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EXECUTIVE SUMMARY

OBJECTIVE

The primary objectives of this ESTCP-funded project were 1) to demonstrate the safe application
of propane biosparging (i.e., biostimulation) for in situ remediation of MTBE; and 2) evaluate
the ability of propane biosparging to reduce MTBE concentrations in a contaminated aquifers to
below regulatory limits (i.e., 5 ug/L). To meet this objective, several secondary objectives were
identified as follows: 1) perform microcosm testing to evaluate the ability of indigenous propane
oxidizing bacteria and/or other microorganisms to degrade MTBE; 2) select and characterize a
field demonstration site; 3) use field characterization and microcosm study data to design,
construct and operate a field demonstration system; 4) evaluate performance of the treatment
system during a 10-month treatment period; and 5) evaluate the cost of applying the technology
at full scale.

BACKGROUND

Methyl fert-butyl ether (MTBE) has been used as a high-octane additive in mid- and high-grade
gasoline since 1979, and to replace lead and other gasoline additives such as benzene, toluene,
ethylbenzene and xylenes (BTEX). The 1990 Clean Air Act Amendments required that in high
pollution areas of the country, oxygenates be used in all grades of gasoline to encourage
complete fuel combustion, thereby reducing vehicle emissions such as air toxics, carbon
monoxide and volatile organic compounds. The goal of gasoline reformulation is to reduce
gasoline's benzene content by 33% and the other organics by at least 15%. MTBE was selected
as the oxygenate of choice to meet the new standards. In 1992, more than 1.8 billion gallons of
MTBE went into gasoline, and its use has increased each year since. It accounts for up to 11%
by volume of the reformulated gasoline product used by consumers, and now is added to > 30%
of the gasoline sold in the US. In 1995, 17.62 billion pounds of MTBE was produced primarily
for use in gasoline, and its production and use has continued to increase.

The discharge of gasoline from leaky underground storage tanks into soils and groundwater has
resulted in the contamination of these media with MTBE. Because MTBE is highly soluble in
water (~43,000 mg/L), it is often found as plumes in groundwater near service stations, storage
facilities, and filling terminals throughout the United States. More than 300,000 releases from
leaking underground tanks have been reported to state regulatory agencies. Thus, human
exposure to MTBE is a clear and present concern in the United States. As little as four liters of
reformulated gasoline can contaminate more than 1,000,000 liters of groundwater to above
MTBE’s odor and taste threshold of 40 pg/L.

Compared to other gasoline constituents, relatively few studies have been conducted to address
the biodegradability of MTBE in soils, sediments, or groundwaters. The studies that have been
have published have generally shown that the compound is resistant to biodegradation or
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degraded only slowly through the combined actions of several microorganisms (i.e., by a
consortia rather than a single strain). Work at ENVIROGEN, revealed that MTBE can be
degraded by propane-oxidizing bacteria (Steffan et al., Appl. Environ. Microbiol. 63:4216-4222,
1997). The propane-oxidizing strains, however, do not grow on MTBE as a sole source of
carbon and energy, but rather require propane for growth, and cometabolize MTBE when
supplied with this substrate. These findings became the basis for a new treatment technology
that relies on the addition of propane and oxygen to contaminated media to stimulate MTBE
degradation by indigenous or added propane oxidizing bacteria (US Patent 5,814,514; Sept. 29,
1998).

Historically, the most common treatment technology for groundwater contamination has been a
pump-and-treat approach. With this technology contaminated groundwater is pumped from the
subsurface, the contaminant is removed through volatilization (air-stripping), sorption to a matrix
(carbon adsorption), chemical (e.g., ultraviolet irradiation, peroxide oxidation) or biological
(bioreactor) destruction, and the groundwater is discharged above ground or to the subsurface.
Because of its high aqueous solubility, low Henry’s Law Constant (low volatility from water),
and poor adsorption to carbon, the usual ex situ treatment techniques designed for contaminants
such as benzene and trichloroethylene have proven to be ineffective or expensive for removal of
MTBE from groundwater. The use of air stripping and carbon adsorption is even less useful in
regions of the country where fert-butyl alcohol (TBA) levels in groundwater also are regulated.
TBA strips more poorly than MTBE, and it has an even lower affinity for activated carbon.

In situ approaches to groundwater remediation include air or nutrient supplementation to
stimulate contaminant degradation (e.g., biosparging), addition of compounds such as zero-
valent iron for chemical dechlorination, and addition of bacteria capable of contaminant
destruction (bioaugmentation). For many contaminants, including most petroleum constituents
(BTEX, alkanes, etc), subsurface aeration effectively promotes aerobic contaminant destruction
by stimulating the natural microflora in the region to degrade the polluting compounds.
However, the recalcitrance of MTBE relative to other gasoline components generally makes it
resistant to in situ biostimulation approaches such as air sparging and/or nutrient-amendment.
Thus, unlike many groundwater contaminants, a novel approach is often required for in situ
remediation of MTBE in contaminated groundwater.

There are several potential advantages to using a biostimulation approach for degrading MTBE
in situ. Biostimulation uncouples biodegradation of the contaminant from growth of the
organisms. That is, the microbes can be supplied sufficient co-substrate (e.g., propane) to
support growth, so they do not have to rely on the utilization of low levels of contaminants to
maintain their survival. Also, the technology can be applied in a number of configurations
depending on site characteristics and treatment needs. Possible application scenarios include: 1)
re-engineered or modified multi-point air sparging/soil vapor extraction (AS/SVE) systems that
deliver propane and air throughout a contaminated site (suitable for use with existing AS/SVE
systems or specially designed systems); 2) a series of air/propane delivery points arranged to

xi
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form a permeable treatment wall to prevent off site migration of MTBE; 3) permeable treatment
trenches fitted with air and propane injection systems; 4) in situ recirculating treatment cells that
rely on pumping and reinjection to capture and treat a migrating contaminant plume; and 5)
propane and oxygen injection through bubble-free gas injection devices to minimize off-gas
release and contaminant stripping. Furthermore, propane is widely available, transportable even
to remote sites, already present at many gasoline stations, and relatively inexpensive. Thus,
propane biostimulation has the potential to be an attractive remediation option at a wide variety
of MTBE-contaminated sites.

DEMONSTRATION

This ESTCP-funded demonstration project was designed to evaluate the application of in situ
propane biosparging for remediating MTBE contaminated aquifers. The project compared
MTBE biodegradation in a Test Plot that was amended with propane oxidizing bacteria and
treated with oxygen and propane to a Control Plot that received only oxygen. The project also
allowed evaluation of the cost and safety of propane biosparging for MTBE remediation at the
field scale. The ultimate goal of the demonstration was reduce MTBE concentrations in the Test
Plot to 5 ug/L, but this goal was not met during the demonstration period.

MICROCOSM STUDY RESULTS

In this study, microcosms prepared from Site soil and groundwater were used to select the
appropriate treatment approach for the Port Hueneme site. Our microcosm data, and that of
others, indicated that indigenous MTBE degrading microorganisms occurred in the aquifer and
that their activity could be enhanced by oxygen addition. Even though this activity exists at the
site and the aquifer is shallow and sandy and likely supplied with oxygen through rain events,
the MTBE plume is very large and apparently expanding. Thus, we elected to evaluate
enhancing the natural activity at the site by inoculating the aquifer with a small amount of a
propane oxidizing bacterium and supporting their degradative activity by adding propane and
oxygen.

Microcosm studies revealed that the addition of ~10° CFU/mL of ENV421 provided rapid
activity in the Port Hueneme samples. Based on our experience with bioaugmentation, we
anticipated that wild-type organisms because of their adhesive properties would not be widely
distributed in the aquifer after injection. Thus, even a relatively small amount of organisms
would create a high cell density biobarrier around the injection points. As the organisms grew
on the added propane and oxygen, the biobarrier was expected to expand with the groundwater
movement. In earlier demonstrations at the site as much as 6000 L of culture was injected into
a similarly-sized Test Plot. We, however, elected to inject only ~16 L (i.e., 5 gal.) of seed
culture (equivalent to 5 L of concentrated culture at ~10'"" CFU/mL) into the aquifer. This
amount of culture can be produced inexpensively and shipped inexpensively via overnight
courier even to remote sites.

Xii
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DEMONSTRATION RESULTS

A summary of the demonstration results is presented in Table 1. As expected based on
microcosm studies and previous demonstrations at the site, MTBE concentrations decreased in
both the Test and Control Plots during the demonstration. MTBE concentrations at individual
wells are presented in Table 3. Test Plot and Control Plot well locations are illustrated in Figures
8,9, and 10. MTBE concentrations in deep monitoring wells located directly downgradient of
the propane and oxygen injection systems rapidly decreased during the first two months
following bioaugmentation. MTBE levels decreased in GWT-3D from 2,100 pg/L (May 20,
2001) to 280 pg/L (July 10 2001) and 73 pg/L by the end of the demonstration. Similarly,
MTBE concentrations in wells GWT-6D, GWT-9D, and GWT-12D (center column of deep
monitoring wells) decreased dramatically over the course of the demonstration. For example, the
concentration at GWT-6D decreased from 1,700 pg/L in May 2001 to 110 ug/L by the end of the
demonstration (March, 2002).

MTBE concentrations also decreased by a factor of 20 in the other deep monitoring wells in the
Test Plot. The maximum MTBE concentrations in the deep Test Plot wells immediately prior to
bioaugmentation was 3,400 pg/L at GWT-10D and GWT-15D, with most wells having a
concentration above 1,300 pg/L. At the conclusion of the demonstration, the maximum MTBE
concentration in the deep Test Plot wells was 440 pg/L, with most wells having a concentration
below 150 pg/L.

In the shallow monitoring well network, MTBE concentrations in the well upgradient of the Test
Plot (GWT-1S) decreased from 1,700 pg/L to 5 pg/L by the end of the demonstration. Thus,
groundwater entering the shallow aquifer in the Test Plot generally contained less than 250 pg/L
after July 2001. This result suggests that either the groundwater upgradient of the demonstration
area contains low concentrations of MTBE or, more likely, that propane and oxygen spread
upgradient into the shallow aquifer and promoted MTBE biodegradation at GWT-1S. Dissolved
oxygen in the background well was generally lower than in the rest of the Test Plot, but
dissolved oxygen increases were observed in this well during the course of the demonstration.
MTBE concentrations in the other shallow monitoring wells in the Test Plot were typically less
than 1,000 pg/L during the demonstration. Concentrations of MTBE in the line of wells GWT-
2S, GWT-5S, GWT-8S, and GWT-11S was generally less than 200 pg/LL and, in fact,
approached 5 pg/L by the end of the demonstration. A similar trend in MTBE concentrations
was observed in most of the shallow monitoring wells in the Test Plot.

Some of the wells in the Control Plot also had relatively rapid decreases in MTBE concentrations
after oxygen injection began. For example, MTBE concentrations in the first deep monitoring
well in the center of the Control Plot, GWC-3D, decreased from 4300 pg/l on May 21, 2001 to
690 pg/L on June 26, 2001. This apparent microbial response to oxygen injection appeared much
more rapid than the lag period observed during previous field studies at the site. In the shallow
wells of the Control Plot MTBE concentrations in groundwater entering the plot were

xiii
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approximately 2 mg/L at the beginning of the study (May 1, 2001), but by June 25, 2001 they
had declined to approximately 350 ng/L. They continued to decline to only 3 pg/L by the end of
the study (March, 11, 2002). Some decreases in the upgradient wells of the Control Plot also
occurred, but the extent of the decline was not as great as in the Test Plot. The greatest decreases
in the deep upgradient monitoring well of the Control Plot occurred in January 2002, and this
closely followed a period of the greatest oxygen levels measured at this well.

TABLE 1

SUMMARY OF MTBE CONCENTRATIONS (pg/L) IN CONTROL AND TEST PLOTS
ESTCP Propane Biosparging Demonstration

Port Hueneme, CA

Envirogen Project No. 92132

Test Plot 5/20/01 —5/22/01 3/11/02 —3/12/02 Percent Removal

Average Std. Dev. Average Std. Dev. 5/01 through 3/02
Test Row 1 Shallow 473 290 105 57 77.9
Test Row 2 Shallow 513 376 64 48 87.5
Test Row 3 Shallow 230 89 86 71 62.5
Test Row 4 Shallow 180 89 40 33 77.6
Test Row 5 Shallow 110 100 15 18 86.3
Test Row 1 Deep 1,800 436 168 236 90.6
Test Row 2 Deep 2,067 723 148 108 92.8
Test Row 3 Deep 2,400 917 95 34 96.0
Test Row 4 Deep 1,360 1,080 187 81 86.3
Test Row 5 Deep 2,550 1,202 82 83 96.8

Control Plot 5/20/01 —5/22/01 3/11/02 —3/12/02 Percent Removal

Average Std. Dev. | Average | Std. Dev. 5/01 through 3/02
Control Row 1 Shallow 1,187 1,150 256 303 86.4
Control Row 2 Shallow 766 839 22 15 97.1
Control Row 3 Shallow 610 285 27 36 95.6
Control Row 1 Deep 4,667 814 502 617 89.2
Control Row 2 Deep 4,633 777 558 732 87.9
Control Row 3 Deep 5,333 1,380 527 670 90.1

NOTES: Test Row 5 has only 2 wells. All other “Average” concentrations are the average of 3 wells.

Xiv
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CONCLUSIONS AND RECOMMENDATIONS

One potential advantage of applying alkane oxidizing bacteria for remediation rather than
cultures that grow on MTBE, is that their growth can be maintained by adding sufficient amounts
of high-yield substrate. Biomass yields on MTBE are generally very low (~10% to 20%), and
the mass of substrate (i.e., MTBE) reaching the organisms in an aquifer is determined by
groundwater flow. Thus, organisms that grow on MTBE could starve in an aquifer if
groundwater flow is slow and MTBE concentrations are low. Because addition of propane can
be regulated easily to maintain a continuous food source, and because bacterial yields on propane
are great (>50%), biomass levels and MTBE degradation activity should be less dependent on
MTBE concentrations and groundwater flow rates. Unfortunately, active MTBE degradation in
our Control Plot during this demonstration prevents a thorough evaluation of the effectiveness of
the MTBE degrading propanotrophs stimulated in this aquifer. At the end of the study, however,
we were able to isolate several MTBE-degrading propanotrophs from the Test Plot, but none
from the Control Plot. This suggests that propanotrophs did play a role in MTBE degradation in
the Test Plot. Interestingly, the isolated propanotrophs did not have the same colony morphology
as ENV425, suggesting that native propanotrophs increased in abundance and/or dominance in
the aquifer during the course of the demonstration. Some of data collected near the end of the
demonstration suggested that MTBE degradation activity in the Control Plot was declining. A
longer demonstration may have allowed a better assessment of the stability and activity of the
indigenous MTBE degrading population relative to the stimulated propanotrophs.

In summary, we have demonstrated that propane biosparging can be safely and economically
applied at the field scale to promote in situ degradation of MTBE. Application of the technology
resulted in no measurable fugitive emissions of propane, and in situ biodegradation maintained
propane levels near or below its detection limit in groundwater. Propane costs for the 10-month
demonstration were only about $50/month, indicating that application of this technology costs
little more than a traditional air sparging system. Thus, it may be cost effective to incorporate
propane biosparging equipment into MTBE remediation designs, even at sites where MTBE
biodegradation by indigenous organisms is suspected. If indigenous bacteria prove to be
inefficient or ineffective at remediating the site, propane can be injected to enhance activity.

Results of this study also demonstrated that most of the active MTBE degradation that occurred
in both plots occurred near the oxygen injection points. This limit of degradation activity was
probably caused by consumption of the oxygen added to the plots. Oxygen was likely consumed
by both geochemical oxygen sinks and biological activity. Because of the process monitoring
and technology validation procedures of both Envirogen and the USEPA, we elected not to
increase gas flows into the site during this demonstration. To reach even lower MTBE levels,
however, either additional rows of oxygen injection points should be used, or oxygen loading
rates should be increased.

XV
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1.0 INTRODUCTION

1.1 BACKGROUND

Methyl tert-butyl ether (MTBE) has been used as a high-octane additive in mid- and high-grade
gasoline since 1979, to replace lead and other gasoline additives such as benzene, toluene,
ethylbenzene and xylenes (BTEX). The 1990 Clean Air Act Amendments required that in high
pollution areas of the country, oxygenates be used in all grades of gasoline to encourage
complete fuel combustion, thereby reducing vehicle emissions such as air toxics, carbon
monoxide and volatile organic compounds. The goal of gasoline reformulation is to reduce
gasoline's benzene content by 33% and the other organics by at least 15%. MTBE was selected
by most gasoline producers as the oxygenate of choice. In 1992, more than 1.8 billion gallons of
MTBE went into gasoline, and its use has increased each year since (Anderson, 1993). It
accounts for up to 11% by volume of the reformulated gasoline product used by consumers. It is
now added to almost 30% of the gasoline sold in the US, and this is expected to increase to over
70%. In 1995, 17.62 billion pounds of MTBE was produced primarily for use in gasoline
(Johnson et al., 2000). The remediation of MTBE-contaminated sites is of concern to DOD, as
fuel is stored, transported, and/or dispensed at many military installations. MTBE has been
found at DOD facilities in at least 15 states. This number is expected to greatly increase when
specific testing for MTBE is required.

The discharge of gasoline from leaky underground storage tanks into soils and groundwater has
resulted in the contamination of these media with MTBE. Because MTBE is highly soluble in
water (~43,000 mg/L), it is often found as plumes in groundwater near service stations, storage
facilities, and filling terminals throughout the United States (American Petroleum Institute,
1991). More than 300,000 releases from leaking underground tanks have been reported to state
regulatory agencies (USEPA, 1995). Thus, human exposure to MTBE is a clear and present
concern in the United States. As little as four liters of reformulated gasoline can contaminate
more than 1,000,000 liters of groundwater to above its odor and taste threshold of 40 pg/L.

The full extent of MTBE contamination in US groundwaters was assessed in the early 1990s as
part of the US Geological Survey's National Water-Quality Assessment Program (Squillace et
al., 1996). These assessments showed that MTBE is in fact the second most commonly detected
contaminant in urban groundwaters. As part of the Assessment Program, groundwater samples
from 211 wells from 8 urban areas and 524 wells from 20 agricultural areas were tested.
Twenty-seven percent (27%) of the urban wells tested and 1.3% of the agricultural wells tested
showed MTBE at concentrations above the detection level of 0.2 ng/L (ppb). Concentrations as
high as 23,600 ppb were detected, and the median concentration of MTBE was 0.6 ppb. In
Denver, Colorado 79% of shallow urban wells tested contained MTBE, and 37% of the tested
wells in New England showed detectable levels of MTBE. Beckenbach and Happel (1998)
reported that MTBE has been detected at approximately 80% of California’s LUST sites, and
that 62% of these sites exhibit MTBE concentrations in excess of the EPA’s advisory level of 70
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ppb. Buscheck et al. (1998) reviewed data from 700 service station sites in the US and observed
that greater than 80% of the active sites and 74% of the inactive sites had MTBE contamination.
In fact, 96%, 98%, and 86% of the service station sites in Texas, Maryland, and California,
respectively, that analyzed their groundwater for MTBE had significant MTBE contamination.
Of these sites, 63%, 82% and 47%, respectively, had MTBE concentrations greater than 1 mg/L.
This widespread contamination has led to increased public and regulatory scrutiny and a need to
better understand the toxicology of MTBE, and to identify remediation technologies.

The health and environmental effects of MTBE are currently under intensive investigation. The
greatest human exposure routes of the oxygenate are through drinking contaminated water, use
of the water in cooking, and through inhalation during bathing. Based on rat model studies, the
No-Observable-Adverse-Effect-Level (NOAEL) for MTBE is 100 mg/kg/day. The
carcinogenicity of MTBE in groundwater is still under review. However, several studies have
suggested that MTBE causes cancer and other tumor-related diseases in animals exposed by oral
or respiratory routes (MacDonald, 1996; Belpoggi et al., 1995; Burleigh-Flayer et al., 1992).
Similarly, MTBE metabolites such as fertiary butyl alcohol (TBA) have been implicated in
causing urinary tract lesions and chrystalluria (Lindamood et al., 1992), histological alterations
in the liver including centrilobular necrosis, vacuolation of hepatocytes and loss of hepatic
architecture (Acharya et al., 1997), and carcinoma of the thyroid (Cirvello et al., 1995).

The technology demonstrated in this project was propane biosparging. This technology is an
extension of conventional biosparging methods. The approach involved the addition of oxygen
(for aerobic respiration) and propane (as a cosubstrate) to the subsurface to stimulate propane-
oxidizing bacteria (POB) in the production of the enzyme propane monooxygenase (PMO) that
catalyzes the degradation of MTBE and its primary degradation product, TBA, to carbon dioxide
and water (Figure 1). The project utilized a Test Plot that was amended with propane oxidizing
bacteria and treated with oxygen and propane and a Control Plot that received only oxygen.
Exogenous POB Rhodococcus ruber strain ENV425 was used to seed the Test Plot aquifer at the
onset of the demonstration to insure activity and to speed initiation of the treatment process.

