4 spill (Smith et al, 1981). If these compounds are found in
concentrations greater than 30 mg/L, sampling errors such as emulsification of LNAPL in the
groundwater sample likely have occurred and should be investigated. The combined dissolved
concentrations of BTEX and trimethylbenzenes should not be greater than about 135 mg/L for a
gasoline spill (Cline et al., 1991, American Petroleum Institute, 1985). If these compounds are
found in concentrations greater than 135 mg/L, then sampling errors such as emulsification of
LNAPL in the groundwater sample have likely occurred and should be investigated.

Polycyclic aromatic hydrocarbons (PAHs) are constituents of fuel that also may be of concern.
PAH:s should be analyzed only if required for regulatory compliance.

2.3.2.2.2 Dissolved Oxygen

Dissolved oxygen is the most thermodynamically favored electron acceptor used in the
biodegradation of fuel hydrocarbons. Dissolved oxygen concentrations are used to estimate the
mass of contaminant that can be biodegraded by aerobic processes. Each 1.0 mg/L of dissolved
oxygen consumed by microbes will destroy approximately 0.32 mg/L of BTEX. During aerobic
biodegradation, dissolved oxygen concentrations decrease.  Anaerobic bacteria (obligate
anaerobes) generally cannot function at dissolved oxygen concentrations greater than about
0.5mg/L. The stoichiometry of BTEX biodegradation via aerobic respiration is given in
Appendix B.

Dissolved oxygen measurements should be taken during well purging and immediately before
and after sample acquisition using a direct-reading meter. Because most well purging techniques
can allow aeration of collected groundwater samples, it is important to minimize potential aeration
by taking the following precautions:

1) Use a peristaltic pump to purge the well when possible (depth to groundwater
less than approximately 25 feet). To prevent downhole aeration of the sample
in wells screened across the water table, well drawdown should not exceed
about 5 percent of the height of the standing column of water in the well. The
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pump tubing should be immersed alongside the dissolved oxygen probe beneath
the water level in the sampling container (Figure 2.2). This will minimize
aeration and keep water flowing past the dissolved oxygen probe’s sampling
membrane. If bubbles are observed in the tubing during purging, the flow rate
of the peristaltic pump must be slowed. If bubbles are still apparent, the tubing
should be checked for holes and replaced.

S| S
| | ‘\\\
i ' ANRN
| N\,
! i}
Tubing from Pump — \ b
or Bailer T \ B

‘ L Dissolved Oxygen or
! \__ Redox Potential Probe

Erlenmeyer Flask
or Flow-Through Cell

Figure 2.2

‘ Diagram Showing the Suggested

] Procedure for Dissolved Oxygen

| and Oxidation-Reduction
Potential Sampling

2) When using a bailer, the bailer should be slowly immersed in the standing
column of water in the well to minimize aeration. After sample collection, the
water should be drained from the bottom of the bailer through tubing into the
sampling container. The tubing used for this operation should be immersed
alongside the dissolved oxygen probe beneath the water level in the sampling
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container (Figure 2.2). This will minimize aeration and keep water flowing past
the dissolved oxygen probe’s sampling membrane.

3) Downhole dissolved oxygen probes can be used for dissolved oxygen analyses,
but such probes must be thoroughly decontaminated between wells. In some
cases decontarr_lination procedures can be harmful to the dissolved oxygen
probe.

2.3.2.2.3 Nitrate

After dissolved oxygen has been depleted in the microbiological treatment zone, nitrate may be
used as an electron acceptor for anaerobic biodegradation via denitrification.  Nitrate
concentrations are used to estimate the mass of contaminant that can be biodegraded by
denitrification processes. By knowing the volume of contaminated groundwater, the background
nitrate concentration, and the concentration of nitrate measured in the contaminated area, it is
possible to estimate the mass of BTEX lost to biodegradation. Each 1.0 mg/L of ionic nitrate
consumed by microbes results in the destruction of approximately 0.21 mg/L of BTEX. The
stoichiometry of BTEX biodegradation via denitrification is given in Appendix B. Example
calculations are presented in Appendix C. Nitrate concentrations will be a direct input parameter
to the Bioplume III model currently under development by AFCEE.

2.3.2.2.4 Iron(1])

In some cases iron (III) is used as an electron acceptor during anaerobic biodegradation of
petroleum hydrocarbons. During this process, iron (III) is reduced to iron (II), which may be
soluble in water. Iron (II) concentrations can thus be used as an indicator of anaerobic
degradation of fuel compounds. By knowing the volume of contaminated groundwater, the
background iron (I) concentration, and the concentration of iron (II) measured in the
contaminated area, it is possible to estimate the mass of BTEX lost to biodegradation through
iron (II1) reduction. The degradation of 1mg/L of BTEX results in the production of
approximately 21.8 mg/L of iron (I) during iron (III) reduction. The stoichiometry of BTEX
biodegradation via iron reduction is given in Appendix B. Example calculations are presented in
Appendix C. Iron concentrations will be used as a direct input parameter to Bioplume IIL
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2.3.2.2.5 Sulfate

