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VOLUME I: BIOVENTING PRINCIPLES

This document is a product of the bioventing research and development efforts sponsored by
the U.S. Air Force Armstrong Laboratory, the Bioventing Initiative sponsored by the U.S. Air Force
Center for Environmental Excellence (AFCEE) Technology Transfer Division, and the Bioremediation
Field Initiative sponsored by the U.S. Environmental Protection Agency (U.S. EPA).

_ The Armstrong Laboratory Environics Directorate (AL/EQ), an element of the Air Force
Human Systems Center, began its research and development program in bioventing in 1988 with a
study at Hill Air Force Base (AFB), Utah. Follow-on efforts included field research studies at
Tyndall AFB, Florida, Eielson AFB, Alaska, and F.E. Warren AFB, Wyoming, to monitor and
optimize process variables. Results from these research efforts led to the Bioventing Initiative and are
discussed in this document. ‘

The AFCEE’s Bioventing Initiative has involved conducting field treatability studies to
evaluate bioventing feasibility at more than 125 sites throilghout the United States. At those sites
where feasibility studies produced positive results, pilot-scale bioventing systems were installed and
operated for 1 year. Results from these pilot-scale studies have culminated in production of this
document.

The U.S. EPA’s Bioremediation Field Initiative was established to provide the U.S. EPA and
state project managers, consulting engineers, and industry with timely information regarding new
developments in the application of bioremediation at hazardous waste sites. This program has
sponsored field research to enable the U.S. EPA laboratories to more fully document hewly
developing bioremediation technologies. As part of the U.S. EPA Bioremediation Field Initiative, the
U.S. EPA has contributed to the Air Force Bioventing Initiative in the development of the test plan
for conducting the pilot-scale bioventing studies and assisted in the development of this manual.

The results from bioventing research and development efforts and from the pilot-scale
bioventing systems have been used to produce this two-volume manual. Although this design manual
has been written based on extensive experience with petroleum hydrocarbons (and thus, many
examples use this contaminant), the concepts here should be applicable to any aerobically
biodegradable compound. The manual provides details on bioventing principles; site characterization;
field treatability studies; system design, installation, and operation; process monitoring; site closure;
and optional technologies to combine with bioventing if warranted. This first volume describes the
basic principles of bioventing. The second volume focuses on bioventing design and process

monitoring.




1.0 INTRODUCTION

Bioventing is the process of aerating soils to stimulate in situ biological activity and promote
bioremediation. Bioventing typically is applied in situ to the vadose zone and is applicable to any
chemical that can be aerobically biodegraded, but to date has been implemented primarily at
petroleum-contaminated sites. Through the efforts of the U.S. Air Force Bioventing Initiative and the
U.S. EPA Bioremediation Field Initiative, bioventing has been implemented at more than 150 sites
and has emerged as one of the most cost-effective and efficient technologies currently available for
vadose zone remediation of petroleum-contaminated sites. This document is a culmination of the
experience gained from these sites and provides specific guidelines on the principles and practices of
bioventihg.

Much of the hydrocarbon residue at a fuel-contaminated site is found in the vadose zone soils,
in.the capillary fringe, and immediately below the water table (Figure 1-1). Seasonal water table
fluctuations typically spread residues in the area immediately above and below the water table.
Conventional physical treatment in the past involved pump-and-treat systems where groundwater was
pumped out of the ground, treated, and either discharged or reinjected. Although useful for
preventing continued migration of contaminants, these systems rarely achieved typical cleanup goals.
Bioventing systems are designed to remove the contaminant source from the vadose zone, thereby
preventing future and/or continued contamination of the groundwater.

A typical bioventing system is illustrated in Figure 1-2. Although bioventing is related to the
process of soil vacuum extraction (SVE), the primary objectives of these two bioremediation
technologies are different. Soil vacuum extraction is designed and operated to maximize the
volatilization of low-molecular-weight compounds, with some biodegradation occurring. In contrast,
bioventing is designed to maximize biodegradation of aerobically biodegradable compounds,
regardless of their molecular weight, with some volatilization occurring. The major distinction
between these technologies is that the objective of soil venting is to optimize removal by
volatilization, while the objective of biovenﬁng is to optimize biodegradation while minimizing
volatilization and capital and utility costs. Although both technologies involve venting of ’air though
the subsurface, the differences in objectives result in different design and operation of the remedial
systems.

The following chapters provide an overview of the principles of bioventing in.relation to
physical, chemical, and microbial processes occurring ’in the field. An overview of the development

of bioventing, including development of the Bioventing Initiative is provided as a basis for the data
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Figure 1-1. Hydrocarbon Distribution at a Typical Contaminated Site
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presented ‘in this document. Data from Bioventing Initiative sites are used throughout this document

to illustrate principles of bioventing as determined from field testing.




2.0 DEVELOPMENT OF BIOVENTING

' This chapter is intended to provide a framework for this document, describing the

| development and structure of the Bioventing Initiative and, ultimately, this document. This chapter
provides an overview of bioventing, covering oxygen supply in situ — the dominant issue in the
evolution of bioventing, early bioventing studies which led to development of the Bioventing
Initiative, the final structure of treatability studies and bioventing system design used for the
Bioventing Initiative and, finally, emerging techniques that are being investigated as modifications to

the conventional bioventing design described in this document.
2.1 Oxygen Supply to Contaminated Areas

One of the main driving forces behind the development of bioventing was the difficulty in
delivering oxygen in situ. Many contaminants, especially the petroleum hydrocarbons found in fuels,
are biodegradable if oxygen is available. Traditionally, enhanced bioreclamation processes used water
to carry oxygen or an alternative electron acceptor to the contaminated zone. This was common
whether the contamination was present in the groundwater or in the unsaturated zone. Media for
adding oxygen to contaminated areas have included pure oxygen-sparged water, air-sparged water,
hydrogen peroxide, and air.

In all cases where water is used, the solubility of oxygen is the limiting factor. At standard
conditions, a maximum of 8 to 10 mg/L of oxygen can be obtained in water when aerated, while 40
to 50 mg/L can be obtained if sparged with pure oxygen, and up to 500 mg/L of oxygen theoretically
can be supplied utilizing 1,000 mg/L of hydrogen peroxide. Using the stoichiometric equation shown
as Equation (2-1)!, the quantity of water which must be delivered to provide sufficient oxygen for
biodegradation can be calculated.

CH,, + 950, - 6CO, + TH,0 -1

An example of calculating the mass of water that must be delivered for hydrocarbon
degradation is shown in Example 2-1. Table 2-1 summarizes oxygen requirements based on the

supplied form of oxygen.

1 Refer to Section 3.2 for development of this equation.

o
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Example 2-1. Calculation of Air-Saturated Water Mass That Must Be Delivered to
Degrade Hydrocarbons: Based on Equation (2-1), the stoichiometric molar ratio of
hydrocarbon to oxygen is 1:9.5. Or, to degrade one mole of hydrocarbons, 9.5 moles
of oxygen must be consumed. On a mass basis:

1 mole CH,, 1 mole O, 86 g CH,, 86gCH, 1gCH,
X X = =
9.5 moles O, 32g0, 1 mole CH,, 304 g O, 35g0,

Given an average concentration of 9 mg/L oxygen dissolved in water, the amount of
air-saturated water that must be delivered to degrade 1 g hydrocarbon is calculated as
follows:
3.5 g O, required _3%LHO
9mg O, y lg 1gCH,
1LHO 1,000 mg

or, to degrade 1 1b:
3% LHO ;4 gallon y 1,000 g _ 47,000 gallons H,0

K —

1gCH, 38L 22D 1b CH,

Due to the low aqueous solubility of oxygen, hydrogen peroxide has been tested as an oxygen
source in laboratory studies and at several field sites (Hinchee et al., 1991a; Aggarwal et al., 1991;
Morgan and Watkinson, 1992). As shown in Table 2-1, if 500 mg/L of dissolved oxygen can be
supplied via hydrogen peroxide, the mass of water that must be delivered is reduced by more than an
order of magnitude. Initially, these calculations made the use of hydrogen peroxide appear to be an
attractive alternative to injecting air-saturated water.

Hydrogen peroxide is miscible in water and decomposes to release water and oxygen as

shown in Equation (2-2):

H,0, - H,0 + %o, @-2)

Many substances commonly present in groundwater and soils act as catalysts for the
decomposition of peroxide. Important among these are aqueous species of iron and cc;pper, and the

enzyme catalase (Schumb et al., 1955), which has significant activity in situ (Spain et al., 1989). If
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Table 2-1. Oxygen Requirements Based on Supplied Form of Oxygen

- Volume to Degrade 1 Ib
l Oxygen Form Oxygen Concentration in H,O ___Hydrocarbon
| Air-saturated H,O 8 to 10 mg/L ;I,—OOTO gallons (180,000 L)
Oxygen-saturated H,0 40 to 50 mg/L 11,000 gallons (42,000 L)
Hydrogen peroxide | Up to 500 mg/L 1,600 gallons (6,100 L)
Air NA (21% vol/vol in air) 4 170 ft3 (4,800 L) ]

the rate of oxygen formation from hydrogen peroxide decomposition exceeds the rate of microbial
oxygen utilization, gaseous oxygen may form due to its limited aqueous solixbility. Gaseous oxygen
may form bubbles that may not be transported efficiently in groundwater, resulting in ineffective
oxygen delivery.

Phosphate is commonly used in nutrient formulations in an effort to decrease the rate of
peroxide decomposition in groundwater applications (Britton, 1985). However, the effectiveness of
phosphate addition in stabilizing peroxide injected into an aquifer has not been well established and
conflicting results have been reported by different researchers (American Petroleum Institute, 1987;
Brown et al., 1984; Downey et al., 1988; Huling et al., 1990; Morgan and Watkinson, 1992).

A field experiment was conducted by Hinchee et al. (1991a) to examine the effectiveness of
hydrogen peroxide as an oxygen source for in situ biodegradation. The study was performed at a
JP-4 jet fuel-contaminated site at Eglin AFB, Florida. Site soils consisted of fine- to coarse-grained
quartz sand with groundwater at a depth of 2 to 6 ft (0.61 to 1.8 m). Previous studies by Downey et
al. (1988) and Hinchee et al. (1989) at the same site had shown that rapid decomposition of hydrogen
peroxide occurred, even with the addition of phosphate as a peroxide stabilizer. In subsequent
studies, hydrogen peroxide was injected at a concentration of 300 mg/L both with and without the
addition of a phosphate-containing nutrient solution. As in previous studies, hydrogen peroxide
decomposition was rapid, resulting in poor distribution of oxygen in groundwater. Addition of the
phosphate-containing nutrient solution did not appear to improve hydrogen peroxide stability.

Other attempts have been made using hydrogen peroxide as an oxygen source. Although
results indicate better hydrogen peroxide stability than achieved by Hinchee et al. (1989), it was
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concluded that most of the hydrogen peroxide decomposed rapidly (Huling et al., 1990). Some
degradation of aromatic hydrocarbons appears to have occurred; however, no change in total
hydrocarbon contamination levels was detected in the soils (Ward, 1988).
In contrast to hydrogen peroxide use, when air is used as an oxygen source in unsaturated
soil, 170 ft3 (4,800 L) of air must be delivered to provide the minimum oxygen required to degrade 1
Ib (0.45 kg) of hydrocarbon (Table 2-1). Since costs associated with water-based delivery of oxygen
can be relatively high, the use of gas-phase delivery results in a significant reduction in the cost
associated with supplying oxygen!.
An additional advantage of using a gas-phase process is that gases have greater diffusivity
.than liquids. At many sites, geologic heterogeneities cause fluid that is pumped through the formation
to be channelled into the more-permeable pathways (e.g., in an alluvial soil with interbedded sand and
clay, all of the fluid flow initially takes place in the sand). As a result, oxygen must be delivered to
the less-permeable clay lenses through diffusion. In a gaseous system (as found in unsaturated soils),
this diffusion can be expected to take place at rates at least three orders of magnitude greater than
rates in a liquid system (as is found in saturated soils). Although it is not realistic to expect diffusion
to aid significantly in water-based bioreclamation, diffusion of oxygen in a gas-phase system is a
significant mechanism for oxygen delivery to less-permeable zones.
Given the advantages of using air rather than water as the oxygen source, several investigators
began exploring the feasibility of an air-based oxygen supply system as a remedial option. A

summary of the results of these investigations is presented in Section 2.2.
2.2 Bioventing Research and Development

Figure 2-1 provides a historical perspective of bioventing research and development. To the
authors’ knowledge, the first documented evidence of unsaturated zone biodegradation resulting from
forced aeration was reported by the Texas Research Institute, Inc., in a 1980 study for the American
Petroleum Institute. A large-scale model experiment was conducted to test the effectiveness of a
surfactant treatment to enhance the recovery of spilled gasoline. The experiment accounted for only 8
gallons (30 L) of the 65 gallons (250 L) originally spilled and raised questions about the fate of the

- -

1" Refer to Section 5.0, Volume II for a comparison of costs associated with hydrogen peroxide
use versus air (bioventing).
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Figure 2-1. Historical Perspective of the Development of Bioventing
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gasoline. Subsequently, a column study was conducted to determine a diffusion coefficient for soil
venting. This column study evolved into a biodegradation study in which it was concluded that as
much as 38% of the fuel hydrocarbons were biologically mineralized. Researchers concluded that
venting not only would remove gasoline by physical means, but also would enhance microbial activity
and promote biodegradation of the gasoline (Texas Research Institute, 1980; 1984).

To the authors’ knowledge, the first actual field-scale bioventing experiments were conducted
by Jack van Eyk for Shell Research. In 1982, at van Eyk’s direction, the Shell Laboratory in
Amsterdam, The Netherlands initiated a series of experiments to investigate the effectiveness of
biernting for treating hydrocarbon-contaminated soils. These studies were reported in a series of
papers (Anonymous, 1986; Staatsuitgeverij, 1986; van Eyk and Vreeken, 1988; 1989a; and 1989b).

Wilson and Ward (1986) suggested that using air as a carrier for oxygen could be 1,000 times
more efficient than using water, especially in deep, hard-to-flood unsaturated zones. They made the
connection between oxygen supply via soil venting and biodegradation by observing that "soil venting
uses the same principle to remove volatile components of the hydrocarbon.” In a general overview of
the soil venting process, Bennedsen et al. (1987) concluded that soil venting provides large quantities
of oxygen to the unsaturated zone, possible stimulating aerobic degradation. They suggested that
water and nutrients also would be required for significant degradation and encouraged additional
investigation into this area.

Biodegradation enhanced by soil venting has been observed at several field sites.

Investigators claim that at a soil venting site for remediation of gasoline-contaminated soil, significant
biodegradation occurred (measured by a temperature rise) when air was supplied. Investigators
pumped pulses of air through a pile of excavated soil and observed a consistent rise in temperature,
which they attributed to biodegradation. They claimed that the pile was cleaned up during the
summer primarily by biodegradation (Conner, 1989). However, they did not control for natural
volatilization from the aboveground pile, and not enough data were published to critically review their
biodegradation claim.

Researchers at Traverse City, Michigan, observed a decrease in the toluene concentration in
unsaturated zone soil gas, which they measured as an indicator of fuel contamination in the
unsaturated zone. They assumed that advection had not occurred and attributed the toluene loss to

biodegradation. The investigators concluded that because toluene concentrations decayed near the
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oxygenated ground surface, soil venting is an attractive remediation alternative for biodegrading light
volatile hydrocarbon spills (Ostendorf and Kampbell, 1989).

The U.S. Air Force initiated its research and development program in bioventing in 1988 with
a study at Site 914!, Hill AFB, Utah. This site initially was operated as a soil vapor extraction unit,
but was modified to a bioventing system after 9 months of operation because there was evidence of
biodegradation and in an effort to reduce costs by reducing off-gas. Moisture and nutrient addition
were studied at this site; however, while moisture addition appeared to improve biodegradation,
nutrient addition did not. Final soil sampling demonstrated that benzene, toluene, ethylbenzene, and
xylenes (BTEX) and total petroleum hydrocarbon (TPH) levels were reduced to below regulatory
levels, and this site became the first Air Force site that was closed through in situ bioremediation.
During this study, it became apparent that bioventing had great potential for remediating JP-4 jet fuel-
contaminated soils. It also was apparent that additional research would be needed before the
technology could be applied routinely in the field.

Following the Site 914, Hill AFB study, a more controlled bioventing study was completed at
Tyndall AFB?, Florida. This study was designed to monitor specific process variables and the
subsequent effect on biodegradation of hydrocarbons. Several important findings resulted from this
work, including the effect of air flowrates on removal by biodegradation and volatilization, the effect
of temperature on biodegradation rates, the lack of microbial stimulation from the addition of
moisture and nutrients, and the importance of natural nitrogen supply through nitrogen fixation. In
addition, initial and final contaminant measurements showed over 90% removal of BTEX. Although
this study was short-term, it illustrated the effectiveness of bioventing.

The studies conducted at Hill and Tyndall AFBs provided valuable information on bioventing.
However, it was apparent that long-term, controlled bioventing studies were necessary to fully
evaluate and optimize the technology. In 1991, long-term bioventing studies were initiated at Site
280, Hill AFB, Utah and at Site 20, Eielson AFB, Alaska®. These studies were joint efforts between
the U.S. EPA and the U.S. Air Force Environics Directorate of the Armsirong Laboratory. These

1 Refer to Section 4.1 for a detailed discussion of this study.

2 Refer to Section 4.2 for a detailed discussion of this study.

3 Refer to Sections 4.3 and 4.4, respectively, for detailed discussions of these studies.




Volume I: Bioventing Principles 13 September 29, 1995

studies have involved intensive monitoring of several process variables, including the effect of soil
temperature on biodegradation rates, surface emission analyses, and optimization of flowrate.

Based on the success of these previous studies, in 1992, AFCEE initiated the Bioventing
Initiative where pilot-scale bioventing systems were installed at 125 contaminated sites located
throughout the continental United States and in Hawaii, Alaska, and Johnston Atoll (Figure 2-2). The
sites varied dramatically in climatic and geologic conditions. Contaminants typically were petroleum
hydrocarbons from JP-4 jet fuel, heating oils, waste oils, gasoline, and/or diesel; however, some fire
training areas also were studied where significant concentrations of solvents were present. This
manual is a product of this study and represents the culmination of data collected from these sites and
other projects.

In addition to these studies, other bioventing studies have been conducted by several
researchers. A summary of some sites where bioventing has been applied is shown in Table 2-2!.
The scale of application and contaminant type is given, as well as the biodegradation rate, if known.
The studies listed in Table 2-2 are limited to those where the study was conducted in situ, where no
inoculum was added to site soils, and flowrates were optimized for biodegradation, not volatilization.
Itis imporfant to distinguish between bioventing and SVE systems. Bioventing systems operate at
flowrates optimized for biodegradation not volatilization, although some volatilization may occur.
SVE systems operate at flowrates optimized for volatilization, although some biodegradation may
occur. Therefore, flowrates and configuration of the two systems are significantly different.

The following section describes the basic structure for field studies conducted as part of the

Bioventing Initiative. Data from these studies were used to generate this two-volume document.

1 Only select Bioventing Initiative sites are included in this table. A presentation of data from
all Bioventing Initiative sites is provided in Section 4.1.
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Figure 2-2. Locations of Bioventing Initiative Sites
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2.3 Structure of Bioventing Initiative Field Treatability Studies and Bioventing System Design

The design of the field treatability studies and final bioventing system was developed based on
experience at previous studies at Hill, Tyndall, and Eielson AFBs. The Test Plan and Technical
Protocol for a Treatability Test for Bioventing (Hinchee et al., 1992) was written to standardize all
field methods from treatability tests to well installations. The document allowed for collection of
consistent data from 125 sites, which provided a strong database for evaluating bioventing potential.

At all sites, the following activities were conducted:

. site characterization, including a small-scale soil gas survey and collection of
initial soil and soil gas samples for analysis of BTEX, TPH, and soil
physicochemical characteristics;

. field treatability studies, including an in situ respiration test and a soil gas
permeability test;
. identification of a background, uncontaminated area for comparison with the

contaminated area of background respiration rates and nutrient levels;

° installation of a blower for 1-year of operation (typically configured for air
injection), if results of field treatability studies were positive;

° conduct of 6-month and 1-year in situ respiration tests at sites where a blower
had been installed; and '

. collection of final soil and soil gas samples for analyses of BTEX and TPH.

Of particular significance were the use of the in situ respiration test to measure microbial
activity and the use of air injection instead of extraction for air delivery.

The in situ respiration test was developed to rapidly measure aerobic biodegradation rates in
situ at discrete locations!. Biodegradation rates calculated from the in situ respiration test are useful
(1) for assessing the potential application of bioremediation at a given site, (2) for estimating thé time
required for remediation at a given site, and (3) for providing a measurement tool for evaluating the

effects of various environmental parameters on microbial activity and ultimately on bioventing

1 Refer to Section 1.4, Volume II for methods for conducting the in situ respiration test and
analyses of test data.
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performance. The actual effect of individual parameters on microbial activity is difficult to assess in
the field due to interference and interactions among these parameters. The in situ respiration test
integrates all factors to simply assess whether the microorganisms are metabolizing the fuel. Data
from the in situ respiration test and site measurements were used to conduct a statistical analysis of
the observed effects of the site measurements on microbial activity in the field. The statistical
analysis was constructed to account for parameter interactions. These results are discussed in detail in
Section 5.0.
" . Also of note is that 120 of the 125 bioventing systems installed were configured for air
injection. Prior to the bioventing studies conducted at Hill (Site 280) and Eielson AFBs, bioventing
systems typically were operated in the extraction configuration, similar to SVE systems. However,
research at Hill and Eielson AFBs demonstrated that air injection is a feasible and more efficient
alternative to air extraction, resulting in a greater proportion of hydrocarbon biodegradation rather
than volatilization and reduced air emissions'. Therefore, the air injection configuration was selected
for the basic bioventing system at Bioventing Initiative sites.

The results generated from the Bioventing Initiative are summarized in detail in Section 5.0
and are used to illustrate the basic principles of bioventing and microbial processes discussed in
Section 3.0. The design guidelines presented in this manual have culminated primarily from the
experience of installing and operating the 125 Bioventing Initiative sites. These design guidelines
represent the basic bioventing system, which is applicable to the majority of sites suitable for
bioventing. The following section addresses emerging techniques for modifications to the basic
bioventing system described in this document for sites that are not amenable to standard bioventing
methods.

2.4 Emerging Techniques for Modifications to Bioventing Systems |

Several techniques are being investigated as a means of modifying the conventional bioventing
system described in this document. These techniques have not been tested extensively in the field;
therefore, their potential feasibility is unknown. They are briefly presented in this section to illustrate

their potential application.

1 Refer to Section 2.1, Volume II for a discussion of air injection versus extraction.
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The bioventing modifications being investigated are designed to address specific challenges in

bioventing:

. Injection of pure oxygen instead of air for treatment of low-permeability soils.
Because only low flowrates are possible in low-permeability soils, injection of
pure oxygen may be useful for providing larger oxygen concentrations for a
given volume than is possible with air injection.

. Soil warming for bioventing in cold climates. Soil warming can be used to
increase biodegradation rates, thus decreasing remediation times. This
technique has been studied in detail at Site 20, Eielson AFB, Alaska!, but
would be an option only in extreme environments.

o Remediation of recalcitrant compounds through ozonation. Ozonation may be
used to partially oxidize more recalcitrant contaminants, making them more
susceptible to biodegradation. This technique would not be necessary at
petroleum-contaminated sites, but may be considered at sites contaminated
with compounds such as polycyclic aromatic hydrocarbons (PAHs) or
pesticides.

° Remediation of contaminated saturated soils through air sparging. Air
sparging is being investigated as a means of aerating saturated soil to enhance
biodegradation, as well as volatilization. However, studies to date have been
inconclusive concerning its effectiveness due to a lack of adequate controls
and measurement techniques.