ENVIROGEN has observed that propane-oxidizing microorganisms mineralize MTBE to CO,
and H,O after growth on propane (Steffan et al., 1997). Other hydrocarbon gases, such as
methane and butane, have been used to stimulate co-metabolic biodegradation processes in situ.
In the most publicized application of this “biostimulation” approach, methane and oxygen were
injected into a trichloroethylene (TCE)-contaminated aquifer at the DOE’s Savannah River Site
(Hazen et al., 1994). This procedure successfully stimulated in situ biodegradation of the
chlorinated solvent. Therefore, it is likely that a similar application of biostimulation, whereby
propane and oxygen are injected to stimulate MTBE degradation by indigenous organisms or
seed cultures, is feasible (US Patent # 5,814,514, Sept. 29, 1998).
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FIGURE 1. Schematic representation of in-situ propane biosparging for MTBE remediation
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There are several potential advantages to using a biostimulation approach for degrading MTBE
in situ. Biostimulation uncouples biodegradation of the contaminant from growth of the
organisms. That is, the microbes can be supplied sufficient co-substrate (e.g., propane) to
support growth, so they do not have to rely on the utilization of low levels of contaminants to
maintain their survival. Also, the technology can be applied in a number of configurations
depending on site characteristics and treatment needs. Possible application scenarios include: 1)
re-engineered or modified multi-point AS/SVE systems that deliver propane and air throughout a
contaminated site (suitable for use with existing AS/SVE systems or specially designed systems);
2) a series of air/propane delivery points arranged to form a permeable treatment wall to prevent
off site migration of MTBE; 3) permeable treatment trenches fitted with air and propane
injection systems; 4) in situ recirculating treatment cells that rely on pumping and reinjection to
capture and treat a migrating contaminant plume; and 5) propane and oxygen injection through
bubble-free gas injection devices to minimize off-gas release and contaminant stripping.
Furthermore, propane is widely available, transportable even to remote sites, already present at
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many gasoline stations, and relatively inexpensive. Thus, propane biosparging has the potential
to be an attractive remediation option at a wide variety of MTBE-contaminated sites.

Historically, the most common treatment technology for groundwater contamination has been a
pump-and-treat approach. With this technology contaminated groundwater is pumped from the
subsurface, the contaminant is removed through volatilization (air-stripping), sorption to a matrix
(carbon adsorption), chemical (e.g., ultraviolet irradiation, peroxide oxidation) or biological
(bioreactor) destruction, and the groundwater is discharged above ground or to the subsurface.
Because of its high aqueous solubility, low Henry’s Law Constant (low volatility from water),
and poor adsorption to carbon, the usual ex situ treatment techniques designed for contaminants
such as benzene and trichloroethylene have proven to be ineffective or expensive for removal of
MTBE from groundwater. For example, in a study of MTBE treatment at 15 contaminated sites,
air-stripping of MTBE from water was found to remove as little as 56 % of contaminant mass
(i.e., 44 % remained in the water after stripping) (American Petroleum Institute, 1991). Despite
this poor removal, air stripping is often considered to be the most effective and economical
method for remediating MTBE-contaminated groundwater (Keller et al., 1998). The use of air
stripping and carbon adsorption is even less useful in regions of the country where TBA levels in
groundwater also are regulated. TBA strips more poorly than MTBE, and it has an even lower
affinity for activated carbon.

In situ approaches to groundwater remediation include air or nutrient supplementation to
stimulate contaminant degradation (e.g., biosparging), addition of compounds such as zero-
valent iron for chemical dechlorination, and addition of bacteria capable of contaminant
destruction (bioaugmentation). For many contaminants, including most petroleum constituents
(BTEX, alkanes, etc), subsurface aeration effectively promotes aerobic contaminant destruction
by stimulating the natural microflora in the region to degrade the polluting compounds.
However, the recalcitrance of MTBE relative to other gasoline components generally makes it
resistant to commercial in situ biostimulation approaches such as air sparging and/or nutrient-
amendment. In addition, in situ “iron walls” are expected to be ineffective for degrading MTBE,
because the molecule is not subject to chemical reduction and/or dechlorination. Thus, unlike
many groundwater contaminants, a novel approach is often required for in situ remediation of
MTBE in contaminated groundwater.

Although significant progress has been made toward the development of in situ treatment
technologies for remediating MTBE-contaminated aquifers (Salinatro et al., 2000), ex situ
treatment is still needed for sites where groundwater extraction is required to halt the migration
of contaminant plumes towards neighboring receptors. Although MTBE-contaminated water has
been treated in simple stirred tank reactor systems (Cowan and Park, 1996; Park and Cowan,
1997; Sun et al., 1997), degradation rates are slow, requiring long hydraulic retention times, and
thus large reactors. Such reactors may be unsuitable for application at service station sites that
typically have limited available space. MTBE also has been treated in laboratory-scale reactors
that incorporate either a porous pot (Wilson et al., 1999) or membrane (Steffan et al., 2000;
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Morrison et al., 2001) to retain high biomass levels for improved volumetric performance. These
reactors allow the use of long solids retention times that are apparently needed to ensure
degradation of MTBE to regulatory levels (Wilson et al., 1999; Morrison et al., 2001). Likewise,
initial results of laboratory-scale testing of fluid bed bioreactors (FBRs) for treatment of MTBE-
contaminated groundwater have been described (Steffan et al., 2000; Vainberg et al., 2002).

1.2 OBJECTIVES OF THE DEMONSTRATION

This ESTCP-funded demonstration project was designed to evaluate the application of in situ
propane biosparging for remediating MTBE contaminated aquifers.. The primary objectives of
this ESTCP-funded project were 1) to demonstrate the safe application of propane biosparging
(i.e., biostimulation) for in situ remediation of MTBE; and 2) evaluate the ability of propane
biosparging to reduce MTBE concentrations in a contaminated aquifers to below regulatory
limits (i.e., 5 pg/L). To meet this objective, several secondary objectives were identified as
follows: 1) perform microcosm testing to evaluate the ability of indigenous propane oxidizing
bacteria and/or other microorganisms to degrade MTBE; 2) select and characterize a field
demonstration site; 3) use field characterization and microcosm study data to design, construct
and operate a field demonstration system; 4) evaluate performance of the treatment system
during a 10-month treatment period; and 5) evaluate the cost of applying the technology at full
scale. The project compared MTBE biodegradation in a Test Plot that was amended with
propane oxidizing bacteria and treated with oxygen and propane to a Control Plot that received
only oxygen. The technology also was evaluated under the USEPA SITE Program as part of the
USEPA’s MTBE Treatment Technology Verification Program. The demonstration was
conducted from May of 2001 to March of 2002.

The National Environmental Technology Test Site (NETTS) at the Naval Construction Battalion
Center (CBC), Port Hueneme, California, was chosen to host the propane biosparging
technology demonstration. The Port Hueneme NETTS facility is located approximately 70 miles
northwest of Los Angeles. The Naval Exchange (NEX) service station is the source of the
petroleum plume that occurs on the Port Hueneme CBC facility. According to NEX inventory
records, approximately 4,000 gallons of leaded and 6,800 gallons of unleaded premium gasoline
were released from the distribution lines between September 1984 and March 1985. The
resulting groundwater plume consists of approximately 9 acres of BTEX, extending 1,200 feet
from the NEX service station, and approximately 36 additional acres of MTBE contamination,
extending approximately 4,500 feet from the NEX service station. A map of the contaminant
plume is presented in Figure 2. The plume area situated approximately 2,400 feet southwest of
the NEX station was chosen for the demonstration. The location of ENVIROGEN’s
demonstration plot is shown in Figures 2 and 3. It is located adjacent to the existing University
of California at Davis (U.C. Davis) and Equilon, Inc. demonstration plots. The ENVIROGEN
plot is approximately 90 feet by 60 feet and includes a Test Plot and a Control Plot.
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1.3 REGULATORY DRIVERS

There is currently no federal drinking water standard for MTBE. However, the oxygenate has
been added to both the Unregulated Contaminant Monitoring Rule (UCMR) and the
Contaminant Candidate List (CCL) by the U.S. Environmental Protection Agency (USEPA)
based on provisions of the Safe Drinking Water Act. The chemicals on each of these lists are
likely candidates for the establishment of National Primary Drinking Water Regulations in the
near future. In December 1997, EPA issued a Drinking Water Advisory that states
concentrations of MTBE in the range of 20 to 40 ug/L of water or below will probably not cause
unpleasant taste and odor for most people. The advisory is a guidance document that
recommends keeping concentrations below that range. EPA also reviewed the available
information on health effects in the 1997 advisory and stated that there is little likelihood that
MTBE concentrations between 20 and 40 pg/L in drinking water would cause negative health
effects (USEPA, 2002).

The California Department of Environmental Health Services (DHS) has recently established a
primary Maximum Contaminant Level (MCL) for MTBE of 13 pg/L to protect public health and
a secondary MCL of 5 pg/L to prevent taste and odor problems in groundwater (California
Department of Environmental Health Services, 2002). Several other states such as Pennsylvania,
New Jersey, and New York have followed California in reducing their groundwater standards for
MTBE. The treatment objective in this demonstration was to reduce MTBE concentrations to
below California’s secondary MCL of 5 pg/L. This is the standard to which the demonstration
data are compared.

Tert-butyl alcohol (TBA) is a fuel oxygenate, a common co-contaminant in MTBE-contaminated
groundwater, and a product of MTBE degradation. Although TBA is a known toxin and a
possible carcinogen, it is not currently an EPA priority groundwater pollutant. The recent
introduction of drinking water standards for TBA in a number of states suggests that futrue
regulation of TBA is likely (Bradley, et. al, 2002). The California Department of Health
Services (DHS) has established an Action Level for TBA in drinking water of 12 pg/L. An
Action Level (AL) is a health-based advisory level established by DHS for chemicals in drinking
water for which an MCL has not been established. An AL is the level of a contaminant in
drinking water that is considered not to pose a significant health risk to people ingesting the
water on a daily basis. It is calculated using standard risk assessment methods for cancer and
non-cancer endpoints, using typical exposure assumptions (California Department of Heath
Services Website). TBA concentrations reached in this demonstration are compared to
California’s Action Level of 12 ug/L.
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2.0 TECHNOLOGY DESCRIPTION

2.1 TECHNOLOGY DEVELOPMENT AND APPLICATION

Propane biosparging technology is an extension of conventional biosparging methods. In
conventional biosparging, air or pure oxygen is introduced into the subsurface via injection wells
or points. In propane biosparging, oxygen and propane are also sparged into the subsurface via
injection wells or points. In the case of propane biosparging, sparging is most often done in a
pulsed mode. In some cases, as in the case of this demonstration, a bacterial seed culture is also
injected into the subsurface to overcome the potential lag period that may be experienced by
indigenous microbes.

The demonstration system consisted of a Control Plot and a Test Plot. Installed in the Test Plot
was a network of oxygen points, bacteria injection points, propane injection points, and
groundwater and soil-gas monitoring points. The oxygen, bacteria, and propane injection points
were oriented in three rows perpendicular to groundwater flow to act as a bioreactive zone or
biobarrier, with one monitoring well upgradient and a series of groundwater monitoring wells
downgradient. In a propane biosparging configuration of this type, a bioreactive zone or
biobarrier is created by the oxygen, bacteria, and propane injection points. The contaminated
water passes through the biobarrier, and biological activity within the biobarrier is expected to
reduce contaminant concentrations. Installed in the Control Plot was a network of oxygen
injection points and groundwater and soil-gas monitoring points in a similar configuration.

Oxygen and propane were supplied by pressurized oxygen and propane tanks equipped with
standard regulators. The tanks were connected to a manifold consisting of seven flow meters and
injection lines per tank per plot. From the flow meter manifold, PVC piping was run to each of
the injection points. The injection points are described in Demonstration Design section. Gas
delivery was controlled by timer actuated solenoid valves. Sparging was done in a pulsed mode
for several reasons. Pulsed injection promotes the dissolution of the substrates rather than
inducing stripping of the contaminants, and minimizes the volatilization of contaminants and
potential fugitive propane emissions. Also, pulsed injection rather than continuous injection is
used because the amount of propane and oxygen required is typically low and does not require
continuous injection. In most cases, and in the case of this demonstration, a gas recovery system
is not needed because very little propane and oxygen are being injected. Soil vapor monitoring
points were installed on the perimeter of the well networks to monitor fugitive propane and VOC
emissions.

2.2 PREVIOUS TESTING OF THE TECHNOLOGY
Two demonstrations of this technology have been performed by ENVIROGEN for a confidential

client. Both demonstrations occurred at a gasoline service station in Blackwood, New Jersey. In
the first demonstration (August 2000 through January 2001), an SVE system was used as a
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precaution to control fugitive emissions. Monitoring of the inlet to the vapor treatment system
indicated that no fugitive emissions of propane or VOCs was being produced. In the second
demonstration at the same site (August 2001 through January 2002), the New Jersey Department
of Environmental Protection (DEP) approved a second demonstration of the technology without
the use of the SVE system. In both of these demonstrations, a seed culture of ENV425 was
injected to stimulate degradation.

The results of the first demonstration indicated that biodegradation of MTBE occurred in down-
gradient monitoring wells. Decreases in MTBE concentrations ranged from 40 to greater than 90
percent in three onsite monitoring wells, with the greatest MTBE concentration reductions
measured in a well directly downgratient of the treatment system. Details and results of this
demonstration were reported to the DEP on March 2, 2001 and are described in detail in a
chapter of the MTBE Remediation Handbook (Steffan et al., 2003) and elsewhere (Steffan et al.,
2000). Similar MTBE degradation was observed during the second demonstration, but severe
drought conditions and apparent changes in groundwater flow patterns made it difficult to
quantify the results of the demonstration. Details and results of this demonstration were reported
to the DEP on October 1, 2002.

2.3 FACTORS AFFECTING COST AND PERFORMANCE

Several factors may affect biostimulation treatment performance, including hydrogeologic
characteristics, biogeochemical characteristics and contaminant concentration. Important
hydrogeologic characteristics of the treatment zone that affect cost and performance include
depth to the saturated zone and the presence of low-permeability lenses or layers that may affect
the vertical and lateral distribution of injected substrates. Depth to the saturated zone affects cost
of installing propane and oxygen injection points and monitoring wells, but it also may make
alternative application strategies, such as installation of a trench, more economically favorable
that the use of injection wells. Irregular distribution of oxygen and propane caused by
heterogeneities may result in zones where little or no treatment can occur. Biogeochemical
factors include the presence of indigenous propane/MTBE oxidizing microbes, availability of
nutrients and neutral pH conditions in the aquifer. The status of biogeochemical factors should
be assessed during background sampling and/or microscosm testing to determine if limitations
exist. Exogenous bacteria can be injected to seed the aquifer with active cultures, buffering
solutions can be added to adjust pH, or nutrients can be added to optimize conditions for
treatment. The concentration and composition of the contamination in the aquifer may affect
treatment performance. In general, higher concentrations of contaminants will require addition
of more oxygen to create aerobic conditions in the treatment zone. If high concentrations of
BTEX compounds are present, MTBE degradation may be inhibited until BTEX compounds
have been degraded, and/or additional oxygen may be required to satisfy the biological oxygen
demand created by the additional substrate. The result may be a longer lag-time to establish
MTBE degradation or reduced treatment efficiency.

10
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2.4 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY

There are several potential advantages to using a biostimulation approach for degrading MTBE
in situ. Biostimulation uncouples biodegradation of the contaminant from growth of the
organisms. That is, the microbes can be supplied sufficient co-substrate (e.g., propane) to
support growth, so they do not have to rely on the utilization of low levels of contaminants to
maintain their survival. Equally advantageous it the fact that POB degrade both MTBE and
TBA. In many parts of the country states have enacted strict regulations on TBA in
groundwater, and TBA may be more difficult to treat than MTBE by using traditional
technologies like air sparging or carbon adsorption.

Another advantage of this technology is its flexibility. Propane biosparging technology can be
applied in a number of configurations depending on site characteristics and treatment needs.
Possible application scenarios include: 1) re-engineered or modified multi-point AS/SVE
systems that deliver propane and air throughout a contaminated site (suitable for use with
existing AS/SVE systems or specially designed systems); 2) a series of air/propane delivery
points arranged to form a permeable treatment wall to prevent off site migration of MTBE; 3)
permeable treatment trenches fitted with air and propane injection systems; 4) in situ
recirculating treatment cells that rely on pumping and reinjection to capture and treat a migrating
contaminant plume; and 5) propane and oxygen injection through bubble-free gas injection
devices to minimize off-gas release and contaminant stripping. Furthermore, propane is widely
available, transportable even to remote sites, already present at many gasoline stations, and
relatively inexpensive.

Propane biosparging also may allow treatment of MTBE that is trapped in tight soils that are not
amenable to treatment by traditional technologies like pump and treat and air sparging. In
demonstrations of biosparging with methane at the Savanna River Site, measurable increases in
methane oxidizing bacteria were observed even in heavy clay soils that contained trapped
contaminants (Bowman et al., 1993).

In addition to its many advantages, the technology has some limitations. As with most MTBE
treatment technologies, propane biosparging can be affected by high levels of co-contaminants
such as BTEX. Although many POB can degrade BTEX, the presence of BTEX may increase
the oxygen demand in the aquifer, making it difficult to supply sufficient oxygen for propane and
MTBE degradation. Additionally, co-metabolic systems can be difficult to operate efficiently,
and care must be taken to ensure that the co-substrate (e.g., propane) concentrations do not reach
levels that result in competitive inhibition of MTBE degradation. Thus, increased operator
attention may be needed to perform cometabolic biosparging relative to operating traditional air
sparging or biosparging systems. This disadvantage should be most pronounced during the
initial phase of operation, but it should diminish once the system performance stabilizes. Also,
many target aquifers may have few indigenous MTBE-degrading POB, and system performance
may be delayed or reduced until sufficient numbers of POB are generated in the subsurface. In
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some cases aquifer seeding (i.e., bioaugmentation) may shorten the performance lag period, but
bioaugmentation adds to the cost of treatment and it may not be effective at all sites.

12
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3.0 DEMONSTRATION DESIGN
31 PERFORMANCE OBJECTIVES
The primary performance objective was to evaluate the capabilities of the propane biostimulation
approach to treat MTBE contamination to acceptable end-point concentrations, based on State
groundwater quality standards. Other specific performance objectives are included in Table 2.
Because the performance of the treatment process is dependent upon site specific factors, the
demonstration was designed to allow direct assessment of the following performance indicators:

e Distribution, population and growth of indigenous bacteria,
e Distribution and fate of oxygen and propane,
e Biogeochemical conditions,
[ ]

Hydrogeological characteristics including groundwater flow velocity and contaminant

transport characteristics,
e Contaminant distribution and concentration trends.

These indicators were evaluated to assess the actual performance of the demonstration system.

TABLE 2

PERFORMANCE OBJECTIVES
ESTCP Propane Biosparging Demonstration

Port Hueneme, CA

Type of Primary Expected Performance Actual
Objective Performance (Metric) Performance
Criteria
Qualitative Faster Reach endpoint in test plot | Objective not
Remediation before control plot fully met
Qualitative Safe Operation No explosion hazard Objective met
created by system operation
Quantitative Reduce MTBE to | MTBE concentrations Objective not
drinking water reduced to < 5 pg/L in Test | fully met
levels Plot
Quantitative Reduce TBA to TBA concentrations Objective not
CA Action Level | reduced to < 12 ug/L in Test | fully met
plot
Quantitative Reduce MTBE [MTBE] reduction in Test Objective met
levels Plot monitoring wells.
Quantitative Reduce TBA [TBA] reduction in Test Objective met
levels Plot monitoring wells
Quantitative Stimulate POB Increased POB numbers in | Objective met
Test Plot
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3.2 SELECTING TEST SITE

Prior to designing the field demonstration system, a test area within the NETT Site was selected
in conjunction with NETTS and Port Hueneme personnel based on a review of relevant site
reports and results of previous field demonstrations at the Site. The following are the primary
criteria that were used to select the ideal demonstration location:

e Investigation data describing subsurface soils, historical groundwater table elevations,
and contaminant distribution (some pre-demonstration subsurface characterization is
assumed),

e A relatively permeable (=10 cm/sec) and homogeneous vadose zone and saturated
zone,

e A well characterized and simple groundwater flow regime,

e Groundwater concentrations of MTBE in the 1,000 to 10,000 ng/L range,

e Groundwater total BTEX concentrations of less than 100 ug/L,

e No LNAPL, and

e Neutral pH.

These primary criteria were met at the chosen site. Additional secondary considerations for
selecting the test area included:

e the availability and types of previously installed test wells,

e proximity to and types of previously installed test equipment (i.e., vacuum pumps,
compressors, vapor treatment systems, etc.),

e the status of any previously required air permits,

e open area with sufficient clearing around the Test Plots, and

e potential for interference with or from normal day-to-day site activities.

Based on these primary and secondary criteria, the plume area at the NETTS site situated
approximately 2,400 feet southwest of the NEX service station was chosen for the
demonstration, as described in the Test Site Description below.