After dissolved oxygen, nitrate, and bioavailable iron (III) have been depleted in the
microbiological treatment zone, sulfate may be used as an electron acceptor for anaerobic
biodegradation. This process is termed sulfate reduction and results in the production of sulfide.
Sulfate concentrations are used as an indicator of anaerobic degradation of fuel compounds. By
knowing the volume of contaminated groundwater, the background sulfate concentration, and the
concentration of sulfate measured in the contaminated area, it is possible to estimate the mass of
BTEX lost to biodegradation through sulfate reduction. Each 1.0 mg/L of sulfate consumed by
microbes results in the destruction of approximately 0.21 mg/L of BTEX. The stoichiometry of
BTEX biodegradation via sulfate reduction is given in Appendix B. Example calculations are
presented in Appendix C. Sulfate concentrations will be used as a direct input parameter for the
Bioplume III model. |

2.3.2.2.6 Methane

During methanogenesis (an anaerobic biodegradation process), carbon dioxide (or acetate) is
used as an electron acceptor, and methane is produced. Methanogenesis generally occurs after
oxygen, nitrate, bioavailable iron (III), and sulfate have been depleted in the treatment zone. The
presence of methane in groundwater is indicative of strongly reducing conditions. Because
methane is not present in fuel, the presence of methane in groundwater above background
concentrations in contact with fuels is indicative of microbial degradation of fuel hydrocarbons.
Methane concentrations can be used to estimate the amount of BTEX destroyed in an aquifer. By
knowing the volume of contaminated groundwater, the background methane concentration, and
the concentration of methane measured in the contaminated area, it is possible to estimate the
mass of BTEX lost to biodegradation via methanogenesis. The degradation of 1 mg/L of BTEX
results in the production of approximately 0.78 mg/L of methane during methanogenesis. The
stoichiometry of BTEX biodegradation via methanogenesis is given in Appendix B. Example
calculations are presented in Appendix C.

2.3.2.2.7 Alkalinity

The total alkalinity of a groundwater 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 (Domenico and Schwartz, 1990). Alkalinity
results from the presence of hydroxides, carbonates, and bicarbonates of elements such as
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calcium, magnesium, sodium, potassium, or ammonia. These species result from the dissolution
of rock (especially carbonate rocks), the transfer of CO, from the atmosphere, and respiration of
microorganisms. Alkalinity is important in the maintenance of groundwater pH because it buffers
the groundwater system against acids generated during 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 microbially-mediated reactions
causing biodegradation of fuel hydrocarbons cause an increase in the total alkalinity in the system,
as discussed in Appendix B. Changes in alkalinity are most pronounced during aerobic
respiration, denitrification, iron reduction, and sulfate reduction, and less pronounced during
methanogenesis (Morel and Hering, 1993). In addition, Willey ez al. (1975) show that short-chain
aliphatic acid ions produced during biodegradation of fuel hydrocarbons can contribute to
alkalinity in groundwater.

Each 1.0mg/L of alkalinity produced by microbes results from the destruction of
approximately 0.13 mg/L of total BTEX. The stoichiometry of this reaction is given in
Appendix B. Example calculations are presented in Appendix C. The production of alkalinity can
be used to cross-check calculations of expressed assimilative capacity based on concentrations of
electron acceptors.

2.3.2.2.8 Oxidation/Reduction Potential (Eh) .

The oxidation/reduction (redox) potential of groundwater (Eh) is a measure of electron activity
and is an indicator of the relative tendency of a solution to accept or transfer electrons. Redox
reactions in groundwater contaminated with petroleum hydrocarbons are usually biologically
mediated, and therefore, the redox potential of a groundwater system depends upon and
influences rates of biodegradation. Knowledge of the redox potential of groundwater also is
important because some biological processes operate only within a prescribed range of redox
conditions. The redox potential of groundwater generally ranges from -400 millivolts (mV) to
800 mV. Figure 2.3 shows the typical redox conditions for grouhdwater when different electron
acceptors are used.
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Redox potential can be used to provide real-time data on the location of the contaminant
plume, especially in areas undergoing anaerobic biodegradation. Mapping the redox potentials of
the groundwater while in the field helps the field scientist to determine the approximate location
of the contaminant plume. To map the redox potential of the groundwater while in the field, it is
important to have at least one redox measurement (preferably more) from a well located
upgradient from the plume. Redox potential measurements should be taken during well purging
and immediately before and after sample acquisition using a direct-reading meter. Because most
well purging techniques can allow aeration of collected groundwater samples (which can affect
redox potential measurements), it is important to minimize potential aeration by following the
steps outlined in Section 2.3.2.2.2.
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2.3.2.2.9 pH, Temperature, and Conductivity

Because the pH, temperature, and conductivity of a groundwater sample can change
significantly within a short time 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 dissolved oxygen and redox analyses. The measurements should be made in a
clean glass container separate from those intended for laboratory analysis, and the measured
values should be recorded in the groundwater sampling record.

The pH of groundwater has an effect on the presence and acti\)ity of microbial populations in
groundwater. This is especially true for methanogens. Microbes capable of degrading petroleum
hydrocarbon compounds generally prefer pH values varying from 6 to 8 standard units.

