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EXECUTIVE SUMMARY

BACKGROUND

The application of bioaugmentation technology has the potential to reduce both the time and cost
associated with remediating groundwater contaminated with chlorinated volatile organic
compounds (CVOCs), and it has become widely used as an in situ treatment alternative. The
primary goals of this field demonstration were to evaluate the amount of Dehalococcoides sp.
(DHC)-containing bacterial culture needed to effectively remediate a CVOC-contaminated
plume, and to determine the effect of inoculum dose on remedial time. In addition, because of
the low natural pH at the demonstration site, the ability to increase and maintain an elevated pH
sufficient for successful bioremediation by adding buffers was evaluated.

A chlorinated ethene groundwater plume present in the MAG-1 Area at Fort Dix, New Jersey
was selected for the field demonstration component of this project. Bioaugmentation using
Shaw’s SDC-9 DHC-containing culture was performed in three separate groundwater re-
circulation loops, with one loop bioaugmented with 1 L of culture, the second loop
bioaugmented with 10 L of culture, and the third loop bioaugmented with 100 L of culture. A
fourth “control” loop was not bioaugmented. Groundwater monitoring was performed to
evaluate Dehalococcoides (DHC) growth and migration, dechlorination kinetics, and aquifer
geochemistry.

The results of the demonstration were used to develop, evaluate and refine a one-dimensional
bioaugmentation fate and transport screening model. The model developed during this project
provided a reasonable prediction of the data generated during the field demonstration. The
ability to predict results suggests that modeling potentially can serve as an effective tool for
determining bioaugmentation dosage and predicting overall remedial timeframes, thus providing
the Department of Defense (DoD) with more efficient and less expensive approaches for treating
CVOC contaminated groundwater. The results of the demonstration also were used to assist
SERDP and ESTCP in the production Remediation Technology Monograph on bioaugmentation.

OBJECTIVES OF THE DEMONSTRATION

Primary objectives of the field demonstration were to evaluate the amount of culture needed to
effectively remediate a CVOC-contaminated plume, to determine the affect of inoculum dose on
remedial time, to evaluate the affect of site characteristics on the effectiveness of the technology,
and to evaluate the ability to increase and maintain an elevated pH for successful bioremediation.

A secondary objective of this work was to evaluate and describe methodology for isolation,
production, storage, and distribution of DHC-containing cultures suitable for field scale
applications. This work has been published in the scientific literature and prepared as a chapter
for publication in an upcoming SERDP/ESTCP-sponsored monograph on bioaugmentation for
remediation of chlorinated solvents.
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DEMONSTRATION RESULTS

The results of this project demonstrated that CVOC-contaminated aquifers can be effectively
remediated by using active groundwater recirculation, bioaugmentation with Shaw’s SDC-9
consortium, and pH adjustment. Results of this field demonstration have provided a detailed
evaluation of the use of a groundwater recirculation design for the distribution of groundwater
amendments (including a Trichloroethene [TCE]-degrading microbial culture), use of buffering
agents to control in situ pH, and an application model to allow practitioners to plan
bioaugmentation applications and predict their performance. As such, critical design and
implementation issues regarding microbial dosage requirements, remedial timeframes, and
system optimization have been addressed and are being made available to environmental
professionals and stakeholders.

Results for the loops inoculated with 1 L and 100 L of culture showed similar rates of
dechlorination. TCE concentrations in the test loop performance monitoring wells declined
significantly during the demonstration, with TCE decreases in these wells ranging from 90 to
100 percent. cis-1,2-dichloroethene (¢cDCE) concentrations in test loop performance monitoring
wells declined between 73 and 99 percent, and were generally trending downward at the end of
the demonstration period, while cDCE concentrations in the control loop increased during the
demonstration. Transient increases (followed by decreases) in VC were observed in 5 of the six
test loop performance wells, with VC in 2 of the wells below detection at the end of the
demonstration. VC was not observed in the control loop monitoring wells. Ethene data collected
during the demonstration clearly indicated that complete degradation was occurring within the 3
test loops that were bioaugmented with SDC-9, and not within the control loop that received only
electron donor, buffer and nutrients. Final DHC concentrations in these two test loops ranged
from 1.8 x 107 to 2.0 x 10’ cells/liter. The greatest down-gradient DHC concentrations were
achieved in the test loop with the greater level of CVOC contamination, rather than the loop with
the greatest inoculation.

Results of this demonstration also showed that many factors including groundwater flow
velocity, contaminant concentration, groundwater chemistry, and heterogeneity of the subsurface
can affect the amount of culture needed to effectively treat CVOC-contaminated aquifers. As a
result, precisely determining the amount of culture needed for a given site still requires a site-by-
site evaluation. The amount of culture needed cannot be reliably determined solely by
estimating the volume of water to be treated, which is currently the approach commonly used by
culture vendors. In this demonstration, significantly different amounts of DHC-containing
culture were added to the test treatment loops, but the final treatment results were comparable.
The lowest amount of culture, however, was added in a treatment loop with the greatest VOC
concentration and in situ growth of the culture aided in distribution of DHC and efficient
treatment of the aquifer. Conversely, the greater amount of culture was added in a treatment
loop with lower CVOC concentrations, and growth of the added culture was limited by the rapid
degradation of the needed electron acceptors (i.e., CVOCs); distribution of the culture was
presumably dominated by transport of the added culture. Ultimately, distributed DHC
concentrations in both treatment loops were similar, and in both loops treatment was effective.
The loop inoculated with 10 L of culture showed slower dechlorination kinetics and DHC
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migration/growth compared to the other two test loops due to persistent low pH conditions that
were not adequately adjusted by adding buffer.

Because the results of this study demonstrated that many factors affect the amount of culture
needed for effective treatment, and that selecting the amount of culture needed cannot reliably be
based solely on the amount of groundwater to be treated, we developed a 1-dimensional model to
aid practitioners in determining the amount of culture needed. Importantly, the 1-dimensional
model reasonably described the results of the demonstration. Consequently, the model appears
suitable for evaluating the effect of different DHC dosages on treatment times and effectiveness,
and it will be a useful design tool for planning bioaugmentation applications. A significant
component of its use, however, is the need to determine the attachment-detachment factor (f)
which varies based on aquifer geochemistry, hydrology and soil texture. Work is ongoing to
allow up-front estimates of this factor based on analysis of site samples. Currently, however, this
factor (f) must be determined by performing laboratory column testing, or by the careful analysis
of field pilot test results. To make the model more accessible to remediation practitioners, it is
currently being incorporated in to a widely used fate and transport model package, and it will be
widely available in the near future.

IMPLEMENTATION ISSUES

The two major challenges encountered during the demonstration were pH adjustment of the
aquifer, and injection well fouling. pH adjustment, however, may not be required during most
applications provided the aquifer has sufficient natural buffering capacity. Well fouling typically
is of less concern during passive or semi-active application of the technology, and it may be
reduced in aquifers that do not require extensive buffer addition or by using an improved
injection well design.

In addition, as observed during performance of model simulations, a DHC attachment-
detachment factor plays a significant role in determining the relative importance of DHC dosage
on bioaugmentation kinetics (Schaefer et al., 2009). Thus, the impact of DHC dosage on
bioaugmentation performance likely will need to be evaluated on a site-by-site basis. However,
the model developed during this project can assist in predicting the affect of different cell
dosages on in situ performance of the cultures.
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1.0 INTRODUCTION

The application of bioaugmentation technology has the potential to reduce both the time and cost
associated with remediating groundwater contaminated with chlorinated volatile organic
compounds (CVOCs). The primary goals of this field demonstration, funded by the
Environmental Security Technology Certification Program (ESTCP) were to evaluate the amount
of bacterial culture needed to effectively remediate a CVOC-contaminated plume, and to
determine the effect of inoculum dose on remedial time. The field demonstration involved the
construction and operation of four groundwater recirculation loops, three of which were
inoculated with a different amount of Shaw’s SDC-9 dechlorinating culture. CVOC
biodegradation and growth of the added organisms were monitored. In addition, because of the
low natural pH at the site, the ability to increase and maintain an elevated pH sufficient for
successful bioremediation by adding buffers was evaluated.

The demonstration project was performed by Shaw Environmental, Inc. (Shaw) at the Magazine
1 (MAG-1) Area at Fort Dix, New Jersey (the Site), in accordance with the Draft Field
Demonstration Plan for Bioaugmentation for Groundwater Remediation (Demonstration Plan),
dated January, 2007. Shaw has prepared this Bioaugmentation for Groundwater Remediation
Final Report (Final Report) to detail the system design, construction and operation, and
groundwater monitoring results for the demonstration, as well as the applicability of this
technology for full scale treatment of CVOC contaminated groundwater at this and other Sites.
The results of the demonstration were also used to validate a bioaugmentation treatment model,
and to assist the United States Department of Defense (DoD) in the production of a
bioaugmentation guidance document. Points of contact involved in the demonstration, including
investigators and sponsors are provided in Appendix A.

11 BACKGROUND

Chlorinated volatile organic compounds (CVOCs) have been used extensively as industrial
solvents and cleaning agents at several DoD, United States Department of Energy (DOE), and
private sector facilities. This widespread use, in addition to improper disposal practices and the
chemical properties and stability of CVOCs, have led to them becoming common groundwater
contaminants. They are also the primary pollutants at many Superfund sites (Westrick et al.,
1984).

Bioremediation applications have been applied in situ at many DoD facilities. As the result of the
widespread occurrence of chlorinated solvent contamination, a number of treatment
technologies, including anaerobic bioaugmentation, have emerged and evolved. Although
bioaugmentation is gaining acceptance as a remedial technology, and despite the fact that
continuing field demonstration of the technology is producing useful data to aid in the maturation
of the technology, critical questions exist that can only be answered by careful laboratory
research and multi-condition science-based field demonstrations.

One key question addressed during this demonstration is how many organisms must be added to
a site for successful application of the technology. The amount of microorganisms needed
depends upon contaminant concentrations, site hydrogeochemical conditions, competition by

Bioaugmentation for Groundwater Remediation
ESTCP Project ER-0515 1 February 2010



indigenous microorganisms, the relative concentration of Dehalococcoides sp. (DHC) in the
bioaugmentation culture, in situ growth, transport and decay of the bioaugmented culture, and
various other site-specific factors including access and shipping costs. Answers to these
questions were explored through laboratory studies with site samples, and by field testing the
SDC-9 culture under a range of concentrations to determine a minimum required concentration.
This field-scale demonstration also allowed assessment of delivery methods, distribution of the
cultures in situ, and survival and growth of the culture in the subsurface.

At Fort Dix, New Jersey a chlorinated ethene groundwater plume present in the MAG-1 Area
was selected for the field demonstration component of this project during which we evaluated the
effect of bacterial dosing on dechlorination kinetics and microbial distribution. The results of the
demonstration were used to develop, evaluate and refine a one-dimensional bioaugmentation fate
and transport screening model (Schaefer et al., 2009). The model developed during this project
provided a reasonable prediction of the data generated during the field demonstration. The
ability to predict results suggests that modeling potentially can serve as an effective tool for
determining bioaugmentation dosage and predicting overall remedial timeframes, thus providing
the DoD with more efficient and less expensive approaches for treating CVOC contaminated
groundwater.

1.2 OBJECTIVE OF THE DEMONSTRATION

Primary objectives of the pilot-scale field demonstration were to evaluate the amount of culture
needed to effectively remediate a CVOC-contaminated plume, to determine the effect of
mmoculum dose on remedial time, and to evaluate the affect of site characteristics on the
effectiveness of the technology. Implementation of the bioaugmentation field demonstration,
along with development of a corresponding bioaugmentation application model, will be
beneficial to the entire DoD and DOE stakeholder community, as well as to those responsible for
remediation efforts at commercial sites. Specifically, results of this field demonstration have
provided a detailed evaluation of the use of a groundwater recirculation design for the
distribution of groundwater amendments (including a Trichloroethene [TCE]-degrading
microbial culture), use of buffering agents to control in situ pH, and an application model to
allow practitioners to plan bioaugmentation applications and predict their performance. As such,
critical design and implementation issues regarding microbial dosage requirements, remedial
timeframes, and system optimization have been addressed and are being made available to
environmental professionals and stakeholders. As an added benefit, the field demonstration
performed at the Fort Dix MAG-1 site has provided site-specific information needed to optimize
the design and implementation of the full scale remedial system that is currently planned for
treatment of the MAG-1 TCE-contaminated groundwater plume.

A secondary objective of this work was to evaluate and describe methodology for isolation,
production, storage, and distribution of DHC-containing cultures suitable for field scale
applications. This work has been published in the scientific literature (Vainberg et al., 2009) and
prepared as a chapter for publication in an upcoming SERDP/ESTCP-sponsored volume on
bioaugmentation for remediation of chlorinated solvents (SERDP/ESTCP/2009; APPENDIX B).
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1.3 REGULATORY DRIVERS

The main contaminants of concern in the MAG-1 groundwater plume, the site of the
demonstration, are trichlorocthene (TCE) and cis-1,2-dichloroethene (¢cDCE). TCE is a
suspected carcinogen, with a current Federal Drinking Water Standard of 5 microgram per liter
(ug/L). The current Federal Drinking Water Standard for cDCE is 70 pg/L (EPA, 2009).

The New Jersey Department of Environmental Protection (NJDEP) is the lead Agency for most
Fort Dix restoration activities including the MAG-1 Area, with some review by United States
Environmental Protection Agency (USEPA). In the State of New Jersey, groundwater cleanup
standards protective of groundwater classifications are based on the primary receptors within that
class as established pursuant to the New Jersey Ground Water Quality Standards (GWQS)
(NJDEP, 2008). As such, NJDEP has established natural groundwater quality as the cleanup
standard for all contaminants in Class IA and I-Pinelands (Preservation Area) groundwater,
which includes the groundwater at Fort Dix. The numerical criterion for any organic
contaminant discovered at a contaminated site that is not the result of natural processes is zero.
Since zero can only be measured with a certain degree of certainty, the Practical Quantitation
Levels (PQLs) for groundwater have been selected for use in determining whether organic
contaminant concentrations observed in groundwater meet the groundwater standard/criteria.
Based upon the New Jersey criteria the groundwater standard for TCE is 1 pg/L and cDCE is 2
pg/L (NJDEP, 2008).
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20 TECHNOLOGY

Bioaugmentation, which consists of adding exogenous microorganisms to enhance degradation
of contaminants, has been utilized as a treatment technology in various settings over the past 10
years. In the case of chlorinated ethene remediation, the most accepted form of bioaugmentation
involves the use of mixed anaerobic cultures containing DHC that can reductively dechlorinate
the chlorinated ethenes. Compared to conventional technologies such as pump-and-treat and air
sparging/soil vapor extraction, bioaugmentation using DHC is a relatively new technology, but it
has now been successfully implemented at many sites throughout the United States and
elsewhere. Currently, bioaugmentation cultures are being marketed by several vendors, but many
questions remain about the technology, limiting its selection by site managers as a valid
treatment alternative. Key questions include the extent of distribution of microbial amendments
in the subsurface, the rate of growth of these microbial amendments, and uncertainties about the
required amendment dosages. Many of these questions have been addressed and answered
through laboratory studies and field demonstration performed during this project. This work was
built on ESTCP-supported work, both past and present, performed in the area of chlorinated
solvent biodegradation and bioaugmentation.

21  TECHNOLOGY DESCRIPTION

The predominant biodegradation pathway for chlorinated ethenes under anaerobic conditions is
via microbial-mediated reductive dechlorination. During reductive dechlorination, chlorinated
ethenes are used as electron acceptors, not as a source of carbon, and a chlorine atom on the
ethene backbone is removed and replaced with a hydrogen atom (McCarty, 1997). Sequential
dechlorination of tetrachloroethene (PCE) proceeds to TCE, cis-1,2-dichloroethene (cDCE),
vinyl chloride (VC), and innocuous ethene. Figure 2-1 presents published pathways for the
anaerobic degradation of chlorinated ethenes. Because the chlorinated ethenes are used as
electron acceptors during reductive dechlorination, there must be an appropriate source of
electrons and a carbon source for microbial growth in order for this process to occur (Bouwer,
1994). Potential carbon and electron sources include natural organic matter, fuel hydrocarbons,
or other anthropogenic organic compounds such as lactate, molasses, or vegetable oil. The
actual electron donor for reductive dechlorination is molecular hydrogen. The added carbon
sources, therefore, must first be fermented via a pathway that yields hydrogen by other
organisms in the environment or consortium. Incomplete reductive dechlorination often results
in an accumulation of cDCE and VC, indicating that the carbon source is depleted and/or that
microorganisms capable of complete anaerobic reductive dechlorination are not present.

Figure 2-1. Anaerobic Degradation Pathway for Chlorinated Ethenes
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Reductive dechlorination may occur by either of two distinct processes: cometabolic reductive
dechlorination or halorespiration. Cometabolic reductive dechlorination is a relatively slow
process whereby chlorinated ethenes are gratuitously degraded during the anaerobic
biodegradation of other organic compounds under sulfate-reducing or methanogenic conditions.
Halorespiration is a much more rapid form of reductive dechlorination whereby the chlorinated
contaminant is used as a terminal respiratory electron acceptor (McCarty, 1997). A carbon
source is fermented yielding hydrogen in the process. The energy generated during the process
is used to convert simple carbon sources, most notably acetate, into cellular biomass. DHC
species within the SDC-9™ bioaugmentation culture are able to respire chlorinated ethenes,
including cDCE and VC, as indicated by their ability to grow effectively on these compounds
(Schaefer et al., 2009; Vainberg et al., 2009). In aquifers without natural DHC populations like
those in SDC-9™, CVOC metabolites like cDCE and VC, which are more toxic than PCE and
TCE, can accumulate resulting in what is termed a “DCE stall” or “VC stall”.

While many dechlorinating microorganisms have been isolated, only one group, DHC, is capable
of completely dechlorinating PCE and TCE to ethene. Few pure Dehalococcoides cultures have
been isolated. Dehalococcoides ethenogenes strain 195 can dehalogenate PCE and TCE
completely, but it can not utilize VC as a growth substrate. Rather, it cometabolizes VC only
when reductive dechlorination of PCE or TCE is occurring (Maymo-Gatell et al., 1997; 2001).
Yet another strain, BAVI, is able to metabolize VC to ethene, but it does not reduce higher
chlorinated compounds like PCE and TCE (He et al., 2003). The dechlorinating consortium used
in this study, SDC-9™ utilizes PCE, TCE, ¢cDCE, and VC as growth substrates (Schaefer et al.,
2009; Vainberg et al., 2009). DHC-like microbes are not ubiquitous at all sites contaminated
with chlorinated ethenes, and not all populations within the DHC group are capable of
performing the same physiological activities (He et. al., 2003).

The role of DHC in bioremediation was further documented by Hendrickson et al., (2002) who
conducted a survey of multiple chlorinated ethene contaminated sites using a 16S rRNA gene
molecular detection method. The results indicated that complete reductive dechlorination of
chlorinated ethenes in situ strongly correlates with the presence of DHC and DHC-like strains.
The sites lacking these microorganisms exhibited incomplete dechlorination of PCE and TCE,
and often had an accumulation of cDCE and VC. Several stable, natural microbial consortia
containing DHC have been isolated that are capable of fully dechlorinating TCE to ethene via
halorespiration (Hendrickson et al., 2002, Lendvay et al., 2003, Major et al., 2002, Schaefer et
al., 2009), and some of these have been tested in pilot-scale projects.

Key design criteria for applying bioaugmentation for remediating chlorinated ethene-
contaminated sites include identification of a microbial culture, large-scale growth of the culture,
injection the culture, and distribution optimization. A schematic of the bioaugmentation process
is provided in Figure 2-2. The first step is to identify a microbial culture that contains a DHC
strain capable of complete reductive dechlorination of the target contaminants to ethene. The
bioaugmentation culture can either be obtained from a site exhibiting complete reductive
dechlorination via a laboratory enrichment process, or an exogenous consortium can be
identified from qualified vendors. A small amount of the selected microbial culture is then
grown to the target concentration and required culture volume (Vainberg et al., 2009). The
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enriched and grown culture is tested to ensure complete reductive dechlorination activity and
desired cell density, and shipped to the site. At the site, the bioaugmentation culture is injected
into the subsurface via injection wells or by using direct push injection points. Distribution of
the bioaugmented culture is achieved using either groundwater recirculation or ambient
groundwater flow. A carbon source is typically added prior to bioaugmentation or with the
bioaugmentation culture in order to promote and maintain the highly reducing, anaerobic
conditions and to supply carbon and H; needed for in situ growth of DHC and degradation of
chlorinated ethenes.

Figure 2-2. Bioaugmentation Process
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Bioaugmentation is applicable to sites where adequate microbial populations are absent, as well
as to sites where relatively rapid cleanup times are desired. Bioaugmentation can accelerate the
reductive dechlorination process and provide dechlorinating microorganisms to areas not
populated with native DHC microorganisms. It also can accelerate the rate of reductive
dechlorination even if native microorganisms capable of dehalogenation are present. Although
bioaugmentation has demonstrated complete reductive dechlorination of PCE and TCE to ethene
at sites where DHC populations are sparse or non-existent, successful bioaugmentation requires
adequate distribution of the added bacteria within the treatment zone and favorable groundwater
conditions for the growth and activity of the microorganisms.

Bioaugmentation cultures are actively marketed by several bacterial culture vendors, thus
multiple microbial cultures for anaerobic bioaugmentation are commercially available. A recent
study by MACTEC, Inc. and researchers from Clemson University evaluated three commercially
available cultures for their ability to degrade PCE and its reductive dechlorination daughter
products (Cashwell et al., 2004). The cultures each degraded PCE and all of its daughter
products to ethene at approximately the same apparent rate, and they each responded rapidly to
multiple additions of ¢cDCE. The researchers also calculated the ratio of degradation rates to
protein concentrations for each of the three cultures. The results suggest that the activity of a
particular culture does not necessarily correlate with cell density, as the concentration of DHC to
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non-DHC microorganisms in the cultures varied considerably. Since the specific activity of
different batches of culture may vary significantly, a higher cell density (i.e. more biomass) may
be needed with some cultures to achieve the same degradation rate. Further research confirmed
that the degradation rates did not directly correlate with the amount of culture added. Therefore,
the commercially available cultures cannot be compared on a volumetric basis, and further work,
like that performed here, is needed to determine how much culture is really needed to treat actual
field sites.