33 TEST SITE DESCRIPTION

The location of ENVIROGEN’s demonstration plot is shown in Figures 2 and 3. The National
Environmental Technology Test Site (NETTS) at the Naval Construction Battalion Center
(CBC), Port Hueneme, California, was chosen to host the propane biosparging technology
demonstration. The Port Hueneme NETTS facility is located approximately 70 miles northwest
of Los Angeles. The Naval Exchange (NEX) service station is the source of the petroleum plume
that occurs on the Port Hueneme CBC facility. According to NEX inventory records,
approximately 4,000 gallons of leaded and 6,800 gallons of unleaded premium gasoline were
released from the distribution lines between September 1984 and March 1985. The resulting
groundwater plume consists of approximately 9 acres of BTEX, extending 1,200 feet from the
NEX service station, and approximately 36 additional acres of MTBE contamination, extending
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approximately 4,500 feet from the NEX service station. A map of the contaminant plume is
presented in Figure 2. The plume area situated approximately 2,400 feet southwest of the NEX
station was chosen for the demonstration. The location of ENVIROGEN’s demonstration plot is
shown in Figures 2 and 3. It is located adjacent to the existing University of California at Davis
(U.C. Davis) and Equilon, Inc. demonstration plots. The ENVIROGEN plot is approximately 90
feet by 60 feet and includes a Test Plot and a Control Plot. As this is a NETTS Site, several
other technology demonstrations are in progress on the plume by U.C. Davis, Equilon, and
others. The plots were located such that activity in one demonstration plot did not affect
demonstration activities on another plot. No p

The geology and contaminant concentrations in this area are well characterized, as several soil
borings, cone penetrometer test soundings and monitoring wells have been performed and
sampled. Prior site characterizations include installation of 4 monitoring wells (CBC-43, CBC-
44, CBC-45 and CBC-46) and nine cone penetrometer (CPT) soundings. Groundwater
contamination consists primarily of MTBE and low levels of BTEX. In addition, groundwater
flow direction and velocity have been monitored at the U.C. Davis and Equilon plots and at
surrounding monitoring wells in conjunction with ongoing bioaugmentation studies.

The geology at the site consists of unconsolidated sediments composed of sands, silts, clays and
minor amounts of gravel and fill material. A shallow, semi-perched, unconfined aquifer is the
uppermost water-bearing unit. The shallow aquifer is comprised of three depositional units: an
upper silty-sand, an underlying fine- to coarse-grained sand and a basal clay layer. Based on
CPT soundings, the upper silty-sand unit ranges between 8 to 10 feet thick and the underlying
sand is approximately 12 to 15 feet thick. The water table is generally encountered at depths
between 6 to 8 feet bgs, with seasonal fluctuations ranging between 1 and 2 feet, yielding a
saturated aquifer thickness of 16 to 18 feet near the test area.

The following groundwater flow parameters were estimated from data available prior to the
demonstration. Groundwater flow was estimated to be generally to the southwest under
hydraulic gradients between 0.001 and 0.003 ft./ft. Transmissivity estimates for the shallow
aquifer were derived based on pumping tests and slug tests, with results ranging between 2,500
and 6,500 ft*/day. Based on an average saturated thickness of 15 feet, hydraulic conductivity
estimates range between 170 and 440 ft/day (6 x 10 to 2 x 10 cm/s). Estimated groundwater
flow ranges between 177 and 480 feet/year, assuming an aquifer porosity of 0.35. However,
tracer studies conducted by the U.S. EPA during pre-demonstration activities indicated that
groundwater flow velocity was lower than estimated (See Section 2.4.2), at 0.2 to 0.3 feet/day, or
approximately 75 to 110 feet/yr.

Groundwater contamination is limited to the semi-perched aquifer across the CBC facility.
Monitoring wells CBC-45 and CBC-46 (see Figure 3) represent the groundwater quality
conditions within the dissolved MTBE plume near the demonstration site. Historical
groundwater sampling from these wells between September 1998 and September 1999 indicated
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MTBE concentrations ranging between 6,300 to 3,500 pg/l at CBC-45 and 4,000 to 1,100 pg/l at
CBC-46. Apart from a TBA detection of 470 pg/l at CBC-45 in June 1999, none of the other
samples exhibited TBA or BTEX compound concentrations above their respective practical
quantitation limits.

3.4  PRE-DEMONSTRATION ACTIVITIES

Because the preferred demonstration location had been well characterized during site
investigation and ongoing demonstration activities, a limited scope of testing was required prior
to design and installation of the demonstration Test and Control Plots. The testing strategy
consisted of the following elements:

e site characterization confirmation sampling to verify the design of the demonstration system,

e microcosm studies to evaluate capabilities of propane oxidizing bacteria at the demonstration
location, and

e Dbackground monitoring to establish a baseline before initiating treatment.

In addition to the predemonstration activities described in Section 3.4, sparge testing, tracer
studies, and baseline monitoring and vapor monitoring are discussed in Section 3.5.2. These
activities are included in Section 3.5.2 because they occurred after system installation, which is
described in Section 3.5.1.

3.4.1 SITE CHARACTERIZATION CONFIRMATION SAMPLING

Pre-demonstration soil and groundwater sampling was performed at the selected location to
verify groundwater contaminant concentrations and to confirm the final biosparging system
design. The results of anion and oxygen demand parameter analysis were used to confirm the
use of sodium bromide as a tracer and to refine oxygen requirements for the demonstration. Four
Geoprobe™ borings were installed in the test area, including two at each of the proposed Test
and Control Plots, to allow collection of soil and groundwater samples. The Geoprobe™ borings
were continuously sampled from the ground surface to a depth of approximately 20 feet.

Limited confirmation sampling and testing was conducted in June 2000, and baseline samples
were taken in January, April and May 2001 to establish the baseline contaminant concentrations
and distributions at the demonstration site.

3.4.2 MICROCOSM STUDIES

A biotreatability study was performed to evaluate biostimulation of propane oxidizing bacteria
(POB) for in situ degradation of MTBE at the NETTS site. The study involved amending Port
Hueneme site aquifer samples with oxygen and/or 1) propane; 2) propane and nutrients; and, 3)
propane, nutrients, and bacterial strain ENV425, which grows on propane and degrades MTBE
(Steffan et al., 1997). Propane concentrations and MTBE degradation were monitored by gas
chromatography to evaluate POB response times, degradation rates, and expected treatment
levels. The study also evaluated the effectiveness of seeding the aquifer materials with
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degradative bacteria (i.e., ENV425) to speed the treatment process. Results were also used to
identify the best locations at the site (i.e, upgradient near the source area, and down gradient near
existing treatment demonstration plots) for the demonstration.

Microcosm Setup

Treatability samples (microcosms) consisted of Port Hueneme aquifer samples (soil and
groundwater) incubated in glass 160-ml serum vials. Sediment and groundwater samples were
collected from 2 areas within the resident MTBE plume. One area was adjacent to the existing
Air Sparging Site 1, and the other was adjacent to the UC Davis Test Plot. The samples
(approximately 1 L of sediment and 6 L groundwater) were collected using a Geoprobe™ rig,
and were shipped overnight to ENVIROGEN. The soil was mixed and then screened to remove
large stones that would not fit into the serum vials. Fifty grams of the soil was added to each
serum vial, and 60 mL of groundwater was added to create a slurry.

Triplicate microcosms were then amended with 1) no additions; 2) nutrients (3 mg/L
phosphorous, 5 mg/L nitrogen); 3) strain ENV425 (10° cells/ml); 4) strain ENV425 (10’
cells/ml); 5) strain ENV425 (10° cells/ml); or 6) HgCl (1 ml of 7.4%) and sodium azide (1 ml of
15%). The vials were gassed with either oxygen or a 1:1 mixture of propane and oxygen, and the
vials were sealed with Teflon®-lined septa and crimp seals. The microcosms were then placed
on their sides and incubated with shaking (100 rpm) at 15 °C.

To sample the microcosms, the vials were removed from the shaker and allowed to warm to
room temperature. Then, 10 pL of headspace gas removed from each microcosm and was
injected onto a gas chromatograph equipped with a flame ionization detector (GC-FID) to
measure propane in the head space. Next, 1 mL of microcosm slurry was removed from the vial
and placed into a micro-centrifuge tube. The tube was centrifuged for 30 sec to remove the
solids from the slurry, and the supernatant fraction was placed in a 2-ml auto sampler vial. One
microliter of the sample was removed from the vial and injected onto the GC-FID. The GC-FID
method had a detection limit of approximately 500 pg/L MTBE. If a lower detection limit was
desired (i.e., to 5 pug/L) up to 5 mL of slurry was removed from the microcosms and analyzed by
purge and trap/GC/mass spectrometry (USEPA Method 8260). The headspace of the
microcosms was typically replaced with oxygen or oxygen and propane after each sampling
event, as were the septa and crimp seals.

Treatability Study Results

Initial MTBE concentrations in samples from the Air Sparging Site (ASpS) were considerably
higher than those taken near the UC Davis plot (UCD). The ASpS samples contained between 13
and 20 mg/L of MTBE, whereas MTBE in the UCD samples ranged from about 3 to 4 mg/L.
Both of these concentration ranges are within the range of MTBE concentrations that can be
degraded by strain ENV425 (Steffan et al., 1997). In addition to MTBE, samples from the ASpS
appeared to contain other gasoline components, as indicated by a strong hydrocarbon odor.
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MTBE concentration in the ASpS microcosm samples decreased with time under each treatment
scenario tested; even in the poisoned control samples (Figure 4). In all cases, however, MTBE
concentrations did not go as low as 1 mg/L during the 30 day treatment, even though propane

Figure 4. MTBE Concentrations in Microcosms from the Air Sparging Site
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oxidizing bacteria can degrade high concentrations of MTBE (Steffan et al.,, 1997). This
suggested that other factors, such as the presence of other gasoline components, might slow
MTBE degradation in the ASpS location. The exact compounds causing the apparent inhibition
are not known, but strain ENV425 can degrade both BTEX and MTBE. Typically, however, the
strain degrades BTEX before degrading MTBE. Thus, the high levels of gasoline components in
the ASpS samples may have inhibited MTBE degradation by delaying the onset of MTBE
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degradation. Likewise, the high levels of gasoline compounds may have inhibited MTBE
degradation by creating a high oxygen demand that depleted the available oxygen in the
microcosm samples. It is unlikely that these other organic compounds caused acute toxicity.

In microcosms constructed using samples collected near the UCD plots, MTBE degradation
occurred at about the same rate in both the samples that received oxygen only, and the samples
receiving oxygen and propane (Figure 5). In each case, however, MTBE concentrations declined
only from about 2.5 mg/L to 1.5 mg/L during a 70-day incubation. Likewise, little propane
degradation was observed in the microcosms amended with propane (Figure 6). Conversely,
MTBE degradation was rapid in samples seeded with 10° CFU/ml of propane-grown ENV425
(Figure 7), even before propane was added on day 82. The arrows at the top of Figure 7 indicate
time points at which supplemental MTBE was added to the microcosms. The degradation of
MTBE by ENV425 was accompanied by a transient accumulation of TBA. TBA did not
accumulate to significant levels once the rate and frequency of MTBE addition was reduced to
allow the cells to degrade accumulated TBA (approximately day 20 to 35). MTBE and TBA
degradation in the ENV425-amended microcosms ceased at approximately day 70, but resumed
when propane was added on day 82. The reason that strain ENV425 was able to degrade so
much MTBE without the addition of propane is unclear, but it suggested that the strain was able
to derive some energy from MTBE degradation, and that the genes remained induced in the
strain for some time.
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Figure 5. MTBE Biodegradation in Microcosms Amended with Oxygen
or Propane and Oxygen
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Figure 6. Biodegradation of Propane in Aquifer Microcosms
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Figure 7. MTBE Biodegradation in Microcosms Amended with ~10% CFU/mL of ENV425
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Treatability Study Conclusions

Results of the treatability testing suggested that the greatest likelihood of success with the field
demonstration would be achieved by performing the demonstration in the UCD area. The results
also indicated that MTBE would likely be degraded by indigenous organisms at the site, which
was consistent with the results of Salanitro et al. (2000). Like the Salanitro study, this
microcosm study suggested that MTBE degradation by indigenous microbes would require a
significant lag period. In the case of the microcosms used in this study, the lag period was at
least 30 days, but Salanitro and colleagues reported a lag period of more than 200 days under
field conditions. Conversely, if the microcosms were seeded with 10° CFU/ml of ENV425, there
was essentially no lag period. Furthermore, the added microbes could degrade repeated
additions of MTBE, and TBA accumulation was transient and minimal, provided MTBE loading
rates were not excessive. Thus, the microcosm data indicated that propane oxidizing bacteria
could be successfully employed to degrade MTBE in the Port Hueneme aquifer. They also
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suggested that degradation would be sufficiently faster in treatment plots seeded with ENV425
and fed propane than in plots fed only oxygen to measure the effect of the treatment relative to
background levels of degradation by indigenous microbes.

Growth of Bacterial Strain ENV425

The strain ENV425 (ATCC55798) was isolated from uncontaminated turf soil by enrichment
culturing with propane as the sole source of carbon and energy. The culture degrades MTBE and
TBA rapidly (Steffan et al., 1997), and it forms yellow pigmented colonies that are
distinguishable among a background of other microbe colonies on R2A agar (BBL) plates. The
colonies become salmon color as they age.

For this project the culture was grown in three steps. Initially, the culture was grown in a 250-ml
PYREX flask with 100 ml of sterile Basal Salt Media (BSM) containing 0.12 M lactate. The
flask was placed in a shaker-incubator at 28 °C for two days until the optical density and 550 nm
(ODssg ) of suspension was 0.9.

The grown culture from the 250-ml flask was transferred aseptically to a 2-liter flask containing
800-ml of sterile BSM. Lactic acid was added to the flask to the same concentration noted
above. Again, the culture was incubated in a shaker-incubator at 28 °C for one day (ODssy =
1.6). The 800 mL of culture was then aseptically transferred to a 20-L fermentor containing 16
liters of sterile BSM with 0.12M lactate. The initial ODsso of the culture was 0.08. The initial
fermentor conditions were as follows: air flow rate 5- 5.5 1/min, agitator speed-200 rpm, pH-6.8-
7.2, temperature-28-30 C. For pH control either 2M H2SO4 or 5N NaOH was added. For

foam control, antifoam 289 (SIGMA) was applied automatically.

After all lactic acid was consumed during the first 23 hours and the ODssy reached 1.1, the
fermentor was switched to a continuous feed of undiluted lactic acid sodium salt syrup (60%
w/w) at a feed rate of 1.8 ml/h. During the following 5 days of growth the feed rate was
gradually increased to 3.4 ml/h based on oxygen concentrations in the reactor. The final
ODssp reached 16. To maintain the oxygen level in the fermenter at 1-2 mg/l without
intensive foam formation, supplied air was enhanced with pure oxygen at a rate of 300
ml/min. On the final day of culturing, the lactate feed was switched to propane with a
gradual increase in propane flow rate from 25 to 100 ml/min. To avoid formation of an
explosive mixture of propane and oxygen, the oxygen feed was stopped and air flow was
adjusted to prevent the propane from being in its flammable range in air (2.15-9.61 % by
volume). The strain specific growth rate for ENV425 was 0.1 h™' with a doubling time of 6.4
h. The final volume of bacterial suspension was 16.0 liters with ODsso=16. The strain was
tested by performing an MTBE bottle assay (Steffan et al., 1997) to confirm that it had high
MTBE degradation activity. The culture was then transferred to a 5-gallon plastic bottle and
shipped overnight on ice to the Port Hueneme field site.
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3.5 TESTING AND EVALUATION PLAN

3.5.1 DEMONSTRATION INSTALLATION

The demonstration system consisted of a network of oxygen and propane injection points,
pressurized oxygen and propane gas delivery and control systems, and groundwater and soil-gas
monitoring networks constructed by ENVIROGEN. Figure 8 illustrates the layout of the
demonstration system. In addition to the Envirogen system, the U.S. EPA installed additional
tracer injection wells, groundwater monitoring points and soil-gas monitoring points to facilitate
performance monitoring. ENVIROGEN and NETTS personnel provided oversight during
drilling, electrical and plumbing activities. The following sections describe the design and
installation of the demonstration system components.

Test and Control Plot Configuration

The Test and Control Plot configurations were designed based on the range of groundwater flow
velocities, MTBE concentrations, and estimated oxygen requirements arising from geochemical
and biological demand. Data acquired during site characterization confirmation sampling
(Section 2.1) were used to finalize the design and refine the operating characteristics of the
system prior to equipment procurement and installation. The results of the microcosm studies
indicated that injection of a bacterial seed culture was required to promote rapid degradation of
MTBE from the onset of the demonstration.

The Test Plot included a network of oxygen, propane, tracer, and bacteria injection wells, and
groundwater and vapor monitoring networks, as shown in Figure 9. Eight (8) oxygen injection
points (OIPs), seven (7) propane injection points (PIPs) and seven (7) bacteria injection points
(BIPs) were installed. The OIPs were spaced 3.28 feet apart on a line perpendicular to
groundwater flow. The BIPs and PIPs were placed approximately 2.3 feet and 4.9 feet
downgradient of the OIPs, respectively, and were off-set from the OIPs. The Test Plot
groundwater performance monitoring network consisted of fifteen (15) dual-level, nested wells.
This network included one background well placed along the centerline of the plot,
approximately 12.1 feet upgradient of the OIPs. The remaining performance monitoring wells
were placed in 4-rows of three nested wells each and 1 final row of 2 nested wells. The wells
were placed at downgradient distances of 7.5, 10.8, 13.1, 16.7, and 21.7 feet from the OIPs. The
center well in each row was aligned with the centerline of the OIPs, with a 5.7 feet off-set for
each well on the end of the row. Each set of nested wells included a “shallow” well and a “deep”
well. ENVIROGEN’s soil-gas monitoring network consisted of 6 vapor monitoring points
(VMPs) distributed around the OIPs and PIPs.

In addition to ENVIROGEN’s monitoring network, the U.S. EPA installed a series of multilevel
groundwater monitoring points (23), soil-gas monitoring points (8) and tracer injection points
(19) to allow collection of performance monitoring data.
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The Control Plot was similar in configuration to the Test Plot, except that no propane injection
points nor bacteria injection points and fewer monitoring points were installed. The Control Plot
configuration is illustrated in Figure 10. Eight (8) OIPs were installed at 1-meter (3.28 feet)
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spacings along a line oriented perpendicular to groundwater flow. The groundwater monitoring
network consisted of 10 dual-level, nested wells: One (1) upgradient well nest was placed 12.1
feet upgradient of the OIPS. Three (3) rows of performance monitoring wells were placed at 7.5,
13.5, and 21.7 feet downgradient of the OIPs. The soil-gas monitoring network consisted of 4-
VMPs placed around the OIPs. As in the Test Plot, the U.S. EPA installed multilevel
groundwater monitoring points (13) and additional soil-gas monitoring points (2).

Oxygen, Bacteria and Propane Injection Point Installation

Oxygen, bacteria and propane injection points were installed using Geoprobe™ methods to
minimize soil cuttings and waste disposal. The OIPs, BIPs and PIPs were installed through the
push rods using an expendable tip to anchor the assembly in the formation at the design depth.
Oxygen and propane injection points were constructed using l-inch ID, Schedule 40 PVC
casings from 2-feet above the ground surface to approximately 10-feet below the water table.
The well screens were constructed using 1-foot length Schumaprobe™ screens composed of
sintered polyethylene. The prefabricated screens were used to provide ideal performance
characteristics for low-flow rate sparging of oxygen and propane. Bacteria injection points were
constructed of 2-inch ID, Schedule 40 PVC casings from 2-feet above the ground surface to the
water table. BIP well screens were constructed using 2-inch, 0.010-foot slots screens of 10-foot
length. Because the injection points were installed via direct push methods, no filter pack or
annular seal was required. The construction specifications for OIPs, BIPs, PIPs, monitoring
wells and VMPs are presented in Figure 11.

Groundwater and Soil-Gas Monitoring Point Installation

Groundwater and soil-gas monitoring points were installed using the same techniques as
described above. Shallow wells were designed to intersect the water table, with the top of the 5-
foot screens placed approximately at the water table; deep wells were installed with 5-foot
screens placed between 5 and 10 feet below the approximate water table elevation. Monitoring
well screens were 0.5-inch ID, 0.010-foot slot, Schedule 40 PVC. Well casings were constructed
of 0.5-inch ID Schedule 40 PVC from the top-of-screen to 2-feet above the ground surface.
Because the groundwater monitoring points were installed via direct push methods, no filter pack
or annular seal was required.

Soil-gas (vapor) monitoring points were constructed of 0.5-inch ID Schedule 40 PVC casings
and 0.010-foot slot screens of 2.5-foot length. The screened section of the VMPs was placed
approximately 2-feet below the ground surface and surrounded by a washed gravel filter pack
and sealed above using bentonite chips to grade.
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Oxygen and Propane Biosparging System Installation

The design for the propane and oxygen biosparging system was based on the anticipated
requirements associated with a relatively small area. As such, the equipment required to provide
and control adequate oxygen and propane supply were simple and portable. The system
consisted of pressurized oxygen and propane tanks, individual oxygen and propane control
manifold assemblies and a control panel equipped with timers to allow pulsed operation of the
injection systems. Figure 12 illustrates the piping and instrumentation diagram for the
biosparging system.

Separate oxygen distribution systems were set up for the Test and Control Plots. Each plot
utilized two oxygen cylinders (approximately 310 cubic feet of gas per cylinder) piped in series
with appropriate pressure regulators to allow oxygen delivery at 40 to 60 pounds per square inch
gage (PSIG). Oxygen flow to the manifold was controlled using a timer actuated solenoid valve.
Flow and operating pressure at each oxygen injection point well-head were controlled using
individual needle valves, sized to allow oxygen flow rates of 1 to 60 standard cubic feet per hour
(SCFH) at operating pressures of up to 12 PSIG. Each well head was equipped with a dedicated
flow meter and pressure valve port to allow flow balancing and system performance monitoring.
The primary distribution line from the oxygen tanks, manifold assembly and individual well-
head distribution laterals were constructed of materials appropriate for oxygen duty. The oxygen
tanks for the Control and Test Plots were housed in one cage located near the plots.