The techniques described above represent potential future areas of investigation in the
bioremediation field. The following chapters describe the principles of bioventing, which also apply

to the techniques described in this section.

! Refer to Section 4.4 for a discussion of this site and the cost benefits of soil warming.




3.0 PRINCIPLES OF BIOVENTING

In this chapter, basic principles fundamental to the bioventing process are discussed to provide
a clear understanding of the many physical, chemical, and biological processes that impact the
ultimate feasibility of bioventing. Recognizing the significance of theSc different processes will lead
to more efficient bioventing design and operation. Specific topics to be considered in this chapter

include:

L soil gas permeability, contaminant diffusion and distribution, and zone of
oxygen influence (Section 3.1);

U subsurface distribution of an immiscible liquid (Section 3.1);

° environmental factors which affect microbial processes,'such as electron
acceptor conditions, moisture content, pH, temperature, nutrient supply,
contaminant concentration, and bioavailability (Section 3.2);

. compounds targeted for removal through bioventing (Section 3.3); and

. BTEX versus TPH removal during petroleum bioventing (Section 3.4).

3.1 Physical Processes Affecting Bioventing

Four primary physical characteristics affect bioventing. These include soil gas permeability,
contaminant diffusion in soil, contaminant distribution, and zone of oxygen influence. Each of these

parameters is discussed in the following sections.
3.1.1 Soil Gas Permeability

Assuming contaminants are present that are amenable to bioventing, geology probably is the
most important site characteristic for a successful bioventing application. Soils must be sufficiently
permeable to allow movement of enough soil gas to provide adequate oxygen for biodegradation, on
the order of 0.25 to 0.5 pore volumes per day.

Soil gas permeability is a function of both soil structure and particle size, as well as of soil

moisture content. Typically, permeability in excess of 0.1 darcy is adequate for sufficient air
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exchange. Below this level, bioventing certainly is possible, but field testing may be required to
establish feasibility.

When the soil gas permeability falls below approximately 0.01 darcy, soil gas flow is
primarily through either secondary porosity (such as fractures) or through any more permeable strata
that may be present (such as thin sand lenses). Therefore, the feasibility of bioventing in low-
permeability soils is a function of the distribution of flow paths and diffusion of air to and from the
flow paths within the contaminated area.

In a soil that is of a reasonable permeability, a minimum separation of 2 to 4 ft (0.61 to 1.2
m) between vertical and horizontal flow paths and contaminant may still result in successful treatment
due to oxygen diffusion. However, the degree of treatment will be very site-specific.

Bioventing has been successful in some low-permeability soils, such as a silty clay site at
Fallon Naval Air Station (NAS), Nevada (Kittel et al., 1995), a clayey site at Beale AFB, California
(Phelps et al., 1995), a silty site at Eielson AFB, Alaska (Leeson et al., 1995), and a silty clay site in
Albemarle County, Virginia (Leeson et al., 1994), and at many Bioventing Initiative sites. Grain size
analysis was conducted on several samples from each site in the Bioventing Initiative. The relative

distribution of fine-grained soils is illustrated in Figure 3-1. Sufficient soil gas permeability has been
demonstrated at many sites with silt and clay contents exceeding 80% by weight. Approximately
50% of the sites tested contained greater than 50% clay and silt fractions. Oxygen distribution has
generally been adequate in soils where permeability values exceeded 0.1 darcy, with oxygen detected
at ambient levels in all nine of the monitoring points installed. Few sites had permeability less than
0.1 darcy; therefore, data for analysis are limited. The greatest limitation to bioventing at Bioventing
Initiative sites has been excessive soil moisture. A combination of high soil moisture content and
fine-grained soils has made bioventing impractical at only three of the 125 test sites.

In general, our calculated soil gas permeability values have exceeded suggested literature
values reported in Johnson et al. (1990) for silt and clay soils. This is likely due to the heterogeneous
nature of most soils, which contain lenses of more permeable material or fractures which aid in air

distribution.
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3.1.2 Contaminant Distribution

Another important factor affecting the feasibility of bioventing is the contaminant distribution
throughout the site. Because bioventing is in essence an air delivery system designed to efficiently
provide sufficient oxygen to contaminated soils, it is important to have a clear understanding of
subsurface contaminant distribution. Many of the sites at which bioventing can be applied are
contaminated with immiscible liquids, such as petroleum hydrocarbons. When a fuel release occurs,

the contaminants may be preéent in any or all of four phases in the geologic media:

] sorbed to the soils in the vadose zone;
. in the vapor phase in the vadose zone;
° in free-phase form floating on the water table or as residual saturation in the

vadose zone; and/or

. in the aqueous phase dissolved in pore water in the vadose zone or dissolved
in the groundwater.

Of the four phases, dissolved petroleum contaminants in the groundwater frequently are
considered to be of greatest concern due to the risk of humans being exposed to contaminants through
drinking water. However, the free-phase and sorbed-phase hydrocarbons act as feedstocks for
groundwater contamination, so any remedial technology aimed at reducing groundwater contamination
must address these sources of contamination. Also, hydrocarbons in the vadose zone can produce a
volatile organic carbon (VOC) threat in subsurface buildings or structures.

Immiscible liquids are classified as less dense, nonaqueous-phase liquids (LNAPLS) if their
density is less than water or dense, nonaqueous-phase liquids (DNAPLSs) if their density is greater
than water. In general, most petroleum hydrocarbons, such as gasoline, are LNAPLs, whereas most
chlorinated solvents, such as trichloroethylene (TCE), are DNAPLs. Due to these differences in
densities, subsurface spills of LNAPLs and DNAPLs will behave differently at a given site, with
LNAPLSs distributed primarily in the vadose zone and DNAPLSs distributed in both the unsaturated
and saturated zone. Given that bioventing is primaril): a vadose zone treatment process, this

discussion will focus on the behavior of LNAPLs.
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When a large enough fuel spill occurs, the fuel is retained within approximately 10 to 20% of
the pore volume of the soil and eventually may come to rest on the water table. Contaminants then
partition among the various phases existing within the subsurface environment. Fluids can move
through the subsurface via various mechanisms, such as advection and diffusion. LNAPLs are likely
to migrate through the vadose zone relatively uniformly until the capillary fringe is reached. The
LNAPL will then spread laterally along the saturated zone. Water table fluctuation may result in
LNAPL below the water table; however, an LNAPL will not permeate the water-saturated zone
unless a critical capillary préséure is exceeded, which is a function of the porous medium pore sizes.

In the vadose zone, components of the LNAPL may partition into the vapor phase or the
aqueous phase (pore water), sorb onto solids, or remain in the free product. Contaminants in free
product may partition into the vapor phase, depending on their vapor pressures at the temperature and
pressure existing in the vadose zone. Once in the vapor phase, these contaminants can migrate in
response to advection and diffusion. Raoult’s law is used to describe partitioning at equilibrium

between an immiscible phase and a vapor phase:

Cy = % Cp G
where: Cy = volumetric concentration of the contaminant (x) in the vapor phase
(x/Lvapor);
X = mole fraction of the contaminant (dimensionless); and
Cysat saturated vapor concentration of the contaminant (8x/Lyapor)-
C.sa is further defined as:
Co = 2V:) By (32)
b RT,,
where: MW, = molecular weight of the contaminant (g,/mole,);
Py = vapor pressure of pure contaminant at temperature T (atm); )
R = gas constant (L-atm/mole-°K); and
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Ty = absolute temperature (°K).

Free product in contact with groundwater may leach contaminants into the groundwater or
contaminants may dissolve into pore water in the vadose zone, depending on the solubility of specific
components. Once in the groundwater, contaminants can migrate through the subsurface in response
to a gradient in the aqueous-phase total potential (i.e., advection) or by a difference in the aqueous-
phase chemical concentrations. The equilibrium relationship between the aqueous and the immiscible

phases is described as:

Cy = x5, (3-3)
where: Cy, = volumetric concentration of contaminant x in the aqueous phase
(gx/Laqueous) ;
Sy = solubility of pure contaminant x in water (&x/Lyater)-

Sorption of contaminants is a complex process involving several different phenomena
including coulomb forces, London-van der Waals forces, hydrogen bonding, ligand exchange, dipole-
dipole forces, dipole-induced dipole forces, and hydrophobic forces (Wiedemeier et al., 1995). In the
case of hydrocarbons, due to their nonpolar nature, sorption most often occurs through hydrophobic
bonding to organic matter. Hydrophobic bonding often is a dominant factor influencing the fate of
organic chemicals in the subsurface (DeVinny et al., 1990). The degree of sorption generally is
empirically related by the organic content of the soil and by the octanol-water partition coefficient of
a particular compound.

Sorption isotherms generally follow one of three shapes: Langmuir, Freundlich, or linear
(Figure 3-2). The Langmuir isotherm describes the sorbed contaminant concentration as increasing
linearly with concentration then leveling off as the number of sites available for sorption are filled.
This isotherm accurately describes the situation at or near the contaminant source where
concentrations are high. The Freundlich isotherm assumes an infinite number of sorption sites, which
would accurately describe an area some distance from the contaminant source where concentrations
are dilute. The mathematical expression contains a chemical-specific coefficient that may alter the

linearity of the isotherm. The linear isotherm is relatively simple and is valid for dissolved




Volume I: Bioventing Principles 26 September 29, 1995

Linear

R

(2}

=

o Freundlich
c

9

g

€

§ Langmuir
O
(&)
©

(0]
£

o

[72]
©
<

Dissolved Concentration, C,, (ug/mL)
COLosson/38-10

Figure 3-2. Sorption Isotherms




Volume I: Bioventing Principles 27 September 29, 1995

compounds at less than one-half of their solubility (Lyman et al., 1992). This isotherm is typically
valid to describe hydrocarbon sorption.

The linear isotherm is expressed mathematically as:

Cs = K, Cy, (34)

where: Cg

K,

quantity of contaminant x sorbed to the solid matrix (g,/g,;);

sorption coefficient (L,gyequs/8soi-

The sorption coefficient may be determined experimentally, estimated based on values
published in the literature, or estimated using the octanol/water partition coefficient (Kow) and the
organic carbon fraction (f,.) of the soil. The sorption coefficient can be estimated using the following

mathematical expression:

K, =K, f (3-5)

Some values for K, are provided in Table 3-1.

In practice, at equilibrium, the concentration of most petroleum hydrocarbon compounds of
interest in the aqueous or vapor phases is driven by the immiscible phase, if present, and the sorbed
phase, if the immiscible phase is not present. If no immiscible phase is present, and all sorption sites
on the solid soil matrix are not occupied’, the vapor or aqueous phase concentration is a function of
the sorbed concentration. This relationship is illustrated in Figure 3-3.

This relationship typically follows a Langmuir type curve. If the concentration in the soil is
in excess of the sorption capacity of the soil?, the aqueous-phase and vapor-phase concentrations are
Raoult’s law-driven and are independent of the hydrocarbon concentration in the soil. This is an

important concept in attempting to interpret soil gas or groundwater data. For example, in a sandy

1" In most soils, this is probably at a concentration of less than 100 to 1,000 mg/kg.

2 In most soils, this is probably at a concentration greater than 100 to 1,000 mg/kg.
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Table 3-1. Values for Key Properties of Select Petroleum Hydrocarbons

Compound Kow Solubility (mg/L) Vapor Pressure (mm Hg)!
Benzene 131.82 1,750 75
Ethylbenzene 1,349 1522 107°°F
Heptane 50 40
Hexane 20 150
Toluene 489.9 5373 2065°F
o-xylene 891 1522 7
m-xylene 1,585 1582 9
p-xylene ] 1,513.6 1982 9

Ik

Vapor pressure at 68°F unless noted.
Calculated at 20°C.

Calculated at 20°C.
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Figure 3-3.
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site at which free product has been detected, the highest soil hydrocarbon concentrations may exceed
25,000 mg/kg. Yet 99% remediation to 250 mg/kg may not affect the equilibrium soil gas or
groundwater hydrocarbon concentrations.

In terms of contaminant distribution, difficulties in applying bioventing arise when sigrﬁﬁc#nt
quantities of the contaminant are in the capillary fringe or below the water table due to groundwater
fluctuations. Treatment of the capillary fringe is possible and screening of venting wells below the
water table is recommended to ensure treatment of this area!. However, the ability of bioventing to
aerate the capillary fringe and underlying water table has not been evaluated. Limited oxygenation is
anticipated due to water-filled pore space. If significant contamination exists below the water table,
dewatering should be considered as a means of exposing any contaminated soil to injected air.
Alternatively, a combination of air sparging and bioventing may provide more efficient air delivery to
the capillary fringe; however, air sparging has not been well-documented and many pﬁrameters are

still unknown concerning its applicability and effectiveness.

3.1.3 Oxygen Radius of Influence

An estimate of the oxygen radius of influence (Ryp) of venting wells is an important element of
a full-scale bioventing design. This measurement is used to design full-scale systems, specifically to
space venting wells, to size blower equipment, and to ensure that the entire site receives a supply of
oxygen-rich air to sustain in situ biodegradation.

The radius of oxygen influence is defined as the radius to which oxygen has to be supplied to
sustain maximal biodegradation. This definition of radius of influence is different than is typically
used for SVE, where radius of influence is defined as the maximum distance from the air extraction
or injection well where vacuum or pressure (soil gas movement) occurs. The oxygen radius of
influence is a function of both air flowrates and oxygen utilization rates, and therefore depends on site
geology, well design, and microbial activity.

The radius of influence is a function of soil properties, but also is dependent on the
configuration of the venting well, extraction or injection flowrates, and microbial activity, and it is

altered by soil stratification. In soils with less-permeable lenses adjacent to more-permeable soils,

1 Refer to Section 2.5, Volume II for a discussion of vent well construction.
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injection into the permeable layer will produce a greater radius of influence than could be achieved in
homogeneous soils. On sites with shallow contamination, the radius of influence also may be
increased by impermeable surface barriers such as asphalt or concrete. Frequently, however, paved
surfaces do not act as vapor barriers. Without a tight seal to the native soil surface!, the pavement
will not significantly impact soil gas flow.

Microbial activity will impact the oxygen radius of influence. As microbial activity increases,
the effective treated area will decrease. Therefore, it is desirable to estimate the oxygen radius of
influence at times of peak microbial activity and to design the bioventing system based on these

measurements.
3.2 Microbial Processes Affecting Bioventing

Biological treatment approaches rely on organisms to destroy or reduce the toxicity of
contaminants. The advantages of chemical and physical treatment approaches generally are
outweighed by the ability of microorganisms to mineralize contaminants, thereby eliminating the
process of transferring contaminants from one medium (i.e., soil and soil vépor) into another (i.e.,
activated carbon) that will still require treatment. In addition, through microbial processes, it is
'possible to treat large areas relatively inexpensively and with relatively noninvasive techniques. This
section discusses kinetics of microbial metabolism and environmental parameters which affect the
microbial processes bioventing is dependent upon, thereby potentially affecting the efficacy of

bioventing.
3.2.1 Microbial Kinetics

In biological processes, microorganisms degrade organic compounds either directly to obtain
carbon and/or energy, or fortuitously in a cometabolic process with no significant benefit to the
microorganism. As an example, a stoichiometric equation describing degradation of n-hexane is

shown:

1" It is the authors’ experience that at most sites, this seal does not occur.
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CH,, + 7.8750, + 0.25NO, - CH,0, N, ,s(biomass) + 5CO, + 6H,0 (3-6)

In the case of bioventing, where microorganisms are stimulated in situ, the microorganisms
are at equilibrium, and little net biomass growth occurs. In other words, biomass decay
approximately balances biomass growth. Consequently, where no net biomass is produced, Equation
(3-6) will reduce to:

CH,, + 9.50, - 6CO, + TH,0 37

Based on Equation (3-7), 9.5 moles of oxygen are required for every mole of hydrocarbon
consumed, or, on a weight basis, approximately 3.5 g of oxygen are required for every 1 g of
hydrocarbon consumed.

To predict the amount of time required to bioremediate a site, it is necessary to understand
the microbial kinetics of substrate (contaminant) utilization. Most substrate utilization falls under the
heading of primary substrate utilization, in which growth on a carbon source supplies most of the
carbon and energy for the microorganism. In cases where a contaminant does not supply the primary
source or cannot be used for carbon and energy, secondary substrate utilization or cometabolism may
occur. During the bioventing process, primary substrate utilization generally describes the kinetics of
the reactions taking place; however, in some instances, cometabolic processes also may occur. For
example, at sites contaminated with both fuels and solvents such as TCE, cometabolic bioventing may
account for degradation of TCE.

Primary substrate utilization has been described through an empirical approach by the Monod

expression:

-85 _ _kXS (3-8)
dd K +8
where: S = concentration of the primary substrate (contaminant) (gg/L);
t = time (minutes);
k = maximum rate of substrate utilization (gg/gx-min);

X = concentration of microorganisms (gx/L); and
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Ks'

Monod half-velocity constant (gg/L).

At high substrate concentrations (S> >Kj), the rate of substrate utilization is at a maximum,
limited by some other factor such as oxygen, nutrients, or the characteristics of the microorganism.
In this instance, the rate of substrate utilization will be first-order with respect to cell density, but
zero-order with respect to substrate concentration. Conversely, when the primary substrate
concentration is very low (S< <Kj), the substrate utilization rate will be first-order with respect to
both cell density and substrate concentration. In a well-designed bioventing system, kinetics based on
oxygen utilization are zero-order. However, the rate based on petroleum or other contaminant
removal may be described by Monod or inhibition kinetics.

Monod kinetics have been widely applied to conventional wastewater treatment where the
compounds being treated generally are bioavailable and readily degradable. Bioventing typically is
applied to aerobically biodegradable compounds; however, the maximum rate of biodegradation (k) is
much lower than for most wastes in conventional wastewater treatment. For example, Howard et al.
(1991) estimated that benzene has an aerobic half-life (dissolved in groundwater) of 10 days to 24
months, whereas ethanol (a compound more typical of conventional wastewater treatment) is estimated
to have a half-life of 0.5 to 2.2 days. Bioventing kinetics are further complicated by bioavailability of
the contaminants, driven at least in part by solubilization. Since microorganisms exist in pore water,
contaminants must partition into the pore water to be available to be degraded. Although high soil
contaminant concentrations may be present, the actual concentration of hydrocarbon dissolved in the
pore water and available to the microorganisms may be low.

In practice, oxygen utilization rates tend to decline slowly with time during remediation. At
many sites, this trend may be difficult to follow over periods of less than 1 to 3 years because of
other variables affecting the rate, such as temperature and soil moisture. This decline may not be
indicative of true first-order kinetics, but simply may be the result of selective early removal of more

degradable compounds such as benzene.
3.2.2 Environmental Parameters Affecting Microbial Processes

Bioventing is dependent upon providing microorganisms optimal conditions for active growth.

Several factors may affect a microorganism’s ability to degrade contaminants, including:
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. availability and type of electron acceptors;
. moisture content;
. soil pH;
. soil temperature;
. nutrient availability; and
. conmt concentration.

Each of these parameters was measured at Bioventing Initiative sites. The actual effect of
individual parameters on microbial activity is difficult to assess in the field due to interference and
interactions among these parameters. The in situ respiration test was used as a measurement tool that
integrates all factors to assess whether the microorganisms are metabolizing the fuel. Data from the
in situ respiration test and site measurements were used to conduct a statistical analyses of the
observed effects of the site measurements on microbial activity in the field. The statistical analysis
was constructed to account for parameter interactions. These results are discussed in detail in Section
5.0. A more general discussion of the significance of each of these parameters and its affect on

microbial activity is provided in Sections 3.3.2.1 through 3.3.2.7.
3.2.2.1 Electron Acceptor Conditions

One of the most important factors which influences the biodegradability of a compound is the
type and availability of electron acceptors. For example, following a hydrocarbon spill, as a result of
the hydrocarbon biodegradability, anaerobic conditions typically predominate in the subsurface
because of oxygen depletion from microbial activity. While hydrocarbons may undergo limited
biodegradation under anaerobic conditions (Bilbo et al., 1992; Mormile et al., 1994), in general,
aerobic conditions are most suitable for relatively rapid remediation of petroleum hydrocarbons.
Therefore, oxygen supply is critical to the success of a bioventing system. In field studies, oxygen
has been found to be the most important factor in determining the success of a bioventing system
(Hinchee et al., 1989; Miller et al., 1991). This has been confirmed by the Bioventing Initiative. At
these sites, oxygen has been found to the primary factor limiting microbial activity at all but three
sites (Miller et al., 1993).
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3.2.2.2 Moisture Content

Soil moisture content may impact the bioventing process by its affect on microorganisms or
soil gas permeability. Microorganisms require moisture for metabolic processes and for solubilization
of energy and nutrient supplies. Conversely, soil moisture content directly affects the soil
permeability, with high moisture contents resulting in poor distribution of oxygen. In practice, soil
moisture has been found to directly limit biodegradation rates only where bioventing has been
implemented in very dry desert environments. A more common influence of moisture is that excess
moisture has led to significant reductions in soil gas permeability. One of the major objectives of the
Bioventing Initiative was to assess the effects of moisture on biodegradation.

The range of soil moisture content measured at Bioventing Initiative sites is shown in Figure
3-4. The lowest soil moisture content measured was 2% by weight, and microbial activity still was
observed in these soils. Figure 3-5 illustrates the observed relationship between soil moisture and
oxygen utilization rates. To date, a strong correlation has not been recorded between moisture
content and oxygen utilization rate, although a slight positive relationship has been observed!.

At a desert site at the Marine Corps Air Ground Combat Center, Twentynine Palms,
California, soil moisture content appeared to detrimentally affect microbial activity. Soil moisture
content ranged from 2% to 4% by weight and, although the site was contaminated with jet fuel,
significant oxygen limitation was not observed. An irrigation system was installed at the site in an
effort to enhance microbial activity. The site was irrigated for 1 week, then bioventing was initiated
for 1 month before conducting an in situ respiration test. In situ respiration rates measured after
irrigation were significantly higher than those measured prior to irrigation (Figure 3-6). In addition,
prior to irrigation, oxygen was not consumed below approximately 17% before microbial activity
stopped. After irrigation, activity continued until oxygen was completely consumed to less than 1%.
These results demonstrated that, in extreme cases, moisture addition may improve the performance of
bioventing systems through enhanced microbial activity.

It may be assumed that air injection bioventing will dry out the soil to a point what would be
detrimental to microbial growth, necessitating humidification of the injection air. However, a simple

calculation as shown in Example 3-1 illustrates that over a 3-year period, moisture loss is minimal.

- -

1 Refer to Section 5.2 for a discussion of the statistical relationship between moisture content
and oxygen utilization rates.
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Figure 3-4. Soil Moisture Content Measurements at Bioventing Initiative Sites
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Drying and moisture loss as a result of bioventing usually are a problem only very near the vent well
or if very high air injection rates are used (typically not the case in properly designed bioventing
systems). Sites typically have several moisture sources that also make drying due to air injection
negligible, such as rain and snow, and water as a byproduct of mineralization (generated at a rate of

1.5 kg water for every 1 kg of hydrocarbon degraded!).

Example 3-1. Moisture Content Change During Air Injection and Water Generated
During Biodegradation: For this test:

Vapor pressure (Py..,) = 17.5 mm Hg

Flowrate (Q) = 1 pore volume/day, typical of bioventing
Volume of treatment area (V) = 12,300 m?