Groundwater temperature directly affects the solubility of oxygen and other geochemical
species. The solubility of dissolved oxygen is temperature dependent, being more soluble in cold
water than in warm water. Groundwater temperature also affects the metabolic activity of
bacteria. Rates of hydrocarbon biodegradation roughly double for every 10-degree Celsius (°C)
increase in temperature (“Q”y rule) over the temperature range between 5 and 25°C.
Groundwater 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 groundwater is directly related to the concentration of ions in solution; conductivity increases
as ion concentration increases. Conductivity measurements are used to ensure that groundwater
samples collected at a site are representative of the water comprising the saturated zone in which
the dissolved contamination is present. If the conductivities of samples taken from different
sampling points are radically different, the waters may be from different hydrogeologic zones.

2.3.2.2.10 Chloride

Chloride is measured to ensure that groundwater samples collected at a site are representative
of the water comprising the saturated zone in which the dissolved contamination is present (i.e.,
to ensure that all samples are from the same groundwater flow system). If the chloride
concentrations of samples taken from different sampling points are radically different, the waters
may be from different hydrogeologic zones.
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2.3.3 Aquifer Parameter Estimation

2.3.3.1 Hydraulic Conductivity

Hydraulic conductivity is a measure of an aquifer’s ability to transmit water, and is perhaps the
most important aquifer parameter governing fluid flow in the subsurface. The velocity of
groundwater and dissolved contamination is directly related to the hydraulic conductivity of the
saturated zone. In addition, subsurface variations in hydraulic conductivity directly influence
contaminant fate and transport by providing preferential paths for contaminant migration.
Estimates of hydraulic conductivity are used to determine residence times for contaminants and
tracérs, and to determine the seepage velocity of groundwater.

The most common methods used to quantify hydraulic conductivity are aquifer pumping tests
and slug tests (Appendix A). Another method that may be used to determine hydraulic
conductivity is the borehole dilution test. One drawback to these methods is that they average
hydraulic properties over the screened interval. To help alleviate this potential problem, the
screened interval of the well should be selected after consideration is given to subsurface
stratigraphy. Information about subsurface stratigraphy should come from geologic logs created
from continuous cores. An alternate method to delineate zones with high hydraulic conductivity
is to use pressure dissipation data from cone penetrometer test logs.

2.3.3.1.1 Pumping Tests

Pumping tests generally give the most reliable information on hydraulic conductivity, but are
difficult to conduct in contaminated areas because the water produced during the test generally
must be contained and treated. In addition, a minimum 4-inch-diameter well is generally required
to complete pumping tests in highly transmissive aquifers because the 2-inch submersible pumps
available today are not capable of producing a flow rate large enough for meaningful pumping
tests. In areas with fairly uniform aquifer materials, pumping tests can be completed in
uncontaminated areas, and the results can be used to estimate hydraulic conductivity in the
contaminated area. Pumping tests should be conducted in wells that are screened in the most
transmissive zones in the aquifer.
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2.3.3.1.2 Slug Tests

Slug tests are a commonly used alternative to pumping tests. One commonly cited drawbéck
to slug testing is that this method generally gives hydraulic conductivity information only for the
area immediately surrounding the monitoring well. Slug tests do, however, have two distinct
advantages over pumping. tests: they can be conducted in 2-inch monitoring wells, and they
produce no water. If slug tests are going to be relied upon to provide information on the three-
dimensional distribution of hydraulic conductivity in an aquifer, multiple slug tests must be
performed. It is not advisable to rely on data from one slug test in one monitoring well. Because
of this, slug tests should be conducted at several monitoring wells at the site. Like pumping tests,
slug tests should be conducted in wells that are narrowly screened in the most transmissive zones
in the aquifer.

2.3.3.2 Hydraulic Gradient

The hydraulic gradient is the change in hydraulic head (feet of water) divided by the length of
groundwater flow. To accurately determine the hydraulic gradient, it is necessary to measure
groundwater levels in all monitoring wells and piezometers at a site. Because hydraulic gradients
can change over a short distance within an aquifer, it is essential to have as much site-specific
groundwater elevation information as possible so that accurate hydraulic gradient calculations can
be made. In addition, seasonal variations in groundwater flow direction can have a profound
influence on contaminant transport. Sites in upland areas are less likely to be affected by seasonal

variations in groundwater flow direction than sites situated near surface water bodies such as
rivers and lakes.

To determine the effect of seasonal variations in groundwater flow direction on contaminant
transport, quarterly groundwater level measurements should be taken over a period of at least 1
year. For many sites, these data may already exist. If hydraulic gradient data over a 1-year period
are not available, intrinsic remediation can still be implemented pehding an analysis of seasonal
variation in groundwater flow direction. :

2.3.3.3 Processes Causing an Apparent Reduction in Total Contaminant Mass

Several processes cause a reduction in contaminant concentrations and an apparent reduction
in the total mass of contaminant in a system. Processes causing an apparent reduction in
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contaminant mass include dilution, sorption, and hydrodynamic dispersion. In order to determine
the mass of contaminant removed from the system it is necessary to correct observed
concentrations for the effects of these processes. This is done by incorporating independent
assessments of these processes into the comprehensive solute transport model. The following
sections give a brief overview of the processes that result.in apparent contaminant reduction.
Appendix B describes these processes in detail.