The Test Plot propane distribution system consisted of one 35-pound propane cylinder with
appropriate pressure regulator to allow propane delivery at 20 to 30 PSIG. Propane flow to the
manifold assembly was controlled using a timer actuated solenoid valve. Flow and operating
pressure at each propane injection point well-head were controlled using individual needle
valves, sized to allow propane flow rates of 0.5 to 5 SCFH at 12 PSIG. Each well head was
equipped with a dedicated flow meter and pressure valve port to allow flow balancing and
system performance monitoring. The primary distribution line from the propane tank, manifold
assembly and individual well-head distribution laterals were constructed of materials appropriate
for propane delivery. The propane tank was housed in a separate cage near the Test Plot,
separated from the oxygen tanks by approximately 25 feet.

Electricity Specifications and Supply
The control panel was mounted on a portable, unistrut assembly placed near the plots and was
properly anchored, grounded and protected from the elements. The demonstration system
utilized 110V power supplied by NETTS. The propane solenoid valve was intrinsically safe,
normally closed. The electric run from the timer switch to the propane solenoid valve was
intrinsically safe, Class I, Division L.
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System Fabrication, Installation, and Testing

Monitoring wells, OIPs, PIPs, BIPs, and VMPs were installed at the Site in September and
October of 2000. Well and injection point development and pressure testing were performed in
October of 2000. Sparging manifolds were assembled and shipped to the Site in January 2001
Sparge testing was conducted in May 2001, as described below. Tracer studies were conducted
by the U.S. EPA from January to March 2001. The system control panel was fabricated and
shipped to the demonstration site in April 2001. The individual control panel components were
pre-assembled in a modular fashion for ease of shipping and field-assembly. The control panel
system was assembled on-site by NETTS and ENVIROGEN personnel in April 2001. Final
system connections and installation were made in April 2001.

3.5.2 DEMONSTRATION START-UP

Sparge Testing

Initial pressure/sparge testing was conducted at the oxygen and propane injection points in
October of 2000 following installation of the injection points. Breakout pressure and operating
pressure were compared to the maximum system pressure and the overburden pressure at each
injection point, as detailed in Appendix A. Breakout pressures measured at air flows of 2 to 3
cfm at all OIPs and PIPs met the test criteria. The operating pressures at airflows of 2, 5 and 10
cfm at all OIPs and PIPs met the test criteria. Pressure/sparge tests were repeated in May of
2001 shortly before demonstration start up. Again, recorded pressures at all OIPs and PIPs met
the test criteria.

Tracer Studies

The U.S. EPA, as part of the MTBE Treatment and Technology Certification Program,
conducted two tracer studies in conjunction with the demonstration. The first tracer study was
performed under natural gradient conditions prior to commencing the propane biosparging. The
second tracer study was conducted concurrently with the demonstration. Both tracer studies
utilized the tracer injection well network shown in Figures 9 and 10. The tracer injection system
consisted of nineteen 2-inch wells screened across the entire saturated zone in each plot. Each
well was equipped with a tracer feed line and an in-well mixer. The U.S. EPA used both a
conservative tracer (bromide) and a reactive tracer (uniformly-labeled, deuterated-MTBE
[dMTBE]) in conducting the studies. The U.S. EPA will submit a report summarizing the
findings of the tracer studies (Keeley, in press). Tracer concentrations were monitored to
establish tracer breakthrough curves so that groundwater flow paths, velocity and aquifer
dispersivity (under natural gradient and demonstration conditions) could be evaluated.

Preliminary results of the first tracer study were reported by the U.S. EPA to ENVIROGEN in
February of 2001. These data indicated that the velocity of groundwater flow was approximately
75 to 110 feet/yr, lower than predicted based on previous data. The first demonstration Sampling
Event was rescheduled from 2 weeks following bacterial injection to 4 weeks because of the
reduced groundwater velocity.
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Baseline Monitoring

Prior to initiating the propane biosparging demonstration, groundwater and vapor samples were
collected to establish background (baseline) conditions of groundwater quality and
biogeochemistry, soil-gas, and ambient air quality. Two baseline sampling events were
originally scheduled to occur shortly before initiation of the demonstration. The first round of
baseline sampling was conducted from January 9 to January 11, 2001, based on an expected
March demonstration start up. However, permitting issues delayed start-up until May 2001.
Because of the schedule delay, an additional round of baseline sampling was required. The
second round of baseline sampling was conducted from April 30 to May 2, 2001, and the third
round of sampling was conducted from May 21 to 23, 2001.

Groundwater sampling was conducted using peristaltic pumps with flow through cells to
measure geochemical parameters. Wells were purged for approximately 5-10 minutes so that
three sets of geochemical data could be collected. The amount of time spent purging as
restricted to limit the amount of water removed from each well during purging and sampling.

During the January 2001 sampling event, groundwater samples were collected from all
monitoring wells in the Test and Control Plots to establish baseline conditions. Samples from
select wells in the Control Plot (GWC-1and 6) and in the Test Plot (GWT-1, 3, 9, and 15) were
analyzed for MTBE, TBA, heterotrophs and propanotrophs, and a set of geochemical parameters.
The geochemical parameters included dissolved propane and carbon dioxide, anions (bromide,
chloride, nitrate, nitrite, sulfate and phosphate), total phosphate, ammonia, alkalinity, and oxygen
demand parameters (TOC, COD and cBODs)). Samples from all remaining wells were analyzed
for MTBE, TBA, and heterotrophs and propanotrophs only. Baseline monitoring results for all
of these parameters are shown in the first data column of Tables 3, 4, 5, 6, and 7.

The second baseline sampling event was conducted from April 30 to May 2, 2001 prior to the
start of sparging. During this sampling round, samples were collected from select wells in the
Test and Control Plots for MTBE, TBA, and heterotroph and propanotroph analysis. GWC-1, 2,
4, 6, 8, and 10 were sampled at both depths, and GWT-1 through 4, 8-10, and 12-15 were
sampled at both depths. These data are shown in the second data column of Tables 3, 4, 5, and 6.
Pressure/sparge testing was conducted following this sampling event, as described in Section
3.5.2. Oxygen and propane sparging were initiated on May 4, 2001, and continued through May
21, 2001 to establish favorable subsurface conditions prior to bioaugmentation.

The third sampling event was conducted from May 21 to 23, 2001, prior to bioaugmentation,
following two weeks of oxygen and propane sparging. Samples from select wells in the Control
Plot (GWC-1and 6) and in the Test Plot (GWT-1, 3, 9, and 15) were analyzed for MTBE, TBA,
heterotrophs and propanotrophs, and the geochemical parameters measured in the first sampling
event. Samples from all remaining wells were analyzed for MTBE, TBA, and heterotrophs and
propanotrophs only. These monitoring results are shown in the third data column of Tables 3, 4,
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5, 6,and 7. Analytical Methods are presented in Table 8. Bioaugmentation occurred on May 25,
2001 following the third sampling event.
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Control Plot MTBE Concentration (ug/L)

TABLE 3

SUMMARY OF MTBE CONCENTRATIONS IN CONTROL AND TEST PLOTS

ESTCP Propane Biosparging Demonstration
Port Hueneme, CA

Envirogen Project No. 92132

Well 1/9/01 - 1/11/01] 4/30/01 - 5/2/01 [5/21/01 - 5/23/01|6/12/01 - 6/14/01|6/25/01 - 6/27/01|7/10/01 - 7/12/01[7/23/01 - 7/25/01] 8/20/01 - 8/22/01| 9/24/01 - 9/26/01 [10/22/01 - 10/24/01] 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 | 2/19/02 - 2/21/02 | 3/11/02-3/12/02
GWC-18 4100|D 2200(D 5900(D 4900|D 4000|D 3300(D 6100(D 4400|D 1700|D 1100|D 740|D 110(D 1700|D 4400|D 3400(D
GWC-1D 4800|D 3700({D 5900(D 5200(ED 6300(D 8400(D 7600(ED 5900(D 6600(D 9100(D 5900(D 6300(D 690|D 4000|D 4700|D
GWC-28 1300|D 130(D 560|D 850|D 1600|D 1200|D 1300|D 460(JD 170 410(D 96|JD 64D 61/D 25 28D
GWC-2D 4200|D 2900|D 4100|D 2500(D 2600(D 2100(D 3500(D 2300(D 1200 1700|D 920|D 960|D 530|D 800|D 280|D
GWC-38 2300(D NS 2600(D 3100(D 2700(D 390|D 1100|D 910|D 900 860|D 260|D 340|D 330|D 450(D 600|D
GWC-3D 6700(D NS 4300|D 1800|D 690|D 2200(D 750|D 580|D 450 700|D 820|D 1100|D 590(D 1100(D 1200(D
GWC-4S 2600(D 870|D 2500(D 2100(D 2300(D 2400(D 1500|D 1800|D 1700|D 170(D 20D 3|J 10 160(D 140(D
GWC-4D 5600(D 6000(D 5600(D 4500|D 2900(D 1200|D 400(D 190(D 220|D 76|D 100|D 100|D 99|D 3[J 27
GWC-58 1400|D NS 520|D 560|D 640|D 750|D 530|D 2300(D 270 110(D 11|D 11 20 17|D 25
GWC-5D 4300|D NS 4000|D 4400|D 3500(D 1900|D 2800(D 1500|D 1500 1200|D 460(D 880|D 430(D 180(D 75
GWC-6S 4500|D 84|JD 77D 240|D 550|D 400(D 130(D 49D 55/D 78/D 5|U 5|U 19 3|J 6
GWC-6D 6600(D 5500(D 4400|D 3300(D 1400|D 1000|D 920|D 270|D 180(D 190|D 440|D 5(U 370(D 1200(D 1400(D
GWC-7S8 3600(D NS 1700|D 1900|D 1900|D 1900|D 2900(D 1600|D 1900|D 1900|D 410(D 340|D 160(D 82|D 35D
GWC-7D 7800(D NS 5500(D 4500|D 2400(D 990|D 220D 92|D 85|D 160|D 100|D 110|D 110|D 250(D 200(D
GWC-8S 1100|D 110[JD 320|D 220|D 250|D 510|D 190(D 140(D 78D 49D 5|J 7 27 41J 7
GWC-8D 3800(D 3900(D 4800|D 4100|D 4200|D 3300(D 5000(D 1800|D 1700|D 1500|D 480|D 1000(D 450|D 120|D 110|D
GWC-9S8 2900(D NS 620|D 290|D 140(D 190(JD 190(D 170(D 110(D 130(D 3|J 14 47D 7 6
GWC-9D 5900(D NS 4300|D 4200|D 3000(D 1600|D 1500|D 1000|D 2000(D 3200(D 2100(D 2000(D 3600(D 1000|D 1300|D
GWC-10S 1300|D 340|D 890|D 2500(D 2100(D 2200(D 4000|D 1700|D 2800(D 3200(ED 1400|D 1600|D 820|D 100 68/D
GWC-10D 9500(D 6400(D 6900(D 6300(D 3600(D 3200(D 2400(D 370|D 310(D 330 120|D 190|D 170|D 240(D 170|D
Test Plot MTBE Concentration (ug/L)

Well 1/9/01 - 1/11/01] 4/30/01 - 5/2/01 [5/21/01 - 5/23/01|6/12/01 - 6/14/01|6/25/01 - 6/27/01|7/10/01 - 7/12/01[7/23/01 - 7/25/01] 8/20/01 - 8/22/01| 9/24/01 - 9/26/01 [10/22/01 - 10/26/01]11/27/01 - 11/29/01*| 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 | 2/19/02 - 2/21/02 | 3/11/02-3/12/02
GWT-1S 3100(D 1800|D 1700|D 1300|D 350|D 220|D 120|D 140(D 400(D 140(D 15 13 48 5|U 3|J
GWT-1D 4900|D 3600(D 2400(D 3000(D 2500(D 2400(D 2000(D 1800|D 2000|ED 1000(D 820D 720D 710(D 1400(D 750(D
GWT-2S 20 90/D 140(D 190(D 180(D 160(D 150(D 130(D 84|JD 110(D 110(D 140(D 72D 24 62|D
GWT-2D 6600(D 1900|D 1300|D 830 540|D 430(D 390|D 460(D 340 340(D 380(D 470|JD 210(D 51|D 19|D
GWT-3S 4500|D 440(D 670|D 730|D 600|D 330|D 220|D 130(D 200|D 100(D 270|D 170(D 100(D 140(D 170(D
GWT-3D 5100|D 2000|D 2100|D 1400(D 970(D 280(D 200(D 190(D 340|D 280|D 130(D 150(D 90(JD 73 46|D
GWT-4S 3700(D 500|D 610|D 710|D 300|D 92|D 56|D 120(D 910|D 340|D 110(D 190(D 100(D 59|D 82|D
GWT-4D 7600|D 3700|D 2000|D 1400(D 1700(D 840|D 670|D 690|D 770|D 300|D 400(D 380|D 290|D 360|D 440(D
GWT-58 170(D NS 90|JD 110(D 110(D 140(D 120(D 69|D 63 150(D 55|D 39|JD 37D 26 14
GWT-5D 8400(D NS 1600|D 1200|D 550|D 500|D 500|D 650|D 250 350|D 230|D 410(D 230|D 160(D 64D
GWT-6S 430(D NS 810|D 1300|D 1400|D 1000|D 620|D 310|D 140(D 63|D 6 170(D 110(D 90 110(D
GWT-6D 5200|D NS 1700|D 2200|D 1600(D 850(D 410|D 130|D 290D 80|D 64|JD 110|D 92 88 110
GWT-7S 3200(D NS 640|D 420(D 280|D 210|D 200|D 180(D 120(D 82|JD 260|D 170(D 150(D 59/D 68|D
GWT-7D 1600|D NS 2900(D 2500(D 2300(D 1200|D 510|D 1200|D 1500|D 980|D 1000|D 440(D 600|D 340|D 270|D
GWT-8S 18 200|D 260|D 200|D 150(D 100(D 42|D 9/JD 26/D 150(D 3|J 20 6 41J 19
GWT-8D 6600(D 1900|D 1600|D 430(D 100(D 59/D 120|D 99|D 77|D 120|D 56 43 66|D 47|D 56|D
GWT-9S 120(JD 110(D 300|D 530|D 740|D 860|D 840|D 780|D 880|D 320|D 18|JD 90|JD 240|D 150(D 160(D
GWT-9D 2500(D 2400|D 2200|D 3200|D 2500|D 1400(D 1200(D 600(D 410|D 280(D 190|D 200(D 140|D 100|D 110|D
GWT-10S 6600(D 86/D 130(D 3600(D 320|D 300|D 260|D 190(D 100(D 130(D 18 110(D 150(D 59|D 80(D
GWT-10D 3700(D 66 3400(D 310|D 2900(D 1500|D 580|D 760|D 970(D 840(D 660(D 720D 520(D 220D 120|D
GWT-118 660|D NS 110[JD 90(D 36/D 30/D 24D 12 10 30/D 10|U 7 41J 8 41J
GWT-11D 8100|D NS 1600(D 240D 92|D 74|D 90|D 51|D 71|D 77|D 100|U 20 13 1 140|D
GWT-128 430(D NS 280|D 550|D 610|D 560|D 580|D 520|D 540|D 190(D 72D 160(D 150(D 65 48|D
GWT-12D 4900|D NS 2300|D 2100|D 2000|D 2000|D 2000|D 720D 720D 340(D 150|D 100|D 100|D 110|D 140|D
GWT-138 5600(D 88|D 150(JD 190(D 310|D 440(D 420(D 380|D 300|D 270|D 100(U 240|D 170(D 61/D 69/D
GWT-13D 3200(D 3900(D 180(D 4600|D 2900(D 1900|D 1200|D 610|D 1200(D 1000(D 1000(D 1100(D 340D 440|D 280(D
GWT-14S 48 74|D 180(D 100(D 96/D 190(D 140(D 43|D 12 17 100(U 5 5|U 5|U 2|J
GWT-14D 5600|D 2000|D 1700(D 540(D 510(D 350(D 170|D 220D 130|D 180|D 100|U 150|D 280(D 230D 140|D
GWT-158 3/JD 18 39/D 150(D 270|D 460(D 690|D 820|D 800|D 550|D 100(U 200|D 96/D 26/D 28D
GWT-15D 4700/D 3300|D 3400|D 2700|D 2200|D 1200|D 1300|D 700|D 460(D 300|D 200|D 97|D 59|D 32 23|JD
NOTES:

All concentrations are in ug/L

NS - Not Sampled

E - Value exceeded linear range of calibration curve. Due to laboratory error, analysis was not repeated at a greater dilution.
D - Result obtained as a result of laboratory dilution of sample.

J - Value detected at concentration below practical quantitation limit (PQL)
* Field Blank w/ detect for MTBE




TABLE 4
SUMMARY OF TBA CONCENTRATIONS IN CONTROL AND TEST PLOTS
ESTCP Propane Biosparging Demonstration
Port Hueneme, CA
Envirogen Project No. 92132

Control Plot TBA Concentration (ug/L)

Well 1/9/01 - 1/11/01] 4/30/01 - 5/2/01 | 5/21/01 - 5/23/01 | 6/12/01 - 6/14/01] 6/25/01 - 6/27/01 | 7/10/01 - 7/12/01 | 7/23/01 - 7/25/01] 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 | 2/19/02 - 2/21/02 | 3/11/02-3/12/02
GWC-1S 25|U 25|U 13|J 82 66 54 12|J 16]J 25(U 35 31 25|U 32 18.5|J 20(J
GWC-1D 25|U 25|U 25|U 64 29 52 27 38 25|U 29 30 19|J 21[J 26 22|J
GWC-2S 25|U 25|U 25U 25(UD 24(J 25|U 15]J 50 25(U 38 25(U 25|U 25(U 14(J 25(U
GWC-2D 25|U 25|U 25|U 22|JD 16.8|J 25|U 15|J 25|U 25|U 23|J 10]J 12|J 25U 11)J 25|U
GWC-3S 25|U NS 6.5[J 42 21.8|J 10.4]J 25U 17]J 25(U 14]J 13[J 25|U 25(U 12|J 12]J
GWC-3D 23|J NS 25|U 15|J 25|U 25|U 25|U 17]J 25|U 26 13|J 25|U 11)J 25U 18|J
GWC-4S 25|U 25|U 25U 29 33 25 15|J 12|J 25U 25|U 13|J 25|U 25U 25U 12|J
GWC-4D 25|U 10]J 13|J 110 23[J 25|U 11]J 62 25(U 25|U 25(U 25|U 25(U 19|J 25|U
GWC-5S8 25|U NS 25U 37(D 17]J 25|U 25|U 23|J 25(U 28 111 25|U 25(U 25(U 25(U
GWC-5D 25|U NS 19|J 12|JD 27 11]J 9.5|J 25|U 25 21|J 11)J 25|U 25U 25U 25U
GWC-6S 15]J 25|U 25U 25(UD 25U 25|U 10]J 25U 25(U 25|U 25(U 25|U 25(|U 25(U 25(U
GWC-6D 34 25|U 19|J 29|D 50 16]J 10]J 25|U 25|U 11]J 25|U 25|U 25|U 25(U 11)J
GWC-7S 21(J NS 25U 35D 24(J 35 16]J 25|U 25(U 15]J 151J 25|U 25(U 25(U 25(U
GWC-7D 39 NS 34 25|D 19|J 11]J 16]J 33 25|U 20(J 25|U 25|U 25|U 18|J 25|U
GWC-8S 25|U 25|U 25U 15|JD 25(U 171J 25|U 25U 25(U 12|J 25(U 13]J 25(U 25(U 25U
GWC-8D 25|U 25|U 12)J 33[D 24|J 24|J 25|U 12|J 14|J 22|J 25|U 21|J 25|U 25(U 25|U
GWC-9S 33 NS 25U 39(D 25U 38 25|U 25|U 25(U 9.6/J 25(U 25|U 17]J 25(U 25(U
GWC-9D 40 NS 17]J 32D 23[J 25 25|U 25|U 25(U 25|U 12|)J 16]J 25U 25U 19|J
GWC-10S 25|U 25|U 25U 19|JD 20(J 34 30 23|J 28 72 12|J 34 25U 25U 25U
GWC-10D 29 25|U 25(U 89(D 35 57 10]J 25|U 25(U 25|U 40 25|U 13]J 25(U 25(U
Test Plot TBA Concentration (ug/L)