Biodegradation rate (kg) = 3 mg/kg-day

Initial moisture content = 15% by weight

Soil bulk density = 1,440 kg/m’

Assume worst case of 0% humidity and no infiltration.
To calculate the total water at the site initially, the mass of soil is first calculated:

12300 m* x 240K - 18, 107 kg sa
m

Therefore, the initial mass of water is:

(1.8 x 107 kg soil) x 0.15 = 2.7 x 10° kg H,0

Since the flowrate is equivalent to one pore volume/day, the mass of water removed
per day will be equal to the mass of water in the vapor phase of the treated area,
which can be calculated using the Ideal Gas law:

Moles H,O removed P,V 17.5 mmHg x 12,300 m?

day RT 3.
(0.0623 m_lm_ﬂ;ll'{g) x 298°K
mole-

1 Refer to Equation (3-7) for the stoichiometry of this calculation.
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Moles H,O removed
oles H,0 removed _ 11,600 = 210 &
day day

Total water removal in 3 years:

210 f: x 1,095 days = 230,000 kg removed
y

This water loss represents a fairly small percentage, or:

230,000 kg evaporated _ , 46 - 8.6% H,O loss
2.7 x 10° initial mass

This is equivalent to a soil moisture drop from approximately 15% to 13.7%.
Assuming a contaminated thickness of 10 ft (3 m), an infiltration rate of
approximately 2.4 inches (6.1 cm) in 3 years, or less than 1 inch (2.5 cm) per year,
would replace the lost moisture. In practice, some drying very close to the vent well
may be observed, but usually is not.

Water loss also will be replaced through biodegradation of hydrocarbons. Calculating
the total mass of hydrocarbons degraded over 3 years:

3 28, 1,095 days x (18 x 10"kg soil) x —B— = 59,000 kg hydrocarbon degraded
kg-day 10%mg :

Based on the stoichiometry in Equation (2-1), 1.5 kg of water are generated for every
kg of hydrocarbon degraded, the amount of water generated would be:

1.5 kg water

59,000 kg hydrocarbon
kg by X kg hydrocarbon

= 88,500 kg water

Therefore, total water removal in three years must also account for the water
generation, where:

230,000 kg - 88,500 kg H,0 = 141,500 kg H,O loss

This is equivalent to a water loss of 5.3% over 3 years. -
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3.2.2.3 Sdil pH

Soil pH also may affect the bioremediation process, since microorganisms require a specific
PH range in order to survive. Most bacteria function best in a pH range between 5 and 9 with the
optimum being slightly above 7 (Dragun, 1988). A shift in PH may result in a shift in the makeup of
the microbial population, because each species will exhibit optimal growth at a specific pH.
Throughout the Bioventing Initiative, pH has not been found to limit in situ bioremediation, and is
probably only of concern where contamination has radically altered the existing pH.

Figure 3-7 illustrates the range of soil pH found at the Bioventing Initiative sites to date. In
general, the majority of sites have fallen within the "optimal” pH range for microbial activity of 5 to
9. However, microbial respiration based on oxygen utilization has been observed at all sites, even in
soils where the pH was below 5 or above 9. Figure 3-8 illustrates the observed relationship between
PH and oxygen utilization rates. Based upon these observations, it appears that pH is not a concern

when bioventing at most sites!.
3.2.2.4 Soil Temperature

Soil temperature may significantly affect the bioremediation process. Microbial activity has
been reported at temperatures varying from -12 to 100°C (10 to 212°F) (Brock et al., 1984);
however, the optimal range for biodegradation of most contaminants is generally much narrower. An
individual microorganism may tolerate a temperature peak of up to approximately 40°C (104°F).
However, a microorganism’s optimal growth temperature will vary depending on climate. For
example, microorganisms in a subarctic environment may exhibit optimal growth at 10°C (50°F),
whereas microorganisms in a subtropical environment may exhibit optimal growth at 30°C (86°F).

It has generally been observed that biodegradation rates double for every 10°C (50°F)
temperature increase, up to some inhibitory temperature. The van’t Hoff-Arrhenius equation

expresses this relationship quantitatively as:

- -

! Refer to Section 5.2 for a discussion of the statistical relationship between pH and oxygen
utilization rates.
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Figure 3-7. Soil pH Measurements at Bioventing Initiative Sites
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k -k en‘fi (3-9)
where: kg = temperature-corrected biodegradation rate (% 02/day)
k, = baseline biodegradation rate (% O,/day)
E, = activation énergy (cal/molé)
R = gas constant (1.987 cal/°K-mol)
Tas = absolute temperature (°K)

Miller (1990) found E, equal to 8 to 13 kcal/mole for in situ biodegradation of jet fuel. In
the 17 to 27°C (63 to 81°F) range, the van’t Hoff-Arrhenius relationship accurately predicted
biodegradation rates. A similar analysis was conducted at Site 20, Eielson AFB, Alaska, where the
activation energy was found to be equal to 13.4 kcal/mole (Example 3-2). Figure 3-9 illustrates the
relationship between oxygen utilization rate and temperature observed at Site 20, Eielson AFB, a JP4
jet fuel-contaminated site.

Example 3-2. Calculation of the van't Hoff-Arrhenius Constant From Site Data:
Various forms of soil warming were tested at Site 20, Eielson AFB, Alaska. This
resulted in a wide range of temperatures and biodegradation rates measured at the
same site.

In order to calculate the van’t Hoff-Arrhenius constant, the log of the biodegradation

rate must be calculated versus the inverse of the temperature to provide the
relationship:

(3-10)

The slope of the linear regression of inverse temperature versus oxygen utilization rate
is —6740°K (Figure 3-9). Therefore,

—* - - 6740
R -
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cal o 6740 = 13390 S8 . 134 keal

°K -mole mole mole

E, = 1.987

Heat addition may improve bioventing processes. Solar warming, warm water infiltration,
and buried heat tape have been used to increase soil temperature. Their use has resulted in increased
microbial activity and contaminant degradation (Leeson et al., 1995). Selection of a soil warming
technique will depend on cost considerations versus remediation time requirements!. While warm
water infiltration or heat tape can significantly increase biodegradation rates, the cost is significantly
higher than simply using surface insulation or no heating method. The use of warm water infiltration,
although effective, is limited to very permeable soils, to ensure that adequate drainage of the applied
water will occur. The use of soil heating to increase biodegradation rates may prove cost effective

only in cold regions, such as Alaska.
3.2.2.5 Nutrient Supply

In order to sustain microbial growth, certain nutrients must be available at minimum levels.
The following nutrients/cofactors are known to be required in order to support microbial growth:
calcium, cobalt, copper, iron, magnesium, manganese, molybdenum, nitrogen, phosphorus,
potassium, sodium, sulfur, and zinc. Nitrogen and phosphorus are required in the greatest
concentrations and are the nutrients most likely to be limiting. The remaining chemicals are
considered micronutrients, because they are required in only small quantities and generally are
available in excess in nature. |

Nutrients are required as components of the microbial biomass. The need for these nutrients

is very different from the need for oxygen (or other electron donors) and the carbon squrce.

1 Refer to Section 4.4 for a discussion of the cost benefit of soil warming.
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Nutrients are not destroyed, but are recycled by the ecosystem. Thus, like oxygen, a steady input of
nutrients is not required.

An approach to estimation of nutrient requirements, suggested by John T. Wilson of the U.S.
EPA Ada Laboratory, can be made based on microbial kinetics. Starting with:

X kY-KX (3-11)
dt
where: X = biomass (mg biomass/kg soil)
kg = biodegradation rate (mg hydrocarbon/kg soil-day)
Y = cell yield (mg biomass/mg hydrocarbon)
ky = endogenous respiration rate (day™)

Assuming that the biomass concentration achieves steady state during bioventing,

dX

22 -0-= - 3-12
=0 Y-k X (3-12)

Solving:
X = ks Y (3-13)

Little is known about the in situ cell yields or endogenous respiration rates of hydrocarbon-
degrading organisms, but these parameters can be estimated based on ranges reported in the
wastewater treatment literature (Metcalf and Eddy, 1979). An example for calculating required

nutrients is shown m Example 3-3.

Example 3-3. Estimation of Nutrient Requirements In Situ: For a given site, the
following is assumed:

- -

kg
Y

10 mg/kg-day (typical rate found at bioventing sites)
0.5 mg/mg
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ky = 0.05/day
Solving:
10 28 o5 8
X = — kg-day mg _ 100 28
0.5 ke
day

To sustain 100 mg/kg of biomass, the nutrient requirements may be estimated from
biomass to nutrient ratios. A variety of ratios are found in the literature. For this
example, a 100:10:1 ratio of biomass:nitrogen:phosphorus is assumed. This ratio
yields a nutrient requirement of 10 mg/kg of nitrogen and 1 mg/kg of phosphorus.
Thus, if the above assumptions hold, a site with at least these levels of nitrogen and
phosphorus initially should not be rate-limited by nitrogen and phosphorus.

~ Most soils naturally contain nutrients in excess of the concentrations calculated in
Example 3-3. Therefore, although the addition of nutrients may be desirable in hopes of increasing
biodegradation rates, field research to date does not indicate the need for these additions (Dupont et
al., 1991; Miller et al., 1991). Therefore, although nutrients are often added to bioremediation
projects in anticipation of increased biodegradation rates, field data to date do not show a clear
relationship between increased rates and supplied nutrients.

Concentrations of total Kjeldahl nitrogen (TKN) and total phosphorus at the Bioventing
Initiative sites and the corresponding relationship between oxygen utilization rates are shown in
Figures 3-10 through 3-13. Although optimal ratios of carbon, nitrogen, and phosphorus were not
available at all sites, the natural nutrient levels were sufficient to sustain some level of biological
respiration at all sites when the most limiting element, oxygen, was provided.

In controlled nutrient additions at Tyndall and Hill AFBs', no apparent increase in microbial
activity was observed. Therefore, there appeared to be no benefit of nutrient addition. The
relationship between oxygen utilizatibn rates and TKN and total phosphorus are shown in Figures
3-11 and 3-13, respectively. As is illustrated in these figures, there is no correlation between

phosphorus and oxygen utilization rates and only a weak relationship between TKN concentrations

1 Refer to Sections 4.1 and 4.2 for detailed discussions of these sites.
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Figure 3-10. TKN Measurements at Bioventing Initiative Sites
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Figure 3-11. Correlation Between Oxygen Utilization Rate and TKN at Bioventing Initiative

Sites
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Figure 3-12. Total Phosphorus Measurements at Bioventing Initiative Sites
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Figure 3-13. Correlation Between Oxygen Utilization Rate and Total Phosphorus at Bioventing
Initiative Sites
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and oxygen utilization rates, again emphasizing that natural ambient nutrient levels seem sufficient for
microbial activity'.

Figure 3-14 illustrates the range of iron concentrations measured at Bioventing Initiative sites.
Iron concentrations varied greatly, with concentrations from less than 100 mg/kg to greater than
75,000 mg/kg. Soils in Hawaii and Alaska exhibited the highest iron contents. Although iron is a
nutrient required for microbial growth, iron also may react with oxygen to form iron oxides.
Theoretically, if a significant amount of iron oxidation occurs, the observed oxygen utilization rate?
would not reflect microbial é;:tivity only. Therefore, calculated biodegradation rates would be an
overestimate of actual biodegradation rates. Thus, background wells in uncontaminated areas are
recommendéd in bioventing applications in areas of high iron concentrations. To date, this study has

shown no correlation between iron content and oxygen utilization rates (Figure 3-15).
3.2.2.6 Contaminant Concentration

Contaminant concentration also may affect biodegradation of the contaminant itself.
Excessive quantities of a contaminant can result in a reduction in biodegradation rate due to a toxicity
effect. Conversely, very low concentrations of a contaminant also may reduce overall degradation
rates because contact between the contaminant and the microorganism is limited and the substrate
concentration is likely below S_; .

In practice, petroleum hydrocarbons in fuel mixtures do not generally appear to be toxic to
the bioventing process. Other more soluble (i.e., phenolics) or less biodegradable compounds (i.e.,
TCE) may exhibit a toxicity effect and it has been reported that pure benzene may be toxic. Although
a general relationship between bioventing rates and concentration no doubt exists, the relationship is
complex and not fully understood. At sites where NAPLs are present (soil concentrations above the
100 to 1,000 mg/kg range), the bioavailable hydrocarbon is most probably limited by solubilization,
which is linked to Raoult’s law and, to an extent, is independent of total hydrocarbon concentration.

Certainly, the NAPL distribution can affect the proportion of the soil in a site in which biodegradation

1" Refer to Section 5.2 for a discussion of the statistical relationship between nutrients and
- oxygen utilization rates. :

2 As measured by in situ soil gas oxygen concentrations.
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Figure 3-14. Iron Concentration Measurements at Bioventing Initiative Sites
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is occurring, and at lower concentrations less soil may be in direct contact with NAPLs. It is likely
that the reduction in biodegradation rates observed over time on many sites is due at least in part to
changes in the hydrocarbon makeup as the more degradable and more mobile compounds (i.e.,
benzene, toluene, ethylbenzene, and xylenes) are removed. At lower hydrocarbon concentrations
where NAPLs are not present, a decline in rate would be expected with time as the available substrate

is removed.
3.2.2.7 Bioavailabiliiy and Relative Biodegradability

Another critical parameter affecting the extent of in situ bioremediation is bioavailability of
the contaminant(s) of concern. Bioavailability is a general term to describe the accessibility of
contaminants to the degrading populations. Bioavailability consists of (1) a physical aspect related to
phase distribution and mass transfer, and (2) a physiological aspect related to the suitability of the
contaminant as a substrate (U.S. EPA, 1993, EPA/540/5-93/501). Compounds with greater aqueous
solubilities and lower affinities to partition into NAPL or to sorb onto the soil generally are
bioavailable to soil microorganisms and are more readily degraded. For example, BTEX is
preferentially degraded relative to the larger alkanes found in fuels. The most likely explanation for

this is that BTEX is more mobile and more soluble in pore water and therefore is more bioavailable.
3.3 Compounds Targeted for Removal

Any aerobically biodegradable compound, such as petroleum hydrocarbons, potentially can be
degraded though bioventing. To date, bioventing has been applied primarily to petroleum
hydrocarbons (Table 2-2); however, bioventing of PAHs (Lund et al., 1991; Hinchee and Ong, 1992;
Alleman et al., 1995) and bioventing applied to an acetone, toluene, and naphthalene mixture (Leeson
et al., 1994) have been implemented successfully.

The key to bioventing feasibility in most applications is biodegradability versus volatility of
the compound. If the rate of volatilization greatly exceeds the rate of biodegradation, bioventing is
unlikely to be successful, as removal occurs primarily through volatilization. This will occur most
often in those cases where the contaminant is a fresh, highly volatile fuel. An unsuccessful

bioventing application is unlikely to occur due to a lack of microbial activity. If bioventing is
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operated in the injection mode as recommended by this manual, volatilized contaminants may be
biodegraded before reaching the surface, unlike during an extraction operation'. Figure 3-16
illustrates the relationship between a compound’s physicochemical properties and its potential for
bioventing.

In general, compounds with a low vapor pressure? cannot be successfully removed by
volatilization, but can be biodegraded in a bioventing application if they are aerobically
biodegradable. High vapor pressure compounds are gases at ambient temperatures. These
compounds volatilize too rap’ihly to be easily biodegraded in a bioventing system, but typically are a
small component of fuels and, due to their high volatility, will attenuate rapidly. Compounds with
vapor pressures between 1 and 760 mm Hg may be amenable to either volatilization or
biodegradation. Within this intermediate range lie many of the petroleum hydrocarbon compounds of
greatest regulatory interest, such as benzene, toluene, ethylbenzene, and the xylenes. As can be seen
in Figure 3-16, various petroleum fuels are more or less amenable to bioventing. Some components
of gasoline are too volatile to easily biodegrade, but, as stated previously, typically are present in low
overall concentrations and are attenuated rapidly. Most of the diesel constituents are sufficiently
nonvolatile to preclude volatilization, whereas the constituents of JP-4 jet fuel are intermediate in
volatility.

‘To be amenable to bioventing, a compound must (1) biodegrade aerobically at a rate resulting
in an oxygen demand greater than the rate of oxygen diffusion from the atmosphere, and (2)
biodegrade at a sufficiently high rate to allow in situ biodegradation before volatilization. Practically,
this means that low vapor pressure compounds need not biodegrade as rapidly as high vapor pressure
compounds for bioventing to be successful. Figure 3-17 illustrates this relationship. The actual
feasibility of bioventing is very site-specific and Figures 3-16 and 3-17 should not be used as
absolutes, but rather as general guidelines.

Bioventing generally is not considered appropriate for treating compounds such as
polychlorinated biphenyls (PCBs) and chlorinated hydrocarbons. However, through a cometabolic
process, it may be possible to enhance the degradation of compounds such as TCE through

I Refer to Section 2.1, Volume II for a discussion of air injection Versus extraction.

2 For the purposes of this discussion, compounds with vapor pressures below approximately
1 mm Hg are considered low, and compounds with vapor pressures above approximately
760 mm Hg are considered high.
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bioventing. In laboratory studies, it has been shown that if toluene is present to provide the primary
source of carbon, organisms that grow on toluene may be able to cometabolize TCE (Wackett and
Gibson, 1992). More recently, Hopkins et al. (1993) demonstrated TCE degradation in situ through
the injection of oxygen and phenol into an aquifer. TCE removal of 88% was observed in the field

indicating the potential for cometabolic degradation of chlorinated compounds in situ.
3.4 BTEX Versus TPH Removal in Petroleum-Contaminated Sties

BTEX generally are the compounds that are regulated most stringently. Typically, these
compounds degrade very rapidly during bioventing, and at most sites, are degraded to below detection
limits within 1 year of operation of a bioventing system. This trend was illustrated in a study at
Tyndall AFB! and has been confirmed at 81 sites completing the 1-year testing under the Bioventing
Initiative. At Tyndall AFB, two test plots were studied with initial hydrocarbon concentrations of
5,100 and 7,700 mg/kg. After 9 months of bioventing, TPH was reduced by 40% from the initial
concentration. However, the low-molecular-weight compounds such as BTEX were reduced by more
than 90% (Figure 3-18). The low-molecular-weight compounds were preferentially degraded over the
heavier fuel components, which is consistent with previous research (Atlas, 1986).

If a risk-based approach to remediation is used that focuses on removing the soluble, mobile,
and more toxic BTEX components of the fuel, remediation times can be reduced significantly, making
bioventing an attractive technology for risk-based remediations. In addition, the BTEX compounds
often are initially at relatively low levels at many fuel-contaminated sites as illustrated by results from
the Bioventing Initiative. Data collected from the majority of the Bioventing Initiative sites
demonstrate that more than 85% of initial soil samples contained less than 1 mg/kg of benzene
(Figure 3-19). An exception to this may be gasoline-contaminated sites; the majority of sites included
in the Bioventing Initiative were contaminated with heavier weight contaminants. Only 19 of 125
Bioventing Initiative sites were contaminated by gasoline or AVGAS.

1 Refer to Section 4.2 for a case history of the bioventing study at Tyndall AFB, Florida.
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4.0 BIOVENTING CASE HISTORIES

Four of the first well-documented bioventing studies are presented in this section to illustrate
significant results which have contributed to the development of bioventing, the Bioventing Initiative,
and this document. The development of the Bioventing Initiative was based largely upon the results
from these four early studies, which are discussed in detail in this section. Site 914, Hill AFB, Utah,
was one of the first bioventing systems studied. This study was designed to examine the feasibility of
biodegradation through air injection, and also to investigate the effect of nutrient and moisture
addition on biodegradation. The second site was a bioventing system at Tyndall AFB, Florida,
initiated in 1990. This study was short-term (9 months), but was designed to examine process
variables in more detail than was possible at Site 914, Hill AFB. The third site discussed in this
chapter was conducted at Site 280, Hill AFB, Utah. This study was initiated in 1991 as a bioventing
site and was operated for approximately 3 years. Research on air flowrates and injection depth was
carried out at this site. The fourth study presented in this chapter was conducted at Eielson AFB,
Alaska. This study was initiated in 1991 as a bioventing system and was operated for 3 years. This
study was conducted to examine the feasibility of bioventing in a subarctic climate as well as to
evaluate the effects of soil warming on biodegradation rates.

A case history of the Fire Training Area, Battle Creek Air National Guard Base (ANGB) also
is presented in this chapter.. This site was included in the Bioventing Initiative, but additional samples
were collected at the end of the 1-year study as part of a separate project. The results from this study
illustrate typical installations and results from a Bioventing Initiative site, and provide additional data
on BTEX contamination after 1 year of bioventing.

These case histories are not presented as design examples, because they were designed as
research efforts. In fact, these studies have been the basis for development of current design practice
as presented in Volume II of this document. Details of each of these studies are presented in the

following sections.

4.1 Site 914, Hill AFB, Utah

A spill of approximately 27,000 gallons of JP-4 jet fuel occurred at Site 914 when an
automatic overflow device failed. Contamination was limited to the upper 65 ft (20 m) of a delta
outwash of the Weber River. This surficial formation extends from the surface to a depth of

approximately 65 ft (20 m) and is composed of mixed sand and gravel with occasional clay stringers.
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Depth to regional groundwater is approximately 600 ft (180 m); however, water occasionally may be
found in discontinuous perched zones. Soil moisture averaged less than 6% by weight in the
contaminated soils.

The collected soil samples had JP4 jet fuel concentrations up to 20,000 mg/kg, with an
average concentration of approximately 400 mg/kg (Oak Ridge National Laboratory, 1989).
Contaminants were unevenly distributed to depths of 65 ft (20 m). Vent wells were drilled to
approximately 65 ft (20 m) below the ground surface and were screened from 10 to 60 ft (3 to 20 m)
below the surface. A backgréund vent well was installed in an uncontaminated location in the same
geologic formation approximately 700 ft (210 m) north of the site.

This system originally was designed for SVE, not for bioventing. During the initial 9 months
of operation, it was operated to optimize volatilization, while biodegradation was merely observed.
After this period, air flowrates were greatly reduced, and an effort was made to optimize
biodegradation and limit volatilization.

Soil vapor extraction was initiated in December 1988 at a rate of approximately 25 cubic ft
per minute (cfm) (710 L/min). The off-gas was treated by catalytic incineration, and initially it was
necessary to dilute the highly concentrated gas to remain below explosive limits and within the
incinerator’s hydrocarbon operating limits. The venting rate was gradually increased to
approximately 1,500 cfm (4.2 X 10* L/min) as hydrocarbon concentrations dropped. During the
period between December 1988 and November 1989, more than 3.5 x 108 fi3 (9.9 x 10'° L) of soil
gas were extracted from the site.

In November 1989, ventilation rates were reduced to between approximately 300 and 600 cfm
(8,500 to 17,000 L/min) to provide aeration for bioremediation while reducing off-gas generation.
This change allowed removal of the catalytic incinerators, saving approximately $13,000 per month in
rental and propane costs. .

Hinchee and Arthur (1991) conducted bench-scale studies using soils from this site and found
that, in the laboratory, both moisture and nutrients appeared to become limiting after aerobic
conditions had been achieved. These findings led to the addition of first moisture and then nutrients
in the field. Moisture addition clearly stimulated biodegradation, whereas nutrient addition did not

(Figure 4-1). The failure to observe an effect of nutrient addition could be explained by a number of

- -

factors:
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1. The nutrients failed to move in the soils, which is a problem particularly for ammonia
and phosphorus (Aggarwal et al., 1991).

2. Remediation of the site was entering its final phase and nutrient addition may have
been too late to result in an observed change.

3. Nutrients simply may have not been limiting.

During extraction, oxygen and hydrocarbon concentrations in the off-gas were measured. To
quantify the extent of biodegradation at the site, the oxygen was converted to an equivalent basis.
This was based on the stoichiometric oxygen requirement for hexane mineralization!. Hydrocarbon
concentrations were determined based on direct readings of a total hydrocarbon analyzer calibrated to
hexane. Based on these calculations, the mass of JP-4 jet fuel as carbon removed was approximately
1,500 pounds volatilized and 93,000 pounds biodegraded (Figure 4-1). After a 2-year period, cleanup
and regulatory closure were achieved (Figure 4-2).