2.1.1 Previous Testing of the Technology

The first field demonstration of pilot-scale in situ bioaugmentation with DHC was conducted by
the Remediation Technologies Development Forum at Dover Air Force Base, Delaware (Ellis et
al., 2000). Prior to bioaugmentation, the selected pilot-test area was amended with 100
milligrams per liter (mg/L) lactate to enhance the anaerobic reductive dechlorination of TCE and
cDCE to ethene. Initial results after 269 days confirmed previous laboratory work that
dechlorination did not occur beyond ¢cDCE. Following this 269 day period, a microbial
consortium containing DHC enriched from soil and groundwater samples from the DOEs
Pinellas site in Largo, Florida was injected into the pilot-test area. After a 90-day lag period, VC
and ethene began to appear in select monitoring wells. The activity of the dechlorinating
microorganisms increased with time and spread across the pilot-test area. Approximately 250
days following bioaugmentation, TCE and cDCE within the pilot-test area had undergone
complete reductive dechlorination to ethene (Ellis et al., 2000). The Pinellas culture used in the
Dover Air Force Base pilot study has been distributed by Terra Systems, Inc. of Wilmington,
DE. (www.terrasystems.net).

A microcosm study and pilot-scale field test was conducted at Kelly Air Force Base in Texas
(Major et al., 2002). Prior to bioaugmentation, laboratory microcosm testing was performed
using site soil and groundwater. The microcosms were amended with lactate or methanol, and
inoculated with a microbial consortium capable of complete dechlorination to confirm complete
degradation. The pilot test area was amended with methanol and acetate to establish reducing
conditions and then injected with 13 L of the bioaugmentation culture. Within 200 days, the
concentrations of PCE, TCE, and cDCE were reduced to below 5 pg/L and ethene production
accounted for the observed loss in mass. The bioaugmentation culture used at Kelly Air Force,
known as KB-1, is marketed by SIREM and has reportedly been injected into the subsurface at
more than 100 sites (www.siremlab.com).

A pilot study at the Bachman Road site in Michigan demonstrated that bioaugmentation was
successful in reducing cleanup times at a site which had indigenous DHC populations capable of
complete reductive dechlorination to ethene (Lendvay et al., 2003). A comparison of
biostimulation and bioaugmentation were performed using recirculation loops injected with
sodium lactate, nutrients, and an enriched microbial consortia containing DHC (in the
bioaugmentation loop only). Results from the pilot study indicated complete dechlorination of
the chlorinated ethenes to ethene within six weeks in the bioaugmentation loop, and complete
dechlorination to ethene following a three month lag in the biostimulation loop. Real time
quantitative polymerase chain reaction (QPCR) analysis results indicated that DHC populations
increased 3-4 orders of magnitude in the bioaugmentation loop and at a slower rate in the
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biostimulation loop. The Bachman Road culture has been sold under the Bio-Dechlor
INOCULUM label by Regenesis. According to Regenesis, Bio-Dechlor INOCULUM has been
used at >30 sites (www.regenesis.com). BC2, a bioaugmentation culture marketed by Bioaug
LLC, is also believed to be an enrichment of the Bachman Road culture.

In a recent bioaugmentation application by Shaw at Naval Station Treasure Island in San
Francisco, California, a dechlorinating culture was grown to a high cell density (>4 x 10° cells
DHC per mL) in a 750-L fermentor and injected into a recirculation loop at the site. PCE, TCE,
and cDCE concentrations in the treated aquifer decreased from approximately 20 mg/L to below
detection in about 70 days. DCE and VC produced from PCE and TCE were also degraded
rapidly (180 days) in the bioaugmentation test plot. Less biodegradation was observed in the test
plot that received only lactate. The enriched culture used by Shaw at Treasure Island is marketed
as SDC-9™, and was enriched from a contaminant plume at Naval Air Station North Island, in
San Diego, California. SDC-9 and has now been used for bioaugmentation at more than 195
sites, and it is marketed by 6 distributors under a variety of trade names. Shaw also markets
dechlorinating cultures called Hawaii-05™ for use in the Hawaiian Islands and PJKS™ that was
isolated for use in high TDS aquifers (Vainberg et al., 2009). Table 2-1 provides a list of some
of the federally-owned facilities where these three cultures have been used.

2.1.2 Factors Affecting Cost and Performance

The amount of microorganisms needed to treat a site directly affects both the cost and
performance of a remedial activity. The amount of microorganisms needed depends upon
contaminant concentrations, site hydrogeochemical conditions, competition by indigenous
microorganisms, the relative concentration of DHC in the bioaugmentation culture, in situ
growth, transport, and decay of the bioaugmented culture, and various other site-specific factors
including access and shipping costs. In addition, the cost of the bioaugmentation culture is based
on vendor selection, as commercially available cultures vary significantly in price, DHC
concentration and activity. Several field-related factors have been discussed previously (Lee et
al., 1998).

The only available guidance on the amount of DHC needed was presented in a recent paper by
Lu and colleagues (2006) who evaluated 8 sites to determine the amount of DHC needed to
achieve reasonable rates of remediation at ficld scale. Of the 8 sites evaluated, 2 served as
controls because hydrogeochemical conditions were unfavorable for reductive dehalogenation;
both sites were aerobic. For their analysis they defined a “generally useful” dechlorination rate
as a rate necessary to reduce cVOC concentrations from 70 mg/L to 5 pg/L within 30 yrs (a rate
constant of 0.32/yr). They then use the BIOCHLOR model to fit site data to a rate constant by
using a trial and error process, and correlated DHC numbers in site groundwater to the fitted rate.
Test sites with a “generally useful” rate of dechlorination of ¢cDCE and VC (rate constant >
0.3/yr) had DHC densities greater than 10’ DHC/L of groundwater. Although this data set was
small, the results appear consistent with results where bioaugmentation led to DHC numbers
>10"/L that were accompanied by measureable rates of dechlorination (Hood et al., 2008; Ellis et
al., 2000; Lendvay et al., 2003; Major et al., 2002; Ritalati et al., 2005). Surprisingly, however,
Roling (2007) analyzed the data provided by Lu et al. by using “metabolic control analysis”
(MCA) and concluded that the flux reported by Lu and colleagues was not regulated by
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Table 2-1
Application of Shaw Bioaugmentation Cultures at Federally Owned Facilities

Approx AppIox. Volume of | Approx. time to
Total VOCs Surface Area Saturated Culture added| ~ Significant
Site Designation (ppb) Geology (ft2) Thickness (ft) (L) degraelation1 Electron Donor Treatment Method
Air Force Plant 4: Building 181 50,000 silt and clay 8000 10 75 3 months Veg oil Passive: 12 injection wells
Air Force Plant 4: Building 181 DNAPL Tight sands and cla; 23,500 10 6 6 months Lactate Biowall - 4 perminate injection wells
Air Force Plant 4: Landfill 3 500 sand and silty sand 880 2 3 ongoing Lactate 13 perminate injection wells
Passive: 5 horizontal wells
Camp Bullis ~ 2000 karst 47,250 S 75 6 months Veg oil (=240 feet in length)
Columbus AFB: SS32 400 sand/gravel 275,870 20 539 6 months Lactate / SRS Passive: 442 injection points, grid pattern
Recirculation: 4 injection wells, 4 extraction
Fort Dix: MAG-1 Area 200 - 1,500 silty sand 2,400 10 111 8 months lactate wells
Hickam AFB: CG-110 ~800 volcanic sand and silt 10,600 15 60 <34 days ** Sodium lactate Passive: 15 direct injection locations
calcium carbonate
Hickam AFB: LF-05 ~100.000 sand 100 10 60 60 days Sodium lactate Pagsive: 2 injection wells
Moody AFB: FT-07 ~10,000 sand/silt 8000 20 28.5 3-6_months Sodium lactate Passive: 57 gravity feed injection points
Moody AFB: SD-16 (east) >100 sand/silt 156,000 10 17.7 3-6 months Veg oil Passive: 175 injection points
Moody AFB: SD-16 (vest) ~ 1000 sand/silt 100,000 10 290 9-12 months Veg. oil Passive: 110 injection points
Recirculation: 700-ft horizontal wells:
Moody AFB: SS-38 >1000 sand/silt 400,000 10 925 <90 days Sodium lactate Iinjection, 1 extraction
Recirculation: 10 injection wells, 9 extraction
Moody AFB: SS-39 >500 sand/silt 360,000 10 36 <3 months Sodium lactate wells
DPT injection grid to target 2-ft silty sand
Myrtle Beach AFB ~200 silty sand 18750 2 351 pending Lactoil layer
76 DPT injection points in a grid pattern and
Myrtle Beach AFB: Bldg. 505 900 sand with clay lenses 35,600 20 90 pending Lactate / LactOil aided by extraction
Myrtle Beach AFB: Bldg. 575 1000 sand and silty sand 27,067 2 104 ongoin Lactoil 176 DPT injection points
4large DPT injectionpoints in a grid pattern
Myrtle Beach AFB: FT-11 500 sand with clay lenses 65,000 10 ~1000 6 months Lactate / LactOil and aided by groundwater extraction
Myrtle Beach AFB: FT-11 70-900 sand/silt 78,000 S 27.6 6 months Sodium Lactate Passive: 337 injection points
DPT injection grid to target 10-ft thick
Myrtle Beach AFB: VMA Site 150 sand 5000 10 104 2-months lactate treatment zone
sand, silty sand and
Naval Station Treasure Island: Site 21 ~ 1,500 cla 37,500 20 60 90 days Lactic acid Passive: 45-1" diameter direct injection points
sand, silty sand and WilClear Plus Lactic | High pressure 32-1" diameter direct injection
Naval Station Treasure Island: Site 21 ~1,000 cla; 25,000 12 60 60 days Acid points
sand, silty sand and Recireulation: 19 injection, 27 extraction wells.
Naval Station Treasure Island: Site 24 ~ 35,000 cla 350,000 25 60 90 days Lactic acid 105 biobarrier injection points
sand, silty sand and
Naval Station Treasure Island: Site 24 ~25,000 clay 10,500 25 6 75 days* Sodium lactate Recirculation: 3 injection 3 extraction wells.
Naval Station Treasure Island: Site 24 sand, silty sand and WilClear Plus Lactic
extend. plume area,2-3) ~1000 clay 220,000 25 40 ongoing Acid i ion: 9 injection 13 extraction wells
Naval Station Treasure Island: Site 24 sand, silty sand and WilClear Plus Lactic
(source area) ~40,000 cla 8,000 25 20 ongoing Acid and LactOil Recirculation: 2 injection 4 extraction wells
Naval Station Treasure Island: Site 24 sand, silty sand and WilClear Plus Lactic
(extended plume area,1) ~2000 clay 80000 25 15 ongoing Acid Recirculation: 6 injection 7 extraction wells
Pearl Harbor Naval Base: Former Aiea Sodium lactate and Veg
Laundry Facility ~100 volcanic sand and silt 100 10 60 <60 days oil and Vitamin B Passive: 2 injection wells
Pearl Harbor Naval Base: Former Aiea Sodium lactate and Veg
Laundry Facility ~100 volcanic sand and silt 100 10 60 <60 days oil and Vitamin B Passive: 2 injection wells
crystalline fractured Sodium lactate and
PJKS: D-4 ~700 bedrock, gneiss 20,000 40 38 15 months Restore 375 Passive: 6 injection wells
Sodium lactate and
PJKS: EPL Full Scale ~8,600 sandstone 60,000 40 189 ongoing Restore 375 Passive: 4 horizontal wells
Sodium lactate and
PJKS: EPL Pilot Study ~3,600 sandstone 500 40 56 1 month Restore 375 Passive: Three injection wells
Sodium lactate and
PJKS: SCA North Full Scale ~1,600 d 40,000 40 75 4 months Restore 375 Passive: 2 horizontal wells
Sodium lactate and
PJKS: SCA South Full Scale ~9.100 sandstone 35,000 40 151 ongoing Restore 375 Passive: 4 horizontal wells
Sodium lactate and
Pueblo Chemical Depot 14 ~400 sand, silty sand 4,500 9 135 ongoing SDC-9 ive: 6 injection wells, 4 extraction wells
Sodium lactate and
Pueblo Chemical Depot 58 ~40 sand, silty sand, clay 4,000 3 55 ongoing SDC-9 Direct push injections
Sodium lactate and 11 injection wells, 20 extraction wells, & 12 of
Pueblo Chemical Depot (28/36/West) ~500 sand, silty sand, cla; 10,000 11 12 ongoing SDC-9 both ; Infiltration gallery (East. Terrace)
Recirculation: 9 injection wells, 9 extraction
Raritan Arsenal: Area 18C-Deep Zone 100 - 2,000 sand/silt 40,000 8 400 ongoing Lactoil + lactate wells
Raritan Arsenal: Area 18C-Shallow
Zone 100 - 1,000 sand/silt 27,000 8 200 ongoin Lactoil Passive: 200 injection points
Vandenberg AFB 8,600 sand 70,000 7 720 ongoin Sodium Lactate Passive and Recirculation
Vandenberg AFB 15,000 sands/silty sands 10,000 10 180 ongoing Sodium Lactate direct-push injections
Vandenberg AFB: Site 9 ~1,000 sand and silty sand 10,000 5 60 6 months Sodium lactate Passive: Injected in 10 monitoring wells.

! Operationally defined by project managers.
* Complete conversion of TCE to ethene by day 75
** Complete conversion of TCE to ethene by day 34
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population size, but rather it was regulated at the cellular level (e.g., the specific activity of the
cells). The MCA approach quantifies the control exerted by properties of individual components
(pathway enzymes, enzyme kinetics, functional groups of organisms, inhibitory metabolites, etc.)
upon system variables such as fluxes (flow of materials) and metabolite concentration. Thus,
effective bioaugmentation relies on both achieving a sufficient population of dechlorinating
organisms and the physiological condition of the dechlorinating organisms in the treatment
environment. All these findings complicate the challenge of predicting the amount of DHC
organisms that must be added to a target aquifer to achieve timely and cost effective remediation.

2.2 TECHNOLOGY DEVELOPMENT

The performance of bioaugmentation cultures in the subsurface is impacted by competing
indigenous microbes, aquifer conditions including contaminant concentrations, and distribution
of the bioaugmentation culture within the treatment zone. The current lack of knowledge
regarding the specific amount of DHC-like microorganisms needed to effectively treat a site
makes it difficult to accurately asses the cost of successfully implementing bioaugmentation.
The data generated during this project will aid in the selection and costing of bioaugmentation in
future projects by establishing criteria to estimate the required concentration and volume of
microbial consortia containing DHC-like microorganisms.

During initial laboratory work performed during this project, studies were performed to evaluate
SDC-9 dechlorination kinetics and microbial transport/growth. These data were used to develop
a one-dimensional bioaugmentation fate and transport screening model for applying the
technology in the field (Schaefer et al., 2009). Results of the studies also demonstrated that
DHC dechlorination kinetics can be estimated based on measured aqueous phase DHC
concentrations. Development and initial validation of the model is discussed in detail in
Appendix C.

In addition, we evaluated the isolation and enrichment of dechlorinating bacterial cultures from
target sites, and we developed and described a general method for large scale production of
dehalogenating cultures (Vainberg et al., 2009). We also evaluated the suitability of cell
concentration by membrane filtration to reduce the volume of such cultures to reduce shipping
and storage costs, the stability of cultures stored for extended period prior to application at sites,
and the affect of pH on dehalogenation by SDC-9. The enrichment culturing experiments
demonstrated that new cultures can be isolated from contaminated sites and effectively grown in
large volumes and to high cell density using the fermentation protocols developed during this
project. The enrichment work resulted in the isolation of a culture from Hickam AFB in Hawaii,
Hawaii-05™, that is approved for use in the Hawaiian Islands, and a culture from Air Force
Plant PJKS, Colorado that is suitable for use in high alkalinity and high TDS aquifers. Results
of this work are presented in Appendix D.

2.3  ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY
The main advantages of anaerobic bioaugmentation with DHC are (1) complete reductive

dechlorination of chlorinated ethenes to the innocuous by-product ethene, (2) reduced cleanup
times, and (3) cost-effective remediation. In addition, bioaugmentation is a “green” and
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“sustainable” technology that can be performed with renewable materials (lactate, soy oil,
molasses, etc.) and with minimal energy consumption. It can be applied in a wide range of
aquifers and can treat even very high concentrations of chlorinated solvents. As discussed in
Section 2.2, this technology has now been successfully demonstrated at full-scale at multiple
sites, and commercially available bioaugmentation cultures are now widely available from
multiple vendors.

One potential limitation to bioaugmentation is that effective treatment is contingent upon
adequate distribution of the degradative bacteria within the treatment area. Before implementing
bioaugmentation, or any in situ technology, an evaluation is necessary to consider site-specific
characteristics and to determine the most effective treatment technology based on current
contaminant and hydrogeochemical conditions and site access. A second potential limitation for
successful bioaugmentation is that unfavorable aquifer conditions such as low pH, low
temperatures, elevated dissolved oxygen levels, or lack of adequate organic carbon may limit the
activity of the bioaugmentation culture or necessitate additional treatments like pH adjustment or
pre-treatment to reduce DO levels. In addition, excessively low concentrations of chlorinated
ethenes may not provide a sufficient source of electron acceptors needed to support
halorespiration, thereby limiting in situ growth of the added culture. Excessively high
concentrations of chlorinated ethenes may have a toxic effect on the added DHC population, and
the presence of some co-contaminants like chloroform (Duhamel et al., 2002) and chlorinated
ethanes (Grostern and Edwards, 2006) may inhibit some dehalogenating cultures.
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3.0

PERFORMANCE OBJECTIVES

Performance objectives were established for this demonstration to provide a basis for evaluating
the performance and costs of anaerobic bioaugmentation. The primary performance objectives
for this demonstration are summarized in Table 3-1.

Table 3-1. Performance Objectives

Performance
Objective

Data Requirements

Success Criteria

Results

Quantitative Perform

ance Objectives

Determine the
amount of SDC-9
culture required for
effective remediation

Baseline, demonstration, and
post-demonstration
contaminant and DHC
concentrations in groundwater

e DHC concentrations >10’

cells/liter at downgradient
monitoring wells

e An effective 1-D
model was developed
for determining the
amount of culture
needed to effectively
treat aquifers

Compare SDC-9
dechlorination to
dechlorination in the
presence of existing
microorganisms only
(biostimulation)

Baseline, demonstration, and
post-demonstration
contaminant and DHC
concentrations in groundwater

e Complete dechlorination

of TCE and cis-1,2-DCE
to ethene in the 3 SDC-9
test loops

e Slow or incomplete

dechlorination of TCE and
cis-1,2-DCE in control
loop

e Ethene observed in
all 3 test loops

e DHC concentrations
orders of magnitude
higher in test loops

e “DCE stall” observed
in control loop

Effectively distribute
electron donor
throughout all 4
loops

VFA concentrations in
groundwater during
demonstration

¢ VFA concentrations >5
mg/L at downgradient
monitoring wells

o Objective fully
achieved in all 4
demonstration loops

Adjust and maintain
acceptable
groundwater pH for
dechlorination to
occur

Baseline and demonstration
field pH measurements

e Increase and maintain

groundwater pH levels
between 5.5 and 8.0
standard units

e pH increased from
~4.5 to > 5.5 during
most of
demonstration

e Temporary drops in
pH below 5.5
observed at some
wells

e Spike in pH to >pH 9
occurred during pH
adjustment efforts.

Determine remedial
effectiveness of
bioaugmentation
with SDC-9

Baseline, demonstration, and
post-demonstration
contaminant concentrations in
groundwater

e >90% reduction of TCE

and cis-1,2-DCE
considered successful

o Complete dechlorination

of TCE and cis-1,2-DCE
to ethene

e 90-100% reduction of
TCE, and 73-99%
reduction of cis-1,2-
DCE observed in test
loops

e Ethene observed in
all 3 test loops

As summarized in Table 3-1, the established performance objectives were generally met during
the demonstration. The following subsections provide details for each of the above performance
objectives, including what data were collected and to what extent the success criteria were met.
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3.1 DHC DOSAGE COMPARISON

The key objective of this demonstration was to determine the DHC dosage required to effectively
remediate a chlorinated-ethene contaminated site. Specifically, bioaugmentation using Shaw’s
SDC-9 DHC-containing culture was performed in three separate groundwater re-circulation
loops, with one loop bioaugmented with 1 L of culture (5x10° DHC/L), the second loop
bioaugmented with 10 L of culture (5x10° DHC/L), and the third loop bioaugmented with 100 L
of culture (5x10” DHC/L). A fourth “control” loop was not bioaugmented. Groundwater
monitoring was performed to evaluate DHC growth and transport, dechlorination kinetics, and
aquifer geochemistry.

The loop inoculated with 10 L of culture showed slower dechlorination kinetics and DHC
migration/growth compared to the other two test loops. This relatively poor performance was
attributed to persistent low pH conditions that were not adequately controlled by adding buffer.
Results for the loops inoculated with 1 L and 100 L of culture showed similar rates of
dechlorination, as measured at a monitoring well approximately 10 feet downgradient of the
DHC injection well (as well as the injection and extraction wells and other monitoring wells).
Final DHC concentrations in these two test loops ranged from 1.8 x 10" to 2.0 x 10° cells/liter.