Well 1/9/01 - 1/11/01] 4/30/01 - 5/2/01 | 5/21/01 - 5/23/01 | 6/12/01 - 6/14/01] 6/25/01 - 6/27/01 | 7/10/01 - 7/12/01 | 7/23/01 - 7/25/01 | 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 | 2/19/02 - 2/21/02 | 3/11/02-3/12/02
GWT-1S 11]J 25U 25(U 33|D 25U 25U 25U 25|U 25U 25|U 18|J 25|U 25U 25U 20(J
GWT-1D 10(J 25|U 25|U 31[D 12|J 10]J 12|J 45 25|U 25|U 10|J 25|U 25(U 25|U 25[u
GWT-2S 25U 25(U 25U 25(UD 14(J 27 40(J 25|U 25U 20(J 33 21(J 14|J 31 55
GWT-2D 17|J 25|U 25|U 22|JD 25|U 25|U 25|U 25|U 25|U 36 82 52 22|J 38 130
GWT-3S 30 25|U 25U 27D 20(J 17]J 25U 18]J 43 25|U 140 23|J 30 24(J 40
GWT-3D 20(J 25|U 25|U 16|JD 20(J 25|U 25|U 25|U 25(U 25|U 42 37 44 25(U 10|J
GWT-4S 25U 25U 25U 25(UD 15(J 25(U 10]J 25|U 25U 25|U 34 25|U 23[J 84 100
GWT-4D 36 25|U 25|U 25|UD 13|J 25|U 25|U 25|U 25|U 25|U 25|U 25|U 25|U 32 32
GWT-5S 25U NS 25U 37|D 12]J 25(|U 13]J 35 25U 18]J 25(U 25|U 25U 25U 20(J
GWT-5D 12|J NS 25(U 12|JD 15|J 25|U 25|U 10]J 25U 20(J 53 39 13|J 25(U 39
GWT-6S 25U NS 25U 25(UD 27 16]J 20(J 25U 25 25|U 25U 25|U 13|J 44 34
GWT-6D M1 NS 27 25(UD 13|J 25|U 25|U 25|U 25U 25|U 25(U 10]J 16|J 32 29
GWT-7S 22|J NS 25U 25(UD 13[J 25(|U 25U 25|U 25U 18]J 25 19]J 54 25 68
GWT-7D 21|J NS 32 25|UD 25|U 25|U 25|U 25|U NA 22|J 12|J 25|U 29 25U 25(U
GWT-8S 25U 25(U 25U 15|JD 15(J 25U 25U 25|U 25U 15]J 12|J 25|U 25U 25U 25U
GWT-8D 14|J 25|U 25|U 18|JD 13|J 25|U 25|U 15|J 25|U 25|U 25|U 25|U 10|J 29 25|U
GWT-9S 25U 25(U 25U 25(UD 22(J 17]J 15]J 25|U 25U 25|U 10|J 25|U 25U 25U 25
GWT-9D 25|U 25|U 25|U 22|JD 25 10(J 25|U 11J 13|J 25|U 13|J 25|U 25|U 29 260
GWT-10S 25|U 25|U 25U 32D 23[J 23|J 25|U 17]J 17(J 37 25U 29 61 27 86
GWT-10D 31 25|U 53 15|JD 20(J 25|U 25|U 35 25U 25|U 23[J 25|U 34 22(J 18
GWT-11S 25|U NS 25|U 25(UD 16]J 25|U 25|U 25|U 25U 28 13(J 25|U 25U 25(U 25U
GWT-11D 30 NS 25(U 25(UD 25(U 25|U 25|U 25|U NA 25|U 12|J 25|U 25(U 25(U 25(U
GWT-12S 30 NS 25(U 25(UD 13]J 15]J 25|U 25(U 25U 35 39 25U 25U 25U 25U
GWT-12D 25|U NS 25|U 14|JD 19|J 19|J 12|J 12|J 25(U 42 67 25|U 25(U 22(J 26
GWT-13S 25|U 25|U 25(U 25(UD 12|J 14]J 17]J 14]J 25U 43 16]J 33 35 22(J 51
GWT-13D 27 25|U 16]J 17|JD 22|J 14|J 25|U 25|U 25|U 25|U 110 10]J 25(U 12|J 21[J
GWT-14S 25|U 25|U 25U 14|JD 25 25|U 25|U 25|U 25U 25U 25U 25U 25(U 25U 25U
GWT-14D 25|U 25|U 25|U 25|UD 25|U 10]J 25|U 25|U 25(U 25|U 25|V 25|U 25(U 25|U 25(U
GWT-158 17 25|U 25(U 25(UD 25(U 25(U 13]J 25U 25U 11]J 25U 13]J 25U 10(J 25U
GWT-15D 35 25|U 29 25(UD 20(J 25|U 25|U 25|U 25(U 25|U 25(U 25|U 25(U 25(U 25(U

All concentrations are in ug/L

D - Result obtained as a result of laboratory dilution of sample

J - Value detected at concentration below practical quantitation limit (PQL)
U - Undetected (No peaks were seen. The value 25 denotes the

practical quantitation limit of 25 ug/L.)

Prepared by Envirogen, Inc.
tables 3-7.xIs\TBA-Table 4



TABLE 5
SUMMARY OF HETEROTROPH CONCENTRATIONS IN CONTROL AND TEST PLOTS
ESTCP Propane Biosparging Demonstration
Port Hueneme, CA
Envirogen Project No. 92132

Control Plot Total Heterotroph Concentration (CFU/mL)

Well 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 | 5/21/01 - 5/23/01 | 6/12/01 - 6/14/01 | 6/25/01 - 6/27/01 | 7/10/01 - 7/12/01 | 7/23/01 - 7/25/01 | 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 | 2/19/02 - 2/21/02 | 3/11/02-3/12/02
GWC-1S 13,400,000 2,800 22,000 3,100 12,400 1,100 1,900 2,500 3,400 2,000 11,000 NS 3,300 8,500 11,000
GWC-1D 19,400 1,070 56,000 810 5,200 1,000 410 550 1,200 410 1,800 NS 150,000 870 3,600
GWC-2S 231,000 600 4,300 7,900 18,000 1,000 6,000 62,000 37,000 18,000 36,000 NS 18,000 14,000 33,000
GWC-2D 23,100 1,200 31,000 35,000 8,400 <300 300 740 4,600 14,000 33,000 NS 830 4,200 31,000
GWC-3S SC NS 6,900 13,000 5,300 260(J 81,000 14,000 2,200 75,000 33,000 NS 4,100 34,000 46,000
GWC-3D 47,000 NS 84,000 48,000 18,000 34,000 600 3,100 27,000 29,000 83,000 NS 740 34,000 35,000
GWC-4S 154,000 3,400 3,200 7,600 10,000 2,900 3,000 3,100 15,000 27,000 120,000 NS 30,000 16,000 100,000
GWC-4D 82,000 900 34,000 34,000 9,400 9,400 29,000 43,000 44,000 68,000 49,000 NS 6,900 110,000 34,000
GWC-5S 13,100 NS 36,000 56,000 11,000 1,500 30,000 91,000 23,000 34,000 14,000 NS 33,000 14,000 20,000
GWC-5D 8,900 NS 17,000 7,900 3,200 6,200 6,900 58,000 4,100 6,000 16,000 NS 7,000 2,500 6,400
GWC-6S 8,800 610 4,200 3,200 1,000 1,900 3,000 3,100 1,100 1,500 48,000 NS 5,900 54,000 8,400
GWC-6D 41,000 340 51,000 7,800 11,500 2,500 2,000 6,100 7,300 4,600 5,000 NS 1,000 1,000 9,000
GWC-7S 40,000 NS 3,600 9,700 4,000 1,700 3,100 12,000 34,000 12,000 87,000 NS 20,000 90,000 14,000
GWC-7D 39,000 NS 24,000 12,000 5,000 3,000 3,500 6,800 27,000 65,000 85,000 NS 11,000 27,000 30,000
GWC-8S 66,000 1,600 4,600 2,900 5,300 1,100 12,000 4,500 3,200 4,400 5,200 36,000 83,000 35,000 38,000
GWC-8D 55,000 310 4,500 2,500 3,000 830 1,700 3,200 1,800 170,000 2,200 3,200 77,000 3,800 7,700
GWC-9S 13,300 NS 31,000 860 440 180|J 890 2,200 2,400 5,200 31,000 25,000 42,000 65,000 6,900
GWC-9D 175,000 NS 7,200 5,600 3,900 680 5,100 2,500 1,400 1,800 670 1,500 7,100 810 1,400
GWC-10S 5,500 1,100 3,300 1,200 390 510 3,300 11,000 12,000 12,000 7,700 2,200 8,800 8,600 7,700
GWC-10D 460,000 620 15,000 1,200 700 340 860 2,400 3,200 4,900 11,000 2,700 33,000 1,000 3,200
Test Plot Total Heterotroph Concentration (CFU/mL)

Well 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 | 5/21/01 - 5/23/01 | 6/12/01 - 6/14/01 | 6/25/01 - 6/27/01 | 7/10/01 - 7/12/01 | 7/23/01 - 7/25/01 | 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 | 2/19/02 - 2/21/02 | 3/11/02-3/12/02
GWT-1S 115,000 800 2,200 100,000 32,000 37,000 12,000 7,900 13,000 30,000 69,000 13,000 6,700 3,900 18,000
GWT-1D 46,000 1,300 21,000 1,200 1,150 3,000 950 4,200 130,000 8,300 8,700 5,400 13,000 2,600 2,000
GWT-2S 201,000 360 15,000 5,000 3,600 4,900 6,300 5,600 44,000 7,500 370,000 160,000 21,000 2,800,000 120,000
GWT-2D 155,000 730 54,000 150,000 510,000 110,000 36,000 1,300,000 45,000 5,600 34,000 25,000 41,000 80,000 68,000
GWT-3S 12,800 4,200 100,000 30,000 37,000 13,000 14,000 6,500 15,000 110,000 30,000 18,000 4,100 19,000 18,000
GWT-3D 50,000 920 9,400 460,000 79,000 30,000 96,000 43,000 40,000 4,600 57,000 110,000 31,000 44,000 16,000
GWT-4S 221,000 1,800 48,000 31,000 29,000 9,100 12,000 39,000 85,000 510,000 57,000 1,300,000 12,000 70,000 85,000
GWT-4D 65,000 2,000 32,000 24,000 30,000 61,000 660,000 97,000 83,000 430,000 12,000 330,000 58,000 87,000 150,000
GWT-5S 234,000 1,200 11,000 820 3,300 20,000 8,400 14,000 39,000 17,000 290,000 30,000 37,000 3,000,000 350,000
GWT-5D 11,800 NS 100,000 110,000 200,000 210,000 39,000 640,000 14,500 390,000 31,000 25,000 1,500 3,600 12,000
GWT-6S 530,000 NS 310,000 99,000 32,000 12,000 820 5,000 9,700 13,000 350,000 35,000 220,000 73,000 56,000
GWT-6D 8,200 NS 10,000 4,900 49,000 22,000 34,000 110,000 1,500 340,000 1,500 230,000 500,000 6,100 13,000
GWT-7S 550,000 NS 52,000 91,000 110,000 31,000 47,000 45,000 8,300 33,000 14,000 4,600,000 2,100,000 37,000 45,000
GWT-7D 191,000 NS 460,000 94,000 58,000 39,000 114,000 36,000 1,200 230(J 29,000 480,000 77,000 110,000 85,000
GWT-8S 204,000 2,400 12,000 6,800 7,300 89,000 57,000 4,800 5,600 64,000 360,000 60,000 100,000 470,000 110,000
GWT-8D 11,400 1,650 30,000 39,000 220,000 3,000 3,000,000 68,000 35,000 920,000 63,000 38,000 82,000 34,000 20,000
GWT-9S 159,000 NS 1,800 3,400 700 2,900 1,900 14,000 3,700 35,000 7,900 NS 58,000 11,000 36,000
GWT-9D 104,000 850 800 1,100 680 640 770 3,700 3,100 52,000 300|U 1,300 1,600 13,000 5,200
GWT-10S 7,400,000 9,800 32,000 2,800 5,900 2,700 4,500 3,900 30,000 8,500 400,000 240,000 78,000 37,000 15,000
GWT-10D 39,000 1,400 4,100 1,100 5,900 3,200 330,000 6,500 12,000 11,000 73,000 1,900,000 810,000 22,000 41,000
GWT-11S 139,000 NS 17,000 10,000 33,000 10,000 36,000 8,900 9,400 40,000 12,000 4,300 87,000 11,000 6,500
GWT-11D 9,800 NS 46,000 26,000 83,000 47,000 910,000 1,500,000 40,000 870,000 26,000 220,000 96,000 39,000 45,000
GWT-12S 156,000 NS 9,800 5,500 4,400 4,400 810 1,100 74,000 34,000 54,000 57,000 58,000 24,000 13,000
GWT-12D 240,000 NS 12,000 930 640 NA 88,000 38,000 1,800 170,000 8,800 49,000 75,000 13,000 6,400
GWT-13S 740,000 5,900 5,300 12,000 7,200 5,700 4,000 5,100 6,200 45,000 250,000 4,100 490,000 110,000 62,000
GWT-13D 47,000 790 3,500 5,700 17,000 49,000 260,000 26,000 5,900 450,000 9,300 32,000 580,000 450,000 110,000
GWT-14S 119,000 1,600 44,000 85,000 76,000 88,000 51,000 81,000 40,000 100,000 160,000 330,000 290,000 83,000 88,000
GWT-14D 147,000 500 45,000 32,000 88,000 47,000 3,800,000 56,000 43,000 1,100,000 38,000 62,000 110,000 8,900 16,000
GWT-15S 201,000 700 1,700 540 500 3,100 3,600 5,300 3,400 54,000 530,000 170,000 160,000 49,000 110,000
GWT-15D 7,100 4,700 39,000 1,000 430 3,300 59,000 32,000 5,700 NS 14,000 7,000 78,000 6,300 9,200
NOTES:

All results in CFU/mL (colony forming units/mL)
NS - Not Sampled
SC - Sample Contaminated

i...92132/Data/GW Sampling Data.xls Prepared by Envirogen, Inc.



TABLE 6

SUMMARY OF PROPANOTROPH CONCENTRATIONS IN CONTROL AND TEST PLOTS
ESTCP Propane Biosparging Demonstration

Port Hueneme, CA

Envirogen Project No. 92132

Control Plot Total Propanotroph Concentration (CFU/mL)

Well 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 | 5/21/01 - 5/23/01 | 6/12/01 - 6/14/01 | 6/25/01 - 6/27/01 | 7/10/01 - 7/12/01 ] 7/23/01 - 7/25/01 | 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 | 2/19/02 - 2/21/02 3/11/02-3/12/02
GWC-1S 350,000 290(J 490 290 1,200 300({U 120|J 370 250(J 130|J 1,900 NS 1,300 3,000 6,300
GWC-1D 300| U 300|U 300 300|U 250 300|U 300|U 300|U 300|U 300|U 410 NS 26,000 1,200 2,000
GWC-2S 17,200 300{U 900 300{U 1,300 300|U 300 870 230(J 13,000 2,900 NS 4,500 630 13,000
GWC-2D 5,100 780 16,000 8,700 5,200 300|U 300|U 300|U 300|U 1,300 9,400 NS 300 300|U 3,400
GWC-3S SC NS 1,200 370 12,000 300{U 230]J 490 140(J 8,700 8,200 NS 1,800 2,100 390
GWC-3D 1,000 NS 9,400 300|U 3,400 300|U 300|U 300|U 20,000 18,000 26,000 NS 110 300|U 300|U
GWC-4S 1,110 1,100 1,400 300{U SC 300|U 3,000 410 120 3,700 46,000 NS 11,000 3,000 350
GWC-4D 1,200 190(J 4,600 1,300 1,500 1,800 29,000 2,600 490 1,600 1,200 NS 3,300 200 9,200
GWC-5S8 1,100 NS 1,000 300{U 300{U 300({U 260|J 15,000 1,480 2,200 3,000 NS 14,000 10,000 16,000
GWC-5D 400 NS 16,000 300|U 3,200 660 560 400 920 780 4,400 NS 3,700 410 1,400
GWC-6S 300{ U 220(J 160|J 210|JD 300|U 240]J 300 300{U 430 640 11,000 NS 3,100 11,000 1,300
GWC-6D 300| U 300|U 4,600 300|U 260 180|J 180|J 370 650 1,300 3,000 NS 410 370 390
GWC-7S 4,800 NS 220(J 300{U 300{U 300{U 300{U 300|U 660 1,500 70,000 NS 19,000 36,000 3,800
GWC-7D 6,000 NS 1,300 300|U 4,800 300|U 300|U 290|J 1,400 4,600 14,000 NS 3,400 270|J 3,000
GWC-8S 34,000 390 1,080 560 200 300|U 190|J 560 380 2,500 3,000 7,300 32,000 20,000 11,000
GWC-8D 23,900 310 630 400 300|U 300|U 300|U 370 390 1,800 3,200 700 9,800 770 1,300
GWC-9S 13,200 NS 1,000 2801(J 300{U 300{U 300|U 290|J 520 1,800 17,000 12,000 27,000 15,000 3,800
GWC-9D 161,000 NS 2,900 300|U 170 300|U 140|J 290|J 300|U 100|J 300|U 380 1,800 300|U 300|U
GWC-10S 1,320 330 220(J 530 300{U 300|U 300{U 4,400 1,500 7,700 1,700 510 5,900 830 760
GWC-10D 1,370 300|U 440 300|U 100(J 300{U 300{U 240]J 570 190(J 960 470 5,000 290]J 210]J
Test Plot Total Propanotroph Concentration (CFU/mL)

Well 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 | 5/21/01 - 5/23/01 | 6/12/01 - 6/14/01 | 6/25/01 - 6/27/01 | 7/10/01 - 7/12/01 ] 7/23/01 - 7/25/01 | 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 | 2/19/02 - 2/21/02 3/11/02-3/12/02
GWT-1S 60,000 300{U 170(J 7,100 300|U 3,200|U 2,000 3,100 400 4,100 9,400 1,200 1,500 2,800 98,000
GWT-1D 59,000 340 3,100 300|U 300|U 300|U 300|U 3,000 68,000 2,200 4,200 760 7,200 430 1,700
GWT-2S 71,000 300{U 870 300{U 300{U 300|U 300({U 460 330 3,900 32,000 1,900 4,400 210,000 11,000
GWT-2D 65,000 300|U 2,100 2,500 32,000 10,000 120|J 720,000 8,000 300|U 30,000 750 22,000 30,000 37,000
GWT-3S 3,100 1,100 37,000 640 300 240 260|J 260|J 300|U 9,200 7,600 510 1,000 940 1,700
GWT-3D 5,600 300|U 1,700 140,000 18,000 3,800 760 12,000 1,300 2,900 80,000 1,300 8,800 18,000 15,000
GWT-4S 8,500 300{U 4,000 4,400 2,100 180 980 290,000 34,000 120,000 5,300 790 3,000 3,000 3,000
GWT-4D 6,600 300|U 2,100 3,500 5,000 4,700 190|J 67,000 300|U 44,000 3,600 6,800 35,000 71,000 54,000
GWT-5S 530,000 NS 620 300{U 300{U 300|U 170|J 6,400 300|U 740 61,000 5,600 6,800 310,000 30,000
GWT-5D 490 NS 1,900 4,100 300|U 300|U 300|U 400,000 8,600 140,000 34,000 670 840 2,400 16,000
GWT-6S 190,000 NS 3,500 300{U 300{U 450 200]J 2,600 3,300 3,000 19,000 1,700 4,600 6,800 3,100
GWT-6D 870 NS 940 300|U 300|U 150 300|U 63,000 170 35,000 280 17,000 2,300 1,100 1,600
GWT-7S 31,000 NS 5,400 750 11,000 440 250]J 11,000 840 33,000 2,300 3,000 15,000 1,800 2,400
GWT-7D 10,300 NS 1,800 250(J 1,000 1,100 2,300 11,000 300|U 300|U 13,000 3,600 12,000 8,300 53,000
GWT-8S 199,000 580 1,000 300|U 380 1,800 130|J 3,000 350 24,000 80,000 7,700 9,200 35,000 6,500
GWT-8D 9,400 240 8,300 5,100 12,500 300|U 1,700 30,000 25,000 39,000 15,000 3,000 14,000 22,000 7,300
GWT-9S 143,000 300{U 300 950 300{U 300{U 300 230]J 110(J 300({U 30,000 NS 6,800 1,700 1,100
GWT-9D 12,500 300|U 800 300|U 300|U 300|U 300 2,600 3,900 30,000 120|J 300|U 920 140|J 300
GWT-10S 920,000 2,000 470 300|U 290 480 300 3,000 560 1,000 38,000 11,000 32,000 3,200 870
GWT-10D 990 300|U 170(J 300|U 300|U 500 280|J 46,000 440 3,000 30,000 8,400 22,000 11,000 23,000
GWT-11S 78,000 NS 1,400 3,000 300|U 1,300 280]J 8,400 860 12,000 1,500 650 20,000 1,400 4,600
GWT-11D 4,400 NS 2,300 1,200 300|U 660 120|J 1,200,000 25,000 150,000 6,300 6,500 15,000 33,000 13,000
GWT-12S 54,000 NS 490 300{U 300 300{U 300 1,100 57,000 32,000 14,000 4,700 4,400 930 3,700
GWT-12D 57,000 NS 480 300|U 300|U NA 120|J 38,000 1,300 30,000 2,000 1,200 3,100 530 4,100
GWT-13S 148,000 330 2601(J 240 300{U 300{U 210]J 380 730 3,500 8,400 1,400 7,000 1,300 2,100
GWT-13D 11,300 300 1,700 300|U 300|U 140|J 2,800 330,000 3,000 300,000 3,100 850 32,000 3,200 7,700
GWT-14S 36,000 300{U 1,200 3,100 960 700 8,100 34,000 11,000 69,000 36,000 25,000 57,000 16,000 10,000
GWT-14D 81,000 300|U 2,000 6,700 5,600 960 1,400 31,000 12,000 350,000 23,000 3,200 6,500 12,000 6,100
GWT-15S 143,000 300{U 130(J 300|U 300{U 300|U 300 510 100(J 5,700 250,000 3,300 11,000 5,200 13,000
GWT-15D 1,040 240 2,000 300|U 300|U 450 370 2,200,000 440 NS 400 260 5,200 180 3,000
NOTES:

All results in CFU/mL (colony forming units/mL)
J - Value detected at concentration below practical quantitation limit (PQL)
U - Undetected - The value 300 denotes the practical quantitation limit.