The results of this study indicated that aerobic biodegradation of JP-4 jet fuel did occur in the
vadose zone at Site 914. Biodegradation was increased by soil venting at this site because, prior to
venting, biodegradation appeared to have been oxygen limited. The SVE system, designed to

- volatilize the fuel, stimulated in situ biodegradation with no added nutrients or moisture. In this
study, approximately 15% of the documented field removal observed at the site was the result of
microbial-mediated mineralization to carbon dioxide. Additional biological fuel removal by
conversion to biomass and degradation products no doubt occurred, but was not quantiﬁed.

From this study, it was apparent that further studies of field biodegradation in unsaturated
soils were needed to develop a better understanding of the effects of such variables as oxygen content,
nutrient requirements, soil moisture, contaminant levels, and soil type on the limitation and
optimization of bioventing of contaminated field sites. Also, further studies of gas transport in the
vadose zone were needed to ensure adequate design of air delivery systems.

Further details of this study may be found in Dupont et al. (1991) and Hinchee et al. (1991b).

1 Refer to Section 3.3, Volume II for a discussion of this calculation.
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4.2 Tyndall AFB, Florida

A more controlled study than was possible at Site 914, Hill AFB was designed at Tyndall
AFB as a follow-up to the Hill AFB research. The experimental area in the Tyndall AFB study was
located at a site where past JP-4 jet fuel storage had resulted in contaminated soils. The nature and
volume of fuel spilled or leaked were unknown. The site soils were a fine- to medium-grained quartz
sand. The depth to groundwater was 2 to 4 ft (0.61 to 1.2 m).

The field study was &esigned with the following objectives:

] to determine whether bioventing enhanced biodegradation of JP-4 jet fuel at
this site;

. to determine whether moisture addition coupled with bioventing enhanced
biodegradation rates;

i to determine whether nutrient addition coupled with bioventing enhanced

biodegradation rates;

. to evaluate flowrate manipulation to maximize biodegradation and minimize
volatilization; and

i to calculate specific biodegradation rate constants from a series of respiration
tests conducted during shutdown of the air extraction system.

Four test cells were constructed to allow control of gas flow, water flow, and nutrient
addition. Test cells V1 and V2 were installed in the hydrocarbon-contaminated zone; test cells V3
and V4 were installed in uncontaminated soils. Test cells were constructed and operated in the

following manner:

] V1 (uncontaminated): Venting for approximately 8 weeks, followed by
moisture addition for approximately 14 weeks, followed by moisture and
nutrient addition for approximately 7 weeks.

] V2 (uncontaminated): Venting coupled with moisture and nutrient addition for
29 weeks.
L V3 (uncontaminated): Venting with moisture and nutrient addition at rates

similar to V2, with injection of hydrocarbon-contaminated off-gas from V1.
Operation was conducted at a series of flowrates and retention times.
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. V4 (uncontaminated): Venting with moisture and nutrient addition at rates
similar to V2.

Initial site characterization indicated the mean soil hydrocarbon levels were 5,100 and 7,700
mg of hexane-equivalent/kg in treatment plots V1 and V2, respectively. The contaminated area was
dewatered, and hydraulic control was maintained to keep the depth to water at approximately 5.25 ft
(1.6 m). This exposed more of the contaminated soil to aeration. During normal operation, air
flowrates were maintained at approximately one air-filled void volume per day.

Biodegradation and volatilization rates were much higher at the Tyndall AFB site than those
observed at Hill AFB. These higher rates were likely due to higher average levels of contamination,
higher temperatures, and higher moisture content. Biodegradation rates during bioventing ranged
from approximately 2 to 20 mg/kg-day, with average values of 5 mg/kg-day. -Aftér 200 days of
aeration, an average hydrocarbon reduction of approximately 2,900 mg/kg was observed. This
represented a reduction in total hydrocarbons of approximately 40%.

Another important observation of this study was the effect of temperature on the
biodegradation rate. Miller (1990) found that the van’t Hoff-Arrhenius equation provided an excellent
model of temperature effects. In the Tyndall AFB study, soil temperature varied by only
approximately 7°C (44.6°F), yet biodegradation rates were approximately twice as high at 25°C
(77°F) than at 18°C (64.4°F).

Operational data and biodegradation rates indicated that soil moisture and nutrfents were not
limiting factors in hydrocarbon biodegradation for this site (Figure 4-3). The lack of moisture effect
contrasts with the Hill AFB findings, but most likely is the result of contrasting climatic and
hydrogeologic conditions. Hill AFB is located in a high-elevation desert with a very deep water
table. Tyndall AFB is located in a moist, subtropical environment, and at the site studies, the water
table was maintained at a depth of approximately 5.25 ft (1.6 m). The nutrient findings support field
observations at Hill AFB that the addition of nutrients does not stimulate biodegradation. Based on
acetylene reduction studies, Miller (1990) speculated that adequate nitrogen was present due to
nitrogen fixation. Both the Hill and Tyndall AFB sites had been contaminated for several years
before the bioventing studies began, and both sites were anaerobic. It is possible that nitrogen
fixation, which is maximized under these conditions, provided the required nutrients.. In any case,

these findings show that nutrient addition is not always required.
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In the Tyndall AFB study, a careful evaluation of the relationship between air flowrates and
biodegradation and volatilization was made. It was found that extracting air at the optimal rate for
biodegradation resulted in 90% removal by biodegradation and 10% removal by volatilization. It was
also found that passing the contaminants volatilized in the off-gas through clean soil resulted in
complete biodegradation of the volatilized vapors.

In situ respiration tests documented that oxygen consumption rates followed zero-order
kinetics and that rates were linear down to 2 to 4% oxygen. Therefore, air flowrates can be
minimized to maintain oxygeil levels between 2 and 4% without inhibiting biodegradation of fuel,
with the added benefit that lower air flowrates will increase the percent of removal by biodegradation
and decrease the percent of removal by volatilization.

The study was terminated because the process monitoring objectives had been met;
biodegradation was still vigorous. Although the TPH had been reduced by only 40% by the time of
study termination, the low-molecular-weight aromatics — the BTEX components — were reduced by
more than 90% (Figure 3-18). It appeared that the bioventing process more rapidly removed the
BTEX compounds than the other JP-4 fuel constituents.

Results from this study demonstrated the effectiveness of bioventing for remediating fuel-
contaminated soils, the ineffectiveness of moisture or nutrient addition for increasing in situ
biodegradation rates, and the imporfance of air flowrates for optimizing biodegradation over
volatilization. However, it was evident from this study that a long-term bioventing study was
necessary to examine process variables. This led to the initiation of the Site 280, Hill AFB and the
Site 20, Eielson AFB projects described in the following sections.

Further details of the Tyndall AFB study may be found in Miller (1990) and Miller et al.
(1991).

4.3 Site 280, Hill AFB, Utah

A key objective of the study at Site 280 was to optimize the injection air flowrates. These
efforts were intended to maximize biodegradation rates in JP-4 jet fuel-contaminated soils while
minimizing or eliminating volatilization. The site studied was a JP-4 jet fuel spill at Hill AFB that
had existed since sometime in the 1940s (Figure 4-4). "The geology was similar to that of Site 914,
but the average contaminant levels were slightly higher (Figure 4-5). Vent wells were installed to a
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- depth of approximately 110 ft and groundwater was at a depth of approximately 100 ft.

From November 1992 through January 1995, a number of studies were conducted to evaluate
low-intensity bioremediation at Site 280. These efforts included (1) varying the air injection flowrates
in conjunction with in situ respiration tests, and (2) surface emissions testing to provide information
for system optimization.

Five air flowrate evaluations were conducted at Site 280 from 1991 through 1994 (28, 67, 67,
40, and 117 cfm [790, 1,900, 1,900, 1,100, and 3,300 L/min]). Each evaluation was followed by in
situ respiration testing. The 67 cfm (1,900 L/min) study was repeated to include additional soil gas
monitoring points added to the site. Monthly soil gas monitoring was conducted at Site 280 to
measure the concentrations of oxygen, carbon dioxide, and TPH at each sampling point following
system operation at each of the different air flowrates.

Surface emissions tests were conducted during each air injection test and while the air
injection system was turned off. In each of the surface emissions tests, no significant differences
were found between the periods of air injection and no air injection. TPH soil gas levels measured
during the air injection periods averaged approximately 70 ppmv, while TPH soil gas levels during
resting periods averaged 42 ppmv. These averages were not found to be statistically different.
Likewise, surface emissions rates were not significantly different at different flowrates.

Final soil sampling was conducted in December 1994. Results from the initial and final
BTEX and TPH samples are shown in Figures 4-6 and 4-7, respectively. Results shown represent
soil samples within a 0- to 25-ft radius of the injection well and a 25- to 75-ft radius. In general,
BTEX and TPH concentrations decreased at all depths within the 25-ft radius from the vent well, with
the exception of the samples collected at a depth of 90 to 100 ft. Samples taken from this depth are
located at the capillary fringe, and it is likely that adequate aeration was not possible at that location.
Samples collected beyond the 25-ft radius were less conclusive, indicating that this area was not
aerated.

Further details of the Site 280, Hill AFB study may be found in Sayles et al. (1994b).

4.4 Site 20, Eielson AFB, Alaska

The objective of the Eielson AFB study was to install and operate an in situ soil

bioremediation system to investigate the feasibility of using bioventing to remediate JP-4 jet fuel
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contamination in a subarctic environment and to actively increase soil temperature to determine to
what degree increased soil temperature can enhance the biodegradation rates of JP-4 contaminants in
soil. This study comprised four test plots: (1) one in which heated groundwater waé circulated
through the test plot (active warming test plot); (2) one in which plastic sheeting was placed over the
ground surface of the test plot during the'spring and summer months to capture solar heat and
passively warm the soil (passive warming test plot); (3) one in which heat tape was installed in the
test plot to heat the soil directly (surface warming test plot); and (4) a control test plot, which
received air injection but no soil warming (control test plot). In addition, an uncontaminated
background location also received air injection but no soil warming to monitor natural background
respiration rates. The site soils were a sandy silt, with increasing amounts of sand and gravel with
depth. Groundwater was typically at approximately the 7-ft depth. Figure 4-8 illustrates site geologic
features and typical construction details of site installations.

Differences in soil temperatures were significant among the four test plots (Figure 4-9).

When in operation, the active warming test plot consistently maintained higher temperatures than the
other test plots during the winter months. In the passive warming test plot, plastic sheeting increased
soil temperature, with average soil temperatures as high at 18°C (64.4°F) during the summer months,
compared to average temperatures of approximately 10°C (50°F) in the control test plot. A
significant feature of this soil warming technique was that the addition of plastic sheeting in the spring
caused a rapid increase in soil temperature, nearly 6 to 8 weeks sooner than in the unheated test plots.
The early heating significantly increased the period of rapid microbial degradation. During the winter
months, the passive warming test plot remained warmer than the control test plot.

Respiration rates were measured quarterly in each test plot. Of particular interest were rates
measured in the control test plot. It was expected that no substantial microbial activity would occur
during the winter months in unheated test plots due to the extreme temperatures. However,
significant microbial activity was consistently measured in the control test plot, even at soil
temperatures just below freezing (Figure 4-10). Respiration rates in the passive warming test plot
were observed to increase nearly one order of magnitude as soil temperature increased during the
summer months, indicating the success of the use of plastic sheeting to promote soil warming (Figure
4-10). Respiration rates measured in the active warming test plot were higher than those measured in
the passive warming or control test plot when warm water circulation was operating.” Warm water

circulation was discontinued in fall 1993, and as the soil temperature dropped, no significant
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microbial activity could be measured in the test plot during the winter months. This phenomenon is
interesting in that it suggests that during the 2 years of soil heating, microorganisms adapted to
growth at higher temperatures, yet lost the ability to remain active in colder soils. In order to
determine whether the microbial population could adapt to cold temperatures given time, a final in
situ respiration test was conducted in January 1995. Significant microbial activiiy was measured,
comparable to the control test plot, indicating either readaptation or recolonization by the microbial
population.

The surface wanning test plot has shown promise as a form of soil warming. Soil
temperatures and respiration rates were higher than temperatures or rates in either the passive
warming or control test plot and were similar to those measured in the active warming test plot during
warm water circulation. These results indicate that the use of heat tape may prove to be a more
efficient means of soil warming than hot water circulation, because the problem of high soil moisture
content is avoided.

An evaluation of cost versus remediation time was conducted to evaluate the feasibility of soil
warming. Costs for the basic bioventing system in Table 4-1 were based on costs calculated by
Downey et al. (1994). Given that average biodegradation rates were higher in the actively warmed
plots, overall remediation time would be more rapid than in the unheated test plots (Table 4-1).
Although capital costs were higher in the active and surface warming test plots, the rapid remediation
time results in lower total costs for power and monitoring. Final costs based on $/yd® bioremediated
illustrate that costs are comparable between the four treatment cells. These results indicate that
implementation of a soil warming technology over basic bioventing is not necessarily based on cost,
but on desired remediation time and funds available for operation and maintenance relative to capital
costs.

Final soil sampling at this site was conducted in August 1994. Results of initial and final
BTEX and TPH samples are shown in Figure 4-11 and 4-12, respectively. A dramatic reduction in
BTEX was observed at all sample locations, while TPH on average was reduced by approximately
60%.

~ Spatial variability in contaminant distribution and biodegradation rates makes quantitative
comparison between the test plots difficult; however, the results from the active, surface, and passive
warming test plots clearly demonsirate that these fornis of soil warming have increaséd biological

activity in these areas. In the active and surface warming test plot, despite problems due to high soil
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Table 4-1. Cost Analysis qf Soil Warming Techniques at Site 20, Eielson AFB, Alaska!

Basic
Bioventing Active Passive Surface
_ Task (no warming) Warming Warming Warming
I Site Visit/Planning - 5,000 5,000 5,000 5,000
Il Work Plan Preparation 6,000 6,000 6,000 6,000
Pilot Testing 27,000 27,000 27,000 27,000
Regulatory Approval 3,000 6,000 3,000 3,000
Full-Scale Construction
Design 7,500 7,500
Drilling/Sampling 15,000 15,000
Installation/Startup 10,500 13,000
Remediation Time Required® 6.9 years 3.4 years
Monitoring 30,550 9,800 24,150 11,050
Power 13,160 9,800 9,660 17,000
Final Soil Sampling 13,500 13,500 13,500 13,500
‘Cost per yd® $25.50 $26.12 $24.86 $24.21 “
! Costs are estimated based on a 5,000-yd> contaminated area with an initial contamination
level of 4,000 mg/kg.
2 Requires installation and development of one well.
3 Estimated based on average biodegradation rates in each test plot.
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Figure 4-12. Site Average Initial and Final TPH Soil Sample Results at Site 20, Eielson AFB,
Alaska
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moisture content, biodegradation rates consistently have been higher than those measured in either the
passive warming or the control test plot, even though the control test plot appears to be more heavily
contaminated than the active warming test plot. These results have demonstrated the feasibility of
bioventing in a subarctic climate and the potential advantages of soil warming to accelerate
remediation.

| Further details of the Site 20, Eielson AFB study may be found in Leeson et al. (1995) and
Sayles et al. (1994a).

4.5 Fire Training Area, Battle Creek ANGB, Michigan

The Fire Training Area, Battle Creek ANGB, was included as part of the Bioventing
Initiative. It was estimated that approximately 54,000 to 74,000 gallons of mixed waste fuels, oils,
and solvents were burned at this site during fire training exercises. Soils at the site consist of fine to
coarse silty sand interbedded with gravel and cobbles (Figure 4-13). Groundwater is at a depth of
approximately 30 ft.

As dictated by the Bioventing Initiative protocol, one vent well and three monitoring points
were installed at this site. The vent well was installed to a depth of 30 ft with 20 ft of 0.04-inch
slotted screen. The monitoring points were three-level, with screens located at depths of 8, 17, and
27 ft and were located at distances of 15, 30, and 50 ft away from the vent well.

Initial treatability tests — an in situ respiration test and a soil gas permeability test — were
conducted to determine the feasibility of bioventing. Oxygen utilization rates ranged from 2.9 to 22
%/day (2.0 to 15 mg/kg-day), with higher rates associated with more contaminated locations. Soil
gas permeability testing demonstrated an average permeability of approximately 230 darcys and a
radius of influence of greater than 50 ft. These results indicated that both the microbial activity and
the permeability were conducive to an effective bioventing operation.

Initial soil and soil gas samples were collected and a 1-hp regenerative blower was installed at
the site for continuous air injection in September 1992. The blower was operated for 1 year and in
October 1993, final soil and soil gas samples! were collected. Although the number of soil and soil
gas samples collected was not sufficient to allow for statistically significant comparison of the data,

1 Blower operation was discontinued for 1 month prior to collecting soil gas samples to allow
time for soil gas equilibration.
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certain trends were observed!. Final BTEX and TPH soil gas concentrations were significantly
lower than the concentrations measured initially (Figure 4-14). Soil BTEX concentrations were
significantly lower after 1 year of bioventing, whereas soil TPH concentrations changed little, as
expected (Figure 4-15). In addition, in situ respiration rates declined from rates in the initial
treatability test, which is an indication of decreased contaminant levels?. These results illustrate the
effectiveness of bioventing at this site. Because Michigan uses a risk-based standard for site closure,
the Battle Creek site is likely to be closed based on these results.

Further details of the Fire Training Area, Battle Creek ANGB study may be found in

Engineering-Science (1992).

! Three initial soil samples were collected, but 29 final soil samples were collected as part of an
intrinsic remediation study. -

2 Refer to Section 4.0, Volume II for a detailed discussion of in situ respiration rates and site
closure.
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5.0 ANALYSES OF BIOVENTING INITIATIVE RESULTS

In May 1992, the U.S. Air Force began the Bioventing Initiative to examine bioventing at 55
contaminated sites throughout the country. In December 1992, the program was increased to more
than 130 sites due to increased demand by Air Force managers. To date, data have been collected
from 125 contaminated sites at a total of 50 Air Force bases, one Army base, one Naval installation,
and one Department of Transportation installation. Sites are located in 35 states and in all 10 U.S.
EPA regions. Figure 2-2 illustrates the locations of Bioventing Initiative sites to date. The selected
sites represent a wide range of contaminant types and concentrations, soil types, contaminant depths,
climatic conditions, and regulatory frameworks. Sites were selected based on contamination level
(preferably >1,000 mg/kg TPH). The selections were not biased with regard to factors such as soil
type or climatic conditions, in order to properly evaluate bioventing potential under both favorable ;
and unfavorable conditions.

A Bioventing Test Protocol was developed which provided strict guidelines for treatability
testing and bioventing system design. The Bioventing Test Protocol was peer reviewed and was
reviewed by U.S. EPA Headquarters and the U.S. EPA National Risk Management Research
Laboratory. Using the Bioventing Test Protocol, initial testing was conducted at each site to
determine whether bioventing was feasible. Based on the initial testing, a decision was made whether
to install a bioventing system for 1 year of operation. At the majority of sites (95%), a bioventing
system was installed for the 1-year operational period. At the end of this time period, each Air Force
base could either elect to keep the bioventing system in operation or remove it if the site were deemed
to have been remediated sufficiently.

At each site in which a bioventing system was installed, a series of data was collected as
described in Section 2.3: initial site characterization data consisting of soil and soil gas sampling, in
situ respiration rate testing results, and soil gas permeability testing results; 6-month in situ
respiration testing results; and 1-year soil and soil gas sampling and in situ respiration testing results.

Data from the initial testing are summarized in Appendix B and have been used in the statistical
analyses as described in Section 5.2. A summary of the results to date with potential implications is

presented in the following sections.
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5.1 Estimate of Contaminant Removal at Bioventing Initiative Sites

At all Bioventing Initiative sites in which a blower was installed and operated for 1 year,
initial and final soil and soil gas BTEX and TPH concentrations were measured. The approach was
to compile a limited number of samples from each site and statistically analyze for trends to avoid
known spatial variability. Distributions of soil and soil gas BTEX and TPH concentrations from the
initial and 1-year sampling events are shown in Figures 5-1 through 5-4, respectively. The average
soil and soil gas BTEX and TPH concentrations across all sites are shown in Figure 5-5. In general,
the most dramatic reductions were observed in BTEX removal in both soil and soil gas samples. As
an example, soil results from Site 3 at Battle Creek ANGB are shown in Figure 5-6. After 1-year of
bioventing operation the BTEX concentrations are very low and are no longer a source of
groundwater contamination; therefore, site closure is now a viable option for this site.

The objective of the 1-year sampling event was not to collect the large number of samples
required for statistical significance for a single site. Rather, the objective was to give a qualitative
indication of changes in contaminant mass. Soil gas samples are somewhat similar to composite
samples in that they are collected over a wide area. Thus, they provide an indication of changes in
soil gas profiles (Downey and Hall, 1994). Blower operation was discontinued 30 days prior to
sample collection to allow for soil gas equilibration. In contrast, soil samples are discrete point
samples subject to large variabilities over small distances/soil types. Given this variability, coupled
with known sampling and analytical variabilities, a large number of samples at a single site would
have to be collected to conclusively determine real changes in soil contamination. Due to the limited
number of samples, these results should not be viewed as conclusive indicators of bioventing progress
or evidence of the success or failure of this technology.

If a risk-based approach to remediation is used which focuses on removing the soluble,
mobile, and more toxic BTEX component of the fuel, remediation times can be significantly reduced.
As discussed in the Tyndall AFB case history!, the BTEX fraction was removed preferentially over
TPH. The potential for bioventing to preferentially remove BTEX makes this technology suitable for
risk-based remediations. In addition, the low levels of BTEX that have been encountered at the

1 Refer to Section 4.2 for a presentation of this case history.
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Figure 5-1.  Soil Gas BTEX Concentrations at Bioventing Initiative Sites: Initial and 1-Year
Data
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Figure 5-2.  Soil Gas TPH Concentrations at Bioventing Initiative Sites: Initial and 1-Year
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majority of the Bioventing Initiative sites further support an emphasis on risk-based remediation

(Figure 5-7). Over 85% of the initial soil samples contained less than 1 mg/kg of benzene.
5.2 Statistical Analysis of Bioventing Initiative Data

One of the primary objectives of the Bioventing Initiative was to develop a large database of
bioventing systems from which it could be determined which parameters are most important in
evaluating whether to implement bioventing. This effort is the largest field effort to date where data
have been collected in a consistent manner to allow for direct comparison of results across sites.
Results of the statistical analyses can be used to evaluate which soil measurements should be taken
and, if bioventing performance is poor, which parameters may be adjusted to improve performance.

Data generated from the Bioventing Initiative were subjected to thorough statistical analyses to
determine which parameters most influenced observed oxygen utilization rates. Procedures used for
conducting the statistical analyses and the results of these analyses are presented in the following

sections.
5.2.1 Procedures for Statistical Analysis

Data collected from 125 Bioventing Initiative sites have been analyzed for this study. The
study involved in situ respiration test data, soil gas permeability test data, and soil chemistry and
nutrient data from each site. Several parameters were measured in the soil samples. The statistical

analyses had five specific objectives:

L To develop a consistent statistical approach for calculating the oxygen
utilization and carbon dioxide production rates from the in situ respiration
data.

] To characterize the oxygen utilization rate as a function of parameters

measured during initial testing.

L To determine the relationship between carbon dioxide production rate
and pH or alkalinity by characterizing the ratio of oxygen utilization
rate to carbon dioxide production rateas a function primarily of pH ~
and alkalinity.
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Volume I: Bioventing Principles 100 September 29, 1995

. To characterize soil gas permeability as a function of particle size and
moisture content.

. To compare TKN concentrations at contaminated sites with those at
uncontaminated background areas.

Averages for oxygen utilization and carbon dioxide production rates and soil parameters were
computed for each site. All subsequent analyses were performed on the site averages. Table 5-1
displays the parameters included in the statistical analyses, their units, and transformations performed
on these parameters whenever necessary.