Because there was no apparent correlation between the cell dosage and in situ dechlorination
during the demonstration, we developed a one-dimensional bioaugmentation fate and transport
screening model to address the affects of in situ growth and transport properties on remediation
activity (Schaefer et al., 2009; Appendix C). Specifically, the model incorporates Monod kinetic
parameters that relate growth and dechlorination rates of the biocatalyst to contaminant
concentration, and attachment and detachment of the catalyst which affect distribution of the
bioaugmented culture. Based on results of the modeling, aquifers with higher contaminant
concentration and sediments that allow detachment and transport of daughter cells of growing
bacteria may require lower bioaugmentation dosages than aquifers with low contaminant
concentrations or sediments that limit transport of daughter cells. Application of the model to
the field demonstration results resulted in close fit between the experimental and simulation
results (Schaefer et al., submitted; Appendix E). Overall, these results suggest that increasing
bioaugmentation dosage does not necessarily result in increased dechlorination kinetics in the
field; other factors such as contaminant concentration and factors that affect DHC transport (e.g.,
geology and groundwater velocity) may be equally important. Thus, the impact of DHC dosage
on bioaugmentation performance likely will still need to be evaluated on a site-by-site basis, but
models developed during this project are now available to aid in the planning process (Schaefer
et al., 2009; Schaefer et al., in review).

3.2 BIOAUGMENTATION/BIOSTIMULATION COMPARISON

Another performance objective was to compare dechlorination in the three test loops
bioaugmented with SDC-9 to dechlorination by indigenous microorganisms through
biostimulation in the control loop. Groundwater monitoring was performed at all four loops to
evaluate DHC growth and migration, dechlorination kinetics, and aquifer geochemistry. Success
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criteria were established as; 1) complete dechlorination of TCE and cDCE to ethene in the three
test loops, and 2) slow or incomplete dechlorination of TCE and cDCE in the control loop.

Groundwater sampling results indicated that aqueous DHC concentrations increased in the 3 test
loops, as well as the control, biostimulation only, loop. However, aqueous DHC concentrations
increases were orders of magnitude higher in the test loops, compared to the control loop. Final
DHC concentrations in the two control loop performance monitoring wells were 2.1 x 10° and
1.1 x 10° cells/liter (respectively), while DHC concentrations in the test loop performance
monitoring wells (with the exception of one well, which had a low pH) ranged from 1.8 x 10’ to
2.0 x 107 cells/liter.

TCE concentrations in the test loop performance monitoring wells declined significantly during
the demonstration, with TCE decreases in these wells ranging from 90 to 100 percent (or non-
detect; less than 5 pg/L) (see Section 5.7.4). TCE concentrations in the control loop
performance monitoring wells declined as well, with decreases in these wells between 98 and
100 percent (see Section 5.7.4). TCE decreases were expected in the control loop, as the
addition of electron donor in the microcosm studies (Section 5.3.1) stimulated degradation of
TCE (but not cDCE).

cDCE concentrations in test loop performance monitoring wells declined between 73 and 99
percent, and were generally trending downward at the end of the demonstration period, while
cDCE concentrations in the Control Loop generally increased during the demonstration (see
Section 5.7.4). Transient increases (followed by decreases) in VC were observed in 5 of the 6
test loop performance wells, with VC in 2 of the wells below detection at the end of the
demonstration. VC was not observed in the control loop monitoring wells.

The presence of aqueous ethene is a key indicator of complete dechlorination of TCE. Ethene
data collected during the demonstration clearly indicated that complete degradation was
occurring within the 3 test loops that were bioaugmented with SDC-9, and not within the control
loop that received only electron donor, buffer and nutrients. Reductions in TCE concentrations,
VC and ethene concentration trends, and increased DHC concentrations (Section 5.7.4) in test
loop extraction wells indicated that degradation was occurring through the entire length of the
test loops. VC and ethene were not observed in the control loop (with the exception of three
detections of ethene below 1 pg/L at one of the performance monitoring wells) during the
demonstration, indicating that degradation of TCE had “stalled” at ¢cDCE in the absence of
bioaugmentation.

3.3 ELECTRON DONOR DISTRIBUTION

The third performance objective was to effectively distribute electron donor throughout all four
demonstration recirculation loops (3 test loops and 1 control loop). The effective distribution of
electron donor was critical to create anaerobic conditions within the aquifer, and to provide a
source of carbon and hydrogen for microbial growth and dehalogenation of the target
contaminants. In order to determine if this goal was achieved, VFA concentration data were
collected at performance monitoring, injection, and extraction wells throughout the
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demonstration. Success criteria were established as total VFA concentrations >5 mg/L at
downgradient performance monitoring wells.

VFA data collected during the demonstration indicated that lactate injection and groundwater
recirculation rates used during the demonstration provided effective distribution of electron
donor throughout all 4 recirculation loops. VFA concentrations were observed in performance
monitoring wells throughout most of the demonstration, with total VFA concentrations generally
ranging from 50 mg/L to 2,000 mg/L. VFA data were consistent with results from the
groundwater model and tracer test, indicating that the primary treatment zone for each loop was
approximately 20 feet wide and at least 30 feet long.

3.4  pHADJUSTMENT

The fourth performance objective of the demonstration, which was specific to the Ft. Dix site,
was to increase and maintain groundwater pH levels within an acceptable range required for
biological reductive dechlorination. This objective was critical for success at the Ft. Dix site
because of its naturally low pH (pH ~4.5), and because preliminary testing revealed that DHC in
the SDC-9 culture are sensitive to pH and that they do not dechlorinate well below pH ~5.5
(Vainberg et al., 2009). Therefore, the demonstration site groundwater pH levels needed to be
increased from approximately 4.5 to above 5.5-6.0 standard units for this demonstration to be
successful.

As discussed throughout this document, increasing and maintaining pH levels within the
recirculation loops was challenging. pH was increased from generally below 5.0 to between 6.0
and 7.1 standard units, except at injection wells where pH levels were often greater than 9.0
standard units due to the injection of sodium carbonate. The pH levels often dropped below 5.5
(the level at which dechlorination rates drop significantly) in some of the wells during periods of
the demonstration. Despite preliminary laboratory testing, sodium bicarbonate was determined
to be too weak to increase aquifer pH. Therefore, the buffer used was changed to sodium
carbonate (a stronger buffer) to more effectively increase pH within the aquifer. Additionally,
two bulk injections of sodium carbonate were needed (a total of 250 Ibs. per well) to further
elevate groundwater pH values that still largely remained below 5.5 standard units after several
weeks of system operation. A total of 7,000 Ibs. of sodium bicarbonate and 9,600 Ibs. of sodium
carbonate (including the bulk injections) were injected into the four Loops during the 12 months
of system operation.

3.5 REMEDIAL EFFECTIVENESS

The final performance objective was to determine remedial effectiveness of bioaugmentation
with SDC-9. Groundwater monitoring was performed in the three test loops bioaugmented with
SDC-9 to evaluate DHC growth and transport, dechlorination kinetics, and aquifer geochemistry.
Success criteria were established as; 1) >90% reduction of TCE and ¢DCE, and 2) complete
dechlorination of TCE and cDCE to ethene.

The results of this project demonstrated that CVOCs in the Ft. Dix MAG-1 aquifer can be
effectively remediated by using bioaugmentation with the SDC-9 consortium and pH adjustment.
TCE concentrations in the test area decreased by 90 to 100%, and c¢cDCE concentrations
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decreased by 73 to 99% and were trending downward at the termination of the demonstration
project. The production of ethene confirmed complete dehalogenation of the target contaminants
and demonstrated the effectiveness of the applied bioaugmentation culture. The CVOC and
ethene data indicate that conversion of TCE and cDCE to ethene can exceed 95 percent in the
treatment zones.
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4.0 SITE DESCRIPTION

Several field sites for the demonstration were evaluated during the first six months of the project.
Final selection came down to Air Force Plant No. 4 (AFP4) in Fort Worth, TX, and the Naval
Amphibious Base in Virginia Beach, VA. Both sites are contaminated primarily with TCE with
some cDCE accumulation. AFP4 was originally selected as the field demonstration site and
extensive work was performed to prepare for the demonstration at AFP4. However, severe and
persistent drought conditions in the region led to significant reduction of the saturated thickness
in the aquifer zone being considered for the field demonstration project. Consequently, during
July and August 2006, Shaw evaluated other potential demonstration sites as alternatives to the
AFP4 site. The MAG-1 Area at Fort Dix, New Jersey was ultimately chosen for the field
demonstration. Figure 4-1 shows the location of MAG-1 and Fort Dix, New Jersey.

The MAG-1 Area groundwater plume met many of the selection criteria for a field
demonstration site based on the following: (1) PCE and/or TCE concentrations between 1-30
mg/L with limited cDCE and no VC or ethene; (2) shallow sand or silty sand aquifer (less than
30 feet below ground surface); (3) sufficient area to allow operation of four approximately 50 ft
long by 30-40 ft wide recirculation loops; and (4) proximity to a Shaw office and vendors used to
support the field demonstration. The first criterion was necessary for evaluating the impact of
enhanced bioremediation and bioaugmentation separately from intrinsic biodegradation. The
second criterion is a microbial consideration; the aquifer needed to be sufficiently conductive to
allow distribution of microbes without slowing or inhibiting microbial activity.

One potentially challenging issue identified with the MAG-1 site was the low natural pH (<5).
Laboratory studies demonstrated that the SDC-9 culture used for the demonstration is inhibited
at pH values less than 5.5 (Vainberg et al., 2009), and as discussed in Sections 5.3.1 and 5.3.3,
laboratory studies showed that pH adjustment would be required to facilitate bioremediation at
the site.

The MAG-1 Area at Fort Dix has been subject to numerous studies and several remedial
investigations, detailed in the following reports;

e ABB-ES. 1997. Final Remedial Investigation Report MAG-1 Area. April 1997.

e Dames & Moore 1993. Interim Phase II Remedial Investigation Report, Fort Dix, NJ.
Volume II and III. April 1993.

e Dames & Moore 1992. Interim Phase I Remedial Investigation Report, Fort Dix, NJ.
January 1993.

Shaw has been tasked by the Army since 2004 with a Guaranteed Fixed Price
Remediation/Performance Based Contract (GFPR/PBC) to remediate 14 sites at Fort, Dix. The
MAG-1 Area groundwater plume is part of this contract. As part the MAG-1 site remediation
work, Shaw has conducted additional site characterization studies including the installation of
additional monitoring wells, conducted soil and groundwater treatability studies for
biostimulation and bioaugmentation and developed a conceptual site model and groundwater
model for the area. Shaw maintains technical and field staff in several offices located near Fort
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Dix at our Edison, Trenton and Lawrenceville, New Jersey offices. Shaw has a long history at
the site (from current and previous contracts) and a good working relationship with base
personnel and site oversight personnel (Army Environmental Center (AEC), the EPA, and
NJDEP regulators assigned to the site). This long-standing relationship at the site ensured that
we had access to existing and historical site data, relationships with local support contractors
(drillers, electricians, etc.), and the base support needed to perform the demonstration. It also
allowed us to leverage this project with existing work being performed by Shaw personnel at the
facility.

Like any demonstration site, the MAG-1 Area had issues of concern. The issues were related to
site logistics and access including soft ground that required selective tree removal and
construction of a road and the use of tracked drilling equipment. Efforts and planning were
necessary to minimize unnecessary damage to the forest resources. In addition, there were
concerns about the heterogeneity and grain size characteristics of the test site unconsolidated
sediments, and the pH of the aquifer.

41  SITELOCATION AND HISTORY

Fort Dix is located in Burlington and Ocean counties, New Jersey, approximately 25 miles
southeast of Trenton. The MAG-1 Area is located in the northern part of the Cantonment Area at
Fort Dix (Figure 4-1). Figure 4-2 shows the location of the demonstration area within the
MAG-1 Area, and the location of monitoring wells that existed prior to the demonstration.

Review of historic blueprints of the area indicates that the active MAG-1 Area existed as early as
1919, along the southern side of a Penn Atlantic Railroad spur (Dames & Moore, 1993). The
MAG-1 Area was the site of an ammunitions and weapons magazine storage area and a vapor-
degreasing operation. From approximately 1942 through 1965, vapor-degreasing of small arms
was conducted at the MAG-1 Area. The vapor-degreasing operation used TCE to remove
Cosmoline, a Vaseline-type petroleum product used for packing rifles.

According to the Dames & Moore Phase II RI report (Dames & Moore, 1993), an employee at
Fort Dix who participated in the degreasing operations reported that drums of TCE were used
until saturated with Cosmoline. The drums of spent material then were transported to a rubble
pile along the southern boundary of the MAG-1 Area, where the TCE/Cosmoline mixture was
poured into holes in the rubble pile. Unconfirmed reports indicate one 55 gallon drum
containing approximately 40 to 60 percent TCE was discarded each day. During busy periods,
approximately two drums per day were reportedly discarded (Dames & Moore, 1993). The
reliability of this historical information is suspect due to lack of free-product contamination at
the site and questions regarding TCE generation rates. It is unlikely the estimated quantities of
TCE were consistently generated during operations and it is possible that partially-filled drums
were often emptied onto the rubble pile.

Except for one drum of TCE/Cosmoline that was spilled adjacent to the degreasing operations
building, all wastes generated during this operation reportedly were disposed of in the rubble
pile, approximately 100 feet south of the degreasing operations building. It is not known if any
TCE was spilled inside the building. No surface ponding was reported from wastes poured into
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the rubble pile, and TCE was disposed of in different holes within the pile. Visible surface
seepage from beneath the rubble pile reportedly occurred along its southern and western edges.
Due to the porous characteristic of rubble piles, volatilization losses of TCE were likely to be
significant during this disposal process.

42  SITE GEOLOGY/HYDROGEOLOGY

The MAG-1 Area is located at the base of an escarpment, over which surface elevations drop
approximately 40 to 80 feet. The topography in the MAG-1 Area slopes to the west and
northwest. Local groundwater discharges to ponds and wetlands and streams at this escarpment
base. Groundwater in the area appears to discharge to several streams and wetlands that mainly
intersect the Kirkwood and Vincentown formations. The MAG-1 Area is located near one such
stream that is referred to as the unnamed tributary (Figure 4-2). This tributary flows
intermittently past the demonstration area, through a low area known as the topographical
depression and a wetland area, and eventually joins with other small streams to form Indian Run.

As shown in Figure 4-3, the unconsolidated hydrogeologic units (sequentially, from the
uppermost unit down) in the vicinity of the MAG-1 Area are the Cohansey, Kirkwood,
Manasquan, Vincentown, Hornerstown-Navesink, and Wenonah-Mount Laurel Sands. Surficial
geological maps of the area (presented in the ABB, 1997 report) indicate that the Cohansey Sand
is present east of, but not within, the MAG-1 Area. The Kirkwood formation is the uppermost
unit in the immediate vicinity of MAG-1 Area, but is absent west of the site. A natural gamma
borehole investigation performed by the United States Geologic Survey (USGS) in 1996 (ABB,
1997) suggests that a thin (0.5 to 1.0 feet) “formation interface zone” (Interface Zone) consisting
of fine to coarse sand and fine gravel at the base of the Kirkwood Formation may limit
downward groundwater flow by creating a highly conductive horizontal flow path. Vertical
contaminant distribution (Section 5.2.1) and bromide tracer testing results (Section 5.7.2) seem
to confirm this assertion.

The geology underlying the field demonstration site consists of unconsolidated materials from
the Kirkwood and Manasquan formations. Test area hydrogeology, including lithology,
groundwater flow direction, and hydraulic conductivities and gradients was evaluated as part of
the pre-demonstration testing, and are discussed in detail in Section 5-2. Shallow soils (down to
~104 feet MSL) are a mixture of silty and clayey sands. Mottling within this zone (particularly
within the clayey sand) indicates seasonal water table fluctuations. Soils from approximately
104 to 90 feet MSL consist of saturated, light gray silty fine sands (Kirkwood Formation). A 4-
to 8-inch Interface Zone, consisting of fine to coarse sands and fine gravel, is present at the base
of this unit. This zone appears to exhibit significantly higher permeability than the formations
above and below. Soils below this unit (down to at least 70 feet MSL) consist of saturated,
greenish-gray fine sands (Manasquan Formation).

The demonstration was performed within the Kirkwood aquifer. Groundwater flow direction for
the Kirkwood aquifer is generally to the southwest. The hydraulic gradient across the
demonstration area is approximately 0.012, and the groundwater velocity for this aquifer is
estimated at approximately 0.08 ft/day (Section 5.2.6). Water level measurements at select
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monitoring wells indicate that there is no measureable vertical gradient between the Kirkwood
and Manasquan aquifers (at the demonstration location).

43 CONTAMINANT DISTRIBUTION

Several geologic and hydraulic investigations have been performed in the MAG-1 area, as
discussed in the Demonstration Plan (Shaw 2007). Dames and Moore and ABB remedial
investigation activities (soil gas surveys, geophysical surveys, soil and groundwater sampling)
focused on the area near the MAG-1 buildings (Figure 4-2). Later field activities included the
collection of soil and groundwater samples and single well slug-tests in the MAG-1 plume area.

TCE and cDCE are the main chlorinated solvents detected in the MAG-1 Area groundwater.
Figures 4-4 and 4-5 show the estimated horizontal extents of the TCE and cDCE plumes within
the Kirkwood formation. The plume contours for these figures were based on the maximum
TCE or cDCE concentration collected in June 2004 or from maximum concentrations detected
prior to 2001. Based on these data, the TCE plume with a maximum concentration of
approximately 2,000 ug/L near Monitoring Well MAG-113P, is approximately 900 feet long and
450 feet wide. The cDCE plume, with a maximum concentration of approximately 1,200 ug/L
near monitoring well MAG-113P, is approximately 750 feet long by 350 feet wide. However, as
discussed in Section 5-2, more recent groundwater data indicates that both TCE and ¢cDCE
concentrations are currently substantially lower (at least in the Demonstration Area) than those
observed during and prior to June 2004.

The field demonstration area was located in the plume area with the highest VOC concentrations
(Figure 4-2). Based on the total VOCs observed at wells near the demonstration site (MAG-
112P, MAG-113P, MAG-66,) the highest total VOC concentrations are in the 90 to 100 foot msl
range (i.e. Kirkwood Formation). Total VOC concentrations in well MAG-113P (screen interval
across the Kirkwood and Manasquan Formations: 87.5-97.5 ft msl) in June 2004 were 2,400
ug/L, while VOC concentrations in well MAG-112P (screen interval within the Manasquan
Formation: 78.2-88.2 ft msl) were below the analytical detection limit. The significant
difference in VOC concentrations between these wells suggests that the formation interface
(higher permeability zone discussed in Section 4.2) existing near 90 feet msl inhibits downward
groundwater flow and mixing. Lithological and analytical data obtained during the
Demonstration Area characterization activities significantly improved delineation of the
horizontal and vertical VOC distribution, and better defined the stratigraphy within the
demonstration area. Results of these characterization activities are discussed in Section 5.2.
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5.0 TEST DESIGN

The following subsections provide detailed description of testing conducted during the
demonstration, including site characterization, treatability and laboratory studies, and
demonstration design, construction and field testing.

5.1 CONCEPTUAL EXPERIMENTAL DESIGN

The primary goals of this field demonstration were to evaluate the amount of culture needed to
effectively remediate a CVOC-contaminated plume, and to determine the affect of inoculum
dose on remedial time. The field demonstration involved the construction and operation of four
groundwater recirculation loops in the MAG-1 Area at Fort Dix, New Jersey. Three of the loops
(test loops) were inoculated with a different amount of Shaw’s SDC-9 dechlorinating culture,
while the fourth loop (control loop) only received electron donor, buffer and nutrients. CVOC
biodegradation and growth of the added organisms were monitored. In addition, because of the
low natural pH at the site, the ability to increase and maintain an elevated pH sufficient for
successful bioremediation by adding buffers was evaluated. The results of the demonstration
were used to evaluate and refine the one-dimensional bioaugmentation fate and transport
screening model that was generated from laboratory experiments performed during the project
(Schaefer et al., 2009).

5.2 BASELINE CHARACTERIZATION

The following sections describe laboratory and field sampling/characterization activities that
were conducted prior to the field demonstration. Laboratory results and field data were used to
prepare the final design of the field demonstration layout, and to determine the most appropriate
bioaugmentation amendments. Once the demonstration system was installed, groundwater
samples and water table elevation data were collected to establish baseline conditions prior to
system start-up.

5.2.1 Direct-Push Investigation

A direct-push (Geoprobe®) investigation was conducted in the MAG-1 Area between January 8
and January 12, 2007 (Figure 5-1, Table 5-1). The purpose of the investigation was to improve
delineation of the stratigraphy in the field demonstration test area, and to further evaluate the
vertical and lateral contaminant distribution. Information obtained from the investigation was
used to optimize/verify well screen intervals for the injection/extraction and monitoring wells,
and confirm that the four injection/extraction recirculation loops were placed in the core of the
TCE plume.

Soil samples were collected from six locations (GP-1 through GP-6) shown on Figure 5-2.
Continuous soil core samples for lithologic evaluation were collected from each boring to a
depth of 35 to 40 feet bgs (~70-75 feet MSL). Soil cores were screened for VOCs using a photo-
ionization detector (PID); one soil sample from each boring location, correlating to the depth
interval where the highest PID readings were recorded below the water table, was collected and
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analyzed for VOCs via EPA Method 8260. All soil analyses were performed by Shaw’s New
Jersey-certified laboratory in Lawrenceville, New Jersey. Soil analytical results are summarized
in Table 5-2. TCE concentrations ranging from 0.14 to 3.2 mg/kg, and cDCE concentrations
ranging from non-detect (<0.012 mg/kg) to 0.97 mg/kg were observed. No other VOCs were
detected.

Table 5-2
Summary of Direct-Push Investigation Soil Analytical Data
Sample Depth TCE cis-DCE
Sample ID (ft bgs) (mg/kg) (mg/kg)
GP-1 15.0 0.43 0.043
GP-2 24.6 0.14 <0.012
GP-3 20.0 1.7% 0.029
GP-4 19.6 0.96* 0.97*
GP-5 16.2 3.2* 0.29*
GP-6 28.3 0.26 0.23

*Sample prepared via SHW846 Method 5035 due to elevated VOC levels.