NS - Not Sampl

ed

SC - Sample Contaminated

i:...92132/Data/GW Sampling Data.xls




TABLE 7

SUMMARY OF GEOCHEMICAL DATA IN CONTROL AND TEST PLOTS
ESTCP Propane Biosparging Demonstration
Port Hueneme, CA

Envirogen Project No. 92132

Page 1 of 6
GWC1S
Date 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 |5/21/01 - 5/23/01|6/12/01 - 6/14/01| 6/25/01 - 6/27/01 | 7/10/01-7/12/01 7/23/01 - 7/25/01 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 2/19/02 - 2/21/02 | 3/11/2002 - 3/12/02
Chloride 65 NA 83 81 89 84 87 90 98 95 50 NA 84 82 92
Nitrite 0.15J NA 02U 0.36 02U 02U 02U 02U 02U 02U 02U NA 02U 02U 02U
Bromide NA NA 1.6 NA NA NA NA NA NA NA NA NA NA NA NA
Nitrate 0.2 NA 0.43 02U 0.3 0.32 0.3 0.25 0.3 02U 0.34 NA 02U 0.3 02U
o-Phosphate 02U NA 02U 2U 02U 02U 02U 02U 02U 02U 02U NA 02U 02U 02U
Sulfate 1350 NA 1400 1400 1300 1400 1300 1400 1,300 1250 600 NA 1120 860 1300
Ammonia 0.81 NA 1U 0.3J 05U 0.7 05U 1.3 04J 0.5 05U NA 0.3J 0.3J 05U
Alkalinity 430 NA 490 520 420 430 430 440 500 490 280 NA 480 460 500
CcOo2 50 NA 59 70 50 64 65 63 90 93 20 NA 54 62 70
Methane 0.006 NA 0.002 U 0.004 0.0035 0.0027 0.002 U 0.002 U 0.002 U 0.003 0.002 NA 0.004 0.007 0.0069
Ethane 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U NA 0.002 U 0.002 U 0.002 U
Ethene 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U NA 0.002 U 0.002 U 0.002 U
Propane NA NA 0.002 U 0.002 U 0.002 U 0.002 U 0.004 0.002 U 0.002 U 0.002 U 0.002 U NA 0.002 U 0.002 U 0.002 U
cBOD 3.9 NA 29 2U 2U 2U 2U 2U 2U 1.3J 3.6 NA 3 2U 20
COoD 41 NA 23 34 11 10U 45 28 57J 25 61 NA 28 24 21
TOC 1U NA 6.8 7.6 6.8 4.9 6.8 5.9 6.5 4.9 15 NA 7.5 8.6 71
Total Suspended Sol NA NA NA 1 NA NA 1J NA 7 16 8 NA 26 8 15
Total Phosphate 0.27 NA 0.13J 0.31 01U 0.07J 01J 0.21 0.14 0.27 0.15 NA 0.11 0.1 0.18
Barium NA NA NA NA NA 10U NA 10U 20U NA NA NA NA NA
Calcium NA NA NA 460 NA NA 410 NA 200 180 NA NA NA 160 NA
Magnesium NA NA NA 350 NA NA 110 NA 140 130 NA NA NA 98 NA
Manganese NA NA NA NA NA 1.13 NA 1.04 1.13 NA NA NA NA NA
Potassium NA NA NA 3.6 NA NA 7.8 NA 4.7 4 NA NA NA 29 NA
Sodium NA NA NA 210 NA NA 250 NA 150 100 NA NA NA 180 NA
GWC1D
Date 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 |5/21/01 - 5/23/01|6/12/01 - 6/14/01| 6/25/01 - 6/27/01 | 7/10/01-7/12/01 7/23/01 - 7/25/01 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 2/19/02 - 2/21/02 | 3/11/2002 - 3/12/02
Chloride 100 NA 85 100 120 120 110 110 110 100 93 NA 89 86 104
Nitrite 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U NA 02U 02U 02U
Bromide NA NA 1.3 NA NA NA NA NA NA NA NA NA NA NA NA
Nitrate 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U NA 02U 02U 02U
o-Phosphate 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U NA 02U 02U 02U
Sulfate 1040 NA 1200 1300 1100 1100 1100 1100 1200 1100 1200 NA 1200 1100 1100
Ammonia 1.3 NA 1.1 1.1 0.5 25 0.9 6.8 05U 0.8 0.9 NA 1.7 9.8 1.8
Alkalinity 590 NA 580 590 500 500 500 510 560 550 530 NA 520 510 520
COo2 49 NA 71 84 71 67 68 56 75 63 44 NA 74 70 63
Methane 0.012 NA 0.01 0.001J 0.018 0.0097 0.018 0.013 0.009 0.012 0.005 NA 0.008 0.007 0.015
Ethane 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U NA 0.002 U 0.002 U 0.002 U
Ethene 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U NA 0.002 U 0.002 U 0.002 U
Propane NA NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U NA 0.002 U 0.002 U 0.002 U
cBOD 3.1 NA 2U 2U 2U 2U 2U 2U 2U 1.1J 3.6 NA 2U 10 20
COoD 28 NA 25 31 14 10U 80 25 26 31 61 NA 18 29 21
TOC 1U NA 6.3 6.4 6.2 55 6.4 5.1 5 5 15 NA 6.6 5.1 6.3
Total Suspended Sol NA NA NA 26 NA NA 22 NA 54 39 8 NA 65 25 30
Total Phosphate 0.3 NA 0.26 0.29 0.47 0.5 0.3 0.32 0.44 0.36 0.15 NA 0.31 0.36 0.37
Barium NA NA NA NA NA 10U NA 10U 20U NA NA NA NA NA
Calcium NA NA NA 510 NA NA 410 NA 240 200 NA NA NA 290 NA
Magnesium NA NA NA 126 NA NA 190 NA 75 110 NA NA NA 110 NA
Manganese NA NA NA NA NA 0.83 NA 1.3 1.94 NA NA NA NA NA
Potassium NA NA NA 4.6 NA NA 6.8 NA 5.2 41 NA NA NA 4.3 NA
Sodium NA NA NA 280 NA NA 180 NA 180 110 NA NA NA 240 NA

NOTES:
All units in mg/L

U - indicates that compound was not detected above Practical Quantitation Limit (PQL)
J - compound was detected at concentration below PQL
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GWC6S
Date 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 |5/21/01 - 5/23/01|6/12/01 - 6/14/01| 6/25/01 - 6/27/01 | 7/10/01-7/12/01 7/23/01 - 7/25/01 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 2/19/02 - 2/21/02 | 3/11/2002 - 3/12/02
Chloride 38 NA 11 16 31 45 55 72 87 100 11 NA 44 16 72
Nitrite 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U NA 02U 02U 02U
Bromide NA NA 0.38 NA NA NA NA NA NA NA NA NA NA NA NA
Nitrate 0.3 NA 0.38 06U 0.6 0.84 0.63 0.57 0.8 0.52 2.55 NA 1.3 1.8 1.1
o-Phosphate 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U NA 02U 02U 02U
Sulfate 1500 NA 1100 900 1000 1200 1500 1300 1400 1200 80 NA 570 190 920
Ammonia 0.39 NA 05U 05U 05U 0.5 05U 4 05U 05U 05U NA 0.3J 05U 05U
Alkalinity 360 NA 250 78J 260 290 330 370 440 490 130 NA 310 170 410
COo2 120 NA 32 130 28 30 40 53 70 75 0.6 NA 28 12 49
Methane 0.002 U NA 0.002 U 0.0015J 0.002 U 0.0027 0.017 J 0.002 U 0.003 0.003 0.002 U NA 0.002 0.005 0.0018 J
Ethane 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U NA 0.002 U 0.002 U 0.002 U
Ethene 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U NA 0.002 U 0.002 U 0.002 U
Propane NA NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U NA 0.002 U 0.002 U 0.002 U
cBOD 35 NA 2U 2U 2U 2U 2U 2U 2U 2U 9.7 NA 2U 2U 2U
COoD 21 NA 11 17 10U 10U 74 17 85J 21 40 NA 18 26 18
TOC 1U NA 5.6 3.1 5.1 5.1 5.9 75 5.3 6 5.2 NA 6.1 6.3 6.9
Total Suspended Sol NA NA NA 18 NA NA 16 NA 10 15 320 NA 420 12 37
Total Phosphate 10J NA 0.16 J 04 0.31 0.11 0.125 U 01J 0.17 0.08J 0.54 NA 0.25 0.09J 0.42
Barium NA NA NA NA NA 10U NA 10U 20U NA NA NA NA NA
Calcium NA NA NA 430 NA NA 450 NA 270 210 NA NA NA 61 NA
Magnesium NA NA NA 94 NA NA 120 NA 92 100 NA NA NA 26 NA
Manganese NA NA NA NA NA 0.05 NA 0.03 0.06 NA NA NA NA NA
Potassium NA NA NA 1.8 NA NA 6.5 NA 4.8 41 NA NA NA 1.6 NA
Sodium NA NA NA 45 NA NA 73 NA 200 87 NA NA NA 51 NA
GWC6D
Date 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 |5/21/01 - 5/23/01|6/12/01 - 6/14/01| 6/25/01 - 6/27/01 | 7/10/01-7/12/01 7/23/01 - 7/25/01 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 2/19/02 - 2/21/02 | 3/11/2002 - 3/12/02
Chloride 94 NA 100 88 100 110 99 115 110 100 99 NA 90 95 105
Nitrite 02U NA 02U 02U 02U 02U 02U 0.2 02U 02U 02U NA 02U 02U 02U
Bromide NA NA 24 NA NA NA NA NA NA NA NA NA NA NA NA
Nitrate 02U NA 02U 0.24 04 0.28 0.34 0.28 04 0.27 0.33 NA 0.3 02U 0.13J
o-Phosphate 02U NA 02U 02U 02U 02U 02U 0.2 02U 02U 02U NA 02U 02U 02U
Sulfate 1100 NA 1400 1300 1300 1700 1400 8200 1300 1300 1200 NA 1170 1200 1200
Ammonia 1.1 NA 0.98 05U 05U 1 05U 4 05U 05U 05U NA 03J 2.8 05U
Alkalinity 570 NA 520 18 380 350 340 350 410 420 520 NA 420 470 480
COo2 84 NA 83 420 61 56 68 92 82 53 90 NA 97 29 86
Methane 0.008 NA 0.008 0.0014 J 0.002 U 0.0027 0.003 0.002 0.002 U 0.003 0.001J NA 0.002 0.008 0.0042
Ethane 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 0.002 U 0.002 U 0.002 U NA 0.002 U 0.002 U 0.002 U
Ethene 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 0.002 U 0.002 U 0.002 U NA 0.002 U 0.002 U 0.002 U
Propane NA NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 0.002 U 0.002 U 0.002 U NA 0.002 U 0.002 U 0.002 U
cBOD 34 NA 2U 2U 2U 2U 2U 2 2U 2U 18 NA 2U 2U 2
COoD 28 NA 20 34 14 10U 43 14 14 18 18 NA 27 29 30
TOC 1U NA 6.5 7.2 6.6 4.9 6.2 6.1 4.6 5.1 5.6 NA 71 7 6.8
Total Suspended Sol NA NA NA 75 NA NA 5J NA 17 14 ND NA 19 2 4
Total Phosphate 0.33 NA 025U 01J 0.25 0.17 0.125 U 0.19J 0.11 01U 25U NA 0.04J 0.05J 01U
Barium NA NA NA NA NA 10U NA 10U 20U NA NA NA NA NA
Calcium NA NA NA 460 NA NA 390 NA 230 190 NA NA NA 400 NA
Magnesium NA NA NA 310 NA NA 150 NA 110 99 NA NA NA 120 NA
Manganese NA NA NA NA NA 0.79 NA 0.59 0.81 NA NA NA NA NA
Potassium NA NA NA 3.6 NA NA 6.7 NA 54 4.8 NA NA NA 5.1 NA
Sodium NA NA NA 250 NA NA 220 NA 310 110 NA NA NA 290 NA

NOTES:
All units in mg/L

U - indicates that compound was not detected above Practical Quantitation Limit (PQL)
J - compound was detected at concentration below PQL




NOTES:

TABLE 7

SUMMARY OF GEOCHEMICAL DATA IN CONTROL AND TEST PLOTS
ESTCP Propane Biosparging Demonstration
Port Hueneme, CA

Envirogen Project No. 92132

Page 3 of 6
GWT1S
Date 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 |5/21/01 - 5/23/01|6/12/01 - 6/14/01| 6/25/01 - 6/27/01 | 7/10/01-7/12/01 7/23/01 - 7/25/01 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/26/01 | 11/27/01 - 11/29/01 | 12/18/01 - 12/19/01 | 1/14/02 - 1/15/02 2/19/02 - 2/21/02 3/11/02 - 3/12/02
Chloride 65 NA 63 55 62 62 61 71 74 73 72 68 72 67 68
Nitrite 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U
Bromide NA NA 1.3 NA NA NA NA NA NA NA NA NA NA NA
Nitrate 37 NA 5 5 6.1 6.8 6.8 3.9 4.7 4.4 2 2.1 1.5 34 3.9
o-Phosphate 02U NA 02U 02U 04 02U 02U 0.8 02U 04 02U 02U 02U 02U 02U
Sulfate 1700 NA 1500 1400 1400 1400 1500 1500 1400 1400 1400 1600 1310 1500 1500
Ammonia 0.56 NA 1.5 05U 05U 0.6 6.9 27 05U 05U 05U 0.27J 0.3J 9.8 05U
Alkalinity 470 NA 430 440 350 330 330 370 430 430 460 450 450 430 430
COo2 62 NA 61 62 60 51 55 59 28 81 97 86 85 76 68
Methane 0.002 U NA 0.002 U 0.0017 J 0.0027 0.0021 0.005 0.002 U 0.002 U 0.002 0.001J 0.002 0.002 0.003 0.0014 J
Ethane 0.002 U NA 0.002 J 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U
Ethene 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U
Propane NA NA 0.001 0.002 U 0.0015J 0.001 0.002 U 0.01 0.002 U 0.002 U 0.002 U 0.02 0.002 U 0.002 U 0.002 U
cBOD 2.1 NA 2U 2U 2U 2 2U 2U 25 2U 26 2U 2U 11 41
COoD 18 NA 17 28 11 10 40 10U 85J 18 12 37 12 8.9J 12
TOC 1U NA 6.3 6.1 7.5 5.7 74 4.9 4.7 5 5.2 5.2 6.3 6.1 6.2
Total Suspended Sol NA NA NA 0 NA NA 1J NA 2 10 4 27 12 3 0
Total Phosphate 025U NA 0.15J 0.07J 0.17 025U 025U 0.05J 0.09J 01U 0.2 0.12 0.05J 0.32 01U
Barium NA NA NA NA NA 10U NA 10U 20U NA 10U NA NA NA
Calcium NA NA NA 420 NA NA 390 NA 220 190 NA 290 NA 280 NA
Magnesium NA NA NA 380 NA NA 220 NA 150 170 NA 170 NA 180 NA
Manganese NA NA NA NA NA 0.05 NA 0.1 0.06 NA 0.06 NA NA NA
Potassium NA NA NA 3.6 NA NA 6 NA 3.6 2.8 NA 4.2 NA 3.1 NA
Sodium NA NA NA 240 NA NA 180 NA 160 96 NA 220 NA 240 NA
GWT1D
Date 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 |5/21/01 - 5/23/01|6/12/01 - 6/14/01| 6/25/01 - 6/27/01 | 7/10/01-7/12/01 7/23/01 - 7/25/01 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 2/19/02 - 2/21/02 | 3/11/2002 - 3/12/02
Chloride 84 NA 92 82 92 98 88 82 96 89 86 76 80 91 96
Nitrite 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U
Bromide NA NA 1.6 NA NA NA NA NA NA NA NA NA NA NA NA
Nitrate 02U NA 02U 02U 02U 0.13J 02U 02U 0.2 02U 02U 02U 02U 02U 02U
o-Phosphate 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 1.9 02U 02U
Sulfate 1200 NA 1400 1300 1300 1200 1300 2000 1300 1200 1300 1460 1310 1100 1300
Ammonia 05U NA 3.2 0.7 02J 1.2 05U 54 05U 0.03J 05U 0.27 04J 15 0.7
Alkalinity 520 NA 580 530 420 430 430 430 480 480 470 461 480 480 590
COo2 140 NA 86 63 61 60 59 68 55 37 59 80 62 50 97
Methane 0.007 NA 0.0086 0.0049 0.0037 0.0047 0.006 0.0028 0.003 0.003 0.002 0.002 0.003 0.005 0.0036
Ethane 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U
Ethene 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U
Propane NA NA 0.0016 J 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.01 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U
cBOD 1.7J NA 2.7 2U 2U 2U 2U 2U 2U 24 16 5.7 1.5J 2U 3.2
COoD 22 NA 23 28 17 10U 120 10U 20 25 31 18 12 12 15
TOC 1U NA 6.7 5.2 71 55 5.9 4 4.7 4.7 5 4.7 5.9 5.6 6.1
Total Suspended Sol NA NA NA 13 NA NA 17 NA 14 18 7 18 16 6 10
Total Phosphate 10J NA 0.31 0.13J 12J 0.09J 01J 0.12 01U 01U 0.09J 0.11 0.1 0.07J 01U
Barium NA NA NA NA NA 10U NA 10U 20U NA 10U NA NA NA
Calcium NA NA NA 5 NA NA 450 NA 240 210 NA 280 NA 310 NA
Magnesium NA NA NA 25 NA NA 130 NA 86 94 NA 100 NA 110 NA
Manganese NA NA NA NA NA 1.28 NA 1.56 1.77 NA 0.85 NA NA NA
Potassium NA NA NA 4.6 NA NA 8.3 NA 35 41 NA 6.3 NA 5.2 NA
Sodium NA NA NA 280 NA NA 260 NA 220 105 NA 210 NA 260 NA

All units in mg/L
U - indicates that compound was not detected above Practical Quantitation Limit (PQL)
J - compound was detected at concentration below PQL




NOTES:
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GWT3S
Date 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 |5/21/01 - 5/23/01|6/12/01 - 6/14/01| 6/25/01 - 6/27/01 | 7/10/01-7/12/01 7/23/01 - 7/25/01 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 2/19/02 - 2/21/02 | 3/11/2002 - 3/12/02
Chloride 76 NA 34 4 53 58 56 106 75 64 66 60 63 62 76
Nitrite 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U
Bromide NA NA 3.1 NA NA NA NA NA NA NA NA NA NA NA NA
Nitrate 1.3 NA 0.11J 02U 02U 02U 02U 02U 04 0.33 02U 02U 02U 02U 02U
o-Phosphate 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U
Sulfate 1350 NA 880 950 1100 1000 1100 1300 1300 1300 1200 1300 1160 1200 1300
Ammonia 0.5 NA 1.1 0.6 05U 05U 05U 2.7 0.4J 05U 05U 1.1 0.56 5.6 05U
Alkalinity 430 NA 290 340 320 350 370 380 NA 420 490 460 480 10U 460
COo2 120 NA 24 43 53 63 83 60 NA 35 53 150 160 2U 100
Methane 0.005 NA 0.008 U 0.0029 0.0031 0.0031 0.005 0.002 U 0.002 0.003 0.002 U 0.002 0.003 0.003 0.002
Ethane 0.002 U NA 0.002 U 0.053 0.063 0.11 0.12 0.11 0.024 0.01 0.024 0.002 U 0.03 0.004 0.063
Ethene 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U
Propane NA NA 1.1 1.2 0.002 U 1.6 1.4 3.9 29 0.76 27 3.2 2.2 0.24 1.5
cBOD 4.4 NA 14 17 6.4 13 12 18 2U 2.2 33 4.5 8 2U 9.9
COoD 36 NA 31 34 20 10U 150 35 20 25 22 28 18 24 32
TOC 1U NA 55 55 7.5 6.4 7.6 7.9 5.8 6.7 8.4 6.8 8 7.3 8.1
Total Suspended Sol NA NA NA 1 NA NA 1J NA 10 14 10 10 15 14 8
Total Phosphate 01J NA 025U 0.05J 0.21 025U 025U 0.27 0.09J 01U 0.14 0.1 0.13 01J 0.14
Barium NA NA NA NA NA 10U NA 10U 20U NA 10U NA NA NA
Calcium NA NA NA 410 NA NA 430 NA 260 240 NA 300 NA 350 NA
Magnesium NA NA NA 200 NA NA 140 NA 110 96 NA 99 NA 100 NA
Manganese NA NA NA NA NA 0.75 NA 0.78 0.81 NA 0.76 NA NA NA
Potassium NA NA NA 23 NA NA 6.2 NA 4.4 3.9 NA 55 NA 3.8 NA
Sodium NA NA NA 140 NA NA 130 NA 370 100 NA 180 NA 180 NA
GWT3D
Date 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 |5/21/01 - 5/23/01|6/12/01 - 6/14/01| 6/25/01 - 6/27/01 | 7/10/01-7/12/01 7/23/01 - 7/25/01 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/26/01 | 11/27/01 - 11/29/01 | 12/18/01 - 12/19/01 | 1/14/02 - 1/15/02 2/19/02 - 2/21/02 3/11/02 - 3/12/02
Chloride 101 NA 85 80 94 87 80 83 84 76 84 83 74 74 83
Nitrite 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U
Bromide NA NA 3.8 NA NA NA NA NA NA NA NA NA NA NA NA
Nitrate 02U NA 02U 02U 02U 02U 02U 02U 0.3 0.2 0.2 0.27 02U 02U 0.14J
o-Phosphate 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U
Sulfate 1000 NA 1400 1300 1300 1300 1500 1500 1400 1300 1200 1200 1280 1300 1500
Ammonia 1.2 NA 2.7 0.5 05U 1 05U 4 05U 0.3J 05U 1.1 0.03J 11 0.7
Alkalinity 550 NA 400 360 310 320 320 290 350 340 340 360 360 300 310
CcOo2 210 NA 51 72 60 78 80 73 85 69 68 86 49 44 58
Methane 0.005 NA 0.008 U 0.003 0.0037 0.0026 0.005 0.002 U 0.062 0.003 0.001J 0.002 0.002 0.003 0.0053
Ethane 0.002 U NA 0.002 U 0.085 0.17 0.022 0.13 0.085 0.002 U 0.027 0.002 U 0.002 U 0.012 0.007 0.24
Ethene 0.002 U NA 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U
Propane NA NA 7.1 5.6 4.4 2.1 1.9 4.9 2.4 2.7 0.96 3.4 3.4 0.35 9.6
cBOD 25 NA 16 51 11 12 2U 6 5 2U 23 7 9.7 2U 50
COoD 41 NA 34 40 23 10U 180 23 20 80 37 31 27 29 60
TOC 1U NA 6.9 6.9 8.6 71 10 6.9 5.8 74 71 6.9 8.6 75 8.5
Total Suspended Sol NA NA NA 5 NA NA 6J NA 9 13 52 10 30 12 4
Total Phosphate 0.16 J NA 025U 0.07J 0.17 025U 025U 0.04J 01U 25U 0.15 0.08J 0.12 0.05J 0.11
Barium NA NA NA NA NA 10U NA 10U 20U NA 10U NA NA NA
Calcium NA NA NA 470 NA NA 430 NA 250 210 NA 200 NA 360 NA
Magnesium NA NA NA 220 NA NA 140 NA 100 100 NA 73 NA 100 NA
Manganese NA NA NA NA NA 0.6 NA 0.72 0.65 NA 0.38 NA NA NA
Potassium NA NA NA 5 NA NA 7.3 NA 6.7 5.7 NA 6.3 NA 6.1 NA
Sodium NA NA NA 260 NA NA 240 NA 180 120 NA 210 NA 250 NA