Data were stored in Statistical Analysis System (SAS) databases and all statistical
manipulations and analyses were conducted using the SAS software package. Methods used for
characterizing the data and the final regression model are presented in the following sections for each

of the listed objectives.
5.2.2 Calculation of Oxygen Utilization and Carbon Dioxide Production Rates

A statistical analysis was conducted to consistently calculate oxygen utilization and carbon
dioxide production rates. A linear, time-related change in oxygen and carbon dioxide levels that is
characterized by a constant (or zero-order) rate is typical of most of the sites. However, in some

- sites, a two-piecewise linear change is observed. An initial rapid rate is observed folldwed by a
leveling off. This change in rates generally occurs once oxygen becomes limiting, typically below 5
to 10% oxygen.

The two-piecewise regression model, with a slope change at time t,, was fitted to the oxygen
(and carbon dioxide) versus time data obtained at every monitoring point. The piecewise regression

model is presented below:

R, =a +Bt,  t<t, (-1

1 1

R=(e+P)+@+0-4) 4> 62

fori = 1, 2,..., # of observations at each monitoring point, and where:
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Table 5-1. Data Parameters Included in the Statistical Analyses

II Category Parameter Units Transformation® Acronym®
In Situ Oxygen utilization rate % /r Log 02
Reslfai::;ion Carbon dioxide production rate % /hr None Cco2
Ratio of the carbon dioxide No units Square root Ratio
production rate to oxygen '
utilization rate
Soil Soil gas TPH ppmv Log tphsg
Parameters Soil gas BTEX pPpmv Log btexsg
Soil TPH mg/kg Log tphs
Soil BTEX mg/kg Log btexs
pH No units Log PH
Alkalinity mg/kg as CaCO, Log ALK
Iron content mg/kg Log IRN
Nitrogen content mg/kg Log NIT
Phosphorus content mg/kg Log PHO
Moisture content % wt None MOI
Gravel % wt None GRA
Sand % wt None SAN
Silt % wt None SIL
Clay*® % wt None and log CLA
Soil gas permeability Darcy Log PRM
Soil temperature - Celsius None TMP
Other Season (time of year) Day None season
a Transformation was applied to the parameter for purposes of statistical analysis.
b Acronym is used for the parameter in this report.

c The correlations in Figures 5-9 through 5-14 and Figure 5-17 are based on untransformed clay.
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R; = measured i oxygen or carbon dioxide level at time t (%);

o = oxygen or carbon dioxide level at initial time (%);

B8 = rate of change of oxygen or carbon dioxide level with time (%/hr);
o = increase or decrease in the rate of change at time t; (%/hr);

to = time at which the slope change occurs (hr).

The piecewise regression model was implemented using the NLIN procedure (nonlinear
regression procedure) in the SAS software package.

The parameter 6 in the above model measures the increase or decrease in the slope at time t,.
Therefore, the statistical significance of § confirmed the suitability of a two-piecewise model fitted to
the data. The rate of oxygen utilization (or carbon dioxide production) was estimated from the slope
of the first linear piece, 8, whenever 6 was statistically significant at the 0.05 significance level. For
example, Figure 5-8 presents the piecewise linear model fitted to oxygen data at a monitoring point at
Site FSA-1, Air Force Plant (AFP) 4, Texas, where 8 was estimated to be —1.1%/hr.

In cases where & was not significant at the 0.05 level, a linear regression model of the

following form was fitted to the data:

R = a +Bt, for all ¢ | (5-3)

where: the rate of oxygen utilization (or carbon dioxide production) was determined from the slope of
the straight line, £.

For cases in which six or fewer observations were available at a monitoring point, or when _
the oxygen levels exhibited virtually no change over a short initial time period followed by a linear
change, the piecewise analysis was not attempted. In such cases, a linear regression model, as
described above, was fitted. In these cases, the suitability of the linear model was confirmed by

inspection of the model-fit to observed data.
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Figure 5-8.  Use of Piecewise Analysis of Oxygen Utilization Data from Site FSA-1, AFP 4,
Texas
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5.2.3 Correlation of Oxygen Utilization Rates and Environmenta! Parameters

A preliminary analysis of the untransformed data was performed in which a regression model
was fitted to the oxygen utilization rate using forward stepwise regression. This model accounted for
the effects of the soil parameters and their interactions. In order to reduce the effect of
multicollinearity among the parameters on the fitted model, soil gas BTEX levels and gravel were
excluded from the modeling. In other words, soil gas BTEX was highly correlated with soil gas
TPH, and therefore it was concluded that the effect of soil gas BTEX levels on the oxygen utilization
rate can almost completely be explained by soil gas TPH concentrations. Also, since the particle size
levels added up to a constant value (100%), the effect of gravel was assumed to be redundant in the
modeling. |

As a result of fitting the regression model to the oxygen utilization rate it was found that soil
particle sizes and permeability had a dominating influence on the oxygen utilization rate; that is, low
levels of permeability and sand, and high levels of silt and clay appeared to correlate strongly with
high oxygen utilization rates.

In order to determine whether a handful of sites were unduly influencing the statistical
modeling, sites with high oxygen utilization rates were examined in detail. Seven sites in the analyses
had extremely high oxygen utilization rates, well above average rates from other sites. A two-sample
t-test was performed on each parameter (e.g. sand, nitrogen, etc.) to determine whether the average
value of the parameter over the seven sites was different from the corresponding average for the
remaining sites. This analysis revealed statistically significant differences in particle size, soil ‘gas
permeability, and soil TPH concentrations between the two groups of sites (Table 5-2). As a result of
this analysis, it was determined that the seven sites with extremely high oxygen utilization rates were
atypical with respect to their levels of particle size, soil gas permeability, and soil TPH
concentrations. I

In order to reduce the influence on the model for the oxygen utilization rate caused by these
seven sites, the log transformation of the oxygen utilization rate was taken. Additionally, the log
transform resulted in more normally distributed data for the oxygen utilization rate. However, sites
with oxygen utilization rates near zero receive artificial importance as a result of the transformation.

To eliminate this artificial effect caused by the log-transformation, all the log-transformed values of
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Table 5-2. Parameters That Distinguish the Seven Sites with High Oxygen Utilization
Rates From the Remaining Sites

Level of Parameter in Seven Sites Relative to Other Sites
Sand Lower
- Silt Higher
Clay Higher
Soil Gas Permeability Lower
Soil TPH Lower

the oxygen utilization rate below -2.5 were censored, that is, set to a constant value of -2.5.
Censoring was based on visual inspection of the log-transformed data.

Subsequently, the log transform of some of the soil parameters was taken if the data for the
parameter were not well represented by a normal distribution. Normality in the data was checked
using the Shapiro-Wilk test for normality and by observing histograms and normal probability plots.

As a preliminary step to determine the influence of the soil parameters on the oxygen
utilization rate, correlations between the rate and each of the soil parameters were examined. This
step was conducted to examine strong relationships between oxygen utilization rates and measured
environmental parameters to assist in developing a statistical model describing performance at the
Bioventing Initiative sites. First, the log transformation of the oxygen utilization rate and some of the
soil parameters was taken to obtain more normally distributed data on each parameter (Table 5-1).
After these transformations, the data for each parameter were plotted against the corresponding data
for each of the other parameters.

Figures 5-9 through 5-14 display the magnitude of the correlations among the data
parameters. Specifically, Figures 5-9 through 5-11, display the correlations between the oxygen
utilization rate and the soil parameters and Figures 5-12 through 5-14 present the correlations between
the soil parameters. In each of these figures, ellipses are drawn on each plot containing 95% of the
estimated bivariate distribution. The plots for which the ellipses are narrow represent pairs of
elements that have a strong observed correlation. Pairs of elements that are positively correlated have
the ellipse with the major axis running from the lower-left to the upper right, whereas negative

correlations are indicated by the major axis running from the lower right to the upper left. The
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0. = log 0, Rate Ratio = (CO, Rate/O, Rate)* IRN = log iron  NIT = log Nitrogen
PHO = log Phosphorus MOl = Moisture PH = logpH ALK = log Alkalinity
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Figure 5-9.  Oxygen Utilization Rates, Oxygen:Carbon Dioxide Rate Ratios, Element

Concentrations, Moisture Content, pH, and Alkalinity Site Average Correlation
Scatterplot
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Concentrations, Temperature, and Moisture Content Site Average Correlation

Scatterplot
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Figure 5-11. Oxygen Utilization Rates, Oxygen:Carbon Dioxide Rate Ratios, Particle Size,
Moisture Content, and Soil Gas Permeability Site Average Correlation Scatterplot
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magnitude of the correlation can be inferred from the shape of the ellipse by comparing it to the key
figure. In the key figure, comparable ellipses are displayed for distributions with known correlations
of 90%, 60%, 30%, and 0%.

For example, in Figures 5-9 through 5-11, it can be seen that the oxygen utilization rate is
most positively correlated with nitrogen (Figure 5-9, correlation coefficient r=0.40), moisture (Figure
5-9, r=0.30), and soil gas TPH concentrations (Figure 5-10, 0.20), and negatively correlated with
sand (Figure 5-11, r=0.25) a_nd temperature (Figure 5-10, r=0.25). These values indicate that high
levels of nitrogen, moisture, and soil gas TPH concentrations and low levels of sand and temperature
appear to correlate with high oxygen utilization rates.

It should be noted that the correlation between soil temperature and oxygen utilization rate is
of little practical significance in this analysis. At a given site, temperature has been shown to
correlate well with microbial activity, which displays peak activity in summer months and low activity
in winter months. However, it has been noted that the temperature/microbial activity relationship is
very site specific. In other words, microorganisms in Alaska will show peak activity in summer -
months with comparable oxygen utilization rates to organisms from more temperate climates;
however, soil temperatures will be significantly different. Therefore, it is not possible to correlate
rates with temperature under such different climatic conditions as were seen at Bioventing Initiative
sites.

Among the soil parameters, the correlation coefficient between soil gas BTEX and TPH
concentrations is 0.92 (Figure 5-9) and that between pH and alkalinity is 0.75 (Figure 5-9). The
correlations between the particle sizes (sand, silt, and clay), moisture, and soil gas permeability are
also pronounced.

After taking the log transformation, a second regression model was fitted to the oxygen
utilization rate using stepwise regression. Finally, the effect of a cyclic seasonal component on the
residuals obtained from the fitted regression model was investigated by including the date that the
initial in situ respiration test was conducted.

The final regression model for the oxygen utilization rate is:
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log(0;) = -2.7 + 0.39 log (NIT) - 0.108 (MOI) +

0.017 log (TPHsg) * MOI - 0.004 log (TPHsg) * TMP (5-4)

Each of the effects in the above model is statistically significant at the 0.05 significance level.
Note that the effects appearin_g in the model are consistent with the relationships observed in the
bivariate setting. The model explains 41% of the variability in the log-transformed oxygen utilization
rate; that is, a 64% correlation between the observed and model-predicted log-transformed oxygen
utilization rates. Figure 5-15 illustrates actual versus predicted oXygen utilization rates based on
model predictions. As shown, the model appears to explain mid-range oxygen utilization rates fairly
well, but low oxygen utilization rates are not predicted as accurately. This may be due to an effect
on microbial activity not measured during the Bioventing Initiative, and therefore, unexplained in the

model.

5.2.4 Correlation of Oxygen Utilization and Carbon Dioxide Production Rate Ratios With
Environmental Parameters ‘

Because in situ biodegradation rates are measured indirectly through measurements of soil gas
oxygen and carbon dioxide concentrations, abiotic processes that affect oxygen and carbon dioxide
concentration will affect measured biodegradation rates. The factors that may most influence soil gas
oxygen and carbon dioxide concentrations are soil pH, soil alkalinity, and iron content.

At nearly all sites included in the Bioventing Initiative, oxygen utilization has proven to be a
more useful measure of biodegradation rates than carbon dioxide production. The biodegradation rate
in mg of hexane-equivalent/kg of soil per day based on carbon dioxide production usually is less than
can be accounted for by the oxygen disappearance. A study conducted at the Tyndall AFB site was
an exception. That site had low-alkalinity soils and low-pH quartz sands, and carbon dioxide
production actually resulted in a slightly higher estimate of biodegradation (Miller, 1990).

In the case of the higher pH and higher alkalinity soils at sites such as at Fallon NAS and
Eielson AFB, little or no gaseous carbon dioxide production was measured (Hinchee et al., 1989;
Leeson et al., 1995). This is possibly due to the formation of carbonates from the gaseous evolution

of carbon dioxide produced by biodegradation at these sites. A similar phenomenon was encountered
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by van Eyk and Vreeken (1988) in their attempt to use carbon dioxide evolution to quantify
- biodegradation associated with soil ventirig.

In order to determine whether pH and alkalinity influenced carbon dioxide production rates at
Bioventing Initiative sites, an analysis of the ratio of oxygen utilization to carbon dioxide production
versus soil parameters was performed. Due to stoichiometry!, the ratio of the oxygen utilization to
carbon dioxide production rate will not be 1, because for every 9.5 moles of oxygen consumed, 6
moles of carbon dioxide are produced. A square root transformation of the oxygen utilization and
carbon dioxide production rate ratio and log transformations of some of the soil parameters were
taken whenever the data were not well represented by the normal distribution. Figures 5-9 through 5-
11 display the bivariate relationships between the ratio and the soil parameters after the
transformation. In these figures, as expected, there is a negative correlation between the ratio and the
oxygen utilization rate (Figure 5-9, r=—0.45). The correlation of the ratio with clay is the most
pronounced (Figure 5-11, r=—0.40). The ratio is also negatively correlated with pH (Figure 5-9,

= —0.25) and alkalinity (Figure 5-9, r=—0.30). As noted previously, pH and alkalinity are strongly
positively related (Figure 5-9, r=0.75). The correlations of the ratio with iron, moisture,
permeability, and particle sizes are between 0.20 and 0.30 (Figures 5-9 and 5-11).

The statistical methods used to model the ratio of the oxygen utilization rate to carbon dioxide
production rate as a function of the soil parameters are similar to those used for the oxygen utilization
rate analyses. As a preliminary step, a square root transformation of the ratio and log transformation
of some of the soil parameters were taken to obtain more normally distributed data. All the
transformations for the soil parameters except clay were consistent with those taken previously to
model the oxygen utilization rate. A log transformation of clay was considered as it was more
correlated with the ratio.

After applying the transformation, a regression model was fitted to the ratio using forward
stepwise regression. The model accounted for the effects of each of the soil parameters (except
season) and their interactions. Finally, the effect of a cyclic seasonal component on the residuals
obtained from the fitted model was determined by incorporating the date the initial in situ respiration

test was conducted.

1 Refer to Section 3.2.1 for the stoichiometry of hydrocarbon degradation.
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The final model for the ratio of the carbon dioxide production rate to the oxygen utilization
rate is as follows:

CO, rate |1
[ o__zlc)z = 128 - 0.38log(pH) - 0.095log(clay) + 0.0007Iog(tphs) xTMP ~ (5-5)
21’

Each of the effects in the above model is statistically svigniﬁcant at the 0.05 significance level.
The model explains 40% of the variability in the transformed ratio. This amounts to 63% correlation
between the observed and model-predicted transformed ratios. The effects of pH on the ratio as
predicted by the model are presented in Figure 5-16. .

The complicated nature of the fitted regression model for the ratio makes the quantification of
the effects in the model difficult. However, based on inspection of Figure 5-16, it can be seen that as
PH increases, the ratio of the carbon dioxide production rate to the oxygen utilization rate decreases,

as would be expected given the formation of carbonates.
5.2.5 Correlation of Soil Gas Permeability With Environmental Parameters

The bivariate relationships between log-transformed soil gas permeability and each of the
independent variables of interest are shown in Figure 5-17. In this figure, permeability is most
strongly correlated with clay (r=—0.50). The magnitudes of the correlations with both moisture and
sand are less pronounced and similar.

The statistical methods used here are similar to those described previously for the oxygen
utilization rate and the ratio. Forward stepwise regression was used t'o determine a regression rﬁodel
for the log-transformed soil gas permeability. The independent variables of interest in the modeling
were moisture content and the particle sizes (sand, silt, and clay).

The final model describing soil gas permeability is given below:

log(PRM) = 32 - 0.064 clay (5-6)

Based on this model, clay alone explains 21% of the variability in the log-transformed soil gas
permeability. The effect of clay on soil gas permeability as predicted by the model is presented in

Figure 5-18. In this figure, the soil gas permeability levels greater than 100 have been censored; that
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PRM = log Soil Gas Permeability GRA = Gravel SAN = Sand SIL = Silt CLA = Clay MOI = Moisture
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Figure 5-17.  Soil Gas Permeability, Moisture Content, and Particle Size Site Average
Correlation Scatterplot
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is, they were set to a constant value of 100. Based on the regression model it is determined that an

increase in clay by 5 units decreases soil gas permeability by 25% on average.
5.2.6 Analyses of Data From Contaminated and Background Areas

As the preliminary step to comparing the data at background and contaminated sites,
transformations of the data parameters were considered. These transformations were consistent with
those taken préviously to address the other objectives of the statistical analysis. After taking the
transformation, statistical analyses were performed separately on each parameter (nitrogeri, oxygen
utilization rate, etc.). The goal of this analysis was to determine significant differences in the levels
of each parameter at background and contaminated sites, with particular interest in TKN
concentrations. Measurement of TKN accounts for nitrogen sources within cellular material;
therefore, it is possible that TKN concentrations may be higher in contaminated areas, where
microbial populations may be higher, than in uncontaminated areas. To date, there is no significant
difference between TKN concentrations at contaminated sites (average of 232 mg/kg) and those at

.background areas (average of 226 mg/kg).
5.2.7 Summary

Based on the statistical analyses presented in the previous sections, the following overall

conclusions are drawn:

. The relationships between the biodegradation rates and the soil parameters are not
very strong. However, some significant relative effects of the soil parameters stand
out from the statistical evaluation conducted in the study. Namely, nitrogen,
moisture, and soil gas TPH concentrations appear to be the most important
characteristics influencing observed field oxygen utilization rates.

° The ratio of the carbon dioxide production rate to the oxygen utilization rate correlates
strongly with pH and clay levels in the soil.

. Soil gas permeability correlates with each of the particle sizes (sand, silt, and clay)
and moisture content; however, the relative effect of clay on permeability is most
important.
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The Bioventing Initiative has provided a large database of information useful in the design and
implementation of bioventing systems. The statistical analyses provide guidelines for determining
which parameters are most important to bioventing technology. However, these data must be
balanced by experience and site-specific data. For example, sites with relatively low soil nitrogen
concentrations should not be discarded as bioventing sites for this réason alone, nor should it be
assumed that nitrogen addition at such sites will increase oxygen utilization rates. Data collected from
the U.S. Air Force Bioventing Initiative have shown that even sites with low soil nutrient
concentrations can exhibit significant microbial activity and would therefore respond well to

bioventing.
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GLOSSARY

abiotic - not relating to living things, not alive
acidity - measure of the hydrogen ion concentration of a solution

adsorption - the process by which molecules collect on and adhere to the surface of an adsorbent solid
due to chemical and/or physical forces

aeration - process of supplying or introducing air into a medium such as soil or water

aerobic - living, active, or occurring only in the presence of oxygen

air sparging - general term for the technology of introducing gases, usually air, beneath the water
table to promote site remediation. Air sparging can be divided into two distinct processes: in-
well aeration and air injection

alkalinity - measure of the hydroxide ion concentration of a solution

alluvial - relating to flowing water as in a stream or river

anaerobic - living, active, or occurring only in the absence of oxygen

aquifer - a water-bearing layer of permeable rock, sand, or gravel

bentonite - clay composed of volcanic ash decomposition which is used to seal wells (hole plug)

bioavailability - a general term to describe the accessibility of contaminants to the degrading
populations. Bioavailability consists of: (1) a physical aspect related to phase distribution and
mass transfer, and (2) a physiological aspect related to the suitability of the contaminant as a

substrate

biodegradable - a material or compound which is able to be broken down by natural processes of
living things such as metabolization by microorganisms

biodegradation - the act of breaking down material (usually into more innocuous forms) by natural
processes of living things such as metabolization by microorganisms

biodegradation rate - the mass of contaminant metabolized by microorganisms per unit time. In soil
contamination this is normalized to the mass of soil and is usually expressed as mg contaminant
degraded/kg soil-day (mg/kg-day).

biofilm - a structure in which bacteria fixed to a surface produce a protective extracellular
polysaccharide layer

biofiltration - process using microorganisms immobilized as a biofilm on a porous filter substrate
such as peat or compost to separate contaminants. As the air and vapor contaminants pass
through the filter, contaminants transfer from the gas phase to the biolayer where they are
metabolized
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biomass - the amount of living matter (in a specified area)
bioreactor - a container or area in which a biological reaction or biological activity takes place
bioreclamation - the process of making a contaminated site usable again through biological processes

bioremediation - general term for the technology of using biological processes such as microbial
metabolism to degrade soil and water contaminants and decontaminate sites

bioslurping - a technology application that teams vacuum-assisted free-product recovery with
bioventing to simultaneously recover free product and remediate the vadose zone

bioventing - the process of aerating subsurface soils by means of installed vents to stimulate in situ
biological activity and optimize bioremediation with some volatilization occurring

blower - equipment which produces a constant stream of forced air. Blowers are sized in terms of
horsepower

capillarity - the action by which a liquid is held to a solid by surface tension

capillary fringe - the first layer of rock above a layer in which water is held by capillarity

catalyst - a substance which initiates a chemical reaction allows a reaction to proceed under different
conditions than otherwise possible, or accelerates a chemical reaction; catalysts are not
consumed in the reaction; enzymes are catalysts.

catalytic oxidation - an incineration process which uses catalysts to increase the oxidation rate of
organic contaminants allowing equivalent destruction efficiency at a lower temperature than

flame incineration

clay - fine-grained soil that can exhibit putty-like properties within a range of water content and is
very strong when air-dry

co-metabolic process - metabolism of a less favored substrate occurring during the metabolism of the
primary substrate

cone of depression - area of lowered water table around a well site due to active pumping

contaminant - something that makes material in contact with it impure, unfit, or unsafe; a pollutant
diffusion - process of passive transport through a medium motivated by a concentration gradient
diffusivity - diffusion coefficient; the amount of material, in grams, which diffuses across an area of 1

square centimeter in 1 second due to a unit concentration gradient, (particular to compound and
- medium pair)
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electron acceptor - relatively oxidized compounds which take electrons from electron donors during
cellular respiration resulting in the release of energy to the cell

electron donor - organic carbon, or reduced inorganic compounds, which give electrons to electron
acceptors during cellular respiration resulting in the release of energy to the cell

enzyme - biologically produced, protein-based catalyst

ex situ - refers to a technology or process for which contaminated material must be removed from the
site of contamination for treatment

facultative - a microbial trait enabling aerobic or anaerobic respiration, depending on environment

first order reaction - a chemical reaction in which an increase (or decrease) in reactant concentration
results in a proportional increase (or decrease) in the rate of the reaction

head - the pressure difference between two places, an energy term expressed in length units
immiscible - refers to liquids which do not form a single phase when mixed; e. g. oil and water

in situ - refers to a technology or treatment process which can be carried out within the site of
contamination

in situ respiration test - test used to provide rapid field measurement of in situ biodegradation rates to
determine the potential applicability of bioventing at a contaminated site and to provide
information for a full-scale bioventing system design ‘

in-well aeration - the process of injecting gas into a well to produce an in-well airlift pump effect

mineralization - the complete conversion of an organic compound to inorganic products (principally
water and carbon dioxide) -

miscible - refers to liquids which form a single phase when mixed; e.g. ethanol and water

nitrogen fixation - the metabolic assimilation of atmospheric nitrogen by soil microorganisms and its
release for plant use upon the death of the microorganisms

nutrients - constituents required to support life and growth
off-gas - gas which leaves a site, typically from a point source during extraction operations
oxidation - chemical process which results in a net loss of electrons in an element or compound

oxygen utilization rate - rate of reduction of the in sita oxygen content of soil gas due to biological
and chemical action

ozonation - the injection of ozone into a contaminated site
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packed bed thermal treatment - process which oxidizes organic contaminants by passing the off-gas
stream through a heated bed of ceramic beads resulting in the destruction of the organic
compounds

perched aquifer - unconfined groundwater separated from an underlying main body of groundwater by
a low-permeability rock layer which blocks the vertical movement of water

permeability - measure of the ability of liquid or gas to move throth pores and openings in a
material

PH - measure of the alkalinity or acidity of a solution, the negative log of the hydrogen ion
concentration

photocatalytic oxidation - process by which volatile organic compounds are converted to carbon
dioxide and water by exposure to ultraviolet (UV) light

pore space - the open space in a material through which liquid and gas can move

porosity - measure of the amount of available space in a material through which liquid and gas can
move

primary substrate - substrate which provides the majority of the growth and energy requirements for
cells

pump and treat technology - treatment method in which the contaminated water is pumped out of the
contaminated site and then treated off site before being returned

radius of influence - the maximum distance from the air extraction or injection well where vacuum or
pressure (soil gas movement) occurs

radius of oxygen influence - the radius to which oxygen has to be supplied to sustain maximal
biodegradation; a function of both air flowrates and oxygen utilization rates, and therefore
depends on site geology, well design, and microbial activity

Raoult’s law - physical chemical law which states that the vapor pressure of a solution is equal to the
mole fraction of the solvent multiplied by the vapor pressure of the pure solvent

reduction - chemical process which resuits in a net gain of electrons to an element or compound
remediation - activity involved with reducing the hazard from a contaminated site

respiration rate - see oxygen utilization rate

sand - unconsolidated rock and mineral particles with diameters ranging from 1/16- to 2 mm

saturated zone - the layers of soil which lie below the groundwater table
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silt - unconsolidated rock and mineral particles with diameters ranging from 0.0002-0.05 mm

soil vacuum extraction (SVE) - a process designed and operated to maximize the volatilization of low-
molecular-weight compounds, with some biodegradation occurring soil gas permeability - a
soil’s capacity for fluid flow, varies according to grain size, soil uniformity, porosity, and
moisture content

sorb - to take up or hold by means of adsorption or absorption

substrate - the base on which an organism lives; reactant in microbial respiration reaction (electron
donor, nutrient)

surfactant - substance which lowers the surface tension of a liquid
treatability - ability of a site to be remediated

vacuum-enhanced pumping - use of a vacuum pump to lift groundwater, or other liquids or gases,
from a well while producing a reduced pressure in the well

vadose zone - the zone of soil below the surface and above the permanent water table

vent well - a well designed to facilitate injection or extraction of air to/from a contaminated soil area
volatile - easily vaporized at relatively low temperatures

volatilization - process of vaporizing a liquid into a gas

zero order reaction - a chemical reaction in which an increase (or decrease) in reactant concentration
results in no change in the rate of reaction (as long as some reactant is present)




APPENDIX B

DATA FROM BIOVENTING INITIATIVE SITES




Table B-1.