Figure 5-3 presents a geologic cross section of the field demonstration site. Based on
observations of the Geoprobe® soil cores collected within this area, shallow soils (down to ~104
feet MSL) are a mixture of silty and clayey sands. Mottling within this zone (particularly within
the clayey sand) indicates seasonal water table fluctuations. Soils from approximately 104 to 90
feet MSL consist of saturated, light gray silty fine sands (Kirkwood Formation). A 4- to 8-inch
Interface Zone, consisting of fine to coarse sands and fine gravel, is present at the base of this
unit. This zone appears to exhibit significantly higher permeability than the formations above
and below. Soils below this unit (down to at least 70 feet MSL) consist of saturated, greenish-
gray fine sands (Manasquan Formation).

Groundwater samples were also collected from six locations, located immediately adjacent
(within 3 feet) to the six soil sampling locations described above (Figure 5-2). Four to five
discrete groundwater samples were collected at each of the locations, using a Geoprobe®
stainless steel Screen Point sampler. Sample intervals were based on observed lithology and PID
readings. Samples were analyzed for VOCs at Shaw’s Lawrenceville, NJ laboratory.
Groundwater sampling intervals and analytical results are summarized in Table 5-3, and shown
in cross section on Figure 5-3. TCE concentrations ranging from non-detect (<5 ug/L) to 2,900
pg/L, and cDCE concentrations ranging from non-detect (<5 ug/L) to 1,700 pg/L were observed.
Estimated concentrations of trans-1,2 DCE and 1,1 DCE were also reported (Table 5-3). As
indicated in Figure 5-3, the majority of the TCE and ¢cDCE contamination resides within the
Kirkwood Formation and the Interface Zone, with contaminant concentrations significantly
lower in the Manasquan Formation. The significant difference in VOC concentrations between
these formations suggests that the higher permeability Interface Zone inhibits downward
groundwater flow and mixing by creating preferential horizontal flow.
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Table 5-3

Summary of Direct-Push Investigation Groundwater Analytical Data

Depth Interval TCE cis -DCE trans -DCE 1,1-DCE
Sample ID (ft bgs) (mg/L) (mg/L) (mg/L) (mg/L)
4-7 <100 130 <100 <100
GP-1 13-16 390 60 <50 <50
19-22 370 <50 <50 <50
27-30 <5 <5 <5 <5
5-8 <50 74 <50 <50
GP-2 12-15 8 61 <5 <5
18-21 880 <50 <50 <50
28-31 9 <5 <5 <5
5-8 <50 240 <50 <50
GP-3 12-15 <50 160 <50 <50
18.5-21.5 730 20* <50 <50
28-31 34 <17 <17 <17
6-9 <5 <5 <5 <5
GP-4 12-15 23* 610 <50 <50
17-20 770 1700 27* <50
25-28 19 53 <17 <17
6-9 <5 <5 <5 <5
11-14 99 130 <25 <25
GP-5 17-20 2900 410* <500 <500
22.5-25.5 1500 570 <500 <500
32-35 280 81 1* 2%
13-16 <5 3* <5 <5
GP-6 23-26 380 380 13* <50
27.5-29.5 170 500 14* 13*
33-36 15* 42 <17 <17

*Estimated result; Result is less than reporting limit

During the investigation, additional soil (approximately 2 kilograms) was collected from the GP-
5 location (17-21.5 feet bgs) for the column testing described in Section 5.3.3. Sixteen liters of
groundwater was also collected from monitoring well MAG-113P at this time for the study.
Investigation activities (including sample collection techniques and equipment decontamination)
and management of investigation derived waste (IDW) were conducted as detailed in the
Demonstration Plan (Shaw 2007). Field activities were conducted in Level D Protection.
Underground utility clearances were obtained for all intrusive site activities. Clearance of all
underground utilities was arranged with appropriate Fort Dix facility personnel and local utility
companies.
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5.2.2 Piezometer Installation

One pair of nested piezometers was installed during the direct-push investigation (Section 5.2.1).
The nested piezometers were located approximately midway between existing monitoring wells
MAG-13P and MAG-66 (Figure 5-2). The shallow piezometer (PZ-1) is screened from 10 tol5
feet bgs (97.9-102.9 feet MSL). The intermediate piezometer (PZ-2) is screened from 20.5 to
25.5 feet bgs (92.2-87.2 feet MSL). Placement of the piezometers at these depth intervals
facilitated evaluation of hydraulic conductivities within the Kirkwood and Manasquan
formations, as well as the higher permeability Interface Zone (Figure 5-4).

Piezometer installations were performed by a New Jersey licensed driller (SGS Environmental
Services, Inc.) using the hollow stem auger (HSA) drilling method and supervised by a Shaw
geologist. The wells were installed in a nominal 6-inch diameter borehole. Piezometers were
constructed with flush-threaded, 2 inch diameter, Schedule 40, PVC riser and 0.010-inch slotted
PVC well screen. The filter pack for each piezometer consisted of #1 Morie sand, extending to
1.0 to 1.5 feet above the top of screen. A six-inch transition pack of #0 sand was placed above
the #1 Morie sand, and a 3-foot bentonite seal was placed above the filter pack. The remaining
annular space was filled with cement bentonite grout emplaced to within 2 feet of the surface via
Tremie pipe. Each well was completed with a locking steel well casing protector installed in a
24 inch by 24 inch concrete pad at the ground surface. Well construction details are summarized
in Table 5-4.

Well development was accomplished by surging the well with a surge block and pumping the
groundwater until the water was clear and the well was sediment free to the fullest extent
practical. Wells were developed using a submersible pump and water was not be added to the
well to aid in development. The pump, hose, and cable were decontaminated following the
procedures outlined in Demonstration Plan.

Well installation and development activities (including equipment decontamination), and
management of IDW were conducted as detailed in the Demonstration Plan (Shaw 2007). Field
activities were conducted in Level D Protection. Underground utility clearances were obtained
for all intrusive site activities. Clearance of all underground utilities was arranged with
appropriate Fort Dix facility personnel and local utility companies.

After the wells were completed, each well was surveyed by a licensed surveyor to determine its
horizontal location to within £1 foot, and the elevation of the top of the inner PVC well casing to
a +0.01-foot precision.

5.2.3 Slug Testing

Rising and falling head slug tests were performed on March 30, 2007 at selected demonstration
area monitoring wells and piezometers to verify and/or estimate the hydraulic conductivity in the
various stratigraphic layers within the demonstration area. This information was ultimately used
to select the most appropriate screen intervals for the field demonstration injection/extraction and
monitoring wells. Slug testing was performed at the following locations:
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MAG-66
MAG-112P
MAG-113P
PZ-1

PZ-2

Slug test data were analyzed using AQTESOLV Pro software (See Appendix F for analysis).
Results of the slug testing are summarized in Table 5-5. Hydraulic conductivities ranged from
2.1 ft/day to 5.5 ft/day. Results of the slug testing were used to refine the site hydrogeologic
conceptual model, and in constructing a three-dimensional groundwater hydrogeologic fate and
transport model (Section 5.4.1).

Table 5-5
Summary of Slug Testing Analysis Data
Well Slug Test Hydraulic Conductivity Geometric Mean Hydraulic Conducitity

ft/day cm/sec ft/day cm/sec

P71 Falling Head 2.37 8.36E-04 206 7 97E-04
Rising Head 1.79 6.32E-04

p7.2 Falling Head 5.61 1.98E-03 550 1.94E-03
Rising Head 5.40 1.91E-03

MAG-113P Falling Head 3.85 1.36E-03 270 9 52E-04
Rising Head 1.89 6.67E-04

MAG-112P Falling Head 2.70 9.54E-04 276 9 73E-04
Rising Head 2.81 9.92E-04

MAG-66 Fgllling Head 3.17 1.12E-03 350 1.24E-03
Rising Head 3.87 1.36E-03

5.2.4 Aquifer Pump Testing

Short-term aquifer pump tests were performed to evaluate vertical hydraulic conductivities and
extraction well radius of influence within the demonstration area. Information obtained during
these pump tests was ultimately used to determine well spacing and pumping rates for the
demonstration. Specifically, the aquifer pump tests were needed to determine the impact of the
higher permeability Interface Zone has on the Manasquan formation during pumping within the
Kirkwood formation. As discussed in Section 4.2, the 4- to 8-inch Interface Zone at the base of
the Kirkwood formation consists of fine to coarse sands and fine gravel. This zone appears to
exhibit significantly higher permeability than the formations above and below. Additionally,
significant difference in VOC concentrations above and below this zone suggests that the higher
permeability formation interface inhibits downward groundwater flow and mixing by creating
preferential horizontal flow paths.
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Pump tests were performed at piezometer PZ-1 (Figure 5-2), which is screened completely
within the Kirkwood formation, and above the Interface Zone (Figure 5-4). During testing,
water levels in the pumping well and seven nearby monitoring wells were monitored. Data
loggers were used in the pumping well and the four closest monitoring wells (PZ-2, MAG-66,
MAG-112P, and MAG-113P; Figures 5-2 and 5-4) to record groundwater elevation data during
the testing. Manual water level measurements were collected periodically at three additional
nearby monitoring wells (MAG-110P, MAG-201, and MAG-202; Figure 5-2).

A step-drawdown test was performed on April 10, 2007 to estimate well performance, and
determine a sustainable optimum pumping rate for the pump test well. Three pumping steps,
each lasting between 30 and 90 minutes, were conducted. Pumping rates for each step of the
step drawdown test were 0.5 gpm, 0.8 gpm, and 1.0 gpm, respectively. The corresponding water
level drawdown in nearby observation wells were measured as a function of time. Data from the
step tests were analyzed to determine the optimum pumping rate for the constant rate test at this
well. Based on these data, the pumping rate selected for the constant rate pump test was 0.8

The constant rate pumping test was conducted on April 11, 2007. Groundwater was extracted
from PZ-1 at a constant rate of 0.8 gpm for 5 hours. Measurements of drawdown versus time
were collected at the same monitoring well locations as the step-drawdown test, including wells
MAB-66 and MAG-112P (which are screened just below the Interface Zone) and wells MAG-
113P and MAG-PZ2 (which are screened across the Interface Zone) (Figure 5-4). The recovery
of water levels in the pumping well and observation wells were also monitored after pumping
was terminated (recovery phase).

The pump test data were analyzed using AQTESOLV Pro software. Pump test analysis is
included in Appendix F. Table 5-6 summarizes the hydraulic parameters calculated from the
pumping well and the four monitoring wells that had data loggers installed. The hydraulic
conductivity value and storage coefficient for PZ-1 (screened entirely within the Kirkwood
formation) were calculated at 1.9 ft/day and 0.01, respectively. This value of the aquifer storage
coefficient is a typical value for an unconfined aquifer. The hydraulic conductivity values for
MAG-66 and MAG-112P (screened entirely within the Manasquan formation, and below the
Interface Zone) were calculated at 9.0 ft/day and 11.2 ft/day, respectively. Storage coefficients
at these two wells were 2.1 x 10-5 and 5.5 x 10-5, respectively. The higher hydraulic
conductivity values calculated for these observation wells (compared to PZ-1 and slug test
results at these wells) are most likely due to the influence of the higher permeability Interface
Zone between the pumping well and these two wells.

Hydraulic conductivity values and storage coefficients for PZ-2 and MAG-113P (screened across
the Interface Zone, and partially within the Kirkwood and Manasquan formations) were similar
to those of the pumping well (Table 5-6). The anisotropy ratios (vertical hydraulic conductivity
divided by horizontal hydraulic conductivity) for PZ-2 and MAG-113P were extremely low
(0.045 and 0.005, respectively) (Table 5-6), indicating that the horizontal hydraulic
conductivities at these wells (screened across the Interface Zone) are 2 to 3 orders of magnitude
higher than the vertical hydraulic conductivities. These results suggest that there is preferential
horizontal groundwater flow within the Interface Zone that is likely minimizing mixing of

Bioaugmentation for Groundwater Remediation
ESTCP Project ER-0515 38 February 2010



groundwater between the Kirkwood and Manasquan Formations, and hence minimizing
downward migration of contaminants.

Table 5-6
Summary of Pump Testing Analysis Data
Hydraulic
Transmissivity [ Conductivity Anisotropy

Well (ft/day) (ft/day) Storativity |Specific Yield (K/Kyy

PZ-1 93.0 1.9 1.0E-03 0.021 0.45
PZ-2 63.6 1.3 1.0E-03 0.021 0.045
MAG-113P 254 5.1 2.0E-03 0.030 0.005

MAG-112P 560 11.2 5.5E-05 0.0034 1.00

MAG-66 452 9.0 2.1E-05 0.0028 1.00

Based on these results, and the contaminant distribution, it was determined that the treatment
zone for the demonstration would be within the Kirkwood formation.

Approximately 450 gallons of groundwater was extracted during the pump tests. This
groundwater was collected and stored in a temporary storage tank, treated by passing through a
drum of activated carbon, then discharged to the ground surface, as described in the
Demonstration Plan.

5.2.5 Baseline Groundwater Sampling

Baseline groundwater sampling events were conducted on October 10, 2007 and November 7,
2007 in the demonstration Area, after the new demonstration wells were installed (Section
5.4.3.2) and prior to system testing (Section 5.5.1). These samples were used to establish the
baseline conditions of groundwater quality and biogeochemistry prior to system start-up and
bromide tracer testing. The demonstration well layout is provided in Figure 5-5. Figure 5-1
and Table 5-1 summarize the groundwater sampling schedule, and Table 5-7 lists the wells that
were sampled and the analyses that were performed during baseline sampling.

Sampling was performed by Shaw personnel, in accordance with the procedures described in the
Demonstration Plan (Shaw, 2007). Groundwater samples were collected utilizing low-flow
purging in accordance with NJDEP Low Flow Purging and Sampling Guidance, with the
exception of purge times being limited to 60 minutes at each well before samples were collected.
Samples were obtained using a dedicated submersible bladder pump and Teflon tubing. A YSI
field meter with a flow-through cell was used to collect measurement of field geochemical
parameters (pH, ORP, temperature, specific conductivity, and dissolved oxygen). Groundwater
samples were submitted to the Shaw Environmental Analytical Laboratory in Lawrenceville,
New Jersey.
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Samples were analyzed for VOCs, reduced gases, anions (including nitrate and sulfate), VFAs,
dissolved iron and manganese, and DHC (Table 5-7). With the exception of dissolved iron and
manganese, all analyses were performed by Shaw’s New Jersey Certified Analytical Laboratory
in Lawrenceville, NJ. Dissolved iron and manganese analyses were performed by ChemTech
Laboratories, Mountainside, NJ, under subcontract to Shaw.

Laboratory analytical, DHC data, and field parameter results are summarized in Tables 5-8, 5-9,
and 5-10, respectively. With the exception of wells PZ-1, PZ-2, and MAG-113P (sampled
during the first Baseline sampling event), the following summarizes results from the second
baseline sampling, as all of the injection and extraction wells were sampled during this event.

Chlorinated Ethenes

Figure 5-6 shows the baseline chlorinated ethene (TCE, cDCE and VC) concentrations within
the demonstration area. TCE concentrations within the Kirkwood aquifer ranged from 17 pg/L
to 1,800 pg/L (Table 5-8). Concentrations were generally higher in Loops 2 and 3, located
within the center of the demonstration area. TCE concentrations in PZ-2 and MAG-113P
(screened across the Formation Interface, and partially within the Kirkwood and Manasquan
aquifers, Figure 5-7) were 1,000 pg/L and 1,400 pg/L, respectively.

c¢DCE concentrations within the Kirkwood aquifer ranged from 45 pg/L to 1,400 pg/L (Table 5-
8). As with TCE concentrations, cDCE concentrations were generally higher in Loops 2 and 3.
TCE concentrations in PZ-2 and MAG-113P were 130 pg/L and 270 pg/L, respectively. Vinyl
chloride was not detected in any of the wells sampled during either of the Baseline events. The
presence of ¢cDCE and lack of VC (and ethene) indicated that the indigenous microbial
population within the aquifer were incapable of dechlorination of TCE beyond cDCE. This was
also observed in the microcosm testing (Section 5.3.1), and is referred to as a “DCE stall”.

Reduced gases

Ethene was not detected in any of the wells sampled during either of the Baseline events.
Methane concentrations within the Kirkwood aquifer ranged from 3.34 pg/L to 4,140 ng/L
(Table 5-8). Concentrations were generally higher in Loops 1 and 2 (particularly Loop 1),
located in the northern portion of the demonstration area. Methane concentrations in PZ-2 and
MAG-113P were 31.2 ng/L and 88.2 pg/L, respectively. Ethane was not detected in any of the
wells throughout the demonstration area. The absence of measurable ethene concentrations
indicated that complete dechlorination of TCE was not occurring in the demonstration area.

Anions

Anion data collected during Baseline sampling included nitrate, sulfate, bromide, and fluoride.
Bromide and fluoride were the tracers used during tracer test, and are discussed in Section 5.5.2.
Nitrate was not detected in any of the wells sampled during either of the Baseline events. Sulfate
concentrations within the Kirkwood aquifer ranged from 23.0 mg/L to 73.0 mg/L (Table 5-8).
Sulfate concentrations in wells PZ-2 and MAG-113P were 63.6 mg/L and 62.9 mg/L,
respectively. The lack of nitrate and presence of sulfate at these concentrations (in addition to
field ORP and DO measurements, discussed below) indicated that mildly reducing conditions
existed in the demonstration area.
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Volatile Fatty Acids

VFA analysis included the following fatty acids; lactate, acetate, proprionate, formate, butyrate,
pyruvate, and valerate. There were no detectable concentrations (PQL of 5.0 mg/L for each) of
any of these acids in any of the wells sampled during either of the Baseline events (Table 5-8).

Metals

With the exception of the four extraction wells, groundwater samples were collected for
dissolved iron and manganese from all of the demonstration area wells during the first Baseline
sampling event (Table 5-7). Dissolved iron concentrations within the Kirkwood aquifer ranged
from 1,400 pg/L to 7,570 ug/L (Table 5-8). Dissolved iron concentrations in wells PZ-2 and
MAG-113P were also within this range. The presence of dissolved iron concentrations in this
range further indicates that mildly reducing condition existed in the demonstration area (Dragun,
1998).

Dissolved manganese concentrations within the Kirkwood aquifer ranged from 15.4 pg/L to 63.7
ug/L (Table 5-8). Dissolved manganese concentrations in wells PZ-2 and MAG-113P were also
within this range. The lack of significant dissolved manganese concentrations, along with the
Site’s mildly reducing and low pH conditions, suggest that manganese is not present at
significant concentrations within Site soils (Dragun, 1998).

DHC

Data collected during the two baseline sampling events indicated that DHC concentrations
ranged from non-detect to 3.92 x 10° cells per liter (Table 5-9).

Field Parameters

The key field parameters collected during Baseline sampling included pH, specific conductivity,
oxidation-reduction potential (ORP), and dissolved oxygen (DO). Groundwater temperature and
turbidity were also collected. Field parameter data collected are summarized in Table 5-10. The
following summarizes the key field parameter data collected:

e pH: ranged from 4.1 (IW-2) to 5.4 (BMW-6 and IW-4) standard units, indicating that the
groundwater was acidic.

e Specific conductivity: ranged from 19 microSiemens per centimeter (uS/cm) (BMW-9)
to 236 uS /cm (IW-1).

¢ ORP: ranged from +19 milliVolts (mV) (BMW-6) to +219 mV (IW-1), indicating oxygen
and nitrate reduction may have been occurring in portions of the aquifer.

e Dissolved Oxygen: ranged from 0.3 mg/L (BMW-4) to 3.4 mg/L. (BMW-10), and was
generally below 1.0 mg/L, indicating that the aquifer was anaerobic to anoxic.

5.2.6 Baseline Groundwater Elevation Measurements

Baseline groundwater elevation measurements were collected from all monitoring and extraction
wells within the demonstration area on November 7, 2007, prior to collecting Baseline
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groundwater samples. These data (summarized in Table 5-11) were used to establish baseline
water table elevations, and hydraulic gradient and estimated groundwater flow directions within
the Demonstration Area. A Baseline potentiometric surface contour map for the Shallow
Alluvium aquifer is presented in Figure 5-8.

Table 5-11
Baseline Groundwater Elevations, November 7, 2007

Measuring Point
Elevation Water Levels Water Levels
Well (ft. MSL) (ft. below MP) (ft. MSL)
BMW-1 112.12 5.92 106.20
BMW-2 112.46 6.37 106.09
BMW-3 111.16 5.01 106.15
BMW-4 111.29 5.25 106.04
BMW-5 115.39 9.27 106.12
BMW-6 112.90 6.89 106.01
BMW-7 117.79 11.69 106.10
BMW-8 118.33 12.32 106.01
BMW-9 111.97 5.82 106.15
BMW-10 111.74 5.54 106.20
BMW-11 109.93 3.77 106.16
PZ-1 115.41 9.29 106.12
pPz-2 115.23 9.10 106.13
EX-1 114.34 8.36 105.98
EX-2 115.39 9.46 105.93
EX-3 117.05 11.16 105.89
EX-4 119.13 13.24 105.89
IW-1 112.12 NM NM
IW-2 114.41 NM NM
IW-3 116.14 NM NM
IW-4 118.73 NM NM
MAG-201 112.77 5.87 106.90

Based on the baseline data, groundwater flow direction is generally to the southwest and the
hydraulic gradient across the demonstration area was approximately 0.012 for the Kirkwood
aquifer. Using the hydraulic conductivity data derived from the pump test, and assuming an
effective porosity of 25 percent, the groundwater velocity within the Kirkwood formation was
estimated at approximately 0.08 ft/day. Water level measurements at monitoring wells MAG-
112P and MAG-113P indicated that there was no measureable vertical gradient between the
Kirkwood and Manasquan aquifers (at this location) under baseline conditions.
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5.3  TREATABILITY AND LABORATORY STUDY RESULTS

Laboratory studies associated with this project included two separate microcosm tests and two
separate column tests. Implementation and results of these studies are detailed in the following
subsections.