To accurately determine the mass of contaminant transformed to innocuous byproducts, it is
important to correct measured BTEX concentrations for those processes that cause an apparent
reduction in contaminant mass. This is accomplished by normalizing the measured concentration
of each of the BTEX compounds to the concentration of a tracer that is at least as sorptive as
BTEX, but that is biologically recalcitrant. Two potential chemicals found in fuel hydrocarbon
plumes are trimethylbenzene and tetramethylbenzene (Cozzarelli et al., 1990; Cozzarelli et al.,
1994). These compounds are difficult to biologically degrade under anaerobic conditions, and
frequently persist in groundwater longer than BTEX. Depending on the composition of the fuel
that was released, other tracers are possible. Appendix C (Section C.3.3.4.2.1) contains an
example calculation of how to correct for the effects of dilution.

2.3.3.3.1 Dilution

Dilution results in a reduction in contaminant concentrations and an apparent reduction in the
total mass of contaminant in a system. The two most common causes of dilution are infiltration
and monitoring wells screened over large vertical intervals. Infiltration can cause an apparent
reduction in contaminant mass by mixing with the contaminant plume, thereby causing dilution.
Monitoring wells screened over large vertical distances may dilute groundwater samples by
mixing water from clean aquifer zones with contaminated water during sampling. This problem is
especially relevant for dissolved BTEX contamination, which may remain near the groundwater
table for some distance downgradient from the source. To avoid potential dilution, monitoring
wells should be screened over relatively small vertical intervals (less than 5 feet). Nested wells
should be used to define the vertical extent of contamination in the saturated zone.

2.3.3.3.2 Sorption (Retardation)

The retardation of organic solutes caused by sorption is an important consideration when
simulating intrinsic remediation. Sorption of a contaminant to the aquifer matrix results in an
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apparent decrease in contaminant mass because dissolved contamination is removed from the
aqueous phase. Dissolved oxygen and other electron acceptors present in the groundwater are
not retarded by sorption. Any slowing of the solute relative to the advective transport velocity of
the groundwater allows replenishment of electron acceptors into upgradient areas of the plume.
The processes of contaminant sorption and retardation are discussed in Appendix B.

2.3.3.3.3 Hydrodynamic Dispersion

The dispersion of organic solutes in an aquifer is another important consideration when
simulating intrinsic remediation. The dispersion of a contaminant into relatively pristine portions
of the aquifer allows the solute plume to mix with uncontaminated groundwater containing higher
concentrations of electron acceptors. Dispersion occurs both downgradient and, more
importantly, crossgradient from the direction of groundwater flow.

2.3.4 Optional Confirmation of Biological Activity

Extensive evidence showing that biodegradation of fuel hydrocarbons frequently occurs under
natural conditions can be found in the literature. Several of the many available references in
support of intrinsic remediation are listed in Section 3 and discussed in Appendix B. The
following sections describe three techniques that may be used if it is necessary to show that
microorganisms capable of degrading fuel hydrocarbons are present at a site.

2.3.4.1 Field Dehydrogenase Test

The field dehydrogenase test is a qualitative method used to determine if aerobic bacteria are
present in an aquifer in quantities capable of biodegrading fuel hydrocarbons. If the test gives a
positive result, a sufficient number of microorganisms capable of aerobic metabolism and/or
denitrification are present in the aquifer. A negative result for the dehydrogenase test gives no
indication of the relative abundance of anaerobic microorganisms capable of utilizing sulfate,
iron (III), or carbon dioxide during biodegradation.

2.3.4.2 Microcosm Studies

If additional evidence supporting intrinsic remediation is required, a microcosm study using
site-specific aquifer materials and contaminants can be undertaken. Microcosm studies are used
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to show that the microorganisms necessary for biodegradation are present and can be used as
another line of evidence to support intrinsic remediation.

If properly designed, implemented, and interpreted, microcosm studies can provide very
convincing documentation of the occurrence of biodegradation. Such studies are the only “line of
evidence” that allows an unequivocal mass balance determination based on the biodegradation of
environmental contaminants. If the microcosm study is properly designed, it will be easy for
decision makers with nontechnical backgrounds to interpret. The results of a microcosm study
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 undertaken only at sites
where there is considerable skepticism concerning the biodegradation of fuel hydrocarbons.

Biodegradation rate constants determined by microcosm studies often are much greater than
rates achieved in the field. Microcosms are most appropriate as indicators of the potential for
intrinsic bioremediation, and to prove that losses are biological, but it may be inappropriate to use
them to generate rate constants. The preferable method of fuel hydrocarbon biodegradation rate-
constant determination is by 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 in Appendix C.

2.3.43 Volatile Fatty Acids

During biodegradation of BTEX compounds, volatile fatty acids (VFAs) are produced as
metabolic byproducts. The production of these VFAs is a direct indication that biodegradation of
BTEX has occurred. This test is a gas chromatography/mass spectrometry method wherein the
samples are compared to a standard mixture containing a total of 58 phenols, aliphatic acids, and
aromatic acids. Volatile fatty acid analyses are necessary only when there is considerable
skepticism about the biodegradation of fuel hydrocarbons at a specific site.
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2.4 REFINE CONCEPTUAL MODEL, COMPLETE PRE-MODELING
CALCULATIONS, AND DOCUMENT INDICATORS OF INTRINSIC
REMEDIATION

Site investigation data should first be used to refine the conceptual model and quantify
groundwater flow, sorption, dilution, and biodegradation. The results of these calculations are
used to scientifically document the occurrence and rates of intrinsic remediation and to help
simulate intrinsic remediation 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 intrinsic remediation is occurring.