All units in mg/L
U - indicates that compound was not detected above Practical Quantitation Limit (PQL)
J - compound was detected at concentration below PQL
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GWT9S
Date 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 |5/21/01 - 5/23/01|6/12/01 - 6/14/01| 6/25/01 - 6/27/01 | 7/10/01-7/12/01 7/23/01 - 7/25/01 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 2/19/02 - 2/21/02 | 3/11/2002 - 3/12/02
Chloride 8.9 NA 19 29 43 49 53 72 77 64 13 42 48 40 60
Nitrite 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U
Bromide NA NA 0.34 NA NA NA NA NA NA NA NA NA NA NA NA
Nitrate 24 NA 0.15J 0.24 02U 02U 02U 02U 0.23 0.58 0.16 02U 02U 02U 02U
o-Phosphate 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 0.25 02U 02U 02U 02U
Sulfate 20 NA 550 650 760 840 980 1200 1200 1200 125 700 710 670 1100
Ammonia 0.36 J NA 1.2 05U 0.7 0.7 05U 6.8 05U 0.3J 05U 05U 0.3J 4.2 1.4
Alkalinity 60 NA 160 210 210 240 270 350 470 470 230 320 440 430 480
COo2 31 NA 21 20 24 25 28 30 68 45 23 60 88 73 47
Methane 0.002 U NA 0.0077 0.0017 J 0.04 U 0.0028 0.005 0.002 0.003 0.003 0.002 U 0.002 0.002 0.003 0.0026
Ethane 0.002 U NA 0.0028 0.011 0.038 0.08 0.11 0.065 0.11 0.057 0.002 U 0.028 0.018 J 0.03 0.028
Ethene 0.002 U NA 0.002 U 0.002 U 0.04 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 3 0.028
Propane NA NA 0.071 0.39 1.31 1.1 1.4 3.2 5.2 3.1 0.015 1.6 1.7 0.004 1.9
cBOD 54 NA 2U 14J 2U 3 2U 10 4.3 13 2 8.1 4.5 8 5
COoD 28 NA 14 17 11 10U 65 28 31 34 34 43 23 18 21
TOC 2.2 NA 6.2 5.7 5.7 8.5 11 6.2 3.8 6.5 8.1 6.4 4.6 7.5 74
Total Suspended Sol NA NA NA 2 NA NA 10U NA 5 10 16 11 28 2 4
Total Phosphate 0.39 NA 0.13J 0.03J 0.14 025U 0.125 U 0.06 J 0.1 01U 0.19 0.09J 0.15 0.1 01U
Barium NA NA NA NA NA 10U NA 10U 20U ND 10U NA NA NA
Calcium NA NA NA 350 NA NA 380 NA 260 230 120 230 NA 270 NA
Magnesium NA NA NA 110 NA NA 110 NA 61 79 18 59 NA 38 NA
Manganese NA NA NA NA NA 0.5 NA 0.98 1.29 0.18 0.65 NA NA NA
Potassium NA NA NA 2 NA NA 55 NA 5.1 4.3 1.3 4.3 NA 1.9 NA
Sodium NA NA NA 55 NA NA 100 NA 160 80 28 110 NA 55 NA
GWT9D
Date 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 |5/20/01 - 5/22/01|6/12/01 - 6/14/01| 6/25/01 - 6/27/01 | 7/10/01-7/12/01 7/23/01 - 7/25/01 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/26/01 | 11/27/01 - 11/29/01 | 12/18/01 - 12/19/01 | 1/14/02 - 1/15/02 2/19/02 - 2/21/02 3/11/02 - 3/12/02
Chloride 61 NA 80 77 93 91 85 82 75 74 75 75 78 72 87
Nitrite 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U
Bromide NA NA 4.1 NA NA NA NA NA NA NA NA NA NA NA NA
Nitrate 0.2 NA 02U 02U 02U 02U 02U 02U 0.21 02U 02U 02U 02U 02U 02U
o-Phosphate 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U
Sulfate 630 NA 1280 1300 1300 1200 1300 1400 1300 1300 1300 1320 1320 1200 1200
Ammonia 1.2 NA 1.1 0.9 05U 1.1 0.9 6.8 04J 0.5 1.5 1.1 0.9 05U 05U
Alkalinity 330 NA 480 420 340 330 360 370 410 410 510 430 480 470 530
CcOo2 55 NA 70 70 NA 47 54 41 93 84 60 86 106 37 110
Methane 0.002 U NA 0.0085 0.0035 0.04 U 0.003 0.006 0.0019J 0.0031 0.003 0.002 U 0.003 0.002 0.003 0.0028
Ethane 0.002 U NA 0.0088 0.027 0.06 0.1 0.1 0.0058 0.113 0.057 0.002 U 0.047 0.039 0.03 0.021
Ethene 0.002 U NA 0.002 U 0.002 U 0.04 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 2 0.021
Propane NA NA 0.56 1.4 1.9 2.2 3.3 54 6.8 9.7 2.7 1.9 6.1 0.004 0.77
cBOD 71 NA 2U 4.4 2U 12 13 21 9.6 18 34 16 30 17 2.1
COoD 26 NA 11 23 25 10U 77 43 28 28 22 52 23 20 24
TOC 1U NA 6.5 6.1 7.6 72 7.6 6.9 54 6.4 6.4 6.2 7.6 6.8 7.7
Total Suspended Sol NA NA NA 19 NA NA 18 NA 29 30 32 29 39 17 26
Total Phosphate 0.31 NA 0.24J 0.22J 04 0.19 0.22 0.24 0.29 0.06 J 0.55 0.28 01U 0.27 0.3
Barium NA NA NA NA NA 10U NA 10U 20U ND 10U NA NA NA
Calcium NA NA NA 490 NA NA 410 NA 260 220 410 290 NA 450 NA
Magnesium NA NA NA 220 NA NA 140 NA 77 89 98 100 NA 110 NA
Manganese NA NA NA NA NA 1.2 NA 1.82 2.26 1.4 1.33 NA NA NA
Potassium NA NA NA 4.6 NA NA 6.8 NA 3.2 4.2 3.8 5.3 NA 5.2 NA
Sodium NA NA NA 260 NA NA 260 NA 150 105 170 220 NA 290 NA

NOTES:
All units in mg/L

U - indicates that compound was not detected above Practical Quantitation Limit (PQL)
J - compound was detected at concentration below PQL
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SUMMARY OF GEOCHEMICAL DATA IN CONTROL AND TEST PLOTS
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Page 6 of 6
GWT15S

Date 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 |5/20/01 - 5/22/01|6/12/01 - 6/14/01| 6/25/01 - 6/27/01 | 7/10/01-7/12/01 7/23/01 - 7/25/01 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/26/01 | 11/27/01 - 11/29/01 | 12/18/01 - 12/19/01 | 1/14/02 - 1/15/02 2/19/02 - 2/21/02 3/11/02 - 3/12/02
Chloride 12 NA 6.6 14 18 23 32 54 67 63 29 22 17 12 35
Nitrite 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U
Bromide NA NA 3.1 NA NA NA NA NA NA NA NA NA NA [NA NA

Nitrate 4.7 NA 0.5 0.43 02U 02U 02U 02U 0.24 02U 0.82 02U 02U 0.2 02U
o-Phosphate 02U NA 02U 02U 02U 02U 02U 1.6 02U 02U 0.25 02U 02U 02U 02U
Sulfate 33 NA 260 400 410 480 600 1000 1,100 1200 6.7 430 300 210 890
Ammonia 0.7 NA 0.8 05U 05U 05U 05U 54 05U 05U 05U 05U 0.3J 05U 05U
Alkalinity 65 NA 140 170 150 170 200 270 400 440 92 240 280 260 400
COo2 55 NA 8.9 20 9.5 94 15 19 51 68 35 26 28 31 64
Methane 0.002 U NA 0.0067 0.002 U 0.04 U 0.0021 0.004 0.0026 0.0043 0.003 0.001J 0.003 0.002 0.003 0.0029
Ethane 0.002 J NA 0.002 U 0.002 U 0.02 0.027 0.06 0.18 0.106 0.087 0.002 U 0.063 0.036 0.01 0.052
Ethene 0.002 U NA 0.002 U 0.002 U 0.04 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U
Propane NA NA 0.004 0.08 0.46 1.6 1.5 54 4.9 5.2 0.026 24 1.2 0.7 1.7
cBOD 1.9J NA 2U 11 2U 3 7 3.9 2U 9.6 35 5.6 9 4 13
COoD 54 NA 17 85J 10U 10U 60 28 31 83 25 25 12 12 24
TOC 5.7 NA 6.7 4.9 5.6 5.3 55 5.7 5.1 6 55 5.9 6.4 54 6.6
Total Suspended Sol NA NA NA 0 NA NA 10U NA 1 210 19 14 440 31 20
Total Phosphate 0.23J NA 025U 0.05J 01U 01U 0.125 U 0.06 J 01U 0.1 01U 0.1 0.14 0.1 0.1
Barium NA NA NA NA NA 10U NA 10U 20U ND 10U NA NA NA
Calcium NA NA NA 200 NA NA 270 NA 250 220 28 140 NA NA NA
Magnesium NA NA NA 59 NA NA 90 NA 63 87 5 29 NA NA NA
Manganese NA NA NA NA NA 0.26 NA 0.65 0.81 0.02 0.25 NA NA NA
Potassium NA NA NA 0.91 NA NA 34 NA 41 41 0.9 25 NA NA NA
Sodium NA NA NA 28 NA NA 53 NA 130 64 8.2 38 NA NA NA

GWT15D

Date 1/9/01 - 1/11/01 | 4/30/01 - 5/2/01 |5/21/01 - 5/23/01|6/12/01 - 6/14/01| 6/25/01 - 6/27/01 | 7/10/01-7/12/01 7/23/01 - 7/25/01 8/20/01 - 8/22/01 | 9/24/01 - 9/26/01 | 10/22/01 - 10/24/01 | 11/27/01 - 11/29/01 | 12/17/01 - 12/19/01 | 1/14/02 - 1/15/02 2/19/02 - 2/21/02 | 3/11/2002 - 3/12/02
Chloride 97 NA 84 83 88 91 87 87 82 78 85 77 86 80 98
Nitrite 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U
Bromide NA NA 0.8 NA NA NA NA NA NA NA NA NA NA NA NA
Nitrate 02U NA 1 02U 02U 02U 02U 02U 0.32 02U 02U 02U 02U 0.2 0.32
o-Phosphate 02U NA 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U 02U
Sulfate 1020 NA 1400 1200 1200 1200 1200 1400 1,400 1300 1200 1250 1210 1200 1400
Ammonia 2 NA 3.9 05U 1.2 1 0.9 6.8 04J 0.5 05U 05U 0.8 05U 0.28J
Alkalinity 540 NA 480 470 370 360 350 350 380 390 430 430 450 420 430
CcOo2 200 NA 80 73 59 56 60 6.9 65 38 66 97 94 63 47
Methane 0.006 NA 0.007 0.002 U 0.04 U 0.0033 0.005 0.004 0.002 0.003 0.002 U 0.002 0.003 0.002 0.002
Ethane 0.002 U NA 0.002 U 0.002 U 0.04 U 0.015 0.04 0.11 0.01 0.04 0.02 0.02 0.015 0.002 U 0.002 U
Ethene 0.002 U NA 0.002 U 0.002 U 0.04 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U 0.002 U
Propane NA NA 0.0038 0.14 0.36 0.9 1.5 1.1 4 35 1.14 0.86 0.24 0.004 0.0049
cBOD 2.6 NA 2U 4 2U 2U 5 11 4.4 9.8 32 3.6 7.7 2U 20
COoD 28 NA 25 20 23 10U 50 28 23 25 28 28 12 15 15
TOC 1U NA 6.6 5.7 6.5 6.2 6.2 6.7 5.6 6.2 5.7 5.8 6.2 6.6 74
Total Suspended Sol NA NA NA 12 NA NA 15 NA 2,540 61 15 15 23 1 5
Total Phosphate 1.1 NA 0.22J 0.23J 0.28 01U 0.16 0.21 0.23 0.05J 0.27 0.16 0.14 01U 01U
Barium NA NA NA NA NA 10U NA 10U 20U ND 10U NA NA NA
Calcium NA NA NA 490 NA NA 400 NA 250 210 370 300 NA NA NA
Magnesium NA NA NA 220 NA NA 140 NA 96 92 84 96 NA NA NA
Manganese NA NA NA NA NA 0.1 NA 1.82 1.94 0.2 0.71 NA NA NA
Potassium NA NA NA 41 NA NA 4 NA 37 4.7 4.4 6.2 NA NA NA
Sodium NA NA NA 240 NA NA 50 NA 330 110 230 230 NA NA NA

NOTES:
All units in mg/L

U - indicates that compound was not detected above Practical Quantitation Limit (PQL)
J - compound was detected at concentration below PQL
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TABLE 8: ANALYTICAL METHODS

ESTCP Propane Biosparging Final Report

January 2003

Sample Matrix Analysis Method Container Container Preservative Holding

Type Size Time

Groundwater VOCs SW 8260B glass 40 ml (3) HCI, cool (4°C) 7 days
TBA SW 8015B (P/T) glass 40 ml (2) HCI, cool (4°C) 14 days
Total Heterotrophs SM 9215C plastic 50 ml None 24 Hours
Substrate Specific SM 9215C plastic 50 ml None 24 hours

Heterotrophs (modified)

Carbon dioxide SM 4500C0O, glass 40 ml (2) None 14 days

Propane SW 8015B glass 40 ml (2) None 14 days
Anions (see below) EPA 300 plastic 250 ml cool (4°C) 48 hours
Cations (see below) EPA 200 series glass 200 ml cool (4°C) 6 months

Phosphate (Total) EPA 365.2 glass 250 ml cool (4°C) 14 days

Alkalinity EPA 310.1 glass 120 ml None 14 days

Ammonia Nitrogen EPA 350.2 glass 250 ml H,SO, 28 days

TOC EPA 415.1 glass 40 ml (2) H,S0O, 28 days

COD EPA 410.4 glass 120 ml H,S0, 28 days
cBOD5 EPA 405.1 plastic 500 ml None 48 hours

Soil VOCs SW 8260B glass 4 ounce MeOH, cool (4°C) 7 days
TBA SW 8015 (P/T) glass 4 ounce None 14 days

TOC EPA 415.1 glass 120 ml None 28 days

Grain size ASTM D421, glass 1L None N/A

D422

Soil Vapor/Ambient Air VOCs SW 8260B Tedlar bag 2-liter None 7 days

Quality* Propane SW 8015B Tedlar bag 2-liter None 7 days

VOC - Volatile Organic Compounds
TBA — Tertiary Butyl Alcohol

Anions — Bromide, Chloride, Nitrate, Nitrite, Phosphate and Sulfate

TOC - Total Organic Carbon
COD - Carbon Oxygen Demand

c¢BOD;s — Carbonaceous Biological Oxygen Demand

Cations: Barium, Calcium, Magnesium, Manganese, Potassium, and Sodium

DO - Dissolved Oxygen
SC — Specific Conductivity
T — Temperature

0, — Oxygen

CO, — Carbon Dioxide
N/A — Not Applicable

* Vapor samples are field-screened using a portable flame ionization detector.)
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3.5.3 PERIOD OF OPERATION

A summary of demonstration activities is presented in Table 9. Oxygen and propane sparging
were initiated on May 4, 2001. An inoculum of the propane-oxidizing bacterial culture ENV425
was grown at ENVIROGEN’s facilities in Lawrenceville, NJ, and was shipped on ice overnight
to the Site. Based on 16S rDNA sequencing, ENV425 it is most closely related to the bacterium
Rhodococcus ruber. The inoculum was injected into the subsurface through the seven bacterial
injection points on May 25, 2001. The bacterial injection protocol is attached as Appendix B.
The demonstration continued through March 2002.

TABLE 9
SCHEDULE OF ACTIVITIES

Date Activity
4/30/01 - 5/2/01 Pre-sparging sampling. Start oxygen and propane
sparge.
5/21/01 — 5/23/01 Pre-bioaugmentation Sampling
5/25/01 Bioaugmentation
6/12/01 — 6/14/01 Biweekly Demonstration Sampling 1
6/25/01 — 6/27/01 Biweekly Demonstration Sampling 2
7/10/01 —7/12/01 Biweekly Demonstration Sampling 3
7/23/01 —7/25/01 Biweekly Demonstration Sampling 4
Monthly (4-weekly) Sampling Start
8/20/01 — 8/22/01 Demonstration Sampling 5
9/24/01 —9/24/01 Demonstration Sampling 6
10/22/01 — 10/24/01 Demonstration Sampling 7
11/27/01 — 11/29/01 Demonstration Sampling 8
12/17/01 — 12/19/01 Demonstration Sampling 9
1/14/02 — 1/15/02 Demonstration Sampling 10
2/19/02 —2/21/02 Demonstration Sampling 11
3/11/02 —3/12/02 Demonstration Sampling 12

3.5.4 OPERATING PARAMETERS

Oxygen was injected into the subsurface in the Test and Control Plots through the Oxygen
Injection Points (OIPs), and propane was injected into the subsurface in the Test Plot through the
Propane Injection Points (PIPs). A system of solenoid valves and timers was used to inject the
gases. Initial oxygen flow rates of 10 SCFH and propane flow rates of 1 SCFH were set at each
injection point. The oxygen system operated for four, 6-minute cycles per day, yielding
approximately 5 pounds of oxygen per day in the Test and Control Plots. The propane system
operated for four, 10-minute cycles per day and yielded approximately 0.5 pounds of propane per
day at the Test Plot.
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Performance Optimization

The objective of the performance optimization phase of operations was to achieve adequate
distribution of oxygen and propane to stimulate biodegradation of MTBE in the aquifer, and to
ensure that fugitive emissions of VOCs did not occur during the demonstration. Initial oxygen
and propane injection flow rates, duration, and frequency were to be modified as necessary
during this period to achieve adequate substrate distribution throughout the demonstration plots.

After approximately six months of operation, a data review suggested that less-than-optimal
MTBE degradation was occurring in the Test Plot. This was thought to be due to the presence of
excess propane, which is a competitive inhibitor of MTBE degradation. After a review of the
geochemical data, the decision was made to decrease the flow of propane from 1 SCFH to
between 0.3 and 0.4 SCFH, corresponding to the addition of approximately 0.17 to 0.2 pounds of
propane per day to the Test Plot.

Labor

In the ten-month demonstration period, Base personnel performed routine site checks and
maintenance. The primary maintenance activity was the monitoring of the oxygen and propane
tank contents and arranging for tank replacement when necessary. Part-time employees of
ENVIROGEN worked at the site for 2 to 3 days per sampling event. Base personnel assisted in
sampling activities when necessary.

3.5.5 AMOUNT OF MATERIAL TO BE TREATED

The dimensions of the demonstration plot, including both the test and control plots, were
approximately 60 ft by 60ft. The treatment zone extended from the water table to 10 ft below the
water table. Assuming a porosity of 0.3, the total volume of groundwater to be treated was
approximately 81,000 gallons.