5.3.1 Laboratory Microcosm Testing

Prior to ESTCP funding of this project, an initial laboratory microcosm study was begun in June,
2004. Details of the study and results are presented in Appendix E of the Demonstration Plan
(Shaw 2007). Briefly, soil and groundwater collected from the MAG-1 Area were used to
determine if addition of biostimulation amendments could facilitate the biodegradation of TCE.
Three electron donors (lactate, emulsified vegetable oil, and polylactate ester), combined with a
sodium phosphate buffer (pH 7), were evaluated. Results collected over a 97-day period showed
that no measurable biodegradation of the TCE occurred relative to the controls. Thus,
biostimulation-alone was insufficient for treating the TCE, likely due to a deficiency in the
indigenous DHC populations.

A second laboratory microcosm study was initiated in June, 2005. This second study, described
in detail in Appendix F of the Demonstration Plan (Shaw 2007), was performed similarly to the
first study. However, bioaugmentation using Shaw’s SDC-9 culture (along with lactate,
nutrients, and carbonate buffer) was selected as the treatment. Results showed that chlorinated
ethene concentrations in the treatments were below the analytical detection limit within 11 days
of inoculation; ethene and ethane were generated as end products. The SDC-9 dosage in the
study was approximately 10° cells/'mL. Approximately 0.007g sodium bicarbonate per 30 g soil
was needed to raise the pH from 4.6 to 6.0. Thus, bioaugmentation, combined with pH
buffering, was shown to be a potentially feasible option for treating TCE in the MAG-1 Area.

Overall, results of the laboratory microcosms testing showed that biostimulation-alone was
insufficient for treating TCE in the demonstration area, and that addition of DHC was needed to
biodegrade the chlorinated ethenes.

5.3.2 Preliminary Testing to Evaluate SDC-9 Transport and Kinetics through Saturated
Soil

Preliminary column tests were performed using Shaw’s SDC-9 microbial culture. The objectives
of these tests were to evaluate SDC-9 transport, growth, and chlorinated ethene degradation
kinetics through a sandy soil (MAG-1 soil and groundwater were not used in these preliminary
tests).

Columns were prepared using a 7.2 cm diameter x 20 cm long section of aluminum tubing sealed
with '5” thick Teflon end caps. The Teflon end caps had circular channels cut to one half their
thickness to accommodate rubber o-rings as a sealant, and were secured with "4 threaded rods.
The center of the end caps were drilled and tapped to attach stainless steel fittings for influent
and effluent lines and sampling ports. Two additional sampling ports were equally spaced along
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the length of the column with 16 gauge stainless steel needles extending to the columns center
and controlled by stop cocks. A schematic of the column is shown in Figure 5-9.

Figure 5-9. Schematic of Column Apparatus Used in Laboratory Testing
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Groundwater contaminated with cDCE and amended with lactate was pumped from a Tedlar bag
upward through the column at 5 mL per hour using a peristaltic pump; injection of the cDCE
contaminated groundwater continued until equilibrium conditions were established across the
length of the column. 28 mL (equivalent to 0.1 column pore volumes) of Shaw’s DHC-
containing microbial consortia, SDC-9, was then injected at a DHC concentration of
approximately 4 x 10° DHC/mL; injection (5 mL/hr) of the ¢cDCE contaminated and lactate
amended groundwater was resumed immediately after the SDC-9 was delivered.

peristaltic pump
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Groundwater was sampled at each of the three sampling ports as a function of time during the 8-
week experiment. Samples were analyzed for VOCs, DHC (via qPCR analysis), volatile fatty
acids, and ethane/ethene. The column experiment was performed in duplicate.

Results of the column testing showed that a small fraction of the DHC initially injected was able
to migrate through the column. The concentration of DHC migrating through the column
increased with time as DHC growing from immobilized DHC near the column effluent detached
and migrated through the column. This rate of increase correlated to increased degradation of
the chlorinated ethenes, as indicated by decreasing chlorinated ethene concentrations throughout
the column as a function of time. The rates of increase in measured DHC concentrations, as well
as the rate of chlorinated ethene decreases, were well predicted by a Monod kinetic model that
had been previously calibrated to results obtained from batch experiments. Column data, along
with the corresponding model simulations, are shown in Figure 5-10. Thus, these column
studies demonstrated our ability to predict chlorinated ethene biodegradation rates and DHC
distribution during bioaugmentation. The Monod model also was validated as a useful tool for
selecting DHC dosages for the bioaugmentation demonstration (Schaefer et al, 2009).

Figure 5-10. Results of Laboratory Column Testing
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5.3.3 Column Testing using MAG-1 Soil and Groundwater

Laboratory column testing was performed to verify results of the microcosm and preliminary
column testing, and to evaluate microbial distribution, growth, and dechlorination activity
through site soils. Column testing also was used to verify the dosage of SDC-9 that was to be
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used in the field demonstration. Soil from the MAG-1 area, at the depth interval used in the
demonstration, was used to prepare the columns. The MAG-1 soil was classified as a silty, fine
to very fine sand, and was less permeable than the sand used in the preliminary column testing.

Column design and testing procedures were essentially identical to those described in the
previous section, with the exception of pH buffering (using sodium bicarbonate). Column results
showed that the SDC-9 inoculation resulted in measurable ethene generation in the column. The
column study was only performed for a relatively short duration, so a complete evaluation of
dechlorination kinetics could not be observed. However, evaluation of the column kinetics
showed that the kinetics were reasonably similar to those observed using the sandy soil described
in the previous section, although a longer lag period was observed. Thus, the column testing
confirmed the results of the microcosm testing, indicating that bioaugmentation, combined with
pH buffering, was a potentially feasible option for treating TCE in the MAG-1 Area.

54  DESIGN AND LAYOUT OF TECHNOLOGY COMPONENTS

Design and installation of the groundwater recirculation and amendment delivery systems, as
well as the layout and installation of the demonstration wells is described in detail in the
following subsections. System installation began in June 2007, and took approximately 3’2
months to complete (Table 5-1, Figure 5-1).

5.4.1 Groundwater Modeling and Final System Conceptual Design

Final system conceptual design was based on results of the laboratory microcosm and column
studies (Section 5.3), the Direct-Push investigation (Section 5.2.1), slug/pump testing (Sections
5.2.3 and 5.2.4), and a site-specific groundwater hydrogeologic fate and transport model. Final
system design included the following:

e Location and screen intervals for injection and extraction wells
e Injection/extraction well flow rates

e Location and screen intervals for monitoring wells

e Amendment (i.e., lactate, DHC) dosage

MODFLOW (USGS, 1996), a three-dimensional groundwater flow model, was used to construct
a geologic and hydraulic model of the demonstration area. RT3D (Clement et al., 1997), a solute
fate and transport model used within the MODFLOW groundwater flow model, was used to
simulate the migration and biodegradation of target contaminants. RT3D was also used to
evaluate the mixing and fate of cosubstrate amendments. Both the MODFLOW and RT3D
models were developed using the site-specific hydraulic, geologic, and biological (i.e.,
contaminant and electron donor biodegradation rates) data obtained during the baseline
characterization described in Section 5.2 and the laboratory microcosm and column testing data
described in Section 5.3.

The model was used to facilitate the design of the in situ bioaugmentation system (i.e. determine
injection/extraction well locations, pumping rates, and the lactate injection schedule) in order to
achieve decreases in groundwater chlorinated ethene concentrations. The model simulated
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transport of the lactate and target contaminants in the groundwater flow field induced by
operation of the treatment system. The rate of contaminant degradation was modeled using
Monod kinetics, with the electron donor (i.e., lactate) present in excess. Kinetic parameters for
contaminant biodegradation within the model were estimated based on the laboratory microcosm
and column studies. Additional details of the model are presented in Appendix G of the
Demonstration Plan.

Transport and growth of the injected DHC microorganisms were not explicitly simulated in the
MODFLOW/RT3D model. Instead, a constant and uniform DHC population was inherently
assumed within the model. This simplification is based on the results of the laboratory column
experiments and corresponding Monod microbial kinetic model, which indicated that
approximately 0.1% of the injected DHC were readily mobile (i.e., adhesion deficient) through
the saturated soil; the concentration of DHC throughout the column increased at a rate that was
proportional to the rate predicted by the Monod kinetic model. Parallel batch experiments
showed that cDCE biodegradation rates could be approximated by a pseudo first order
biodegradation rate constant, where

DHC concentration = 5 x 10* cell/mL — k = 0.019/day
DHC concentration = 5 x 10% cell/mL — k = 0.0014/day

Thus, an effective first order biodegradation rate constant was estimated for a given DHC
concentration (or, dosage). This estimation formed the basis for the estimated biodegradation
rate constant (0.001/day) used in the model. It should be noted that a first-order rate constant is
an approximation, as this rate constant incorporates an average value of both microbial kinetics
and growth. Such an approximation, however, is sufficient for estimating the overall rate of
contaminant decay during bioaugmentation treatment, and allows the use of simpler and
commercially available microbial kinetic models to be used within the framework of a
hydrogeologic model (as demonstrated for the model presented in Appendix G of the
Demonstration Plan).

The overall goal of the model was to facilitate the conceptual design of an in situ
bioaugmentation system. Specifically, the model was used to verify and evaluate the following:

e Mixing of injected amendments with groundwater. Simulated amendment concentrations
in the treatment zone were evaluated as a function of depth and distance from the
injection well to determine the well flow rates, spacing, and screen interval needed to
ensure proper mixing;

e Biodegradation (via bioaugmentation) of chlorinated ethenes within the treatment zone,
and within a reasonable timeframe. Simulated contaminant biodegradation rate constants
were based on the results of the laboratory microcosm and column studies. These rate
constants were used within the model to verify that the conceptual system design
provided sufficient residence time such that substantial decreases in chlorinated ethene
concentrations would be observed within the timeframe of the demonstration.
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e Determination of DHC dosage. As previously discussed, chlorinated ethene
biodegradation rates are, in part, controlled by the DHC concentrations. Thus, the model
was used to verify that the selected DHC dosages would result in substantial chlorinated
ethene biodegradation rates within the timeframe of the project, and that measurable
differences in contaminant biodegradation rates among the selected dosages would be
expected.

e Design of a monitoring well network to sufficiently evaluate system performance. The
model was used to determine locations and screen intervals for monitoring wells so that
system performance could be assessed. Specifically, wells were placed in locations so
that simulated extraction well capture (i.e., drawdown), amendment delivery, and
contaminant concentrations could be observed.

The system design, based on the MODFLOW/RT3D simulation, consists of four pairs of
injection/extraction wells (IW-1through IW-4, and EX-1 through EX-4) operating at 0.50 gpm
per pair. The actual surveyed system layout, including two performance monitoring wells within
each recirculation loop is shown in Figure 5-5. These monitoring wells (BMW-1 through
BMW-8) are spaced approximately 10 feet and 20 feet downgradient of the injection well. Three
additional performance monitoring wells (BMW-9 through BMW-11) are located between or
side-gradient of select loops. As described in Section 4.3, the system is located within the core
of the dissolved TCE/cDCE plume. Based on the demonstration area lithology, contaminant
distribution, and results of the demonstration area characterization activities (Section 5.2), all
extraction, injection and performance monitoring wells were screened within the Kirkwood
formation, and above the Interface Zone (Figure 5-7). The injection/extraction well pairs were
oriented parallel to groundwater flow, and Loop 3 was positioned so as to utilize existing
monitoring wells, as well as the nested piezometers installed during the hydrogeologic
investigation (5.2.2). Table 5-4 summarizes the well construction details for the injection and
extraction wells, monitoring wells, and piezometers.

Particle tracking analysis was performed using the model to determine the travel time between
the injection and extraction wells, and to ensure that the spacing between well pairs was
sufficient to prevent any substantial cross-flow between the well pairs. Results of the particle
tracking analysis are shown in Figure 5-11. Results showed that 30-foot separation spacing
between injection/extraction well pairs is sufficient for preventing any substantial cross-flow,
and that the particle travel time from the injection to the extraction well is approximately 35
days.

Model simulations presented in the Demonstration Plan showed the expected changes in
groundwater chlorinated ethene concentrations as a function of time for initial DHC dosages of 5
x 107 cell mL and 5 x 10° cell/L, respectively. Results showed that measurable biodegradation
within 120 days after bioaugmenting was expected for each dosage. In addition, a substantial
difference was expected in the overall rate of remediation between the two treatment dosages.
Thus, the three DHC dosages selected for the field demonstration were approximately 5 x 10
cell/L, 5 x 10° cell/L, and 5 x 10° cell/L, which equate to SDC-9 injection volumes of 100 L, 10
L, and 1 L, respectively. These selected dosages were expected to provide measurable VOC
biodegradation within the duration of the demonstration period, and were expected to exhibit
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degradation rates that are measurably different from each other. Observed demonstration
degradation rates, as they relate to DHC dosage, are discussed in Sections 5.7.4 and 6.1. NOTE:
DHC concentrations are based on injected DHC cells divided by the saturated treatment volume
of each loop.

Figure 5-11. Particle Tracking Simulation
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5.4.2 Permitting

Shaw applied for a New Jersey Discharge Elimination System (NJPDES) Discharge to
Groundwater (DGW) Permit-By-Rule from the NJDEP case manager for the multiple injections
of bioaugmentation amendments, aquifer conditioning agents, and bromide/fluoride tracers. The
Permit-By-Rule submittal letter was submitted on March 28, 2007, and contained all required
technical design information necessary for the NJDEP case manager to write and approve the
permit. NJDEP approval was provided in a letter dated September 21, 2007. Shaw’s Permit-by-
Rule submittal letter and the NJDEP approval letter are provided in Appendix G.

All monitoring, extraction and injection well permits were obtained by the subcontracted drilling
company (SGS Environmental Services, Inc.) directly through the NJDEP Bureau of Water
Allocation. All facility specific protocols were adhered to and field activities were coordinated
through the appropriate facility representatives for the necessary safety permits, and utility
clearances.
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5.4.3 Well and Equipment Installation
5.4.3.1 Grubbing and Clearing

As shown on Figure 4-2, the Demonstration Area is located within a wooded area. A temporary
access road was created, starting from the tree-line west-southwest of monitoring well MAG-67,
to the Demonstration Area. The road was intentionally built around larger trees. Smaller trees
(less than 10 inches in diameter) were cut down flush with the ground surface with a chainsaw
and moved to a designated area. Locations were also cleared for the Demonstration wells and
remediation systems (housed within two Conex boxes; Figure 5-5). Dense gravel aggregate was
used to create two level pads for the Conex boxes, and to improve portions of the access road.
Grubbing, clearing and gravel spreading activities were conducted between March 28 and April
6, 2007 (Table 5-1).

5.4.3.2 Well Installations

Installation and development of extraction, injection and monitoring wells was performed
between June 6 and July 2, 2007 (Table 5-1, Figure 5-1). The final Demonstration well layout
is provided in Figure 5-5. Four recirculation loops were installed, with an orientation parallel to
groundwater flow. The layout includes approximately 25 feet of separation between each
recirculation loop. The distance between the injection well (designated as IW) and extraction
well (designated as EX) in each loop is approximately 30 feet. Two performance monitoring
wells (designated as BMW) were installed along each of the injection/extraction well transects,
at distances of approximately 10 and 20 feet from the injection well, respectively. Each of the
injection/extraction well pairs, along with the two intermediate monitoring wells, comprised a
recirculation loop. The four loops allowed the following amendment dosages to be tested.

e Loop 1: Lactate, buffer, nutrients, and 100 L of SDC-9 injected
e Loop 2: Lactate, buffer, nutrients, and 10 L of SDC-9 injected
e Loop 3: Lactate, buffer, nutrients, and 1 L of SDC-9 injected

e Loop 4: Lactate, buffer, and nutrients only

Three additional performance monitoring wells (BMW-9 through BMW-11) were installed side-
gradient of the Loop 1 injection/extraction well transect to monitor lateral distribution of
amendments, and possible cross flow between loops (Figure 5-5). A cross-sectional view of
Loop 3 is shown in Figure 5-7. Well construction details for Demonstration Area injection,
extraction, and monitoring wells are summarized in Table 5-4.

All well installations were performed by a New Jersey licensed driller (SGS Environmental
Services, Inc.) and supervised by a Shaw geologist. The injection and extraction wells were
installed within a nominal 10-inch diameter borehole using HSA drilling methods. Injection and
extraction wells were constructed using flush-threaded, 6 inch diameter, Schedule 40, PVC, with
10 feet of 0.020 inch slotted screen (Table 5-4).
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The filter pack for each injection and extraction well consists of #2 Morie sand extending to 1.5
feet above the top of screen. A 1.5-foot transition pack of #00 Morie sand was placed above the
#2 sand, and cement-bentonite grout was emplaced to within 3 feet of the surface via Tremie
pipe (grout was not installed above 3-feet bgs to allow for the below-ground installation of
pitless adapters through the well casing). Each well was completed with an approximate 2-foot
PVC stick-up.

The BMW series performance monitoring wells were also installed using the HSA drilling
method. The wells were installed within a nominal 8-inch diameter borehole. Performance
monitoring wells were constructed with flush-threaded, 2 inch diameter, Schedule 40, PVC riser
and 10 feet of 0.010-inch slotted PVC well screen (Table 5-4).

The filter pack for each monitoring well consists of #1 Morie sand extending to 1.5 to 2.0 feet
above the top of screen. A 1.0 to 1.5-foot transition pack of #00 Morie sand was placed above
the #1 sand, and cement bentonite grout was emplaced to within 2 feet of the surface via Tremie
pipe. Each well was completed with a locking steel well casing protector installed in a 24 inch
by 24 inch concrete pad at the ground surface. Well construction details are summarized in
Table 5-4.

Development off all the extraction, injection and monitoring wells was accomplished by surging
the well with a surge block and pumping the groundwater until the water was clear and the well
was sediment free to the fullest extent practical. Wells were developed using a submersible
pump and water was not be added to the well to aid in development. The pump, hose, and cable
were decontaminated between wells following the procedures outlined in Demonstration Plan.

Well installation and development activities (including equipment decontamination), and
management of IDW were conducted as detailed in the Demonstration Plan (Shaw 2007). Field
activities were conducted in Level D Protection. Underground utility clearances were obtained
for all intrusive site activities. Clearance of all underground utilities was arranged with
appropriate Fort Dix facility personnel and local utility companies.

After the wells were completed, each well was surveyed by a licensed surveyor to determine its
horizontal location to within +1 foot, and the elevation of the top of the inner PVC well casing to
a +0.01-foot precision.

5.4.3.3 Well Pumps, Piping, and Controls Installation

The majority of the groundwater recirculation and amendment injection systems were installed
during the weeks of September 17 and September 24, 2007 (Table 5-1, Figure 5-1). The
systems were constructed within one 40-foot long and one 20-foot long Conex box, located
within the demonstration area (Figure 5-5). A photograph of the Conex boxes is provided in
Figure 5-12. A diagram showing the general design of the system, including extraction and
injection wells and the associated equipment, is provided in Figure 5-13. Submersible variable-
speed pumps were installed in the extraction wells to extract groundwater from the aquifer. The
extraction well pumps were centered within the screen interval of the extraction wells.
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Figure 5-12. Photograph of 20-foot and 40-foot Conex Boxes

Three-foot deep trenches were excavated from each of the extraction and injection wells to the
20-foot Conex box. Piping and conduit were connected to each of the wells (Figure 5-14),
installed within the trenches, and passed through the bottom of the Conex box. Conduits were
used for pump power supply wires, level control probe wires, and cables connected to pressure
transducers installed in each of the extraction and/or injection wells. Valves, gauges, and fittings
were installed as necessary to complete the piping runs and connections. The trenches were
backfilled after leak testing was performed on the piping and all wires and cables were
successfully installed.

Shaw coordinated installation of single-phase, 240 Volt, 150 Amp electrical service and a
wireless communications system to the 20-foot Conex box. Shaw subcontracted Calcon
Systems, Inc. to update a process controls system within the Conex box (the Conex box and
controls system were used during a previous bioremediation project). The controls system
consisted of a Programmable Logic Controller (PLC) panel (Figure 5-15) connected to a desktop
computer, and a Supervisory Control and Data Acquisition (SCADA) system (Figure 5-16).
The PLC panel was connected to flow meters/totalizers and level control probes within the
extraction wells, and the electron donor and biocide dosing systems. The SCADA system
collected data from various sensors and system components and sent the data to the computer for
recording and storage. The SCADA system and wireless communications system allowed for
remote real-time monitoring and control of several system operating conditions. Parameters
measured and recorded during operation included electron donor and buffer metering pump run
times, extraction and injection well pump run times, flow rates, and speed, and water levels
within the injection wells. By remotely monitoring these parameters, system operating problems
could be quickly identified and resolved.
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Figure 5-14. Photograph of Injection Well Connections
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Figure 5-16. Photograph of SCADA System Main Screen
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5.4.3.4 Construction of Electron Donor and Buffer Injection Systems

Amendment metering pumps for delivery of the electron donor (sodium lactate) and buffer
(sodium bicarbonate and/or sodium carbonate) solutions were installed within the 40-foot Conex
box (Figure 5-17). A 220-gallon poly tank containing a 50:50 mix of 60% liquid sodium lactate
solution and de-ionized water was located along the wall, near the front of the Conex box. Yeast
extract was sometimes added to this mix to further enhance biological activity. Eight 220-gallon
poly tanks containing Site groundwater, buffer, and nutrients (diammonium phosphate) were
located along one side of the Conex box (Figure 5-18). Individual feed lines were run from the
tanks to the corresponding metering pump and from the metering pump through a pass through
between the two Conex boxes to two injection racks installed within the 20-foot Conex box. The
injection racks (Figure 5-19) contained filter housings, flow meters, pressure gauges, and
injection ports for the amendments. All selected piping, tubing, and associated materials were
designed to be compatible with the liquid amendments.