Table B-2.

Table B-3.

Table B4.

Volume I: Bioventing Principles B-1 September 29, 1995

TABLE OF CONTENTS

Bioventing Initiative Results: Soil Chemical Characterization ............. B-2

Bioventing Initiative Results: Average BTEX and TPH
Soil Concentrations ... ........... ... ... ... B-8

Bioventing Initiative Results: Average BTEX and TPH
Soil Gas Concentrations . .. ............. ... ... ............. B-17

In Situ Respiration Test Results at Bioventing Initiative Sites . ........... B-27




September 29, 1995

B-2

Bioventing Principles

Volume 1

00L'y 0LT 8f 9¢ £'s ¥0-1LS 12A0(]
00L'TI oSy LS 07T '8 9¢ AlS
00L'ST 09L (43 09¢ €8 ge AS UBIUOIN StAe(]
0gs Le 19 05> L'y 1#-SS S .
00v'8 SL 9 o€l L9 LT-1S s
0¥6'C 0s¢ 0se 08¢ 'L £0-1d uoysajIey)
0L6 0LT 143 0sg 8’8 ST9vY Anpoeg
08€E'T 061 vL €9z 76 aszovy Aunoeg
006 01¢ o1t 00y '8 8yL1 Anjoeg
098 08¢ 81 S91 UL [AA A% [e1aaeue) ade)
0L8°9 9L 061 0S1°1 '8 0L NAMS uouue)
09€‘€ 9% €L 0z1 LL 1 9%s uojajpag dwe)
019°6 A} 001 016 '8 wireq yue], a3elo)g JouLog
00€°ST S8 8t 05> 6V 81 3uipjing Suijjog
00S°LY 08 91 1] 74 T8 11 aus
00+'9Z 0sT w L9 vL 81 ans
00s°LT 0ov So1 L8 L € Mg Sjeaq
050°S , 91 €L oL1 78 valy Juiutes], aing yoa1D apned
SN 9% 06y SN 'L Se-LS S$3(d ddV
008‘6 ove 061 S9¢ L €VSd
0sH'L 0LT €e 0ic 8'8 1-vSsd v ddv
(3y/3w1) Juajuo) uwoay (8y/8w) (3y/3w) (3y/3u) Hd ms aseq 3210 Iy
snioydsoyq fejor, NML Ayuneyry

UOHEZLIDREBILY) [EdMUIY)) [I0S :S)NSY danenu] Sunussorg °1-g AqeL




September 29, 1995

B-3

Bioventing Principles

Volume 1

00T'vT 01L 079 06y 8L jugjd Jamod
00p'1¢ 0€L 008 1149 SL uile] jue], s|ppes Busjen
00T°11 0ze 159 ore 8 s ids
00z°0T 24 00€°1 00€°‘T 8L ud Suiures], ang :u:.mB H4
00€°ST 00T'1 99 L8 S'L asnoydung gg/¢p
000°8T I'E 011 00T 8L IL-LS
00L‘€T 00Tt 8L 091 UL 19-1S
008°¥C e ¥9 001 TL Nd dAIBA SP/EY Jiopuawiyg
008°9€ 000°1 ¥ 0v9 98 uonelg [ang aseq 701 3pid
000°S1 00s (1149 0ST‘1 '8 age101g ong ying ( €A1y qoMmsHH
00L°91 06L 069 (1] %4 S'L £d-8p NS
00F°LIT 09 0ze ove 8L <d-8¢ NS !
0ov*o1 V'L 06¢ 0s> £9 0I-1LS uosjary
0091 144 €er> oLl S'L V1d udg pio
0.9 €€ L 00€ 8 Plald MnqaIny V14 uidg
00v'€1 09¢ 0s1 00¢ 6'8 £y s
oon.m_ 0€9 (44 0¥9 96 91 s
096°6 0s9 9 0€L £'6 17 ans Splempg
00561 08T ove 06L‘T 8’8 Iv1d S
00691 002 081 OEI‘E L8 Opld ans ssahq
ovL's 001 oIy 0s> 1Y e jue], 93e10i§ YUON (panunuod) Jaa0q
(8y/3w) judgu0) uoag (By/Swm) (3y/8w) (3y/8w) Hd mns aseq 92104 MY
snioydsoyq [ejor NMLL Apunexpy

(panupuo)) uoyezLIEIEY)) [EAWA) [10S :SHASIY Anenu] Sunuasorg *I-g dqeL




September 29, 1995

B4

enting Principles

Biowv:

-
]
m
(=]
>

00091 079 069 00§ S'L S aus Ay
001°T S¢ £v 0sz 0L vV J0V
00E'y 061 701 09 SL 99 NANMS SCTREE) |

8 ove ol 943 0'6 192 PuE 09z syjue], 28e10)g .

11 (114 $81 SO 0'6 wreg jue], JOd Jounog

0Lt 0LE (1177 (1179 6'8 va1y Suiurel], a1 pIO puejs| uoisuyof
00L'Yy 00T'C 001 (117 L8 8'01S aus

SN 06€ SN SN SN 2000% NS
08€'6 SN 0S€E 43 89 88¢€ Al

SN SN SN SN SN SOLT ans
0059 01L 0z1 L 0'8 ¥T6 S

SN SN SN SN SN 877 an§ .

SN SN SN SN SN I'piT S
oLe's SN oyl obL 8L 1'$0T S I'H
00066 oLy 8¢ S¢ Ly VSd Z ans
001°b€ 00€'T 00L'1 098 £8 ) eary
001°SL 00t'€ o€ 00S°1 0’6 H ey weydrH
0189 0€S 09 8¢ 99 2181 Suipjing
079°'L (1743 0£9 05> 09 6£91 Suipjing Wodsuey
00Z'ST oLs 0IL 00€¢ '8 NS Yea] JOd uordure)

SN SN SN SN SN I'H uoj[eD uoliN (panunuoo) euajen

(3y/3w) judgu0) UOIY (8x1/8un) (8y/8w) (3y/8w) Hd s aseq 30104 MY
snioydsoyq fejo], NJL Ayurpesy

(panupuo)) uonezLANEIRY) [EINUAYD [I0S :SHNSAY AN Supuasolg I-g dIqeL




September 29, 1995

B-5

enting Principles

iov

B

Volume I

0£8°S L1t 08y Le 1’9 adesolg [eng Ying - SIMNDON

00T'sT 0s1 bL 001 L b# wieq Juey,

00L°9T 001°1 Ly 174} 8L T# uaeg yue],

0018 06$ 01 IL 08 9 va1y Apmig .

00€'1¢ 6°'S 0S 9% VL 9%-1L Tdd

00L‘9¢ 081 123 $6 8's uonels sen ueyade)

00z'ov 0ov 092 0s¢ 08 S siaeq

00¥'11 09¢ 144 §'TT L 0ZL 3uipjing UB[I3DON

0o0c'ze 082 0€T 1 T8 o6E S Jdl YoreN

00L°81 oov‘1 S9 o1e '8 £ 2en

008°€E 009°1 0z1 0€8 S'L 142 3uipjing

0068 00Z°1 L8 (124 L8 I uipping sappduy so]

00€°9¢ oyl 06¢ 0s> 1'9 81 aus [ds

000°€S 0€l OIL 98 19 1 aug Suurel, axnyg Jooy i

006+ 0€6 06¢ 092 0L 161 jue], PUe|S yelpoy]

061°C 4 (44 86 6L BV T0d loAmes

00T'9t 000°1 002 08¢ 0L 1 ealy Suturer], ang

00Z'11 00€ 8¢ ore ¥'8 €1 va1y Suures], 2 puepuIy

00€‘€1 o1¢ o9 001°1 'L 01-@ ans

000°%1 088 ol¢ 001°1 T8 £60C-4 S

00v‘€l 06L 06S 0sL 8 -0d s (panunuod) £jpay
(3y/3ur) 3uduo) uoiy (8y/8w) (3y/8w) (3y/8w) Hd s aseq 32104 a1y

sntoydsoyq [ejoy, NML Anuyesyy

(panunuo)) uopezLRREILY) LW [10S :S)NSIY Anenm Supusolg I-g Qe




September 29, 1995

B-6

Bioventing Principles

Volume I

000°9 12:] 06 0s> (49 ¢L1 LSN suiqoy
oov'ct 0Z6 1134 1143 '8 SNS 0T Juel ydjopuey
000°€ oIl oy > 00z L9 80-LS S 4dI adog
00ty 091 6% 0z1 9L €27 valy Suimel], s .
00s‘y oce 9¢ [44 ¥'9 1 Sulutel], ag
00s‘y 01> SL ¥8 99 I va1y Suiurer], aiig ysingsuelq
001°6€ 0€9 6S s'e Ls zans
000°12 0€L 061 oyl 99 ga1y a8elolg [ong yng asead
09¢ 067 09 091 '8 uonelg ad1AIdg Xgq
(11474 092 (43 (1744 8'8 [AAR| jorneq
008°6 009 0sL oLy 6L a1y adelolg J0d
005°81 0zL 0zT 09¢ 8L 90p 3uipjing _
00L€l 089 1[4 0091 L8 0¢ Suipping
00S°L 08y 061 oce 08 ulel(g uiod mog nyo
00b°91 09T 00T 0zZ€ 6L b1 Anjroeg
001°91 ovs 09¢ 09¢ 8L 68 Anpioeg
00v's1 SIS (33 0LE 8L LT Kipoeyg JlemaN
0089 01T 139 008 '8 14 ARUN
008°‘S 06T 001 o1Y 98 8T aAs
0569 oLl 092 0091 8’8 LT as SHISN
001°12 0's 9L 001° '8 prex 10d SWoy IN
(8x/3w) uajuo) uoag (3x/8w) (33/8u) (8y/8w) Hd s aseq JdJd04 Iy
: snioydsoyq [ejo, NIL Apuneqy

(panunuo)) uopezLRORIRY) [EIMILY)) [0S SHNSIY 2anEnmu] Sunuasolg f-g dIquL




September 29, 1995

B-7

les

Bioventing Princi

Volume I

*pajdures joN SN

0069 01¢ 0> ove '8 €297 aus |nds

00Z°91 oLS 089 0€L L BaIY 3ujuiel], aang uosianed W3IM

006 061 002 (44 89 SOLL 3uipjing '

S€8°9 08¢S S'19 05> 19 10LL Suippng Jaa0sam

00L‘6 001 LS 081 19 MS v-df

026°C 001 €01 07 69 uonelg ao1Alag Sinquapuep

001°ze 00€ 01¢ 0z1 6L uoneg sen ypnog

00¥°'8T 0zt 6L 01 'L D ealy 93e10)§ [ang SIABIL

017’ S¢S 13 0§ > €L D a1y 33e1ol§ 104 Joyuiy,

006°€T 09¢ 174 <A (4 S1-SS aug

001‘y 8¢ 061 (44 9°¢ 10-1d anS MEYS

009°¢ 8L 9% 05> 1Y 01ISS (panunuoo) suiqoy
(33/3w) yuaguo)) woay (3y/8ui) (3y/8w) (3y/8w) Hd s aseq 32104 Ay

snioydsoyq [ejog, NML Apuneyy

(panuyuo)) uoyezLEILY) (LAWY [I0S :SHNSAY Anenm] Supuasolg I-g dqeL




September 29, 1995

B-8

Bioventing Principles

VYolume I

v'9 00501 v'c £l €e'0 €E0 Ce0 [eniuy asovy Ainoed
(A 00Z°LI 98'8 LS 0¢ 860 8¢°0 feniug 8yL1 Anpoeq
AN 001°1 Tad 1ad 1ag 1ad 1qag Jeury
134 00¢ ov'el 99 9°C (4 4 1adg [enmg Tvild _Eo>a=.au ade)
LAl 00LT £8 %Y 14} 4! S'1 jenug 0L NAMS uouue)
011 00b°€E 0’1 050 S A1) TL0°0 8C0°0 [eniug [ aus uoj3[pusg dwe)
(Y| 091 o0 7o o 1ad $90°0 [eut] unej
LSt <L L8°E] L'E (9 | '8 LT0 Jeniug jue], a3e10)g Jourio
19 001‘Y 1adg 1ad gret: 1ad 1ad Jeuty
091 008'1 08'¢ 81 0T T1ad 1ad fenug 81 Surpping duyjog
(Al 009°1 9T (1] 74 'y 19°0 9°0 jeuly
891 00p £6T SLY 124 0s 1! [enug 11 aug
8°61 009°S 1ad 1ad 1ad 1ag 1ad feut i
8°¢CT 000°L1 9°6 09 194 'l 1ad [entu] 81 Mg
6°0C 001°01 18°1 ¥l Iv'o 1ag 1ad feuty
8'tC 000°v1 0T'9¢C Ll St 8’y (9 | jeniug € NS djeay
(1NY 0081 9100 9100 1ad 1ad 1ad Jeuty
8V 00T'L €C Ll 9'C 0'¢ €0 jeniuy Ba1y Suturel], ang Ja21) Ineg
6’11 0tl 1ag 1ag 1ag 1ad 1ad Jeur{
68 001°1 ¢ (9| €L°0 1ad 1ag [emiug SE-1LS SMMd &1V
¥'S1 ¥8 1ad 1adg 1ad 1ad 1ad Jeury
791 ovl 6L 09 'L 1'6 L't fenug €-VSd
L'yl 089 1ad 1ag 1ad Tag 1ag Jeut]
L'l 6¢C 154 1€ A\ €1 9¢'0 fentu] 1-vSd ¥ ddV
(%) Jmajuzo) @4/3wm) (@4/3m) (3x/3w) @4/3w) @y/3m) @x/3w)
NSO HdL X314 [v10], SAUWIIAYX [BIO], uazuaqIAY)g auanoy, Judzuag auiL ], s Iseq
104 MY
sisifeuy pos

SuopenuUAdUO) 10§ HAL PUe XALY 23e19V :s)nsay aapenm] Supuasorg 7-g 9jqeL




September 29, 1995

enting Principles

Biov

.
.

Volume I

9'9 009°‘6 LTOL 8y €L 14! L6'0 Jentug PIdL] HUNGRUINYH V14 un3g
€9°1 L g (et 1ad 1ag 1ag 1ad Jeurf
v'6 ovs $6'0 89°0 o 1ag 1ad Jeniug tp Ag
€€l I's 1ad 1ad 1ad 1ad T1ad Jeuly )
Lel $e 6S° vl Tl 134 6C°0 vZo eniug 91 g
01 £€C 1ag glet: 1ad 1ad 1ad Jeuty
't 011 0’9 9 9'1 £1'0 1ag leniug 1T 2us Spiempy
124! 00T 1ag 1ag glet: 1ad 1ag Jeutg
9°91 0¢6 (4 A1 L0°0 €00 S0°0 SO0 Jeniug 1vld 21§
0Ll 091 1ad 1ad 1ad 1ad 1ag eul]
Ll osy £€6°0 £€6°0 1ag 1ag 1ad Jeniug ObLd ans ss34(
0Tt 059 ¢80 61°0 080°0 §T0 1ad eutq
6'$C 0021 €E°0¢ LE el €€'0 1dg Jentu] 41LS YHON _
(474 1ad 1ag 1ag 1ad 1ad 1ad jeuty
L1l L8 oyl L8 L1 I'l 06'0 eniuf v0-1S J3a0q
TL 00LT 00°€T¢ ol €9 001 07 Jeniuf 9¢ AS
Y6 (1139 9¢ €T 14! 91 €¢ Jentug gE AN UBIUON stae(]
9'v1 0€L 06'LY Ll (A4 8¢C 0L0 feniug I-SS g
6°¢l St 200 S10°0 ££00°0 95000 1ad Jentu LTLS
'8 06L 1ag 1ag 1ag 1ad 1ag Jeulf
8°Si 001°1 [ANY €T 80 0¢ 1ad lentug €0-1d UuoIssfIey)
A—vv——:_u:OuV
9 00T°6 9'8 'L 19°0 150 oy'o Jeniuy gST9vb Anpoeq [esaaeue) ade)
(%) Juaguo) @/3um) @/3u) @/3w) @3/3w) (@/3m) @x/3m)
anjsjopy HdL XALg (&0l SOWIAY [e10L, Judzuaqiiyy auanjoy, auazuag sury s aseq
I04 a1y
sisdjeuy o

(penuyuo)) suonenuaduUo) [I0§ HAL PUe XALY 38e1aAy :s)msay sapenmu] Supussolg °z-g djqel




September 29, 1995

B-10

enting Principles

10V

B

p
5
S

6’17 0LT 9’y L'e 1ad ¢8'0 1ag Jenug e jue] a|ppes euzjen
9°01 000°S1 8T ST v'e 1ad 1ad jentug €661 valy wnq uog
61 00L 14! o1 1adg 'y 1ag Jeuly

8°0C 00y 9¢ 1€ 8y 1ad 1ad [entug s [nds .

Lot 000°€ $C 'l 99°0 9%°0 1ad lentug ud Supureiy, ay usiem H4
9’y 6't 1ag 1ad 1ad 1ad 1ad Jeury

'8 006°€ (1149 874 (49 Iy L'l Jentuy asnoydwing /¢t

1S 9T €100°0 £6000°0 1dd 100°0 1ad jeulq

9 (43 1ad 1ad 1ad 1dd 1ag feniu] IL-LS
911 00T [ €L'o 7o 8600 1ad Jeuty

'8 06L 99°0 ve'0 0£'0 6100 1ad jeniug 19-1S

8°6 0009 00T ovl [43 (4" 1ad feutg

9'S 6 1ad 1adg 1ag 1ag 1ag Jeniug Hd dAIBA SP/EP Jlopuswiyg

1

86 1€9 SS 144 11 1ad 1ad Jeury uonels

L 11 98'¢S (%74 8L'0 09°0 8I'0 feniug jang aseq zo1 Spid

91 008‘C (4| 1]} 81 1ad we 0 [eulq a3es01g

L'Ll 008°C 01'v¥T 061 LE 6'8 T8 Jentug [Pong ying g ea1y proms|ig
6'9¢ 1T 1ad 1ad 1aq 1ad 1ad Jeury
8°LT 009°C 06’8 9’ 1aq 1984 1ag feniuy ¢d-8p NS

29 00Z°1 L1 1 €0 1ad 1ad Jeuty
6'v1 00v‘s 29 (%4 11 vy vl Teniug -8y A

L't (49 LT0°0 0S00°0 1L00°0 - S10°0 1ad [eut]

(Al 001‘y 00°'119 ove 87 (1] %4 1ad Jentug 01-1S uospary
6’9 001‘y (1198 49 (43 I S'L 8¢ jeniug V.14 wi3g plo (penunuod) uysy

(%) o) (@x/3w) @4/3m) (3x/3ur) (3%/3m) @y/3w) (Bv/8u)
aamsop HdL XHALd (B0l | swLX [ejo], awzuaqI Ay auanjog, sudzuag auny, aNs aseq
RI0 Ay

sisfjeuy 10§

(panunuo)) suoyenyUIU0) 10§ HL PUe XALG 35eIoAy :synsay aanenuy Supuasolg “z-g AqEL




September 29, 1995

B-11

Bioventing Principles

Volume I

L91 1ad 9¢0°0 6200 8900°0 1ad 1ad [eul]
L9 1ad 1ad 1ad 1ad glet: 1ag Jenu] 6 MNS
8 1ad 1ag 1ag 1ad 1agd 1adg Jeuty .

LTl 008°‘S 6'9SC ovt 'L 76 ¥9°0 Jentuy 8CC s

SN 0ss 1ag 1ag 1ad 1ad 1ad feury

61 001°CI 1T 1I'6 1Y L'e £¢ [eniu] I'$IT Mg

L'L 00S‘y 660°0 680°0 1ag 100 1ad jeur

79 096 (459 'S ¥$'0 91°0 120°0 Jeniu] 1'¥0C NS "

81t 0ov‘1 LT 4! 11 [ £€6°0 jeut]

L'ee 001°1 vL'IL 8¢ Vi 11 9'0 Jentu] VSd ¢ 21§

L'El Ly 1ad 1ad 1ag 1ad 1ag jeurf

¢Sl (174 vO'vE 61 01 [4! 'l entug A ealy

1'vC 8y 01’0 9v00°0 6¥00°0 €10°0 8L0°0 Jeut !