2.4.1 Conceptual Model Refinement

Conceptual model refinement involves integrating newly gathered site characterization data to
refine the preliminary 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. Conceptual model refinement consists of several steps, including preparation
of geologic logs, hydrogeologic sections, potentiometric surface/water table maps, contaminant
contour (isopleth) maps, and electron acceptor and metabolic byproduct contour (isopleth) maps.

2.4.1.1 Geologic Logs

Geologic logs of all subsurface materials encountered during the soil boring phase of the field
work should be constructed. Descriptions of the aquifer matrix should include relative density,
color, major textural constituents, minor constituents, porosity, relative moisture content,
plasticity of fines, cohesiveness, grain size, structure or stratification, relative permeability, and
any other significant observations such as visible fuel or fuel odor. It is also important to
correlate the results of volatiles screening using soil sample headspace vapor analysis with depth
intervals of geologic materials. The depth of lithologic contacts and/or significant textural
changes should be recorded to the nearest 0.1 foot. This resolution is necessary because
preferential flow and contaminant transport paths may be limited to thin stratigraphic units.
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2.4.1.2 Cone Penetrometer Logs

Cone penetrometer logs express stratigraphic inforrﬁation as the ratio of sleeve friction to tip
pressure. Cone penetrometer logs also may contain fluid resistivity data and estimates of aquifer
hydraulic conductivity. To provide meaningful data, the cone penetrometer must be capable of
providing stratigraphic resolution on the order of 3 inches. To provide accurate stratigraphic
information, cone penetrometer logs must be correlated with continuous subsurface cores. At a
minimum, there must be one correlation for every hydrostratigraphic unit found at the site. Cone

penetrometer logs can be used to complete the hydrogeologic sections discussed in Section
24.13.

2.4.1.3 Hydrogeologic Sections

Hydrogeologic sections should be prepared from boring logs or CPT data. A minimum of two
hydrogeologic sections are required; one parallel to the direction of groundwater flow and one
perpendicular to the direction of groundwater flow. Hydraulic head data including potentiometric
surface and/or water table elevation data should be plotted on the hydrogeologic section. These
sections are useful in locating potential preferential contaminant migration paths and in simulating
contaminant transport using solute fate and transport models.

2.4.1.4 Potentiometric Surface or Water Table Map(s)

A potentiometric surface or water table map is a two-dimensional graphic representation of
equipotential lines shown in plan view. These maps should be prepared from water level
measurements and surveyor’s data. Because groundwater flows from areas of high hydrahlic
head to areas of low hydraulic head, such maps are used to estimate the probable direction of
plume migration and to calculate hydraulic gradients. These maps should be prepared using water
levels measured in wells screened in the same relative position within the same hydrogeologic
unit. To determine vertical hydraulic gradients, separate potentiometric maps should be
developed for different horizons in the aquifer to document vertical variations in groundwater
flow. Flow nets should also be constructed to document vertical variations in groundwater flow.
To document seasonal variations in groundwater flow, separate potentiometric surface or water
table maps should be prepared for quarterly water level measurements taken over a period of at
least 1 year. In areas with mobile NAPL, a correction must be made for the water table deflection
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caused by the NAPL. This correction and potentiometric surface map preparation are discussed
in Appendix C.

2.4.1.5 Contaminant Contour Maps

Contaminant contour maps should be prepared for each of the BTEX compounds present and
for total BTEX for each discrete sampling event. Such maps allow interpretation of data on the
distribution and the relative transport and degradation rates of contaminants in the subsurface. In
addition, contaminant contour maps are necessary so that contaminant concentrations can be
gridded and used for input into a numerical model.

If mobile and residual NAPLs are present at the site, a contour map showing the thickness and
vertical and horizontal distribution of each should be prepared. These maps will allow
interpretation of the distribution and the relative transport rate of NAPLs in the subsurface. In
addition, these maps will aid in partitioning calculations and solute fate and transport model
develo.pment. It is important to note that, because of the differences between the magnitude of
capillary suction in the aquifer matrix and the different surface tension properties of fuel and
water, NAPL thickness observations made at monitoring points may not provide an accurate
estimate of the actual volume of mobile and residual NAPL in the aquifer. To accurately
determine the distribution of NAPLs, it is necessary to take continuous soil cores or to use CPT
testing coupled with laser-induced fluorescence. Appendix C discusses the relationship between
actual and apparent NAPL thickness.

2.4.1.6 Electron Acceptor, Metabolic Byproduct, and Alkalinity Contour Maps

Contour maps should be prepared for electron acceptors consumed (dissolved oxygen, nitrate,
and sulfate) and metabolic byproducts produced [iron (I) and methane] during biodegradation.
In addition, a contour map should be prepared for alkalinity. The electron acceptor, metabolic

byproduct, and alkalinity contour maps provide evidence of the occurrence of intrinsic
remediation at a site.