Electron donor and buffer metering pump operations (i.e. dosing duration and frequency) were
set and monitored via the SCADA system. Batches of electron donor and buffer solution were
mixed manually, as needed. The injection rate of the electron donor and buffer solutions were
set manually using adjustments on the metering pump. The daily volume of amendments could
be controlled by either manually adjusting the feed rate of the metering pump, or by changing the
dosing duration and frequency via the SCADA system. Therefore, the system provided excellent
flexibility with respect to dosage concentrations and frequencies. Lactate and buffer were added
continuously during active groundwater recirculation periods. Injection schedules,
concentrations and volumes are discussed in detail in Sections 5.5.2 and 5.5.3.
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Figure 5-17. Photograph of Lactate Metering Pumps
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Figure 5-19. Photograph of Amendment Injection Rack

5.4.4 Biofouling Mitigation Approach

Microbial biofouling is a significant concern with any in situ bioremediation system, and
particularly with those requiring active pumping. Various chemical and operational approaches
have been tested (or are currently being tested) to mitigate biofouling, including “oxidizing”
amendments (e.g., chlorine dioxide, sodium hypochlorite, and hydrogen peroxide), acid
treatment, enzyme addition, liquid carbon dioxide, intermittent pumping strategies, and other
techniques. At present, there does not appear to be a simple solution for this problem.

Biofouling was not observed during the column experiments (Section 5.3.3). Additionally, the
primary goals of the field demonstration were to evaluate the amount of culture needed to
effectively remediate a CVOC-contaminated plume, and to determine the effect of inoculum
dose on remedial time. Injecting an anti-biofouling agent on a regular basis could potentially
impact the results of the demonstration by killing some of the injected SDC-9 culture.
Therefore, biofouling mitigation was limited to redevelopment of the injection wells during the
demonstration.

Well redevelopment was accomplished by adding an acid and conditioner (NuWell 120 and 310)

to the wells, surging the wells with a surge block, and allowing the acid to remain in the well
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overnight. The well was then surged and pumped with a submersible pump multiple times until
well performance improved and the pH of the extracted water measured higher than
approximately 4.5 standard units (baseline pH value). This method was intended to limit the
impacts of well-fouling treatment on injected culture, by limiting treatment to the injection well
screen, sandpack, and immediate surrounding formation.

5.5 FIELD TESTING

Field Testing began in November 2007, and lasted for approximately 14 months. Testing was
performed in three operational phases; 1) system testing, 2) System start-up and tracer testing,
and 3) bioaugmentation, systems operation and performance monitoring.

5.5.1 System Testing

The recirculation system was successfully tested between November 8 through November 14,
2007 to insure proper operation of pumps and controls. During this process, various operating
and alarm conditions were simulated, and all equipment and sensors were checked for proper
calibration. The communication between the PLC and the various pieces of equipment and
sensors was monitored to insure all data was being communicated and logged accurately.
Additionally, brief testing of the electron donor and buffer injection systems was performed
using potable water to check for leaks and allow for selection of proper flow rates and pressures.
Water levels were measured manually in demonstration area monitoring wells and extraction
wells, and automatically at the injection wells by the SCADA system during this period to
determine the impacts of groundwater extraction and injection on local water table elevations.

5.5.2 System Start-up and Tracer Testing

Operation of the four recirculation loops began on November 15, 2007. Groundwater was
pumped from each of the four extraction wells at a rate of approximately 0.5 gpm, and re-
injected into the corresponding injection wells at the same rate. Operation of the amendment
injection systems began on November 16, 2007, after a full day of successful groundwater
recirculation. Groundwater extraction rates for each extraction well were reduced from 0.5 gpm
to 0.4 gpm on January 3, 2008, and to 0.3 gpm on January 15, 2008, to minimize injection
pressures at the injection wells.

The system Start-up period lasted for 10 weeks, leading up to the addition of the SDC-9
bioaugmentation culture on January 24, 2008. During this period, lactate, buffer (sodium
bicarbonate or sodium carbonate), and nutrients (diammonium phosphate and yeast extract) were
injected into each of the four injection wells in equal amounts, using the amendment delivery
systems described in Section 5.4.3.4. Addition of these amendments created biogeochemical
conditions within the aquifer that were favorable to bioaugmentation with the SDC-9 culture.
The groundwater recirculation and amendment delivery systems operated nearly continuously
(except for brief O&M shutdown periods) during the Start-up period. All four injection wells
were redeveloped between December 20 and December 26, 2007 using the methods described in
Section 5.4.4.
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5.5.2.1 Amendment Addition

Electron donor and buffer metering pump operations (i.e. dosing duration and frequency) were
set and monitored via the SCADA system. Batches of electron donor, nutrients, and buffer
solution were mixed manually, as needed. Liquid sodium lactate (60% by weight) was mixed
with an equal volume of de-ionized water in a 220-gallon poly tank. During the start-up period,
lactate solution was metered into each of the injection wells (operating at approximately 0.5
gpm) at 2.5 ml/minute, thereby attaining a final sodium lactate injection concentration of
approximately 480 mg/L (weighted average of 1.2 kg/day per loop).

Buffer solution was prepared in 220-gallon poly tanks (2 tanks dedicated to each of the 4 loops)
using groundwater and sodium bicarbonate or sodium carbonate powder. The solution was
metered into each of the injection wells between 0.75 gallons per hour (gph) and 1.82 gph,
thereby attaining a final buffer injection concentration of between approximately 1,700 mg/L and
4,300 mg/L (weighted average of 6.82 kg/day per loop). Sodium bicarbonate buffer was used
from Start-up (November 16, 2007) until December 11, 2007, at which time the buffer used was
changed to sodium carbonate (a stronger buffer) to more effectively increase pH within the
aquifer. Additionally, diammonium phosphate (nutrients) was mixed into the buffer solution
tanks, attaining a final injection concentration of approximately 20 mg/L (weighted average of
49 g/day per loop).

The injection rate of the electron donor and buffer/nutrient solutions were set manually using
adjustments on the metering pump. Lactate, buffer, and nutrients were added continuously
during active groundwater recirculation periods. The groundwater recirculation and amendment
delivery systems generally ran at these settings during the first 9 weeks of operation (i.e. system
start-up). Additionally, bulk injections of sodium carbonate were performed on December 27,
2007 (100 lbs per well) and January 15, 2008 (150 Ibs. per well) at each of the four injection
wells. Sodium carbonate powder was mixed in drums with groundwater extracted from each of
the injections wells, then re-injected into the wells. These bulk injections were performed to
further elevate groundwater pH values that still largely remained below 5.5 standard units after
several weeks of system operation.

A total of approximately 416 L (110 gallons) of 60% sodium lactate solution (containing 330 kg
lactate), 680 kg (1,500 Ibs.) of sodium bicarbonate, 1,680 kg (3,700 Ibs.) of sodium carbonate
(including the bulk injections), and 13.6 kg (30 1bs.) of diammonium phosphate were injected in
equal amounts into the four Loops during the 10-week Start-up period.

5.5.2.2 Tracer Testing

A tracer test was performed during the start-up period to evaluate/verify local hydrogeologic
characteristics, including hydraulic conductivity, heterogeneity, vertical component of
groundwater flow, and dispersivity. Injection of conservative tracers bromide (in the form of
sodium bromide) and fluoride (in the form of sodium fluoride) were performed at the injection
wells during the first four weeks of the start-up period. Sodium bromide was used in
recirculation loops 1 and 3, and sodium fluoride was used in loops 2 and 4. By using alternating
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tracers among the loops, the potential for any cross-flow between well pairs was evaluated.
Tracer injection occurred relatively continuously for a 28-day period.

One-hundred pounds (45.5 kg) each of sodium bromide and sodium fluoride (crystalline form)
was mixed into the buffer tanks (located within the 40-foot Conex box) with Site groundwater.
A total of 510 gallons of solution (three 170-gallon batches), with an average bromide
concentration of approximately 9,100 mg/L was prepared in the buffer tanks for Loops 1 and 3,
and a total of 510 gallons of solution (three 170-gallon batches), with an average fluoride
concentration of approximately 5,300 mg/L was prepared in the buffer tanks for Loops 2 and 4.
Tracer injections began on November 16, 2006, and were completed on December 14, 2007.
The buffer metering pumps were used to inject the tracer solution continuously into the injection
wells during active groundwater recirculation periods. The bromide and fluoride solutions were
metered into the injection wells at approximately 0.75 gallons per hour (gph) (2.84 Liters per
hour) at average injection concentrations of approximately 225 mg/L (bromide) and 130 mg/L
(fluoride), respectively.

During the system start-up and tracer testing phase, six groundwater sampling events were
performed at select monitoring locations within the demonstration area to monitor migration of
tracers and lactate, determine the appropriate changes in aquifer geochemical conditions (i.e.,
increases in pH, decreases in dissolved oxygen and other electron acceptors, decreases in
oxidation-reduction potential (ORP)), to evaluate changes in dissolved chlorinated ethene
concentrations due to system mixing, and to determine baseline conditions prior to
bioaugmentation. Table 5-1 and Figure 5-1 summarize the groundwater sampling schedule,
and Table 5-7 lists the wells that were sampled and the analyses that were performed during this
phase of the demonstration.

5.5.3 Bioaugmentation, Systems Operation, and Performance Monitoring

Two bioaugmentation events, continued operation of the groundwater recirculation and
amendment delivery systems, and twelve rounds of performance monitoring were performed
during this phase of the demonstration. These activities are summarized in the following
subsections.

5.5.3.1 Bioaugmentation

The first of two bioaugmentation injection events was conducted on January 24, 2008. The
SDC-9 culture used for the bioaugmentation was grown at Shaw’s fermentation facility in
Lawrenceville, New Jersey immediately prior to injection. The DHC concentration in the
injected culture was measured at 2.17 x 10'° cells/liter via qPCR analysis at Shaw’s analytical
laboratory in Lawrenceville, New Jersey.

Immediately prior to the bioaugmentation injections, approximately 50 gallons of groundwater
was pumped from injection wells IW-1 through IW-3 into individual 55-gallon drums. The
culture was delivered to the Site under nitrogen pressure in three individual soda kegs. The
bioaugmentation injections were performed through Tygon tubing that was lowered into the
water column within each well, to the approximate middle of the screened interval. The tubing
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was connected to a valve on the outlet port of each soda keg containing the bacteria. A nitrogen
cylinder was connected to the inlet port of the soda keg. The soda keg was pressurized to
approximately 10 psi using the nitrogen, and the outlet valve was opened allowing the culture to
be injected into each well. This injection method limited exposure of the SDC-9 culture to
oxygen.

A total of 100 liters, 10 liters, and 1 liter of culture were injected into injection wells IW-1, IW-2
and IW-3, respectively. Bioaugmentation was not performed at injection well IW-4, as this well
was part of the control loop. Each bioaugmentation injection took approximately 20 minutes to
perform. Once the injection of the culture was complete, the 50 gallons of groundwater
extracted from each of the injection wells was pumped back into the respective wells to further
distribute the culture within the surrounding formation.

It is believed that high pH levels (>10 standard units) measured in injection wells IW-1 through
IW-3 shortly after the first bioaugmentation injection may have adversely affected the injected
SDC-9 culture, as no substantial dechlorination or downgradient migration of DHC were
observed over a 12-week period (see Section 5.7.4). Therefore, a second bioaugmentation event
was conducted on May 1, 2008. Unlike the first injection, the culture was injected into the first
downgradient monitoring well within Loops 1 through 3, to prevent high pH levels in the
injection wells from impacting the injected culture. A total of 100 liters, 10 liters, and 1 liter
were injected into injection wells BMW-1, BMW-3 and BMW-5, respectively. Injection
procedures were as described above, with the exception of lactate (16,000 mg/L), diammonium
phosphate (1,000 mg/L) and yeast extract (1,000 mg/L) being added to the 50 gallons of chase
water. The DHC concentration in the injected culture was measured at 1.45 x 10'* cells/liter
(approximately 2 orders of magnitude higher than the first injected culture) via qPCR analysis at
Shaw’s Laboratory in Lawrenceville, New Jersey.

5.5.3.2 System Operation

After the first bioaugmentation injection on January 24, 2008, the groundwater recirculation and
amendment delivery systems were operated continuously until March 3, 2008 (39 days).
Groundwater extraction rates for each extraction well were reduced from 0.3 gpm to 0.25 gpm
on February 7, 2008.

Between March 3, 2008 and November 5, 2008, the systems were operated in an “Active-
Passive” mode. During “Active” cycles, groundwater was continuously recirculated, and lactate,
buffer, and nutrients (i.e., diammonium phosphate and yeast extract) were continuously injected
into the aquifer. During “Passive” cycles, the systems were not operated, and the injected
amendments were allowed to move naturally with the groundwater. Each individual Active and
Passive period lasted generally 1-2 weeks. The systems were operated in Active mode
approximately 50 percent of the time during this 8-month period. This approach provided
mixing of electron donor and nutrients within the designed treatment areas, and allowed natural
groundwater flow to further distribute the amendments downgradient.

The amendment delivery system normally operated while groundwater was being re-circulated,
with the exception of the last 25 days of operation (October 10, 2008 to November 5, 2008),
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when amendment delivery was halted. Groundwater extraction rates for each extraction well
were reduced from 0.25 gpm to 0.15 gpm on June 3, 2008, and to 0.1 gpm on July 3, 2008, to
minimize injection pressures at the injection wells. Additionally, Loop 1 groundwater
recirculation and amendment addition was ceased on October 1, 2008 (approximately 1 month
before Loops 2 through 4) due to excessive groundwater mounding in the vicinity of injection
well IW-1.

Electron donor and buffer metering pump operations (i.e. dosing duration and frequency) were
set and monitored via the SCADA system. Batches of electron donor and buffer solution were
mixed manually, as needed. Liquid sodium lactate (60% by weight) was mixed with an equal
volume of de-ionized water in a 220-gallon poly tank. The lactate solution was metered into
each of the injection wells between 2.5 ml/min and 5.0 ml/minute, thereby attaining a final
sodium lactate injection concentration of between approximately 1,000 mg/L and 4,500 mg/L
during system operational periods (weighted average of 1.46 kg/day per loop). Yeast extract
(nutrients) was also mixed into the lactate solution tank, attaining a final injection concentration
of approximately 110 mg/L (weighted average of 66.7 g/day per loop).

Buffer solution was prepared in 220-gallon poly tanks (2 tanks dedicated to each of the 4 loops)
using groundwater and sodium bicarbonate and/or sodium carbonate powder. The solution was
metered into each of the injection wells between 0.25 gallons per hour (gph) and 1.85 gph,
thereby attaining a final buffer injection concentration of between approximately 1,500 mg/L and
12,000 mg/L (weighted average of 5.08 kg/day per loop). Sodium carbonate buffer was used
from January 24, 2008 until May 30, 2008, at which time the buffer was changed to sodium
bicarbonate (a weaker buffer) to maintain the desired pH within the aquifer. The buffer was
switched back to sodium carbonate on July 15, 2008 (and continued until the end of the
demonstration) when it was observed that pH levels were dropping within the aquifer.
Additionally, diammonium phosphate (nutrients) was mixed into the buffer solution tanks,
attaining a final injection concentration of approximately 160 mg/L (weighted average of 98
g/day per loop).

A total of approximately 1875 L (495 gallons) of 60% sodium lactate solution (containing 1,485
kg lactate), 2,500 kg (5,500 lbs.) of sodium bicarbonate, 2,680 kg (5,900 lbs.) of sodium
carbonate (including the bulk injections), 100 kg (220 Ibs.) of diammonium phosphate, and 68 kg
(150 Ibs.) of yeast extract were injected into the four Loops during the 9 2-month operational
period (January 24 through November 5, 2008).

The SCADA system allowed for remote monitoring and adjustments of groundwater extraction
and injection rates, as well as electron donor injection frequency and duration. System operating
parameters were adjusted as necessary to optimize performance. Additionally, Shaw personnel
performed regular site checks and maintenance of the groundwater recirculation and amendment
delivery systems during this phase of the demonstration. Site checks included measurements of
system pressures (manual gauges), water levels, extraction and injection flow rates and totals,
mixing of amendment solutions, as well as leak checks and filter changes. The mixing of
amendment solutions was the most time-intensive O&M component.
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The general approach for biofouling control was discussed in Section 5.4.4. Water levels in the
extraction wells and water levels and/or injection pressures in the injection wells were monitored
for signs of fouling. As discussed in Section 5.5.2, all four injection wells were redeveloped in
December 2007, during the Start-up phase. All four injection wells were redeveloped again
between June 25 and June 29, 2008, using the methods described in Section 5.4.4. Well fouling
appeared to be occurring from an accumulation of carbonate and insoluble complexes (most
likely iron sulfides and iron carbonates, as discussed in Section 5.7.4) within the well screen,
sandpack and the immediate surrounding formation. This biofouling mitigation approach (i.e.
well redevelopment) was chosen because injection of an anti-biofouling agent on a regular basis
could have potentially impacted the results of the demonstration by killing some of the injected
SDC-9 culture.

5.5.3.3 Performance Monitoring

During this Period of Operation, extensive groundwater monitoring was performed to evaluate
changes in biogeochemical conditions, chlorinated ethene concentrations, electron donor
concentrations and consumption rates, and microbial growth and distribution (via qPCR
analysis). A total of twelve performance monitoring groundwater sampling events were
conducted in the demonstration area between January 30, 2008 and January 5, 2009 to monitor
treatment performance. A schedule summarizing performance monitoring sampling events is
provided in Table 5-1 and Figure 5-1. The first five sampling events were performed between
the first and second bioaugmentation events. The next five sampling events were performed
after the second bioaugmentation event, and while the groundwater recirculation system was
operating. The final two sampling events were performed after the groundwater recirculation
system had been shut down.

Sampling was performed by Shaw personnel, in accordance with the procedures described in the
Demonstration Plan (Shaw, 2007). Groundwater samples were collected utilizing low-flow
purging in accordance with NJDEP Low Flow Purging and Sampling Guidance, with the
exception of purge times being limited to 60 minutes at each. Samples were obtained using a
dedicated submersible bladder pump and Teflon tubing. A YSI field meter with a flow-through
cell was used to collect measurement of field geochemical parameters (pH, ORP, temperature,
specific conductivity, and dissolved oxygen). Groundwater samples were submitted to the Shaw
Environmental Analytical Laboratory in Lawrenceville, New Jersey.

Analyses of groundwater collected during the performance monitoring sampling events included
VOCs, reduced gases, VFAs, anions (including nitrate and sulfate), dissolved iron and
manganese, and DHC (via qPCR analysis) (Table 5-7). With the exception of dissolved iron and
manganese, all analyses were performed by the Shaw’s New Jersey Certified Analytical
Laboratory in Lawrenceville, NJ. Dissolved iron and manganese analyses were performed by
Accutest Laboratories, Dayton, NJ, under subcontract to Shaw.

Groundwater elevation measurements were also collected during this phase of the demonstration
to evaluate changes in hydraulic gradients induced by operation of the injection/extraction well
system in the Demonstration Area.
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5.5.4 Demobilization

At the completion of this study all groundwater recirculation and amendment injection
equipment was disconnected and removed from the MAG-1 Area. These efforts included
disconnecting the power line, removing and cleaning all pumps and other down hole
components within the injection and extraction wells, and disconnecting and removing all piping
connections between the injection and extraction wells and the recirculation system. The 20-foot
Conex box (and associated equipment) was shipped to a Shaw storage facility. The 40-foot
Conex box was left in the MAG-1 Area for future use during full scale remedial activities. All
drums and poly tanks were cleaned (using a power-washer), cut up, and placed in a dumpster for
disposal. The injection, extraction, and monitoring wells installed for this study have become the
property and responsibility of Fort Dix for use in future monitoring, demonstration, or remedial
efforts.

5.6 SAMPLING METHODS

The Quality Assurance Project Plan (QAPP) that was followed during the demonstration is
provided in Appendix H. The QAPP provides details on calibration of analytical and field
equipment, quality assurance (QA) sampling, decontamination procedures, and sample
documentation, as well as other QA/QC procedures adhered to during the demonstration. The
procedures in the QAPP were followed during site characterization activities (direct-push soil
and groundwater sampling) as well as during all demonstration groundwater sampling events.

Site Characterization Sampling

As discussed in Section 5.2.1, a direct-push (Geoprobe®) investigation was conducted in the
MAG-1 Area between January 8 and January 12, 2007. During the investigation, soil samples
were collected from the six locations (GP-1 through GP-6) shown on Figure 5-2. Continuous
soil core samples for lithologic evaluation were collected from each boring to a depth of 35 to 40
feet bgs (~70-75 feet MSL). Soil cores were screened for VOCs using a photo-ionization
detector (PID); one soil sample from each boring location, correlating to the depth interval where
the highest PID readings were recorded below the water table, was collected using the NJDEP
approved “closed-system vials, no chemical preservation” method (NJDEP, 2005).
This is a preferred method of preservation by USEPA CLP SOW (NJDEP 2005). The samples
were analyzed for VOCs via EPA Method 8260. Soil analyses were performed by Shaw’s New
Jersey certified laboratory in Lawrenceville, New Jersey.

Groundwater samples were also collected from six locations, located immediately adjacent
(within 3 feet) to the six soil sampling locations described above (Figure 5-2). Samples were
collected using an NJDEP approved direct-push method (NJDEP 2005). Four to five discrete
groundwater samples were collected at each of the locations, using a Geoprobe® stainless steel
Screen Point sampler. Dedicated tubing was lowered into the sampler through the direct-push
rods, and a peristaltic pump was used to pump water from the sampler. Samples were collected
once the purged groundwater was relatively free of sediment. Sample intervals were based on
observed lithology and PID readings. A total of 26 aqueous samples (including one equipment
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blank) were collected and analyzed for VOCs at Shaw’s Lawrenceville, New Jersey laboratory.
Two trip blanks were also analyzed for VOCs.