9'vT (4! o1°1¢ L 1Y 1Y 8'C Jentuy H ety weydry
i 't 008°1 6£0°0 £20°0 1ad 9100 Tad Jeury

L'y 0059 €0°0 6¥0°0 1ag 9700 1ag jentuy TI81 Suippng

£¢l 0¢l 860 €0 €L0°0 LSO €00 Jeul]

991 €l 89 (A 7 860 €1 LSO Jenuy 6£91 3uipping wodsuey

NS
€7 09L Ly 0 [4AY 1ad §T0 6700 Jentu] ¥ea] 104 uordure)
Jeury

SN SN SN SN SN SN SN [entu] IItH uojjen uoiiiN

8¢ 1ad 1dd 1ad 1ad 1ad 1ag feur]

(A 44 L6 1ag 1ad 1ag 1ad 1ag feniug JuE[d Jamod (panunuod) eusjen

(%) o) (@%/3w) @/3w) (3%/3ur) @y/3w) @y/3m) @3/3w)
anjSjOpy HdL X414 18101, SaUdAY [BI0L, audzwaqhysg auanjox, awazudg g, s aseq
’ 3104 MY

siskjeuy [log

(panuyuo)) suopexuDIULY [10S HAL PUe XALG 33ei0ay :s)nsoy 2anenmy Supussorg -z-g dIqeL




September 29, 1995

B-12

Volume 1

Bioventing Principles

£'6 0T 1ad 1ad 1ad 1ad 1ad jeuty
(44 98 10°0 1ad 1ad 9600°0 1ag feniuy 01-q aus
__ L'81 €S 00°78¢ 00T 6¢ 0tl £l [entu] £607-4 24§
0T 9 81°0 700 ¥10°0 €1°0 100 feul
"0z 009°1 00°0¢ (44 Tag 0’8 1ad [eniug 04 s *
6'CC 06S ¥'C ! 1ad ¥6°0 1ag Jeur
"1z 0c6 0T 0T €l Tad I'é6 1ad fentu] VS 2us Ay
0'6 61 LE000 0700°0 1ad L1000 1ag Jeur
'8 L8 12 AV 080°0 o 6£0°0 01°0 jeniuy VvV D0V
I'v¢ 00S°‘T £20°0 05000 1ad 810°0 1ag Jeutf
(! 00€‘€E L'IL] 911 91 SE L'y Jentu] 99 NNMS RSEEE) |
19¢ pue
(A §9¢ 00°6T 1288 S 1ag 1ad Jentug 09T sjue], age1olg
ueq |
Lot 000°€1 0'9 (4 (% 1ad 1ad el jue] JOd 1uwiog
ea1y
0’11 00LL S0 1ad 1ad $9°0 1ag jeniug Juiurer], a1 plo 10}y uosuyof
6’9 009°z or'o 01’0 1ad 1ad 1ad Jeuty
I'8 00z's 90°0 1ad 1ad 1ad 1ag Jeniuy 8016 s
L7 00€°TH 00L‘1 00T°1 8L o1y [43 Jeulq
(A X4 000°8T 00°LL6 T 00¢'1 091 oLy 0¢ Jeniu] T000p s
6’9 001°1 9'p 14 1240 9%0°0 - SY0'0 jeuly
L8 00S°‘L 0te 0sT Y4 137 6'l _NE_.: 88¢ S
€9 009 1ad 1ad 1ag 1ag 1ad feulq
€8 oov'y [ANY 1o 1ad 1ad 1ad Jeny SOLY s (panunuod) [H
(%) ya3ju0) @y/3w) @/3m) @/3m) @y/3m) (3x/3w) (3/3u)
anpsiopy HdlL X314 [810], saualkX jero suazuaqikyy auanjo, Juazuag suny NNy aseq
dlog Ay
siskjeuy 10§

(penupuo)) suoneruU0)) [10§ HAL Pue XALY 28esaay :s)msay aanenu) Sunuasorg

‘-4 dqeEL




September 29, 1995

B-13

Bioventing Principles

Volume I

Cl 008°¢ 0¢'8 8 o1r'o or'o oro jeniug 07, Suipying UB[IB[DON
(4 9'8 1ag 1ad 1ag 1ag Tag Jeuly

St 000°1 £C0 91°0 0S0°0 110°0 110°0 Jenmug O6E MNS Al Yorew
SN 00L'T 08¢ ocl (44 Otl Ly jentug 104 Aing N

aN 9°'v8 1°0 €10 1T°0 L90°0 1ag Jeulq

(44 ove 09 L'e 91 1.0 1ag feniug 11 asnoydwng wonsujep
'Sl 000 96'¢ €T 128 XAV 1€0°0 entu] € eH

'Lt 00L‘€E €L'o 9¢'0 SE0 810°0 $500°0 Jeniug 14T 3uipping

9'6 09¢ 1ag 1ad 1ad 1ag 1ad Jentuy ST1 Suipping sa[aduy sog
1’91 1ag 1ad 1ad glet: 1ag 1ag Jeul{
€91 78 LT vL'0 €6°0 1ag 1ag’ feniug 81 aus ipds
0’61 066 (340 €0 1ad 1ad 1ad Jenug 1 aug Juiurer] ang o0y oy

i

6'S €9 LT0°0 1ag 1ad L20°0 1ag Jentug 167 jue], DSIN Fepoy
9'9 000't Ve 9T §L°0 LY0'0 1ag Jeulf

LS 0s¢C 1T 61 L1 81°0 1ad ey I AR

6’y 00Z'8 81 11 9t (A4 +8°0 Jeurf ‘

8¢S 00L‘9 (43 9¢ 8L SL wo Jentu] 90-V1id
9°01 009°C '8 8L SE°0 1ag 1ag Jeuly
el 00€‘} oL LL LT L6 oy 1ad feniug ey 10d JoAmeg

_ 1
el 006°L 6v'vy L't 6L°0 1ad 1ag Jentug Baly Fuiulel] iy
A 008°‘% Ly 8¢ L T 1ad Jeul] €l
€01 008°1 9L LS 6 1’6 1ad feniuy valy Suiures], ag PUBRI
(%) yuaquo) @1/3w) @4/3w) @/3u) (@/3w) @1/3u) @3/3w)
AAMSIO HdL XAL4 1810 SANNLY [BI0L udzuaqAyry auanjoy, auazuag suny, NS aseq
I Y

sisjeuy os

(panunuo)) suoyeudUC) [0S HIL PUe XALH 98¢50y :s)nsay apeniuf Supuasolg ‘z-g dIqe




September 29, 1995

B-14

Bioventing Principles

Volume I

AN 9 S10°0 1100°0 1ad ¥10°0 1ag |eul]
6'81 4! 1ag 1ad 1ag 1ad 1ad jenug 68 Amioe]
IN 6 €100 6100°0 1ag 6,000 8700°0 [eulg
1'91 124 1ad 1ad 1ad 1ad 1ad [eniug LT Aupoed JiemaN
681 )41 9'6 %Y 'l 9T or'o jeuty '
6'vT 00¢ 0T°T61 011 8¢ %Y Tl Jeniuy vy NS
(A ¥4 00S°1 9 (Y4 '8 Il Tt Jeur .
1'¥T 00T 00°6¢£¢ o¢l 0ot €9 14! feniug 8T Ans
6l 008°'L otl L9 81 113 '8 Jeuly
o'vi 0s 66°L L'y 01 6’1 6¢£°0 fentu] LTS StlIeN
LSl 008°‘S 00'9€S°1 0€6 8 )47 8 Jentuy pIeX 10d QWIoH I
6'vl1 0091 91 4} I'e 26°0 1ad feut]
LSt 001 (%34 00T (74| o1t 9'¢ Jeniu] a8e101§ [ong Ying ANNHON
§TT 1ad 1ad 1ad 1ad 1ad 1ad Jeuty i
Loz 84 91°1 I'l L10°0 6200 L1070 fentu] p# wied jue],
S'el 86 I1°0 1ad 11°0 1ad 1ad Jeul ]
1Y LE 0e'¢ LSO [AN1] 9’1 $900°0 feniuy T# wiled jue],
1'0¢ 1ad 8’1 't 1§70 11°0 860°0 Jeul]
0Ll 0021 0T°'¢9 LT 14! 81 (4 4 Jeniug 9 ealy Apnig
[ 4! 9 1ad 1ad 1ad Tdd 1ag [eul{
1T 001°¢ v1'e 1 ¥6°0 ¢¢00°0 ¢00°0 Jeniu] 9t-1 Tdd
9Ll 002'1 £2°0 sI'o LLOO 1ad 1ad jeuty
€81 0009 ¥9°0 §T0 €10 €r'o €10 fentug a§ staeq
(panunuoo)
| A Ve 96°¢ $8°0 cro 9 o1 jentug uonels sen ueyade) URB[IB[DON
(%) U0 (3y/3w) (34/3um) @y/3ur) (@4/3u) @4/3m) @4/3w)
NSO HdL XALY 1BIOL SIWILY [BIOL uazuAqIAY auanjoy, ELEYATEN aurj, MmMs aseq
10 Ny

sisdfeuy fjo§

(Panunuo)) suoPeNUIUO)) [10§ HAL PUE XL 35eloAy :S)Msay danenmu] Sunusrolg °7-g d[qeL




B-15 September 29, 1995

10V

B

Volume I

enting Principles

(A ove 9’1 €L0 80 1ag 1ad Jeut]
1 4 006°1 11 01 11°0 96000 1ad feniuy €L LS sulqoy
8’11 0eT 00'1v 1% £'E Ly 1ad jeniug aMNs 0T juel ydjopuey
6'Cl 00Z‘c 1ag 1ad 1ad 1ad 1ag [eniu] 80-1S s omom
8 008°T 08981 SEl 114 ot 61 [entug I va1y Surures], airg
£'8 00 oL’ L6 08 91 €8°0 $8°0 fenug ¥ ud Bururely ang
S0l 00z's Ve Sl v6'0 1ad 1ad Jeuiy £¥T
8t 00T's Lro vio 000 920°0 1ad [eniug ealy Sulures], a1 ysangspe|q
01t Ll 96°'€ 89°0 LSOO Tt $20°0 fenu] Zas
(4 01¢ 1ad 1ag 1ad 1ag 1ag jeul] ey
1A (1183 £9°12 ¢l TS I'1 €e’0 [enug a3etolg [ang Jing asead
9L €9 ¥6'0 0 L0'0 L90°0 09°0.. jeur i
'y 00s°01 9¢ 81 0t o 1984 [eniu] uonelg adiAlag Xgq
£'8 005°9 ve0°0 1ad €00 1ad 1ad Jeulq )
99 0¢£6 001°1 0ce6 061 9T v'e Jenug vilid Joued
1T g's 110°0 €L00°0 v00°0 1ad 1ad Jeuty
61 1% 4 S0'0 8200 610°0 78000°0 000 leniu] ealy adel0)§ 704
L4 1ag 9v00°0 £5000°0 1ad 1$00°0 et Jeuly
19 74 99 00 100 1aga 6200'0 1ad lentuy 0¢ 3uipping
00T 009°1 8T 81 €00 88°0 800 Jeurf
0'¢T 0eL 09 43 1T 1Al Tt feniuy 90¢ 3uipping
eut]
LSt 1! 6 €9 01 8’1 170 jeniu] urel(y jutod mog 2L Te)
(%) wajue) @/3w) @/3w) @%/3u) @/3w) (@4/3w) @y/3w)
NSO HdL XALd 110, SANLY [Bjo], AwzUIGIAYY auanjoy, audzuag sum]y, 21N aseq
I0] 1y

sisfjeuy pos

(panuguo)) suoyenuadUe) [0S HAL PUe XHALY 356104V :s)nsay aapenm Supuasoly ‘z-g 9IqeL




September 29, 1995

B-16

enting Principles

iov

B

Volume I

‘panodal JoN AN

U] UOROARP MoPE  TAH

(4 4 1ad 1ad 1ad 1ad 1ad 1ag Jeury
9'9 1ag 20°0 ¥S00°0 1ag 9100 1ag Jeniuy €29 g [ds
oLl 1ad 1adg 1ad 1ad 1ad 1ad Jeulf
0’61 s61 v0°0 S10°0 82000 920'0 1ad [emiug ealy urutes], g uosIaned W3m
6'8 1ag ¥9°0 SE0 L80°0 0c’o 1ad [eul
86 (44 Tl €L’0 1ad Lo 1ag jentu] S0LL 3uipping
AN Tad 1ag 1ad 1ad 1ag 1agd Jeul]
L'y 1ad 1ag 1ad 1ad 1ad 1ag lentuj 10LL 3uipiing I19A01S9 M
"¢l 79 11 1AY 81 0t o Jeniug NS v-df .
991 0T 0£°9¢ 9 6'v 1Y 1ag jentuf uonel§ A1AIg dinquapuep
€LY 114 09°011 iL £l (44 9’y Jentuy uone§ seH ynog
9'vl1 00v‘s 001 88 €l 1ag 1ag Jeury .
(4! 9 wew €1 I'é6 69°0 970 Jeniu] O ealy agero)g [anyg SIABL],
11 1ad SY0'0 LEO'O 6¥00°0 S100°0 1000 jeurf
v'é 00€°Z 65°8¢1 €8 €S Y4 6’1 entuy D valy a3e101§ JOd Jajury,
o1t oov'e om.wv 9¢ I'L 8¢ L1 Tenug €1-SS aug
01 00S‘y 18°8 't 9t Ll 1£°0 fentuy 10-1d 1S meys
0?1 009°¢ 0S1 001 | £4 1T €L Jeut]
66 001°¢ 20011 9L 14! 0c 870 Jentuy 01SS (ponuguod) suiqoy
(%) yuaguo) @4/3m) @x/3m) @4/3w) @x/8w) @y/3w) (3y/8u)
JINJSjoOp HdL XALd [eI0L SIUAAY [B)0), awazwaqAyy auanjoy, Juazuag sunp N aseq
R0 1y

sisjeuy flog

(panupuo)) suonenudUO) 10§ HAL PUe XF LG 356194V :s)msoy sanenm] Supuasolg ‘z-g AqEL




September 29, 1995

B-17

Bioventing Principles

Volume I

00L°T1 1ad 1ad 1ad 1ad 1ad Jeur g
00611 1€°Ll zs ot 6L 120 ey Jue), a3ei0) Jaunog
St LLOO 850°0 910°0 €000 | ‘1ad Teuly
_j Lig 8Tl vL0 0£°0 81°0 950°0 Teniu] 81 Suipjing Sujog
__ 008'C 002 081 €L €1 €1 eut
_h 00€°6S 00°S1T'T 00€ L€ 0€S 0S¢ ey 11 9u8
__ 0091 7L L1 08'0 1ad L'y feutd
009'€ 0¥'91 8'1 0z 9 1 e 81 aug
= 0Lz Le 0T L8°0 09°0 LT0 feut
__ 000'€ L€ €7 1L°0 61 €7 feniu] € oNg sjeag
__ 6L L200°0 1ag 1ag Lz000 | a4 feury .
__ 006°01 ov'18 1 8T 81 0$ reniug vary Suputel], a1 ¥031 apeg
1 01°0 0L0°0 9200 00°0 1a8 feur
_‘ 00€'T 0S'LE vl $'9 8'8 78 feniug se-LS SNfd dvV
__ 08 1T €60 90 12°0 82°0 eug
__ 008°Z1 £0'61 $z 9 1ad 1ad eniuy €-VSd
__ 067 71 L9°0 €20 $60°0 Y20 feuty
_ 000°ST 96°0% 61 1z 1ad 1ag fesiug 1-vsd v ddv
-_ (awdd) (Audd) (amdd) (Amdd) (Amdd) (aurdd) sy, s aseq 104 Y
HdL X414 [e10], sAUa|AY [eI0L auazuaqIAYIg auanjoL, auazudg

=

sisjeuy se9) f1o§

SUONEBIUIU0)) SeD) [10S HAL PUe XALY SHnsay aanenmu] Supuosolg *¢-g AqeL




September 29, 1995

B-18

enting Principles

fov

B

Volume 1

sisdfeuy seD Jio§

91 1£0°0 €10°0 1ad 810°0 1ad Jeuly
(174% 19°0 9T°0 $1°0 61°0 910°0 Jenuy 1v1d aus
s v10°0 2100 1ad 200°0 1ag [eury
6y sI'o w00 1100 80°0 €100 feniuy Ovld ans ssafg
0s1°9 81 Vs ¢'c 8y 149 [eniu] JLS YHON
00S°€€ 0v'691 LY Vel 144 §9 feniuy P0-1S Jaroq
L99°6€ 00'079‘1 124 811 €99 €8¢ [eniug 9¢ Ag
860°9p 00'079°1 €51 €6 189 €69 jeniuy gg Alg UBRUOIN siae(q
L9961 LTSl 86 L8V 0£'0 0e0 jeniuy 1SS anS
€EEBIT 00°L10°1 €5C 18 LSS 9C1 Jetnu] LC-1S
L9 €100°0 1ad £€100°0 1ag 1ad feuly .
(184 LT'0 11°0 190°0 1ag 1ag Jentug €0-1d uoysajey)
€0¢ e (A4 £€'0 £5°0 650°0 fenug HST9¥Y Anpioeq
L6E 81'C 91 S10°0 0z'0 9¢°0 Jenuy ascovy Annoeq
osL w8 13 Ve 120°0 ST fenug 8vL1 Anpoeg
0ic cro 1L0°0 970°0 1 s.o 9100 Jeuly
006 10°01 8 9't ITo [ ey Tvid [esoaeue) ade)
000°6 8L | X4 V'L 81 0¢ Jentuy 0L NAMS uouue?d
—_ 09% 1'9 Ve (AN (A} Pe°0 [enug ISTIET AUs uopjpuagd dure)
— (awdd) (Awdd) (awmdd) (awdd) (wdd) (awdd) auny, s asegq ad10] My
H4L XA14 [EI0L saualdy jejoy, |  ewozmaqiigim suanjog, auazuag

(ponuyuoo) suonexuDUC) seD [0S H.L PUe XA LM :S)Nsay 2apenmu] Supuasorg

t-4 dlqeL




wn
=
&
ot 0SS‘€1 0S°8C1 8T SL 08 €l jeniu] I 3AfBA SP/ED Jropuauniyg
N
) 0v8 6t [4* L9 vLO'0 1ag Jeury
2 uonwg
m 000'6L oL 91y 6¢ L9 8v 0ze Jeng lang aseq 701 3pig
b L]
nm. 08L o1 v'8 [4 L10°0 16000 feuty |
adel01g |
000°S€E 05°8¢1 0¢ 6Tl €l 4 Jeniug [3ng Jing €1y quoms|ig
019 09 (44 81 1ag 1ad feuly
9981 ov'9 'l S0 (YA 9’y Jeniug £H-89 S
00Z'1 £% 97 s'C 1T (A1) Jeutq
0009 or'Tel (4! Ve IS 99 feniu] °d-8v NS
001°C 0’9 14 1ad 9’1 1ad Jeuly
0008t 00°v9L 134 oy 0s1 L9S [entug o1-LS uosaIg
w. 000°91 00'vLY 174 6T 6L1 4! fenuy V14 wi3g pio
-]
L99°L1 00°ZL1 8L 4 9 9¢ Teiu] Pl UNQajIny V14 uysg
§6'0 €10 170 <100 900°0 Tad leut]
08¢ 65°0 8v°0 1600 88000 1ad feniug £y NS
SLS 6’8 1Ny [4 €80 80 Jeul]
M. 000°€9 00'69¢ _ 68 0t 9¢ 114 fentuy 91 NS
‘S
m 0t 6'C LUl wo ¥T0 970 Jeuty
000°6¥ 00°¢ST 8¢ 4 91 061 jentug 17 as splempy
.m © (amdd) (Amdd) (awmdd) (awdd) (Awmdd) (amdd) aunp, A aseq DI04 Y
W HdL X314 (eiol SIUIAX [Bj0L audzZUIqIAYI auanjo], Juazuag
©
M sisf[euy sen qiog

L]
%]
g
Q
>

(panupuod) suonexjudUC) SED [0S HAL PUe XAL SHUSY daneniu] Suguosolg °c-g JqEL




B-20

enting Principles

Biov

Volume 1

September 29, 1995

SN SN SN SN SN SN Tenuy 2181 Suipjing
006‘T €2 (%Y Ly'0 6 €8 Jeur]
000°L 0L'8€ Li 9'¢ o1 18 Jeniuy 6€91 Suipjing wodsuey
1454 vE0 (440 ¥50°0 0¥0°0 7200 feniuy s e JOd uordwe) )
0001 14 o1 S'€ 1ad 1ad Teurg
000°C St (4 $9°0 LS v'9 feniug IIH uoj[eD uoljiy
06€ Ly (43 A 1ad 090°0 Jeur]
L68 $'8 (Y 8¢ 'l 650°0 fentug ueld Jamod
SPL'T or'LS v'9 L't €8 oy feniug wieq yue[ 3|ppes eudjen
00€‘T T4 91 Lt TL 1ad fentug $651 ealy wniq 1o
€€ £€°0 LT0 600 2100 1ag Jeur] _
00¥'S1 00°'8%€ 011 ¢4 82 081 Jeniug s ids
650°1 ol s 61 $'T 260 fenug nd Sutures], aayg uanepm Hd
00L'T ov €€ I's 980 L8°0 [eury
ooL'61 oSt 0s ST ¥9 61 reniuy asnoydwing g/t
e 690°0 €€0°0 2€0'0 $00°0 1ad Jeury
06€ SE'1 (48 70 1ad 1ag fentug 1L-1S
002 $'T €1 $6°0 TT0 1ad Jeut]
000°t L8'1 'l vo €0 £50°0 Tenug 19-1S (panunuo) jropuswyg
(amdd) (awdd) (amdd) (awdd) (amdd) (amdd) auny, NS aseq 22104 Ay
HdL XAL] 18101 SAWILYX [e10], udzUIqIAYI auanjoy, audzuag

sisAjeuy seo [os

(panupuod) suonenudUC) st 10§ HdL PUE XALY :SHNSOY dApeniu] Supussolg °c-g d|qeL,




September 29, 1995

B-21

Bioventing Principles

Volume I

sisdjeuy seo 0§

00111 65°€0€ 011 z 082 1a8 feniuy 7000 NS
0006 08¢ 092 sz L6 €7 eut
000°92 06°0b¥ 08 68 081 sL1 en 88¢€ aus
Tl 6€0°0 SE0°0 L100°0 sz000 | 1ad Jeurg ‘
s 01°0 £50°0 1100 610°0 100 et SOLI au§
Sl 0L00°0 1ad 1ad SP000 | ST00'0 feuty
006'C 0S1 b 9'€ © 08 bE e 26 NS
| o 070 €1°0 9100 620°0 120°0 feuty
[ ooer 88 9y $8°0 7T €80 fenu] 8¢z ns
079 o 81°0 9€0°0 1ad 1ad [eur]
08P LS°0 97°0 97°0 6£0°0 0100 feniu] I'v17 aus .
T $600°0 £200°0 1ag Lb00'0 | 7000 [eur]
0z 190 6€°0 $80°0 110 920'0 fesiug 1'40T ou§ I
00°9 sz 81 VL 1ag 1ad feuty
008°€1 00'L6 ov u 62 91 feniug VSd z ans
006'S1 €L €S z 1ad 1ad feuty
[ oog'oz 0L'SST 8b w 1ad ) eniu] Yray
€L 7100 £500°0 1900°0 1ad 1ad feur
000°0+T 08'95 « 82 a8 Tag e H ey weyry
(awmdd) (amdd) (amdd) (amdd) (amdd) (smdd) auny, s aseq 22104 Iy
HdL Xdld (s10L saua|fX [810] awazuqIqry auanjoy, suazuag