3.5.6 RESIDUALS HANDLING

Application of the propane biosparging technology does not generate any process waste.
However, limited soil cuttings and groundwater derived from drilling and sampling were
generated during the demonstration and were handled as follows:

The demonstration injection points, monitoring wells and vapor monitoring points were installed
using Geoprobe™ methods to minimize drill-cutting volumes. Approximately 0.6 yards of soil
cuttings were generated during installation of the demonstration wells. Soil cuttings were
contained in DOT certified drums and were characterized and disposed of by Base personnel.
Limited volumes of purge water were generated during low-flow sampling of each monitoring
well. A total of approximately 750 gallons of purge water were generated during groundwater
sampling activities. Purge water was contained on-site in drums and was characterized and
disposed of by Base personnel.
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3.5.7 EXPERIMENTAL DESIGN

Tracer studies were performed as part of the EPA certification process, and are described in
Section 3.5.2. The operating conditions under which the demonstration was conducted are
described in Section 3.5.4. Other than performance optimization activities described in that
section, operating parameters were not varied during the 10-month demonstration. Additional
experiments included the microcosm studies, which were conducted prior to the demonstration
and are described in Section 3.4.2.

3.5.8 SAMPLING PLAN

The sampling plan for this site was developed in accordance with the objectives of determining
the efficiency of treatment of MTBE and the evaluating the effect that demonstration activities
would have on the geochemistry of the Site. All appropriate Quality Assurance/Quality Control
samples and procedures were included in the execution of the Sampling Plan presented in the
Technology Demonstration Workplan dated October 7, 2000, and in the QAP included in
Appendix D.

Pre-demonstration sampling activities are described in Sections 3.4.1 and 3.5.2 above. All
samples collected during pre- demonstration activities were analyzed according to the methods
presented in Table 8. The demonstration sampling schedule outlined in the Technology
Demonstration Workplan was developed based on anticipated performance characteristics
derived through preliminary modeling efforts. A tracer study was performed during the early
phase of operation to quantify groundwater flow velocity and solute transport parameters to aid
in system performance refinement. These data indicated that the velocity of groundwater flow
was lower than predicted. The sampling schedule was modified based on the results of the tracer
study and based on the sampling requirements of the California Regional Water Quality Control
Board (WQCB) Monitoring and Reporting Program.. Samples were collected biweekly for the
first two months of the demonstration and monthly thereafter. The permit obtained under the
WCQB monitoring program required more frequent and extensive sampling than was scheduled
in the workplan.

The activity and sampling schedule is presented in Table 9.

Sample Collection

The primary contaminants of concern during this demonstration were MTBE and the MTBE
degradation by-product, TBA. Samples from select wells in the Control Plot (GWC-1and 6) and
in the Test Plot (GWT-1, 3, 9, and 15) were analyzed for MTBE, TBA, heterotrophs and
propanotrophs, and a set of geochemical parameters at every sampling event following
bioaugmentation. The geochemical parameters included dissolved propane and carbon dioxide,
anions (bromide, chloride, nitrate, nitrite, sulfate and phosphate), total phosphate, ammonia,
alkalinity, and oxygen demand parameters (TOC, COD and cBODs)). Samples from all other
Test and Control Plot wells were analyzed for MTBE, TBA, heterotrophs and propanotrophs at
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every sampling event. Samples were analyzed according to the analytical methods listed in
Table 8.

All of the above parameters were included in the Table 3 of the Technology Demonstration
Workplan for this site. In addition, the WCQB required that the following parameters be
measured on a regular basis: total suspended solids (TSS), total dissolved solids (TDS), and
cations. TSS and TDS were measured in the field as described below; cations were measured
according to the analytical method listed in Table 8.

Sample Collection

Soil samples were collected only during Site Characterization Confirmation sampling.
Groundwater and vapor samples were collected at each sampling event listed in Table 9. In order
to ensure that representative samples were obtained, groundwater samples were collected in
accordance with USEPA Region I’s “Low Stress (low flow) Purging and Sampling Procedure for
the Collection of Groundwater Samples from Monitoring Wells”. Due to the dense spacing of
monitoring points in the well networks, well purging prior to sampling was limited to
approximately 2.5 liters/well/event to minimize impacts on natural gradient flow patterns. The
limited purge volume was necessary a modification of the USEPA Region I Method which was
included in the Technology Demonstration Workplan.

Samples were obtained using a peristaltic pump and dedicated polyethylene and silicone tubing
at each well. Groundwater elevation measurements were collected prior to the start of pumping
and throughout the sample period using an electronic water level indicator. Measurements were
obtained from the top-of-casing and recorded to the nearest 0.01-foot. Groundwater elevations
were used to establish background hydraulic gradient and groundwater flow directions on the
demonstration plots.

Groundwater samples were collected using low-flow peristaltic pumps connected to flow-
through cells equipped with in-line monitoring instruments (YSI 6920 with Flow-Through Cell,
Pine Environmental, Cranbury, NJ) to allow field measurements of geochemical conditions
including redox potential (Eh), pH, dissolved oxygen (DO), specific conductivity (SC), total
suspended solids (TSS), total dissolved solids (TDS), and temperature. Geochemical field
indicator measurements were collected at 5-minute intervals during the purge period.

Following the purge period, the outlet of the peristaltic pump was disconnected from the flow-
through cell and laboratory samples were collected. Samples were collected into bottles that
were prepared at ENVIROGEN’s Lawrenceville, NJ facility and shipped to the Site. The labels
affixed to the bottles included the Site name, ENVIROGEN project number, Well ID, parameter,
and preservative. Upon sample collection, the sample collector entered the date and time, and
initialed each bottle. Chains of custody were prepared each day and were shipped with the
samples via overnight delivery. Samples were wrapped to prevent breakage and were stored on
ice upon collection. Samples were packed in coolers and were shipped overnight to
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ENVIROGEN’s Lawrenceville, NJ facility, where sample analysis was conducted within the
hold-time of each sample. Cation analysis was performed by New Jersey Analytical
Laboratories of Pennington, NJ.

Quality Assurance/Quality Control

This section describes the field quality control program that was used to measure and evaluate
data quality associated with site sampling.

All field meters were calibrated once at the beginning of the day and were checked periodically
throughout the day to determine if re-calibration was required. All non-dedicated and non-
disposable materials and equipment were properly decontaminated between sample collection at
each well.

Duplicate Samples. Field duplicate samples are separated into two categories: field split samples
and collection duplicates. Each type of duplicate was collected and analyzed at a frequency of at
least 5 percent of the total number of samples collected for that matrix and analysis. At least 20
percent of the duplicate samples were “blind duplicates”, i.e., the laboratory did not know which
samples were replicates of each other.

Field Split Samples. The first type of duplicate is a field split sample, obtained by collecting a
sample and splitting it into two sub-samples and submitting each sub-sample to a different
analytical laboratory for analysis. The purpose of splitting the sample is to check the
performance of the laboratory. For water samples, field split samples were first be collected in a
pre-cleaned 1-liter glass jar. The samples were then poured from the jar into the appropriate
sample containers. Because some volatile chemicals may be lost during the splitting of the
samples, field split samples were not used to assess quantitative VOC concentrations within the
stream sampled, but to assess the performance of ENVIROGEN’s laboratory. Split samples
were analyzed by New Jersey Analytical Laboratories of Pennington, NJ.

Collection Duplicates. The second type of duplicate is a collection duplicate. This duplicate is
obtained by collecting a second discrete sample from the same sample location and submitting
both collections as discrete samples to the laboratory. The purpose of the collection duplicate is
to assess the homogeneity of the contaminants in the matrix.

Blank Samples. Blanks are artificial samples designed to detect the introduction of
contamination or other artifacts into the sampling, handling, and analytical process. Blanks are
the primary QC check of measurements for trace-level concentrations and also for laboratory
contamination.

Field Blanks. Field blanks were prepared to evaluate field conditions that may contribute to
sample contamination and were analyzed for VOCs, including MTBE. These blanks are
equivalent to obtaining a background reading at the sampling site. Field blanks were collected at
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a sample location at the time of field sampling. The blank samples consisted of sample
containers; identical to those designated for the field sample (40-mL amber glass vial), filled
with laboratory-grade purified water. Field blanks will be prepared at a frequency of 5% of the
total number of samples collected for that matrix and analysis.

Trip Blanks. Trip blanks were not collected on site, but were kept on site during sample
collection. Trip blanks were prepared at ENVIROGEN’s NIJ facility using distilled water and the
same containers to be used for collection of groundwater VOC samples. The blanks were
shipped with the other sample containers to the Site in the sample coolers, were kept on site
during sample collection, and were shipped along with the samples back to the analytical
laboratory. Analyses of trip blanks was used indicate the presence of contamination from
handling errors or cross-contamination during transport. Trip blanks were submitted at a
frequency of one trip blank per cooler per shipment of groundwater samples for VOC analysis.

Pump Blanks. Pump blanks were used to assess the level of VOC contamination of sampling
devices. Pump blanks were prepared by running 1 L of laboratory-grade purified water through
the pump before sampling, and collecting the wash water for analysis according to the methods
established for collection of the water samples. Equipment blanks will be prepared at a
minimum of 5% of all soil and groundwater samples.

The results of QA/QC sample analysis were evaluated to ensure that the contaminants of concern
detected in Test and Control Plot samples was not the result of poor collection practices, cross-
contamination between wells, contamination during shipping, etc.

Soil-Gas Measurements

Field measurements of soil-gas were performed using a Gas Tech Flame Ionization Detector
(FID) at each of the Test and Control Plot vapor monitoring points (VMPs) to determine the
baseline total petroleum hydrocarbon concentrations. The results of the baseline soil-gas
monitoring were used to assess potential stripping of groundwater VOCs and to evaluate
accumulation of hydrocarbon vapors and propane in the unsaturated zone during the propane
biosparging field demonstration.

Soil-gas samples were collected in 2-liter Tedlar™ bags using a hand-held vacuum pump. A
duplicate bag sample was collected at the VMP location that exhibited the highest FID reading
for laboratory analysis of propane, MTBE, TBA, and BTEX. The soil-gas measurements were
compared to the lower explosive limit (LEL) for propane, MTBE, and BTEX compounds.
Based on field sampling and laboratory analysis, LELs were not exceeded at any time during
pre-demonstration and demonstration activities. During pre-demonstration and demonstration
activities, VOCs were measured in soil gas samples on two occasions at less than 75 ppmv
VOCs as methane. These samples were collected on May 23, 2001 from VMPT-5, and on June
27,2001 from VMPT-2. Laboratory analysis of these samples confirmed that on both occasions,
MTBE and TBA concentrations were below 1.5 and 2 ppmv, respectively. BTEX was not
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detected in these samples. Propane was detected in the VMPT-5 sample at 430 ppmv and in the
VMPT-2 sample at 59 ppmv. These concentrations are well below 10% of the LEL for propane
of 2,100 ppmv.

Ambient Air Quality Monitoring of Propane in Breathing Zone

Concentrations of VOCs and propane in the breathing zone were monitored during each
sampling event using the FID meter in the same manner as described for soil-gas monitoring.
Four breathing zone samples were collected during each monitoring events: a sample collected
upwind of the demonstration plot, a downwind sample and two side-wind samples (i.e., one
sample from either side of the demonstration plot). A laboratory confirmation sample was to be
collected at the location that exhibited the highest FID reading. No readings above background
were obtained from the FID for any of the breathing zone samples during pre-demonstration and
demonstration activities. These monitoring data indicate that no fugitive emissions of VOCs or
propane were present in the breathing zone.

3.5.9 DEMOBILIZATION

Demobilization activities were conducted during March of 2002 following the final sampling
event. These activities were carried out by Base and ENVIROGEN personnel, and included
disconnecting the distribution lines from the well-heads, removing the flow manifold, control
panel, propane and oxygen tanks, pumps, and all miscellaneous materials and equipment. Site
restoration was carried out by Base personnel.

3.6 SELECTION OF ANALYTICAL METHODS

All analytical methods used to monitor technology performance were either EPA- or ASTM-
approved methods. All methods are listed in Table 8. Modifications to the methods are noted in
this table.
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PERFORMANCE ASSESSMENT

4.1 PERFORMANCE CRITERIA

The primary performance objective was to evaluate the capabilities of the propane biostimulation
approach to treat MTBE contamination to acceptable end-point concentrations, based on State
groundwater quality standards. Other specific performance criteria are included in Tables 10 and

11.

Table 10: Performance Criteria

Performance Criteria Description Primary or Secondary

Reduction in MTBE MTBE concentrations reduced to | Primary
<5 ug/L in Test plot

Reduction in MTBE TBA concentrations reduced to < | Primary

metabolites (e.g., TBA) 12 pg/L in Test plot

Emission or accumulation of | No detectable propane in Primary

explosive gasses groundwater or air samples

Stimulate POB Treatment enhances growth of Primary
POB

Safety System operates safely including | Primary
successful performance of system
controls (emergency shut-off,
etc.)

Reliability System operates without Primary
continuous supervision

Ease of Use System can be operated and Primary
maintained by field technicians

Factors affecting technology Identify biogeochemical Primary

performance conditions that affect
performance of the technology

Waste generation Operation of the system generates | Secondary
minimal waste material

Versatility System can be adapted to treat Secondary
other sites/contaminants

Maintenance System requires minimal Primary
maintenance

Scale-up constraints System is suitable for scale-up to | Primary

full-scale implementation
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Table 11: Expected Performance and Performance Confirmation Methods
Performance Criteria | Expected Performance Performance Actual
Metric Confirmation
Method
Primary
Performance Criteria
Reduction in MTBE MTBE concentrations Measure MTBE | Unsuccessful;
reduced to <5 pg/L in Test | in Test and MTBE
plot; compare Test plot to Control plot concentrations
Control plot monitoring wells | exceeded 5 pg/L;
MTBE
concentrations in
Test plot not lower
than those in
Control plot
Reduction in MTBE TBA concentrations reduced | Measure MTBE | Unsuccessful:
metabolites (e.g., to < 12 pg/L in Test plot: in Test and TBA
TBA) compare Test plot to Control | Control plot concentrations

plot

monitoring wells

exceeded 12 pg/L;
TBA
concentrations in
Test plot not lower
than those in
Control plot

Emission or
accumulation of
explosive gasses

No detectable propane in
groundwater or air samples

Groundwater
monitoring,
above ground air
sampling for

Successful; GW
propane levels near
or below detection
limit, no detectable

VOCs. VOC:s in air
samples
Stimulate/support Treatment enhances growth | Plate count Successful; POB
POB of POB in Test plot analysis of POB, | numbers greater in
compare Test Test Plot; MTBE-
and Control plots | degrading POB
isolated from Test
plot but not Control
plot
Safety System operates safely Monitor and System performed

including successful
performance of system
controls (emergency shut-

record system
operation

as designed
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off, etc.)

Reliability System operates without Monitor and System performed
continuous supervision record system as designed

operation
Ease of Use System can be operated and | Monitor and System performed

maintained by field

record system

as designed

technicians operation
Factors affecting Identify biogeochemical Perform Microcosm testing
technology conditions that affect Microcosm revealed need to
performance performance of the testing; Monitor | seed aquifer with
technology groundwater POB
chemistry in Test
and Control
plots;
Maintenance System requires minimal Monitor and System performed

maintenance

record system
operation

as designed

Scale-up constraints

System is suitable for scale-
up to full-scale
implementation

Monitor and
record system
operation and
operation costs

Operational costs
were low relative to
alternative
technologies

Secondary Criteria

Waste generation

Operation of the system
generates minimal waste
material

Monitor and
record system
operation

Waste generation
limited to sampling
waste

Versatility

System can be adapted to
treat other sites/contaminants

Monitor and
record system
operation

Unclear from
demonstration
results

4.2 DATA ANALYSIS, INTERPRETATION, AND EVALUATION

As described previously, the demonstration employed a Test Plot, with oxygen and propane
injection and bioaugmentation, and a Control Plot, with oxygen injection only, to allow a direct
comparison of degradation rates with and without propane and bioaugmentation. The propane
and oxygen were injected into the saturated aquifer using sparging wells and pressurized gas
systems. Oxygen and propane were intermittently sparged into the aquifer using separate oxygen
and propane sparge points. A network of dual-level monitoring wells, shallow and deep, were
installed downgradient of the gas injection points to allow measurement of contaminant
concentration trends and biogeochemical parameters during the demonstration. In addition, soil-
gas sampling probes were installed in both plots for air quality monitoring to evaluate potential
accumulation of explosive vapors in the subsurface and fugitive emissions to the atmosphere.

51




Revised Final Report January 2003
ESTCP MTBE Biosparging Demonstration

Port Hueneme, CA

Envirogen Project No. 92132

After system startup (i.e., oxygen, propane and bacterial injections) groundwater samples were
collected from both plots on a bi-weekly basis during the first two months and monthly thereafter
for a period of eight months. During each groundwater sampling event, all monitoring wells,
shallow and deep, were sampled for MTBE and TBA and geochemical parameters (pH,
temperature, dissolved oxygen, specific conductivity, and oxidation reduction potential).
Selected wells were sampled for ammonia nitrogen, total phosphate, total organic carbon,
chemical oxygen demand, carbonaceous biological oxygen demand, alkalinity, anions (including
nitrate, phosphate, and sulfate) microbial populations, and dissolved carbon dioxide and propane.
Additional analysis required by the California Water Quality Control Board but not included in
the Work Plan included cations (barium, calcium, magnesium, manganese, potassium, and
sodium), total suspended solids and total dissolved solids. The field and analytical results from
the performance monitoring are discussed below.

4.2.1 HYDROGEOLOGY

As part of the hydrogeologic evaluation of conditions during the demonstration, depth to water
(DTW) was measured in all monitoring wells during all sampling events. By averaging the deep
and shallow DTW at each monitoring location, the groundwater surface elevations during each
sampling event were mapped. Figures 13A through 140 are included in Appendices E and F.
Figures 13A through 130 show the groundwater surface map beneath the Control Plot and
Figures 14A through 140 show the groundwater surface map beneath the Test Plot.
Groundwater gradients beneath the Test Plot were very shallow (0.0003 ft/ft) and generally
sloped from the upgradient well towards the monitoring well network, though reverse slopes
were also occasionally observed in this Plot (Figures 14A, 14C, 14D, 14K, and 140).
Groundwater gradients beneath the Control Plot were also relatively shallow (0.001 ft/ft) but
consistently sloped from the upgradient well towards the monitoring well network. The
groundwater velocity estimated using results from the U.S. EPA tracer test is 0.2 to 0.3 ft/day.
Using an average hydraulic conductivity for this aquifer of 200 ft/day and a porosity of 0.35,
over the duration of the demonstration, the average groundwater velocity in the Test Plot and
Control Plot were 0.17 ft/day and 0.57 ft/day, respectively. Based upon these velocities,
amendments injected upgradient of the monitoring well network should pass through the Test
Plot after approximately 5 months, and through the Control Plot after 1.5 months. These travel
times, however, must be viewed only as estimates because the groundwater elevations were not
measured continuously, but rather only during our scheduled sampling events. However, even
assuming reasonable variability in the rates, the travel times were longer than the design travel
time for the demonstration but were sufficient to promote MTBE biodegradation in the aquifer
(see Section 4.3 below).

4.2.2 GEOCHEMISTRY

The geochemical parameters pH, DO, ORP, temperature, and specific conductivity were
measured during this demonstration. Groundwater samples were collected using the low-flow,
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low-stress method while using a flow through cell. These field data were used to assess changes
in groundwater conditions and to evaluate their influence on biodegradation.

4.2.1.1 Test Plot

Geochemical conditions in the Test Plot did not change significantly over the duration of the
demonstration. The pH prior to system startup was approximately 7 and remained in the neutral
range throughout the study. Similarly, measured temperature, ORP, and specific conductivity
values remained relatively constant in both the shallow and deep wells in this plot. Total
dissolved solids (TDS) measured in shallow and deep monitoring wells ranged between 1.5 and
2 g/L. These values are similar to TDS values measured in the upgradient wells (GWT1S and
GWTID, respectively). Finally, dissolved oxygen levels in the Test Plot were generally higher
than in the background well (See Table 7 and Figure 15) indicating that aerobic conditions were
successfully maintained in the aquifer throughout the demonstration. Based upon results from
the field-measured geochemical parameters in the Test Plot, little or no change other than DO
concentrations was observed in the aquifer due to demonstration activities, including oxygen and
propane addition, and seed culture injection.

4.2.1.2 Control Plot

Geochemical conditions in the Control Plot did not change significantly over the duration of the
demonstration. The pH prior to system startup was approximately 7 and remained within that
range throughout the study. Similarly, measured temperature, ORP, and specific conductivity
values remained relatively constant in both the shallow and deep wells in this plot. As with the
Test Plot, total dissolved solids (TDS) measured in shallow and deep monitoring wells ranged
between 1.5 and 2 g/L. These values are similar to TDS values measured in the upgradient wells
(GWCI1S and GWCID, respectively). Finally, dissolved oxygen levels in the Control Plot were
generally higher than the background well (See Table 7 and Figure 16), indicating that aerobic
conditions were maintained in the aquifer throughout the demonstration. Based upon results
from the field-measured geochemical parameters in the Control Plot, little or no change other
than DO concentrations was observed in the aquifer due to due to demonstration activities.

4.2.3 MTBE/TBA

All monitoring wells, both shallow and deep, were sampled for MTBE and TBA during 15
sampling events conducted in this demonstration. The first three sampling events were
conducted prior to bioaugmentation to obtain baseline conditions at the Site. Subsequent
sampling events involved collecting groundwater samples from wells upgradient of the
demonstration plots (to assess levels of contamination entering the bioreactive zones) and within
the monitoring well network to evaluate the MTBE and TBA levels leaving the propane
biosparging zone. Measured MTBE and TBA concentrations from all sampling events are
presented in Tables 3 and 4, respectively. MTBE concentrations are also presented in Figures 17
and 18.
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Figure 15

. Dissolved Oxygen Concentrations in Test Plot Monitoring Wells
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Figure 16

. Dissolved Oxygen Concentrations in Control Plot Monitoring Wells
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