Demonstration Groundwater Sampling

All groundwater sampling during the demonstration was performed by Shaw personnel, in
accordance with the procedures described in the Demonstration Plan (Shaw, 2007).
Groundwater samples were collected utilizing low-flow purging in accordance with NJDEP Low
Flow Purging and Sampling Guidance, with the exception of purge times being limited to 60
minutes at each. Samples were obtained using a dedicated submersible bladder pump and Teflon
tubing. A YSI field meter with a flow-through cell was used to collect measurement of field
geochemical parameters (pH, ORP, temperature, specific conductivity, and dissolved oxygen).
Groundwater samples were submitted to the Shaw Environmental Analytical Laboratory in
Lawrenceville, New Jersey.

Analyses of groundwater collected during sampling events included VOCs, reduced gases,
VFAs, anions, dissolved iron and manganese, and DHC (via qPCR analysis). Table 5-1
summarizes the groundwater sampling schedule, and Table 5-7 lists the wells that were sampled
and the analyses that were performed during the demonstration. Analytical methods and sample
quantities are summarized in Tables 5-12 and 5-13, respectively. With the exception of
dissolved iron and manganese, all analyses were performed by the Shaw’s New Jersey Certified
Analytical Laboratory in Lawrenceville, NJ. Dissolved iron and manganese analyses were
performed by ChemTech Laboratories, Mountainside, NJ, and Accutest Laboratories, Dayton,
NJ, under subcontract to Shaw.

Table 5-12
Analytical Methods for Sample Analysis
Parameter Method/Procedure Preservative Bottle Size/Type
VOCs EPA 8260 Hydrochloric Acid, 4°C 40 mL VOA /glass
Anions EPA 300.0 4°C 100 mL/plastic
Volatile Fatty Acids (VFAs) EPA 300 m 4°C 40 mL VOA/glass
Reduced gases EPA 3810/RSK-175 Hydrochloric Acid, 4°C 40 mL VOA/glass
gPCR - 4°C 100 mL/glass
Dissolved Iron and Manganese EPA 200.7 Nitric Acid 250 mL/plastic
Redox Potential Field Meter -- --
Dissolved Oxygen Field Meter -- --
pH Field Meter -- -
Conductivity Field Meter - -
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57 SAMPLING RESULTS
A total of 21 groundwater sampling events were conducted during the demonstration, including:

e Two baseline sampling events
e Six System Start-Up and Tracer Testing groundwater sampling events
e One pre-bioaugmentation sampling event, and

e Twelve performance monitoring sampling events

Baseline groundwater data were compared to data collected during the Start-Up/Tracer Testing
phase, and the Performance Monitoring (System Operation) phase.

5.7.1 Water Level Measurements

Water level measurements were collected manually at monitoring wells and remotely by pressure
transducers (in the 4 injection wells) throughout the demonstration. Baseline measurements
were collected and compared to measurements collected during the Start-Up phase and the
System Operation and Performance Monitoring phases.

Baseline groundwater elevation measurements were collected from all monitoring and extraction
wells within the demonstration area on November 7, 2007, prior to collecting Baseline
groundwater samples. These data (summarized in Table 5-11) were used to establish baseline
water table elevations, and hydraulic gradient and estimated groundwater flow directions within
the Demonstration Area. A Baseline potentiometric surface contour map for the Shallow
Alluvium aquifer is presented in Figure 5-8. Based on the baseline data, groundwater flow
direction is to the southwest and the hydraulic gradient across the demonstration area is
approximately 0.012 for the Kirkwood aquifer. Using the hydraulic conductivity data derived
from the pump test, and assuming an effective porosity of 25 percent, the groundwater velocity
within the Kirkwood formation is approximately 0.08 ft/day. Water level measurements at
monitoring wells MAG-112P and MAG-113P indicated that there was no measureable vertical
gradient between the Kirkwood and Manasquan aquifers (at this location) under baseline
conditions.

Manual groundwater elevation measurements were collected during system start-up and tracer
testing sampling events to evaluate hydraulic gradients induced by operation of the
injection/extraction well system in the Demonstration Area. Water level data for the injection
wells were collected by pressure transducers installed in these wells. The data were recorded and
logged by the SCADA system, and could be viewed instantaneously (either on site or remotely),
or downloaded to generate reports or trend graphs. Groundwater elevation data were collected
on November 20, 2007, when groundwater was being extracted at 0.5 gpm at each of the 4
extraction wells. A potentiometric surface contour map for the Kirkwood aquifer, based on data
collected during active groundwater recirculation is presented in Figure 5-20. Cones of
depression are observed at extraction wells EX-1, EX-2 and EX-4, with maximum drawdown
occurring at EX-4. Minor mounding was observed at Injection wells IW-1 and IW-4. As with
the baseline data, groundwater flow direction is to the southwest. = The hydraulic
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gradient increased approximately ten-fold to 0.10 in the middle of the test plots (between
performance monitoring wells), and was significantly greater still in the vicinity of the injection
and extraction wells. Based on this data, the groundwater velocity between performance
monitoring wells was 0.65 ft/day. As with the Baseline measurements, no measureable vertical
gradient was observed (wells MAG-112P and MAG-113P) during the operation of the
recirculation system.

As the groundwater recirculation and amendment delivery systems continued to operate,
increased mounding and injection pressures were observed at the injection wells. As discussed
in Sections 5.5.2 and 5.5.3, recirculation rates were gradually lowered from 0.5 gpm to 0.1 gpm
over the course of the 12-month operating period to help mitigate this problem. Reduction of
pumping rates reduced gradients in the middle of the test plots to approximately 0.02 (a five-fold
decrease). At a pumping rate of 0.1 gpm per extraction well, the hydraulic gradient was
approximately double that measured during Baseline sampling.

5.7.2 Tracer Testing

A tracer test was performed during the start-up period to evaluate/verify local hydrogeologic
characteristics, including hydraulic conductivity, heterogeneity, vertical component of
groundwater flow, and dispersivity. Injection of conservative tracers bromide (in the form of
sodium bromide) and fluoride (in the form of sodium fluoride) were performed at the injection
wells during the first four weeks of the start-up period. Sodium bromide was used in
recirculation loops 1 and 3, and sodium fluoride was used in loops 2 and 4. By using alternating
tracer among the loops, the potential for any cross-flow between well pairs was evaluated.
Tracer injection occurred relatively continuously for a 28-day period between November 16,
2006 and December 14, 2007. Details of tracer and amendment solution mixing and injection
(including concentrations) are discussed in Section 5.5.2.

Six Tracer sampling events were performed at select monitoring locations within the
demonstration area to monitor migration and distribution of tracers. Analyses of groundwater
collected during each of these sampling events included anions (including bromide and fluoride).
Table 5-1 and Figure 5-1 summarize the groundwater sampling schedule, and Table 5-7 lists
the wells that were sampled and the analyses that were performed during this phase of the
demonstration. Laboratory analytical results are summarized in Table 5-8. Lactate, buffer and
nutrients were also injected continuously during this period. Results related to the injection of
these amendments during the Start-up period are discussed in Section 5.7.3.

Sampling results indicated that the bromide tracer was distributed through Loops 1 and 3
quickly, with detectable concentrations of bromide observed at extraction wells EX-1 (Loop 1)
and EX-3 (Loop 3) within 10 and 18 days, respectively. Figure 5-21 shows the horizontal
bromide distribution within the Kirkwood aquifer during the final tracer sampling event (January
3, 2008). Bromide concentrations peaked at extraction well EX-1 (66.4 mg/L) within 66 days
and EX-3 (38.3 mg/L) within 81 days (Table 5-8). Analysis of the pump test data indicated that
the estimated travel time of the bromide tracer through Loops 1 and 3 (from the injection to the
extraction well) was approximately 30 to 40 days (an average groundwater velocity of 0.75 to
1.0 ft/day). These estimates were based on groundwater extraction/reinjection rates of 0.5 gpm
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per loop. However, as discussed in Section 5.5.3.2, groundwater extraction rates were gradually
reduced to 0.1 gpm over the course of the demonstration. Therefore, travel times through the
loops were significantly increased (most likely to greater than 120 days).

Bromide was observed at wells PZ-2 and MAG-113P at high concentrations (191 mg/L and 167
mg/L, respectively) after only 10 days (note: these wells were not sampled before 10 days).
These two wells are screened across the higher permeability Formation Interface, and exhibited
higher bromide concentrations than any of the other of the wells sampled during the
demonstration (Table 5-8). It took an additional 8 days for bromide to be detected in well PZ-1
(at 48.4 mg/L), which is screened in the upper portion of the Kirkwood aquifer (Figure 5-7), and
is located closer to the injection well (IW-3) than PZ-2 and MAG-113P (Figure 5-5).

Figure 5-22 shows the vertical bromide distribution through Loop 3 during the 3rd Tracer
sampling event (December 4, 2007). As indicated in the figure, bromide concentrations are
several times higher in the two wells screen across the Formation Interface. Even though
injection well IW-3 is screened within the Kirkwood aquifer (above the Interface Zone), a
portion of the injected bromide migrated into, and preferentially along, the Formation Interface.
These data, coupled with data from the Geoprobe investigation, slug tests, and pump test,
indicate that the higher permeability Formation Interface provides preferential horizontal flow,
and most likely inhibits downward groundwater flow and mixing.

Figure 5-21 shows the horizontal fluoride distribution within the Kirkwood aquifer during the
final tracer sampling event (January 3, 2008). As indicated in the figure, the fluoride tracer did
not distribute and transport in the same way as the bromide tracer. Although fluoride was
considered to be a conservative tracer, results of the fluoride tracer test (when compared to the
bromide tracer test and groundwater modeling results) indicated that fluoride was reacting or
sorbing to materials within the aquifer. Sorbtion of fluoride to organic matter had been observed
during tracer testing in 1985-1986, at a Site in Cape Cod, Massachusetts (Batu, 2005).
Therefore, data from the fluoride tracer test could not be used to determine hydrogeologic
characteristics (travel times, etc.) within Loops 2 and 4.

As indicated by the bromide concentration contours in Figure 5-21, a minor amount of cross
flow occurred between Loops 1 and 3 and Loops 3 and 4 during the tracer test. Bromide
concentrations observed within Loops 2 and 4 were generally 1 to 2 orders of magnitude below
those observed in Loops 1 and 3. As previously discussed, groundwater extraction rates were 0.5
gpm for each of the 4 extraction wells during the tracer testing. These pumping rates were
reduced shortly after the tracer test was completed, which was expected to limit the cross flow of
injected amendments between loops. Additionally, as discussed below (Section 5.7.4), vinyl
chloride and ethene were not observed in the control loop (Loop 4) during the demonstration,
indicating that the injected DHC did not migrate from Loop 3 into the control loop. Therefore,
cross flow between loops did not significantly impact results of the demonstration.

The tracer test results, along with VFA concentration data collected during the Start-up period
(discussed in Section 5.7.3), indicated that soluble amendments could be quickly delivered
throughout the Kirkwood aquifer and the Formation Interface. Based on the overall tracer test
results, it was determined that the basic site conceptual model developed by Shaw was
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reasonable. Additionally, based on the effective distribution of the tracer and amendments, the
groundwater recirculation and amendment delivery systems were operated in an “Active-
Passive” mode (as described in Section 5.5.3.2), beginning on March 3, 2008 (Table 5-1).

5.7.3 System Start-up Sampling

Six Tracer sampling events and one Pre-bioaugmentation sampling event were performed at
select monitoring locations within the demonstration area during this phase of the demonstration.
In addition to monitoring for the bromide and fluoride tracers (Section 5.7.2), these events were
conducted to:

1. Monitor migration of lactate and lactate breakdown products,

2. Determine changes in aquifer geochemical conditions (i.e., decreases in dissolved oxygen
and other electron acceptors, decreases in ORP, and changes in pH),

3. To evaluate changes in dissolved chlorinated ethene concentrations due to groundwater
recirculation,

4. To evaluate potential dechlorination of TCE, and

5. To determine baseline conditions prior to bioaugmentation.

Anion data were collected during all seven of the sampling events, and VFA data were collected
during every event except for Tracer sampling event #1. VOC, reduced gases, and DHC data
were collected during Tracer sampling event #3 and the Pre-bioaugmentation sampling event,
and dissolved iron and manganese data were collected during the Pre-bioaugmentation sampling
event. Table 5-1 and Figure 5-1 summarize the groundwater sampling schedule, and Table 5-7
lists the wells that were sampled and the analyses that were performed during this phase of the
demonstration. Laboratory analytical results are summarized in Table 5-8.

VOC data were used to evaluate the impacts of system operation (i.e. groundwater recirculation)
on dissolved chlorinated ethene concentrations. Analytical results indicated that while some
fluctuations in CVOC concentrations were observed, few significant increases or decreases (>2
fold) were observed in any of demonstration area monitoring wells (Table 5-8). It should be
noted that TCE and cDCE concentrations in EX-2 during the 2nd Baseline sampling event (this
well was not sampled during the 1st Baseline event) were significantly lower than surrounding
wells, and did increase substantially (to levels comparable to other wells in Loop 2) in
subsequent sampling events. Some decreases in TCE and increases in cDCE may have been
attributable to partial dechlorination, as a result of electron donor and buffer addition.

VFA and pH data were used to evaluate the migration and impacts of lactate and buffer (sodium
bicarbonate and sodium carbonate) addition. VFAs were observed in all 8 transect performance
monitoring wells (BMW-1 through BMW-8), all 4 extraction wells (EX-1 through EX-4), and
wells BMW-9, PZ-1, PZ-2 and MAG-113P within 32 days of starting amendment addition.
These data indicated that electron donor was quickly distributed throughout all 4 recirculation
loops.
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While electron donor was quickly distributed, it took longer for the impacts of the injected buffer
(i.e. increased pH) to be seen downgradient (Table 5-10). This was most likely due to the acidic
soil at the Site consuming the injected buffer and slowing its downgradient progress. However,
by the end of the Start-up period, pH levels in 6 of the 8 transect wells (plus wells PZ-1, PZ-2
and MAG-113P) had increased to >5.5 from baseline levels of approximately 4.5 standard units.
At the end of the Start-up period, pH levels in wells BMW-4 and BMW-8 were 4.7 and 5.4
standard units, respectively (Table 5-10). It should be noted that pH levels in the four extraction
wells were often below 5.5 standard units because these wells were also pulling in water from
outside (downgradient and side-gradient) the treatment zone.

Anion and field parameter data were used to evaluate changes in aquifer geochemistry. ORP
levels in the 8 transect performance monitoring wells decreased from between +19 and +146 mV
to between -45 and -148 mV during the Start-up period (Table 5-10). Dissolved oxygen
concentrations were generally below 0.5 mg/L at the end of the Start-up period. These
conditions were sufficiently reducing to cause decreases in sulfate concentrations between 31
and 76 percent in the 8 transect performance monitoring wells (Table 5-8).

5.7.4 Performance Sampling

Twelve performance monitoring sampling events were performed at select monitoring locations
within the demonstration area after bioaugmentation with SDC-9. This extensive groundwater
monitoring was performed to evaluate:

1. Changes in aquifer geochemical conditions (i.e., decreases in dissolved oxygen and other
electron acceptors, decreases in ORP, and changes in pH),

2. Changes in chlorinated ethene concentrations,
3. Electron donor concentrations and distribution, and

4. DHC growth and distribution (via qPCR analysis).

Table 5-1 and Figure 5-1 summarize the groundwater sampling schedule, and Table 5-7 lists
the wells that were sampled and the analyses that were performed during this phase of the
demonstration. The first five sampling events were performed between the first and second
bioaugmentation events (Section 5.5.3.1). The next five sampling events were performed after
the second bioaugmentation event, and while the groundwater recirculation system was operating
in “Active-Passive” mode. The final two sampling events were performed after the groundwater
recirculation system had been shut down.

Analyses of groundwater collected during the performance monitoring sampling events included
VOCs, reduced gases, VFAs, anions (including nitrate and sulfate), dissolved iron and
manganese, and DHC (Table 5-7). Field parameters were also collected during well purging.
Laboratory analytical, laboratory DHC, and field parameter results are summarized in Tables 5-
8, 5-9, and 5-10, respectively.
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Chlorinated Ethenes and Ethene

Figure 5-23 shows chlorinated ethene (TCE, ¢cDCE and VC) concentrations at the end of the
demonstration. Most of these data were collected on January 5, 2009. However, the figure
includes earlier CVOC data from wells BMW-9 through BMW-11 and the 4 injection wells, as
they were sampled for the last time on November 11, 2008. Analytical data are summarized in
Table 5-8. Figures I-1 through 1-22, located in Appendix I, provide chlorinated ethene and
ethene trend graphs for demonstration area wells. The data presented in the trend graphs are in
molar units (microMolars (uM)), rather than mass units of aqueous concentrations (i.e. ug/L).
Presenting the data in this way allows for evaluating product stoichiometry associated with the
degradation of chlorinated ethenes.

TCE concentrations in transect performance monitoring wells BMW-1 through BMW-6 in
Loops 1 through 3 (test loops) declined significantly during the demonstration. TCE decreases
in these wells ranged from 90 to 100 percent (or non-detect; less than 5 pg/L) (Table 5-8). As
shown on Figures I-1 through 1-6 (Appendix 1), with the exception of well BMW-5, these
declines primarily occurred after the second bioaugmentation. TCE decreases in wells PZ-1, PZ-
2 and MAG-113P (Loop 3) ranged from 99 to 100 percent (Table 5-8, Appendix I).

TCE concentrations in the transect performance monitoring wells BMW-7 and BMW-8 in Loop
4 (control loop) declined as well, with decreases in these wells between 98 and 100 percent
(Table 5-8, Appendix I). TCE decreases were expected in the control loop, as the addition of
electron donor in the microcosm studies (Section 5.3.1) stimulated degradation of TCE (but not
cDCE). With the exception of EX-2, decreases in TCE concentrations (19 to 83 percent) were
also observed in the extraction wells. As discussed in Section 5.2.5, TCE and c¢cDCE
concentrations in EX-2 during the 2nd Baseline sampling event (this well was not sampled
during the 1st Baseline event) were significantly lower than surrounding wells, and did increase
substantially (to levels comparable to other wells in Loop 2) in subsequent sampling events.
TCE concentrations increased from 190 pg/L to 460 pg/L in background well MAG-4 during the
demonstration.

A 57 percent decrease in TCE concentrations was observed in well BMW-9 (located 7.5 feet
side-gradient of the Loop 1 transect; Figure 5-5). However, decreases in TCE concentrations
were not observed in wells BMW-10 (located 15 feet side-gradient of the Loop 1 transect) and
BMW-11 (located between, and ~12.5 feet side-gradient of Loops 1 and 2) (Figure 5-5). These
data indicate that the width of the treatment zone in Loop 1 was between approximately 15 and
20 feet.

cDCE concentrations in performance monitoring wells BMW-1 through BMW-6 in Loops 1
through 3 (test loops) declined between 73 and 99 percent, and were generally trending
downward at the end of the demonstration period (Table 5-8, Figures I-1 through 1-6 in
Appendix I). Transient increases (followed by decreases) in VC were observed in 5 of these six
wells, with 2 of the wells (BMW-1 and BMW-2) below detection at the end of the
demonstration. Well BMW-4 showed a small increase (non-detect to 25 pg/L) in VC
concentrations during the final 2 sampling events. Ethene concentration trends in all 6 wells
indicated that complete dechlorination of TCE was occurring in all three test loops (Table 5-8,
Figures I-1 through 1-6 in Appendix I). The data indicate that greater than 95 percent of the

Bioaugmentation for Groundwater Remediation
ESTCP Project ER-0515 101 February 2010



o _‘_ BMW-10 LOOP 1
@ 200/77/<5 * /
B
8
- 2
= "BMW-9 A
9 20/280/<5 * -1
= é ® 110/420/5 *
22 BMW-1
® <5/4J/<5
33 v
o) BMW-2
ik % 1J71/<5 & MAG-201
3 ]
b = LOOP 2
a 26/210/<5
< & BMW-11 /
w5 910/110/<5 *
Qs LEGEND:
Wy 20' CONEX BOX e A o) MONITORING WELL
: \/ # IW-2 (KIRKWOOD FORMATION)
BMW-3 <5 %
5l s - 913063 S % MONITORING WELL
z/} i —— (MANASQUAN FORMATION)
W e .
L .
2 u _’_,/// EX-2 | B6/310/25 ® DEMONSTRATION MONITORING WELL
i oS~ (KIRKWOOD FORMATION)
> i .
&z o 5 INJECTION WELL
ol 40' CONEX BOX /// LOOP 3 >
5 & B,,/-' B / ") EXTRACTION WELL
g g = MAG-66
B G A PIEZOMETER
& et //'/ & ki
EIS e ="
R o p7.0 & 571 IW-3 9130163 TCE/DCE/VINYL CHLORIDE
/,/ 5210017 W 4107 <5/14001120 * CONCENTRATIONS (ug/L)
/- = MAG-112pP ¥ & BMW-5
Q5 ‘ <5/14/14
E 3 ® MAG-113P NOTE:
£ 2J/1600197
E‘Sf}ﬂ?g}g'e * DATA FROM 11/11/08 SAMPLING EVENT.
N WELL NOT SAMPLED ON 1/5/09.
EX-3
77/620/86
: / LOOP 4
& SCALE
**E o 10 20 FEET
g -~
a W :
o 11/330/<5 * \
g¢ °
°3 BMW-7 Shaw" shaw Environmental, Inc.
ke . <5/150/<5
&) ESTCP FIELD DEMONSTRATION
T BMW-8 BIOAUGMENTATION FOR
=y u SRS GROUNDWATER REMEDIATION
L 1 ?..
g8 i FIGURE 5-23
2§53 CHLORINATED ETHENE CONCENTRATIONS
= Ps MAG-110P JANUARY 5, 2009
58 MAG-1 AREA
$33 FORT DIX, NEW JERSEY
Bioaugmentation for Groundwater Remediation
ESTCP Project ER-0515 102 February 2010



TCE and cDCE observed at three of the six performance monitoring wells in Loops 1 through 3
(BMW-1, BMW-5 and BMW-6) had been converted to ethene. Loop 2 (which had issues with
the pH dropping below 5.5) had the lowest ethene conversion rates; 39 percent at BMW-3, and 5
percent at BMW-4. Molar balance calculations performed using concentration data collected
during the final sampling event indicated that ending Molar balances (which included TCE,
cDCE, VC and ethene) were generally in the 40 to 70 percent range, when compared to starting
CVOC concentrations. The lack of a complete Molar balance is most likely due to the fact that
ethene sampling often underestimates true concentrations due to losses through volatilization
during sampling (because of its high Henry’s Law coefficient), and is consistent with results
from similar field studies.

c¢DCE concentrations in Control Loop monitoring well BMW-7 increased by 67 percent (Table
5-8). Concentrations in well BMW-8 during the demonstration were generally above baseline,
with the exception of the final sampling event. Vinyl chloride and/or ethene were not observed
in either of these wells at the end of the demonstration, indicating that degradation of TCE had
“stalled” at ¢cDCE in the absence of bioaugmentation (Table 5-8, Figures I-7 and 1-8 in
Appendix I). ¢cDCE concentrations in background well MAG-4 remained essentially unchanged
during the demonstration (Table 5-8).