(P3nunuod) suonerUDUO)) sen) [I0§ HAL Pue XHAL :SHNSAY danen] Sunuasorg

‘€4 2IqelL




September 29, 1995

B-22

enting Principles

10V

B

Volume 1

SN SN SN SN SN SN feniug 1 ealy Suiures, aig
069 L9'0 950 10 1ag 1100 [eury
000°€1 0€'LIT ve €8 9 61 fentug €1 valy 3uiurely, ang puepay
'l pE0'0 S10°0 £00°0 910°0 1ad [eury '
¥ LSO vE0 81°0 150°0 £00°0 leniy] 01-d aus
L9Y'6 00019 L8 94 343 SLI L £607-4 NS
001 I'1 vE0 S1°0 90 1ad feurg
00v'TI 0098 S1 81 S1 8¢ Jentu 04 aus
(1137 61 £€9°0 €0 880 1%0°0 feur]
00L'9€ 00592 0z € (44 00z Tentug S ang Ay
00€'TT 0SS 0€2 €5 0zz (44 leur] .
000°0€1 0081 0z1 119 0ss 001°1 Teniug vV D0V
€818 0s'16 174 (%4 44 X4 feniuy 99 NINMS 1915333
8851 £9°¢ 0c $'1 990°0 650°0 Jenug 1927209 syue], 28e101g
£€8°¢ ¥s'S €7 £0°€ 110 10 feniug wred yue], JOJ Jowiog
(1]97 YTy 8T $6°0 L¥'0 9100 [eniuj valy Juiuiel], ang pjo oy uoisuyof
ove LT0 0T'0 5900 1ag 1adg Jeur]
0L9 69°0 €90 90°0 81°0 1ad Jeniuy 8015 s
008°L 00€ 0s1 Lé ovl (A Jeut] 7000 NS (panunuod) 1Y
(awmdd) (awdd) (awdd) (smdd) (amdd) (amdd) auay, NS aseq IO Ny
HdL XALd IBloL SAUBIAY [ejo, suszuaqiiyy auanjo], auazuag

sisfjeuy ses) flog

(ponupuod) SuCHENUIIUO) SeD 110§ HAL PUe XALM :SHNSAY aanenu] Supuasolg “¢-gf AqEL




September 29, 1995

B-23

enting Principles

Biov

Volume I

0 110 01°0 05000 $¥00°0 1ad Teury
974 LO'T L9°0 6€°0 $00°0 £500°0 Teniug aus siaeq
SN SN SN SN SN SN feniug 0zL Suippng e[}
9€1 SI°1 L9°0 %0 S€0°0 S€0°0 feniug a6¢ S ddl yorey
08¢ 9 (47 4 1ad 1ad [eurf
000'9% 29 8¢ 41 (41 1ad feniug VS 10d
9 £9°0 870 S1°0 1ad 1ad Teury
008°8 8T (41 I'6 1ad 9'9 [enjuy ¢ asoyduing wonsulje
LS8 6L'1 L1 LSO 9200 9200 feniug € e
oreE 88°1 16°0 650 I1€°0 $90°0 feniug 1+¢ 3uipiing
00Z°'C vE'0 70 6800 970°0 970°0 jenug 1 Suppng 8_&_2. 507
00L'€T sT 91 L8 1ad 1ag Tentug 81 aus Ids
SN SN SN SN SN SN fenrug 1 aus Suurex, a1 ¥o0y Ay
feniuy 161 Jue], DOSN Hepoy
01L L€ 07 oY o1 71 || rewa
0z8 (4! T 0¥'0 79 T'E Teniug LO-VI1d
(174 1 89°0 €0 £1°0 91°0 [eury
00€'1 61 9T £5°0 TL 9'8 fentug 90-V.1d
L90'TY 01°S6S 9 16 8L1 £6€ fenmug BV 10d Johmeg T')
(amdd) (Awdd) (awmdd) (awdd) (Amdd) (awmdd) aung, NS aseq 33104 Ny v
HdL X414 B0l sawaldy [ejo], auzUIqAYr auanjo], JudzUIg
sisfjeuy sep [lo§

(panunuod) mna_ua.s:eo.ao sed [10S HAL Pue XA Ld :S)msay 2apenmu] Supussorg

‘-4 2qeL




September 29, 1995

B-24

Bioventing Principles

Volume I

0sL6T 00°LYE LL 6z €51 88 [entug urel( jutod Mo o
SN 000 SN SN SN SN fentuy v1 Anpoeg
8¢ 00 8800°0 S$¥00°0 S10°0 T°L00°0 fentug 68 Aupioeq
£V0°'1 910 Iro L6000 £20°0 6100 Jentuy LT Anpoeg JeMdN
€€E°6T 00°10¥°1 LLe 89 €SL €0T fentuy AN
000°TL 00°LOE T S81 ss LYS 0zs fentuy 8¢ s
0ov'l v 91 Y 14! 09 Jeutj
L9918 00°2S0°1 001 LE Le 1349 Jentuy L s SHISN
000°29 00t‘1 0Lt 09§ Y4 0ss fentuy piex 10d SWoH N
006°v 78 Y7 I's (44 o1 leul{
000°vS ove 8¢ Ll 061 €L Jentug adeso1g |ang Ning SMUNHOIW
Lz 0C°0 sT'o 900 1ad 1ad Jeuty
0LE'T @il Ls 1Y 11°0 1o Jeniug P# waied yuel
006°11 (114 €1 0L 8¢°0 1ad Jeury
EEE'6T 86799 13 6L 8T 89°0 [entuy T# wied yue],
006 (43 9¢ 8 TL 8¢ Jeuty
¥9Z°6€ 00°€8¢€ 18 £l 144! €91 Teniuy 9 va1y Apmg
0t6 (4! 09 8T o'e Pe'0 feuty
L91°L 0s°s $8°1 12 81°0 81°0 jentuf 9%-1 Tdd (panunuod) uelRIDIW
(amdd) (awdd) (awdd) (swdd) (awmdd) (awdd) auu), g aseg 23104 Ay
H4L XALE [910L soualdy (w10, swzuaqihyyg auanjop, auozuag

sisAjeuy sen pog

(panupuod) suonenUdUO) SeD [0S HAL PUe XL :SINSoy 2apenm] Supussolg ‘¢-g qeL




September 29, 1995

B-25

enting Principles

10V

B

Volume I

907 VTl 01 L1'o 820°0 £100°0 fenuy €L1 1SN suiqoy
0s 920 120 80°0 1ag 1ag feury
L9961 £9°0¢ 81 1’9 £5°0 91 Teniuy s 0Z Juel ydjopuey
008'€ 6€ 01 0 94 1ad Tenug 80-LS S adog
8vE's 1Tsy s Ty 0z 10°9 fenuy 1 vary Suiurel] aig
00Z'L oyl 8 T 81 1 renu b ud Suturery ang
6'6 ¥€0°0 €10°0 S$Y00°0 910'0 1ad [eurg
ZIE'Y 05°0€ v1 1z o1 vy fenuy €297 1d Suturery ang y3ngsnelq
000'8Y 0L'991 (44 81 L6 LTI fenug ea1y a3el0lg [ang ying asead
£y 92'0 €20 $¥00°0 700°0 L70°0 Jeury
000'79 8I'L 00T T b 1ad fenuy uonE)§ 301AISS X _
89 €10 850°0 ¥20°0 £00°0 840°0 LR
00t°01 09°L9T s 1 1ad 1ad fenu TVid Jorned
098 9€°0 9€°0 1ad 1ag 1ag ey
00S°€1 00'+0€E 6 v 1 L9 feniuy ealy a3e0l§ 70d
00€'T s€ 87 ) 1ad 1ad [eut
00€'81 76°78¢ 1s b 1ad 067 fentuy 90y Suipjing
oLl 1ad 1ad 1ag 1ad 1ad [eur
00Z's 00'11¢€ 9’1 1ad T1ad 1ag Tenu o€ Suipping (panunuoo) NNYO
(Awdd) (awidd) (awdd) (awdd) (awdd) (awdd) aun], NS aseq o104 MY
HdL X414 [e0L SIUIAY [BI0L auazuaqiAyyy auanjoy, awazuag

sisfjeuy sesn) jlo§

(ponunuod) suonenudU0) seH 10§ HAL PUe XALY sHNsaY aanenmu] Supuasolg *¢-q AqeL




September 29, 1995

B-26

enting Principles

10V

B

Volume I

N uondaep Moy 1ad
‘pojdwes JoN SN

86€°'C PeTl 9L'9 6’1 65'C L00 jentug €27 AUS [idg
L1l STt 6T°0 1770 wo €T0 Jeniug va1y Juiwel], ang uosIaned Ysum
ve'o 6£0°0 £20°0 €900°0 €600°0 1ag Jeulg
6 £€C°0 L80°0 o 1ad 1ag Jentug SOLL Suipjing
LSO 019 1£0°0 [AN) 1ad o019 Jeuly
SN SN SN SN SN SN Jenuy 10LL Buipjing 13A0Isa
SN SN SN SN SN SN Jentuy S t-df
L9Y*61 00 I11Y 6¢l 8¢C 8 091 jentug uopels adiAlag Sunquopuep
000°S¥1 00°9L0°€ ove 19 (YAN 0s9°1 [entuf uonels sen ynog _
00€°T 9s i€ v'9 I 'L [eut
000°0I1 00'840°C L6 001 0ss 00€‘1 jeniug D va1y a3elolg [ong SlAE1],
061 8’1 1 €L'0 0’0 810°0 Jeut]
00S°11 00'20T 9¢ I 001 129 Jenug D ey a5ei0l§ JOd JojuLy
00L°69 09¢ 0c1 [43 00T 01¢ Jentug S1-SS s meys
000°¢€1 081 L9 1! ov LS Jeuty
000°ss 00°6LY 8 91 601 0Le e 01SS
I'1 |4 V) 910°0 1ad 110°0 980°0 jeuly €LT LSN (panunuoo) suiqoy
(awdd) (awmdd) (awdd) (Amdd) (amdd) (awdd) aumy, s aseq 3210 Ny
H4L XAL€ [el0], sowhx [EroL | suszuaqiAy suanjol, auazuag

sisdeuy ses jlog

(panunuod) suoyenudU) ses) [log HAL PUe XALG :SINsoy 2Apenu] Supussolg

‘€~ dlqeL




September 29, 1995

B-27

Bioventing Principles

Volume I

PadNpuod JoN pajonpuod 0N palonpuod 0N Pa1onpuod JoN 91°0 010°0 GAREN ssah(q
pajonpuod 10N Pa1onpuos JoN paronpuod 10N pa1onpuod JoN 06’ 0€'0 ALS YPION
Pajonpuod jJoN Palonpuod JoN pajonpuod JoN paonpuod 10N $6°'C 81°0 $0-1S Jaro(q
Paonpuod 10N pajonpuod 0N Pajonpuod 10N pajonpuod 0N LTl 8L0°0 9¢ Mg
Pa1onpuod 10N Pajonpuod 0N Ppalonpuod 10N Pa1onpuod Jo0N S1'0 600°0 GE ang ueUoy siae(q
PaoNpuod 10N Palonpuod 10N pajonpuod 10N Pa1onpuod 10N 07’9 8€'0 1SS ans
LET ¥80°0 010 6500°0 188 $$°0 €014 uoisafIey)
Pa1onpuod J0N Pa1oNnpuod 0N pajonpuod 0N paonpuod JoN LL't L1'O STy Anpoeg
pa1onpuod JoN paonpuod 0N paronpuod JoN pajonpuod JoN 9€°9 6€°0 dszovy Lnoeg
Pa1onpuod JoN P31onpuod JoN palonpuod J0N paonpuod JoN 19°C 91°'0 8Ll Apioeg
PpaAdNPUod J0N pajonpuod 0N Ppajonpuod JoN Pa3ONpUod JON 16'C 81°0 -v1d [esaaeue) ade)
Pa1onpuod 0N pa1onpuod JoN paonpuod JoN Pajonpuod JoN $9'8 €S0 0L NIAMS uouue)
__ Pajonpuod joN pajonpuod JoN Pa1onpuod JoN paonpuod 10N €0 120°0 1 aus uojs[pusg dwe)
wieg
66°S1 860 8¥'¥T Sl $8'7T vl yue], a3elolg Jawiog
I1€°1 080°0 81°0 110°0 08'l 10 81 Suipjing Bujjog
¥$°0 £€0°0 1$°0 1€0°0 961 o 11 aus
€'l 690°0 LTl 8L0°0 80°CI vL0 81 g
9Z'0 910'0 0L0 £40°0 8T'T v1°0 € ang sjeag
I 19'C 9I'0 96'1 4% 9¢'9 6€0 valy Suiures], aig ¥a31D) ameg
6€°S €€°0 LLT L1°0 6v'8 50 SE-1S SAId dAV
18'8 ¥$°0 88°S 9€'0 S8yl 160 £-VSd
96°0 650°0 $6°0 850°0 ws €0 1-vSd ¥ ddV
Aep-3y/3w Iy/9, Aep-3y/3w 1y/9, Kep-3y/w Iy/9, E31( aseqg
NI0g Ay

aeak-1

Yauour-g

fenuy

SONS anenmu Sunuasorg ye s)MsY 153, uonendsay mIS U “p-g Qe




September 29, 1995

B-28

Bioventing Principles

Volume I

1

08'1 170 paronpuod 10N Paonpuod JoN 8I°L LAY II'H uojjedy uoliiiN
£9°6 650 palonpuod 0N Pa1onpuod 10N 68'CC ¥l jueld Iamod
pajonpuod 10N | paonpuod joN | paronpuod joN PaJ1ONpU0d 10N 'Ll SO'1 uire] jyueJ] a[ppes BUI[BD
6T°0 8100 £8°0 500 §8'CC LA ans [nds .
paronpuod 10N | pawnpuod 10N | paronpuod joN PalonNpuod 0N FAQ 790 nd Sutureny, ang uontem dd
19°C 91'0 11°0 9900°0 (99 $£0 asnoydwing ¢¢/¢h
86°0 90°0 20 S10°0 16°0 9500 IL-LS
8I'L o 81°1 oo 0’9 8¢°0 19-1S
ws wo vl 60°0 (A% 15°0 asnoydwing Sp/ep Jlopusuy
uonels
60°0 96000 91°0 9600°0 Sy €00 [eng ased ZoI 3pid
ade101g [
171 vL0°0 1 890°0 S6°LY 'l PN jing g ey quoms[Ig
08°1 11°0 60°1 L90°0 pajonpuod 10N | Paionpuod 10N £a-8p NS
081 11°0 SL'O 9v0°0 ¥6'T 81°0 Td-8Y S
£9°1 o1°0 65°¢ o ey 6C°0 OI-LS uospaty
paonpuod 10N | paronpuod joN | paronpuod 10N Pajonpuod 10N +6'T 81°0 v1d wj3g pio
paronpuod 10N | paronpuos joN | peonpuod JoN Pa1onpuod 10N 6°T 81'0 PIsi] uUNngapIny V.14 undg
1£°0 6100 oro 09000 S0 ££0°0 tp S
96°0 650°0 80°0 1500°0 1§°0 1£0°0 91 2§
SL'e €00 97°0 910°0 19°C 910 1T ans spiempy
pajonpuod 10N | paronpuod 0N | paronpuod 10N palonpuod 10N | pajonpuod joN | paronpuod 10N 1v1d aus (panunuod) ssak(q
Aep-3y/8w FUTZA Aep-3y/3w /oy, hav.wx\—: Iy/9, ms aseq
104 NV
Ieaf-1 uour-9 Teniuy

(ponupuod) sayiS anenu] Sunuasolg je s)NSAY 1S3, uonendsay nys Ul “p-g dAqeL




September 29, 1995

B-29

ciples

Bioventing

Volume 1

08’1 11'o LSV 8T°0 LT°6¢ ¥'T +-S s Aoy
se'l £80°0 8¢°1 L60°0 el 180°0 vV o0V
6L°6 09°0 69°9 10 19°01 £9°0 99 NAMS 135333
19¢ pue
L't £C0 pajonpuod JoN Palonpuod 10N v ol ¥9°0 09 syue], a3el01s '
uuej
S'E o Pajonpuod 0N P31onpuod joN w6t ¥To jue], "JOd leulog
BAIY
TL vr0 Paonpuod 0N Pa1onpuod JoN $8'9 wo Suiuiea, ang PIO 1o}y uojsuyog
6v'1 160°0 €0 120°0 9¢°0 00 8°0IS 2§
Se'l €80°0 97'0 910°0 65t 7o 2000% 2uS
9¢'9 6¢°0 A4 0600 $8'9 wo 88¢ w:m
paonpuod JoN | pajonpuod joN | paronpuod joN pajonpuod 10N | paronpuoo joN | paronpuoo JoN SOLY aus
[A%Y L00'0 0L°0 £v0°0 14N 9¢'0 ¥T6 NS !
96°0 6S0°0 1$°0 1€0°0 18°8 S0 87T s
¥T0 €100 ¥T0 S10°0 90°s 1€°0 I'viz aus
LS 960'0 £€6°0 LSOO 66°S1 860 I'v0T s II'H
§9°8 €60 'y LT0 6L°'6 90 VSd T s
07’9 8¢°0 ve'L S0 86°61 (A I ealy
0To oo (4901 £60°0 6S°11 L0 H ealy weory
panpuod joN | paronpuod 0N 650 9€0'0 paynpuod 10N | parnpuod 10N 7181 3uipjing
8L0 8%0°0 YTy 970 eL'Cl 8L'0 6€91 3uipping wodsuey
ng (penunuo))
pa3onpuod joN | panpuod joN | paronpuod joN PaIONPU0d 0N 91°91 66°0 jeaT 7104 uordwie) BUIJED
Aep-8y/3w Iy/9%, Aep-3y/8w EUTTA Aep-3y/w I/, s aseq
log Iy
Tedh- yjuour-9 renug

(panunuod) sayis sapenIu] Sunuasolg je S)MsY 153, uopexdsay NS Ul ‘p-g AqeL




September 29, 1995

B-30

enting Principles

Biov

Volume I

pajonpuod JoN | pslonpuos joN | paronpuod 0N P31oNpuod JoN TS €0 pIex T0d SwoH N
SLT1 wo LSy 87°0 86°61 (A ade10ig [ang ying AIMNDIN
w1 6600 81°0 1100 6¢'S €€°0 b# ue] Juey,

0’1 ¥90°0 640 0£0°0 90°S 1€°0 T# uleq Juel, .

081 Inro 970 910°0 ws (A1) 9 valy Apug

¥0'9 Le0 or'e 61°0 S8'¥1 16°0 9%-1 Tid

91'8 050 961 o ¥0'9 LE°0 Ag siaeq UE[IAD9N
pajonpuod JoN | paonpuod joN | pasonpuos joN P3)ONpU0d 10N €LY 620 a6E NS JAI Yore

80'¥ sTo (SY ¥e'0 S6°LI I'1 VS T0d

pa1onpuod 10N | paionpuod JoN €LY 670 TS € 1I asnoyduing wonswje

paonpuod JoN | patonpuod joN | paronpuos joN P31ONPU0d JON t'¥ LT°0 € 91en

pajonpuod 10N | paronpuos joN | pajonpuos joN Pajonpuod 10N 80°'¢ S7°0 147 Suipjing

Pajonpuod 10N | palonpuod joN | pajonpuoo joN paONpuod J0N 6€°S €€°0 GZI Suipjing mo_om.=< SO

paonpuod 10N | pajonpuod joN | paronpuos joN PajONpUO0d JON 67 €€ $0'T 81 aug ds ooy apng
07’0 7100 0 120°0 171 L0°0 LO-V1d
Ly'o 6200 LL'O LY0'0 e €10 90-VI1d
19°C 91°0 08’1 1o 08’1 110 BV T0d JoAmes

PAONpUOI JON | PIONpuod 1N L00 £¥00°0 60°0 §500°0 ey w:_ﬂﬁ,_. CLE
€1°0 £800°0 0z'0 oo 00'1 1900 By wc_m_“s._h ang puepuy|
140 0L0°0 €6'0 LS00 S6°LT I'1 01-q aus
LY'6 850 SL'11 wo 1077€ 61 04 ams (panunuoD) Ajjay %

Aep-3y/3w Iy/9, Kep-8y/3um I/, Kep-8y/wt Iy/9, s aseq
RI0g Ny

Je2A

-1

Yyuow-g

fenpug

(panupuoo) sayig aapenu] Supuasorg 18 sNSIY 152, uoneaidssy NS U “p-g IqEL




September 29, 1995

B-31

ciples

Volume I: Bioventing

YO v1 98°0 68°CI 6L°0 SL'8S 9t O a1y a3elo0)g [ong Slaelp
16°0 9¢0°0 290 8€0°0 ¥6'C 81°0 D ea1y ageI0lg "J0d R_uL
Pajonpuod 10N | paronpuod 10N | pajonpuoo joN P31oNpuod 10N 19'Z 91°0 S1-SS aus
Pa1onpuod 10N | paonpuod joN | pajonpuod 1oy P319Npuo0d 10N 0L €0 10-14 3§ meyg
£L°0 0200 Is°0 1€0°0 ¥6'C 81°0 oISsS
1770 €100 $0°0 £¢00°0 LYo 6200 €L1 LSN sulqoy
LS’y 870 34 ST'0 69°9 170 S 0T Jue], ydjopuey
PAjoNpuod 10N | PadNpUed JON | Ppajonpuos joN Pa3onpuod 0N 97'€ 07°0 ¥ 1d Suures], a1ng
€51 ¥60°0 Le L1r'o 1Ll ¥8°0 ealy m_mw“muh ang ydngsneig
BIIY
pajonpuco J0N | parnpuod 10N | paronpuod 1oN Pajonpuod 10N 97°8S LS'€ 23e101§ Jong jing aseaq
9%°0 820°0 1328 1770 19°C 9a1°0 uonelg ad1Aldg X4 .
6¢€°S £€°0 699 10 3% 124V Vid Ppled
1S°¢ 9%°0 Pa1onpuU0d 10N Pa)2NpuUod 10N €9°'] 1’0 Baly 28e10S TOJ
¥9°0 6€0°0 £8°0 150°0 L6'6L 6'v Of 3uipjing
o'y 970 6€°S £€°0 6£°16 9°S 90p Suipjing
pajonpuod 10N | paonpuod 1oN | pejonpuod joN Pa3oNpuod 10N 01 98°0 urel( uIod Mo unyo
e'0 120°0 91°0 9600°0 o 1200 68 Anpoeg
(4" S100 - Pajonpuod 10N Pajonpuod j0N ¥y 9T'0 LT Aupoeg }emaN
9¢'0 200 9%°0 8700 9’11 69°0 vy NS
9’0 9100 090 8¢0°0 e 170 8z s
1€°0 1€0°0 900 §€00°0 8L°0 8%0°0 L Aas SHIsN
Aep-8y/8w I/, Kep-Sy/3u ay/a, h«?ﬂ:— 1Y/, mns aseqg
J04 NY
Ieak-1 yuouwr-9 1enmg

(ponuguod) says aanenu] Sunuasolg Je SHMSIY I3, uoneadsay mig ul ‘p-g dqe]




September 29, 1995

B-32

Bioventing Principles

Volume I

Palonpuod 10N | peronpuod JoN | peronpuod JoN | palonpuod 10N ) 97°0 £z aNg nds
Pa1onpuod 10N | Palonpuoo JON | paionpuod 10N | paronpuod 10N or'E 61°0 €1y SulUIel] ailg uosioneg WSum
80 S0'0 P31dnpuod JoN P310npuod 10N 96°'1 o SOLL 3uipimg
80 7600 91°0 8600°0 6¢'S €e’0 10LL Suipping JoA0Isam
[ paronpuos joy | paronpuos 10N | pawonpuodjoN | paronpuoo joN 76°€ Y20 uoneEls 21A13g 3inquapuep
(panunuo))
patonpuod 10N | paronpuod joN | patonpuos joN | paronpuos joN 1€°0p I/ uonels sen ynos SIAB1],
Kep-3y/Sw 1y, Kep-3y/8u /o, Kep-Sy/wi /% s aseq
2210 MY
I8aA-T Jiuow-9 Teniug

(panumuod) sayis aapenu] Sunudolg je sHMsaY 159, uonexidsay nys Ul “p-g d\qeL