2.4.1.6.1 Electron Acceptor Contour Maps

Contour maps should be prepared for the electron acceptors including dissolved oxygen,
nitrate, and sulfate. During aerobic biodegradation, dissolved oxygen concentrations will
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decrease to levels below background concentrations. Similarly, during anaerobic degradation, the
concentrations of nitrate and sulfate will be seen to decrease to levels below background. The
electron acceptor contour maps allow interpretation of data on the distribution of the electron
acceptors and the relative transport and degradation rates of contaminants in the subsurface.
Thus, electron acceptor contour maps provide visual evidence of biodegradation and a visual
indication of the relatioﬁship between the contaminant plume and the various electron acceptors.
In addition, the dissolved oxygen contour map is used to grid dissolved oxygen concentrations for
input into the solute fate and transport model. Bioplume IIT will allow direct input of all these
parameters.

2.4.1.6.2 Metabolic Byproduct Contour Maps

Contour maps should be prepared for the metabolic byproducts iron (II) and methane. During
anaerobic degradation, the concentrations of these parameters will be seen to increase to levels
above background. These maps allow interpretation of data on the distribution of metabolic
byproducts resulting from the microbial degradation of fuel hydrocarbons and the relative
transport and degradation rates of contaminants in the subsurface. Thus, metabolic byproduct
contour maps provide visual evidence of biodegradation and a visual indication of the relationship
between the contaminant plume and the various metabolic byproducts.

2.4.1.6.3 Total Alkalinity Contour Map

A contour map should be prepared for total élkalinity (as CaCO;). Respiration of dissolved
oxygen, nitrate, iron (III), and suifate tends to increase the total alkalinity of groundwater. Thus,
the total alkalinity inside the contaminant plume generally increases to levels above background.
This map will allow visual interpretation of alkalinity data by showing the relationship between the
contaminant plume and alkalinity.

2.4.2 Pre-Modeling Calculations

Several calculations must be made prior to implementation of the solute fate and transport
model. These calculations include sorption and retardation calculations, fuel/water partitioning
calculations, groundwater flow velocity calculations, and biodegradation rate-constant
calculations. Each of these calculations is discussed in the following sections. The specifics of
each calculation are presented in the appendices referenced below.
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2421 Analysis of Contaminant, Electron Acceptor, Metabolic Byproduct, and Total Alkalinity
Data : ‘

The extent and distribution (vertical and horizontal) of contamination and electron acceptor
and metabolic byproduct concentrations and distributions are of paramount importance in
documenting the occurrence of biodegradation of fuel hydrocarbons and in solute fate and
transport model implementation.

2.4.2.1.1 Electron Acceptor and BTEX Data

Dissolved oxygen concentrations below background in an area with fuel hydrocarbon
contamination are indicative of aerobic hydrocarbon biodegradation. Similarly, nitrate and sulfate
concentrations below background in an area with fuel hydrocarbon contamination are indicative of
anaerobic hydrocarbon biodegradation. If these trends can be documented, it is possible to
quantify the relative importance of each biodegradation mechanism, as described in appendices B

and C. The contour maps described in Section 2.4.1 can be used to provide visual evidence of
these relationships. '

Microorganisms generally utilize dissolved oxygen and nitrate in areas with dissolved fuel-
hydrocarbon contamination at rates that are instantaneous relative to the average advective
transport velocity of groundwater. This results in the consumption of these compounds at a rate
approximately equal to the rate at which they are replenished by advective flow processes. For
this reason, the use of these compounds as electron acceptors in the biodegradation of dissolved
fuel-hydrocarbons is a mass-transport-limited process (Wilson et al., 1985; Borden and Bedient,
1986). The use of models for simulating these processes is discussed in Appendix D.

Microorganisms generally utilize sulfate, iron (III), and carbon dioxide in areas with dissolved
fuel-hydrocarbon contamination at rates that are slow relative to rates of dissolved oxygen and
nitrate utilization. This results in the consumption of these compounds at a rate that could be
slower than the rate at which they are replenished by advective flow processes and plumes of
contamination can extend away from the source. The use of these compounds as electron
acceptors in the biodegradation of dissolved fuel-hydrocarbons may be a reaction-limited process
that is approximated by first-order kinetics. Determination of first-order biodegradation rate
constants is discussed in Appendix C.
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2.4.2.1.2 Metabolic Byproduct and BTEX Data

Elevated concentrations of the metabolic byproducts iron (II) and methane in areas with fuel
hydrocarbon contamination are indicative of hydrocarbon biodegradation. If these trends can be
documented, it is possible to quantify the relative importance of each biodegradation mechanism,
as described in appendices B and C. The contour maps described in Section 2.4 1 can be used to
provide visual evidence of these relationships.

2.4.2.1.3 Total Alkalinity and BTEX Data

Elevated concentrations of total alkalinity (as CaCQ;) in areas with fuel hydrocarbon
contamination are indicative of hydrocarbon biodegradation via aerobic respiration,
denitrification, iron (III) reduction, and sulfate reduction. If this trend can be documented, it is
possible to estimate the assimilative capacity of the groundwater based on the increase (above
background) in total alkalinity in contaminated areas, as described in appendices B and C. The

contour maps described in Section2.4.1 can be used to provide visual evidence of these
relationships.

2.42.2 Sorption and Retardation Calculations

Contaminant sorption and retardation calculations should be made based on the TOC content
of the aquifer matrix and the organic carbon partitioning coefficient (K,.) for each contaminant.
The average TOC concentration from the most transmissive zone in the aquifer should be used for
retardation calculations. A sensitivity analysis should also be performed during modeling using a
range of TOC concentrations, including the lowest TOC concentration measured at the site. At a
minimum, sorption and retardation calculations should be completed for BTEX and any tracers.
Sorption and retardation calculations are described in Appendix C.

2.423 Fuel/Water Partitioning Calculations

IfNAPL remains at the site, fuel/water partitioning calculations should be made to account for
the partitioning from this phase into groundwater. Several models for fuel/water partitioning have
been proposed in recent years, including those by Hunt ef al. (1988), Bruce et al. (1991), Cline et
al. (1991), and Johnson and Pankow (1992). Because the models presented by Cline ef al. (1991)
and Bruce ef al. (1991) represent equilibrium partitioning, they are the most conservative models.
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Equilibrium partitioning is conservative because it predicts the maximum dissolved concentration
when LNAPL in contact with water is allowed to reach equilibrium. The results of these
equilibrium partitioning calculations can be used in a solute fate and transport model to simulate a
continuing source of contamination. The theory behind fuel/water partitioning calculatlons is
presented in Appendix B, and example calculations are presented in Appendix C.

2.4.2.4 Groundwater Flow Velocity Calculations

The average linear groundwater flow velocity of the most transmissive aquifer zone containing
contamination should be calculated to check the accuracy of the solute fate and transport model
and to allow calculation of first-order biodegradation rate constants. An example of a
groundwater flow velocity calculation is given in Appendix C.

2.42.5 Biodegradation Rate-Constant Calculations

Biodegradation rate constants are necessary to accurately simulate the fate and transport of
BTEX compounds dissolved in groundwater. In many cases, biodegradation of fuel hydrocarbons
can be approximated using first-order kinetics. In order to calculate first-order biodegradation
rate constants, the apparent degradation rate must be normalized for the effects of dilution and
volatilization. Two methods for determining first-order rate constants are described in
Appendix C. One method involves the use of a biologically recalcitrant compound found in the
dissolved BTEX plume that can be used as a conservative tracer. The other method, proposed by
Buscheck and Alcantar (1995) involves int'erpretation 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 (1979).

.2.5 SIMULATE INTRINSIC REMEDIATION USING SOLUTE FATE AND
TRANSPORT MODELS

Simulating intrinsic remediation allows prediction of the migration and attenuation of the
contaminant plume through time. Intrinsic remediation 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 biological processes. Hence, the results of the modeling effort are not in themselves sufficient
proof that intrinsic remediation 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 thorough site
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characterization will improve the validity of the modeling resuits. In some cases, straightforward

analytical models of contaminant attenuation are adequate to simulate intrinsic remediation.

Several well documented and widely accepted solute fate and transport models are available
for simulating the fate and transport of fuel hydrocarbons under the influence of advection,
dispersion, sorption, and biodegradation. = One such model that is readily available
(nonproprietary) and that is well documented is Bioplume II. The use of solute fate and transport
modeling in the intrinsic remediation investigation is described in Appendix D.

The Bioplume II model is based upon the United States Geological Survey (USGS) two-
dimensional (2-D) solute transport model (method of characteristics) of Konikow and Bredehoeft
(1978). Bioplume II includes an aerobic biodegradation component that is activated by a
superimposed plume of dissolved oxygen (Rifai ef al., 1988). The model solves the USGS 2-D
solute transport equation twice, once for hydrocarbon concentrations in the aquifer and once for a
dissolved oxygen plume. The two plumes are combined using superposit‘ion at every particle
move to simulate the biological reaction between hydrocarbons and oxygen. The model assumes
that the hydrocarbons are directly mineralized to carbon dioxide and water through an
instantaneous reaction. In recent years many studies have shown that Bioplume II can be used to
successfully support the intrinsic remediation option at fuel-hydrocarbon-contaminated sites
(Downey and Gier, 1991; Parsons ES, 1994a through 1994d,; Parsons ES 1995a through 1995q;
Wiedemeier et al., 1993, 1994a, and 1994b).

2.6 CONDUCT AN EXPOSURE PATHWAYS ANALYSIS

After the rates of natural attenuation have been documented, and predictions of the future
extent and concentrations of the contaminant plume have been made using the appropriate solute
fate and transport model, the proponent of intrinsic remediation should combine all available data
and information to negotiate for implementation of this remedial option. Supporting the intrinsic
remediation option generally will involve performing an exposure pathways analysis. This analysis
includes identifying potential human and ecological receptors at points of exposure under current
and future land and groundwater use scenarios. The results of solute fate and transport modeling
are central to the exposure pathways analysis. If conservative model input parameters are used,
the solute fate and transport model should give conservative estimates of contaminant plume
migration. From this information, the potential for impacts on human health and the environment
from contamination present at the site can be estimated.
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2.7 PREPARE LONG-TERM MONITORING PLAN

Groundwater flow rates at many Air Force sites studied to date are such that many years will
be required before contaminated groundwater could potentially reach the Base property
boundary.  Thus, there frequently is time and space for intrinsic remediation to reduce
contaminant concentrations in groundwater to acceptable levels. Experience at 40 Air Force sites
studied by AFCEE to date (September 1995) using a draft of this document suggests that many
BTEX plumes are relatively stable, or are moving only very slowly with respect to groundwater

flow. These examples demonstrate the efficacy of LTM to track plume migration and to validate
or refine modeling results.

The LTM plan consists of locating groundwater monitoring wells and developing a
groundwater sampling and analysis strategy. This plan is used to monitor plume migration over
time and to verify that intrinsic remediation is occurring at rates sufficient to protect potential
downgradient receptors. The LTM plan should be developed based on site characterization data,

the results of solute fate and transport modeling, and the results of the exposure pathways
analysis.

The LTM plan includes two types of monitoring wells. Long-term monitoring wells are
intended to determine if 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 2.4 depicts 1) an
upgradient well in unimpacted groundwater, 2) a well in the LNAPL source area, 3) a well
downgradient of the LNALP source area in a zone of anaerobic treatment, 4) a well in the zone of
aerobic treatment, along the periphery of the plume, 5) a well located downgradient from the
plume where concentrations of petroleum hydrocarbons are below regulatory acceptance levels

and soluble electron acceptors are depleted with respect to unimpacted groundwater, and 6) three
POC wells.

Although the final number and placement of LTM and POC wells is determined through
regulatory negotiation, the following guidance is recommended. Location of LTM wells are
based on the behavior of the plume as revealed during the initial site characterization. The final
number and location of LTM wells will depend on regulatory considerations. POC wells are
placed a distance of 500 feet downgradient from the leading edge of the plume or the distance
traveled by the groundwater in 2 years, whichever is greater. If the property line is less than 500
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feet downgradient, the POC wells are placed near and upgradient from the property line. The
final number and location of POC monitoring wells will depend on regulatory considerations.

The results of a solute fate and transport model can be used to help site the LTM and POC
wells. In order to provide a valid monitoring system, all monitoring wells must be screened in the
same hydrogeologic unit as the contaminant plume. This generally requires detailed stratigraphic
correlation. To facilitate accurate stratigraphic correlation, detailed visual descriptions of all
subsurface materials encountered during borehole drilling should be prepared prior to monitoring
well installation. The final placement of all monitoring wells should be determined in
collaboration with the appropriate regulators. '

Anaerobic Treatment Zone ®
LNAPL +Extent of Dissolved
Source Area “ " BTEX Plume
0O ®) b2
— N\ .
Direction of Aerobic Treatment
Plume Migration Zone ®
LEGEND
® Point-of-Compliance Monitoring Well
O Long-Term Monitoring Well Not To Scale Figure 2.4
Note: Complex sites may require more wells. The final Hypothetlcal Long-Term
number and placement should be determined in conjunction Mom'toring Strategy
with the appropriate reguiators.

A groundwater sampling and analysis plan should be prepared in conjunction with POC and
LTM well placement. For LTM wells, groundwater analyses should include BTEX, dissolved
oxygen, nitrate, iron (II), sulfate, and methane. For POC wells, groundwater analyses should be
limited to determining BTEX and dissolved oxygen concentrations. Any state-specific analytical
requirements also should be addressed in the sampling and analysis plan to ensure that all data
required for regulatory decision making are collected. Water level and NAPL thickness
measurements must be made during each sampling event. Quarterly sampling of LTM wells is
recommended during the first year to help determine the direction of plume migration and to
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determine baseline data. Based on the results of the first year’s sampling, the sampling frequency
may be reduced to annual sampling in the quarter showing the greatest extent of the plume.
Sampling frequency is dependent on the final placement of the POC monitoring wells and

groundwater flow velocity. The final sampling frequency should be determined in collaboration
with regulators. |

2.8 CONDUCT REGULATORY NEGOTIATIONS

The purpose of regulatory negotiations is to provide scientific documentation that supports
intrinsic remediation as the most appropriate remedial option for a given site. All available site-
specific data and information developed during the site characterization, conceptual model
development, pre-modeling calculations, biodegradation rate calculation, groundwater modeling,
model documentation, and LTM plan preparation phases of the intrinsic remediation investigation
should be presented in a consistent and complementary manner at the regulatory negotiations. Of
particular interest to the regulators will be proof that intrinsic remediation is occurring at rates
sufficient meet regulatory compliance levels at the POC and to protect human health and the
environment. The regulators must be presented with a “weight-of-evidence” argument in support
of this remedial option. For this reason, all available evidence in support of intrinsic remediation
must be presented at the regulatory negotiations.

A comprehensive LTM and contingency plan also should be presented to demonstrate a
commitment to proving the effectiveness of intrinsic remediation as a remedial option. Because
LTM and contingency plans are very site specific, they should be addressed in the individual
reports generated using this protocol. See Sections 6 and 7 of the two case studies presented in
Appendices E and F for examples of such plans.
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