In well PZ-1 (shallow well in Loop 3), ¢cDCE concentrations decreased 58 percent (after a
temporal increase) and were trending downward at the end of the demonstration, while VC and
cthene concentrations were increasing (Table 5-8, Figure 1-12 in Appendix ). These data,
when compared to wells BMW-5 and BMW-6, suggest that treatment is a little slower in the
upper portion of the Kirkwood aquifer.

cDCE concentrations in wells PZ-2 and MAG-113P (Formation Interface) generally increased
throughout the demonstration (Figures 1-13 and 1-14 in Appendix I). It should be noted that the
treatment system was designed to treat contaminants within the Kirkwood aquifer, and was not
designed to treat the underlying higher permeability Interface Zone. Therefore, bioaugmentation
with SDC-9 was not performed within this zone. cDHC data (discussed below) indicated that the
injected bacteria were beginning to migrate to this zone at the end of the demonstration.
Additionally, vinyl chloride and ethene concentration data (discussed below) from the final
sampling event indicated that degradation of cDCE was beginning at well MAG-113P (where
increases in DHC were being observed). It is expected that had SDC-9 been injected directly
into this zone, degradation of cDCE would have begun sooner.

A 75 percent increase in cDCE concentrations was observed in well BMW-9 (Table 5-8, Figure
1-9 in Appendix I). Vinyl chloride and ethene were not observed at this well throughout the
demonstration. Additionally, laboratory analytical data (discussed below) indicated that the
DHC concentrations at this well were not high enough (<approximately 10’ cells/liter) for
significant levels of cDCE dechlorination to occur. These data further indicate that this well was
located along the outer edge of the treatment zone of Loop 1. The lack of any observed VC
and/or ethene, along with VFA and field parameter data (discussed below), indicated that wells
BMW-10 and BMW-11 were outside of the treatment zone. Vinyl chloride, ethene, and VFAs
were not observed in background well MAG-4 during the demonstration.

Bioaugmentation for Groundwater Remediation
ESTCP Project ER-0515 103 February 2010



The presence of aqueous ethene concentrations is a key indicator of complete dechlorination of
TCE. Ethene concentrations observed at the end of the demonstration are presented in Figure 5-
24. These data clearly indicated that complete degradation is occurring within the 3 test loops
(Loop 1 through Loop 3) that were bioaugmented with SDC-9, and not within the control loop
(Loop 4) that received only electron donor, buffer and nutrients. Reductions in TCE
concentrations, vinyl chloride and ethene concentration trends, and increased DHC
concentrations (discussed below) in extraction wells EX-1, EX-2 and EX-3 indicated that
degradation was occurring through the entire lengths of Loop 1 through Loop 3 (test loops).
Vinyl chloride and ethene were not observed in extraction well EX-4 (located within the control

loop).

Anions

Nitrate was not detected in any of the wells sampled throughout the demonstration period.
Sulfate concentrations in performance monitoring wells BMW-1 through BMW-9 declined
between 88 and 100 percent during the demonstration (Table 5-8). Sulfate concentrations in
wells PZ-1, PZ-2 and MAG-113P declined between 99 and 100 percent. Sulfate concentrations
in wells BMW-10 and BMW-11 (outside the treatment zone) generally remained the same, with
the exception of a nearly two-fold increase in well BMW-10 during the second to last sampling
event (Table 5-8). Significant reductions (82 to 100 percent) in sulfate were also observed in
the four extraction wells. These data indicate that sulfate-reducing conditions existed in all 4
recirculation loops during the demonstration. Sulfate concentrations in background well MAG-4
were consistent during the demonstration (Table 5-8).

Volatile Fatty Acids

VFA concentrations were observed in performance monitoring wells BMW-1 through BMW-9
throughout most of the demonstration. Total VFA concentrations generally ranged from 50
mg/L to 2,000 mg/L (Table 5-8). VFAs were observed at similar to slightly higher
concentrations at wells PZ-1, PZ-2 and MAG-113P. With only one exception (BMW-11 on
12/4/07), VFAs were not detected in wells BMW-10 and BMW-11 (outside the treatment zone)
during the demonstration. VFAs were observed at concentrations between 50 and 1,000 mg/L at
all four extraction wells. These data indicate that lactate injection rates provided effective
distribution of electron donor throughout all 4 recirculation loops during the demonstration.
VFAs were not detected in background well MAG-4 during the demonstration (Table 5-8).

Metals

With few exceptions, there were no significant increases or decreases in dissolved iron or
manganese concentrations during the demonstration. Dissolved iron concentrations in the 14
demonstration monitoring wells (BMW-1 through BMW-11, PZ-1, PZ-2, and MAG-113P)
ranged from 251 pg/L to 10,000 pg/L at the end of the demonstration (Table 5-8). Dissolved
iron concentrations in the four extraction wells were also within that range. Dissolved iron
concentrations in background well MAG-4 increased from 298 pg/L to 2,580 pg/L during the
demonstration. Under the reducing conditions that were induced during the demonstration one
would expect that dissolved iron concentrations would increase. However, with the observed
reduction of sulfate, the addition of carbonate buffers, and the ORP and pH ranges observed
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during the demonstration, dissolved iron could have precipitated out as iron sulfides (FeS2) or
iron carbonates (FeCO3) (Dragun, 1998).

Dissolved manganese concentrations in the 14 demonstration monitoring wells ranged from non-
detect (<15 pg/L) to 96.5 pg/L at the end of the demonstration (Table 5-8). Dissolved
manganese concentrations in the four extraction wells were also within that range. Dissolved
manganese concentrations in background well MAG-4 remained essentially the same during the
demonstration (Table 5-8). At the ORP and pH ranges observed during the demonstration,
dissolved manganese would most likely have increased, if manganese was present at significant
concentrations within the soil (Dragun, 1998).

DHC

One of the key objectives of this demonstration was to determine the DHC dosage required to
effectively remediate a chlorinated-ethene contaminated site. As such, comparisons were made
among the four loops to quantify the impacts of the varying DHC dosage on the rate and extent
of TCE remediation, and the distribution of growth of DHC in the subsurface. qPCR analyses
was used to measure DHC concentration as a function of time and distance from the injection
wells during the demonstration. DHC data are summarized in Table 5-9 and presented in the
trend graphs in Appendix I. Replicate samples were graciously analyzed in the laboratory of Dr.
Frank Loeffler at the Georgia Institute of Technology (Appendix J).

The main challenges associated with analyzing DHC data from the demonstration were:

1. Two bioaugmentation injection events were performed. The first injections were
performed at injection wells IW-1 through IW-3, and the second injections were
performed 10 feet downgradient at monitoring wells BMW-1, BMW-3, and BMW-5
(Section 5.5.3.1), making interpretation of DHC data more difficult,

2. The concentration of the injected culture during the second bioaugmentation was
approximately two orders of magnitude higher than those injected during the first
bioaugmentation (Section 5.5.3.1),

3. Fluctuations in pH levels within the recirculation loops (especially loop 2) affected
activity and growth of DHC,

4. DHC samples collected from injection wells generally provide only aqueous DHC
concentrations, as a significant fraction of the injected culture may be associated with
aquifer sediments. However, subsequent generations of the culture tend to be more
mobile, and do not attach to soil as readily as the injected culture (Section 5.3.2)
(Schaefer et al., 2009).

5. Not all DHC are capable of dechlorination of TCE and/or its daughter products (cDCE
and VC), and DHC that were incapable of complete dechlorination (or possibly any
dechlorination) were already present at the site. Therefore, DHC concentrations are not
always a clear indicator of degradation potential.

Despite these challenges, the following observations were made based on DHC and CVOC data
collected during the demonstration:
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e Aqueous DHC concentrations increased in test Loops 1 through Loop 3, as well as
control Loop 4 (monitoring wells BMW-1 through BMW-9) (see #5 above). However,
aqueous DHC concentrations increases were orders of magnitude higher in Loops 1
through 3, compared to Loop 4. Final DHC concentrations in wells BMW-7 and BMW 8§
(control loop) were 2.08 x 10° and 1.14 x 10° cells/liter (respectively), while DHC
concentrations in wells BMW-1 through BMW-6 (with the exception of BMW-4, which
had low pH issues) ranged from 1.77 x 107 to 2.02 x 10° cells/liter.

e Bacteria injected during the first bioaugmentation (injection wells IW-1, IW-2 and IW-3)
appear to have been killed, or rendered ineffective, by a high pH spike in the injection
wells. pH values >10 were measured in the injection wells shortly after the injections.

e After the second bioaugmentation, aqueous DHC concentrations increased immediately
by orders of magnitude in the injection wells (BMW-1, BMW-3 and BMW-5), and
increased more slowly (but also by orders of magnitude) in the downgradient monitoring
wells, as the injected culture moved through the aquifer via both transport and growth.

e DHC were not distributed as quickly or as extensively within the subsurface as the
soluble amendments. This is due to the fact that the SDC-9 culture is not soluble, and
that it partially relies on growth for distribution.

e Vinyl chloride and ethene were generally observed when aqueous DHC concentrations
reached a level of approximately 1.0 x 107 cells/liter, or greater. These data indicate the
complete degradation of TCE occurs readily at (and above) this cell concentration at this
Site. These results are consistent with the findings of Lu et al., 2006.

e Aqueous DHC concentrations in the 3 test loops tended to reach and maintain an apparent
equilibrium of approximately 10* to 10° cells/liter (Table 5-9, Appendix ). DHC
concentrations in well BMW-1 were 3.32 x 10" cells/liter shortly after the second
injection, and decreased to between 2.02 x 10° and 7.15 x 10’ cells/liter during the last 4
sampling events (Figure 1-1 in Appendix I). DHC concentrations in BMW-3 remained
in the 10® to 10° cells/liter range from injection through the end of the demonstration
(Figure 1-3 in Appendix 1). Further, DHC in well BMW-5 increased from 1.92 x 10’
shortly after the second injection, to between 1.12 x 10® and 7.44 x 10® during the last 4
sampling events (Figure 1-5 in Appendix I).

e There did not appear to be a correlation between DHC dosage and downgradient DHC
transport. The data suggest that DHC concentration increased downgradient of the
injection wells at similar rates.

Field Parameters

Field parameters were collected during each of the performance sampling events. Key field
parameters included pH, specific conductivity, ORP, and dissolved oxygen. Groundwater
temperature and turbidity were also collected. Field parameter data are summarized in Table 5-
9. Significant changes to the key field parameters were observed at wells where electron donor
was observed (BMW-1 through BMW-9, PZ-1, PZ-2, MAG-113P). The following summarizes
the changes observed to the key field parameters at these locations by the end of the
demonstration:
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e pH: increased from generally below 5.0 to between 6.0 and 7.1 standard units.
Maintaining pH levels in this range was difficult, with levels dropping below 5.5 (the
level at which SDC-9 dechlorination rates drop significantly) in some of the wells during
periods of the demonstration.

e Specific conductivity: increased from between 19 and 236 uS/cm to between 1,743 and
4,336 uS/cm. These increases are most likely due to the large amounts of sodium
carbonate and sodium bicarbonate (as well as diammonium phosphate and sodium
lactate) that were injected into the aquifer to raise and maintain pH levels.

e ORP: decreased from generally greater than +50 mV to between -127 and -300mV
(consistent with sulfate reduction), as a result of electron donor addition and biological
activity.

e Dissolved Oxygen: generally exhibited decreases from baseline concentrations (that were
already largely < 1.0 mg/L) as a result of electron donor addition and biological activity.
It should be noted that dissolved oxygen concentration data collected in the field is not as
accurate as many of the other field parameter data due to meter limitations.

Similar changes in key field parameters were observed in all of the extraction and injection
wells. Field parameters did not change significantly at wells BMW-10 and BMW-11 (outside
the treatment zone), and background well MAG-4.

5.7.5 Systems Operation

Operation of the four groundwater recirculation loops began on November 15, 2007, with
operation of the amendment injection systems beginning on November 16, 2007, after a full day
of successful groundwater recirculation. The groundwater recirculation and amendment delivery
systems operated nearly continuously (except for brief O&M shutdown periods) during the 10-
week Start-up period (Section 5.5.2). After the first bioaugmentation injection on January 24,
2008, the groundwater recirculation and amendment delivery systems continued to be operated
continuously until March 3, 2008 (39 additional days) (Section 5.5.3.2). Groundwater extraction
rates began at 0.5 gpm for each extraction well, and were decreased incrementally to 0.25 gpm
during this period to minimize injection pressures at the injection wells.

Between March 3, 2008 and November 5, 2008, the systems were operated in an “Active-
Passive” mode (Section 5.5.3.2). This approach provided mixing of electron donor and nutrients
within the designed treatment areas, and allowed natural groundwater flow to further distribute
the amendments downgradient. This approach also helped to mitigate biofouling issues during
the demonstration. System operational periods are summarized in Table 5-1. The amendment
delivery system generally operated while groundwater was being re-circulated, with the
exception of the last 25 days of operation (October 10, 2008 to November 5, 2008), when
amendment delivery was halted. Groundwater extraction rates for each extraction well were
reduced further, from 0.25 gpm to 0.1 gpm during this 8-month period. Additionally, Loop 1
groundwater recirculation and amendment addition was ceased on October 1, 2008
(approximately 1 month before Loops 2 through 4) due to excessive groundwater mounding in
the vicinity of injection well IW-1.
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There were no significant mechanical problems during the demonstration. A total of
approximately 333,000 L (88,000 gallons) (an estimated 6.5 pore volumes) of groundwater were
extracted and re-injected within each of the 4 loops during the demonstration. A total of 2,290 L
(605 gallons) of 60% sodium lactate solution, 114 kg (250 lbs.) of diammonium phosphate, and
68 kg (150 Ibs.) of yeast extract, were injected evenly into the four loops during the 12 months of
system operation.

Sodium bicarbonate buffer was used from Start-up (November 16, 2007) until December 11,
2007, at which time the buffer used was changed to sodium carbonate (a stronger buffer) to more
effectively increase pH within the aquifer. Additionally, bulk injections of sodium carbonate
were performed on December 27, 2007 (100 lbs per well) and January 15, 2008 (150 Ibs. per
well) at each of the four injection wells. These bulk injections were performed to further elevate
groundwater pH values that still largely remained below 5.5 standard units after several weeks of
system operation. Sodium carbonate buffer was used from December 11, 2007 until May 30,
2008, at which time the buffer used was changed back to sodium bicarbonate (a weaker buffer)
to maintain the desired pH within the aquifer. The buffer was switched back to sodium
carbonate on July 15, 2008 (and continued until the end of the demonstration) when it was
observed that pH levels were dropping within the aquifer. A total of 3180 kg (7,000 lbs.) of
sodium bicarbonate and 4,360 kg (9,600 1bs.) of sodium carbonate (including the bulk injections)
were injected into the four Loops during the 12 months of system operation.

The SCADA system allowed for remote monitoring and adjustments of groundwater extraction
and injection rates, as well as amendment (electron donor, buffer and nutrient) injection
frequency and duration. System operating parameters were adjusted as necessary to optimize
performance. Additionally, Shaw personnel performed regular site checks and maintenance of
the groundwater recirculation and amendment delivery systems during the demonstration. Site
checks included measurements of system pressures (manual gauges), water levels, extraction and
injection flow rates and totals, changing of filter cartridges, mixing of amendment solutions, as
well as leak checks and filter changes. The mixing of buffer solutions was by far the most time-
intensive O&M component.

The general approach for biofouling control was discussed in Section 5.4.4. Water levels in the
extraction wells and water levels and/or injection pressures in the injection wells were monitored
for signs of fouling. As discussed in Sections 5.5.2 and 5.5.3.2, all four injection wells were
redeveloped in December 2007 during the Start-up phase, and again in June 2008 during the
Systems Operation phase using the methods described in Section 5.4.4. Well fouling appeared
to be occurring from an accumulation of carbonate and insoluble complexes (most likely iron
sulfides and iron carbonates, as discussed in Section 5.7.4) within the well screen, sandpack and
the immediate surrounding formation. The accumulation of biomass did not appear to be a major
cause of well fouling. This is most likely due to the fact that injection well pH levels were often
too high (generally >9 standard units) for significant biological growth to occur.
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6.0 PERFORMANCE ASSESSMENT

Performance objectives were established for this demonstration to provide a basis for evaluating
the performance and costs of anaerobic bioaugmentation. The primary performance objectives
for this demonstration are discussed in Section 3.0, and summarized in Table 3-1.

As summarized in Table 3-1, the established performance objectives were generally met during
the demonstration. The following subsections summarizes data collected and provides an
assessment of the performance objectives, including to what extent the success criteria were
achieved.

6.1 DHC DOSAGE COMPARISON

The key objective of this demonstration was to determine the DHC dosage required to effectively
remediate a chlorinated-ethene contaminated site. The current industry standard for estimating
the amount of culture involves estimating the volume of water in the treatment zone by
multiplying the length, width and thickness of the contaminated saturating zone by the estimated
porosity (length x width x thickness x porosity), and then adding enough culture to achieve 10’
DHC/L assuming even distribution of the added culture. = We evaluated 40 successful field-
scale bioaugmentation applications performed by Shaw at DoD facilities (Table 2-1). The
average volume of aquifer treated during these projects was approximately 29,000 m’, and the
average volume of culture applied was 115 L. The culture contained 10'' DHC/L. Assuming an average
of 25% porosity, the volume of treated water was 7.7 x 10° L. This equates to an inoculum dosage of 0.2
x 107 DHC/L of treated groundwater, which is within the range predicted to be effective by Lu et al.
(2006) and similar to the industry standard of 10’ DHC/L. This approach, however, does not account
for differences in contaminant concentration that can affect the growth of the added organisms,
or the hydrogeology of the aquifer which can affect distribution of the bacteria.

Groundwater monitoring was performed to evaluate DHC growth and migration, dechlorination
kinetics, and aquifer geochemistry. These data indicated that the bacteria injected during the first
bioaugmentation (injection wells IW-1, IW-2 and IW-3) appear to have been killed, or rendered
ineffective by a high pH spike in the injection wells. Therefore, a second bioaugmentation was
performed at monitoring wells BMW-1, BMW-3, and BMW-5 (located 10 feet downgradient of
the injection wells) to prevent the high pH issues encountered after the first bioaugmentation
(Section 5.7.4). This represented target final DHC concentrations of 5x107, 5x108, 5x10°, and 0
DHC/L, respectively. After the second bioaugmentation, aqueous DHC concentrations increased
immediately by orders of magnitude in wells BMW-1, BMW-3 and BMW-5, and increased more
slowly (but also by orders of magnitude) in the downgradient monitoring wells, as the injected
culture moved through the aquifer via both transport and growth (Section 5.7.4). The data
indicate that there was no apparent correlation between DHC dosage and down gradient transport
of DHC. That is, greater DHC dosages did not result in faster down gradient distribution of
DHC. Consequently, the results demonstrate that even at lower DHC dosages bioaugmentation
can be effective, provided CVOC concentrations are sufficient to promote in Situ growth of the
added DHC.

The loop inoculated with 10 L of culture (Loop 2) showed slower dechlorination kinetics and

DHC migration/growth compared to the other two test loops. This relatively poor performance
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was attributed to low pH conditions that were not effectively controlled by the addition of buffer
(Section 5.7.4). Results for the loops inoculated with 1 L (Loop 3) and 100 L (Loop 1) of
culture showed similar rates of dechlorination, as measured at a monitoring well approximately
10 feet downgradient of the DHC injection well (as well as the injection and extraction wells and
other monitoring wells). Final DHC concentrations in these two test loops ranged from 1.8 x 10’
to 2.0 x 10’ cells/liter. Complete dechlorination (as indicated by the presence of and ethene) was
generally observed when aqueous DHC concentrations reached a level of approximately 1.0 x
107 cells/liter, or greater. These data indicate the complete degradation of TCE occurs readily at
(and above) this cell concentration at this Site. These results are consistent with the findings of
Lu et al., 2006.

To provide a first level evaluation of in situ dechlorination kinetics and DHC growth, the 1-
dimensional screening level bioaugmentation model developed during the project (Schaefer et al.
2009) for the SDC-9 culture was applied to demonstration loops 1 and 3. This model employs
Monod kinetics to describe DHC growth and dechlorination kinetics (determined for the SDC-9
culture in batch kinetic studies), and applies an attachment-detachment type model to describe
DHC migration through soil. Immobile and mobile DHC near the bioaugmentation injection
well, and mobile DHC migrating downgradient from the bioaugmentation injection well,
contribute to contaminant dechlorination. This finite difference model (Ax=1 ft, At=0.4 days)
was applied to describe DHC growth and dechlorination from BMW-1 to BMW-2, and from
BMW-5 to BMW-6. Because of the low pH issue at BMW-4, which likely resulted in inhibition
of DCE dechlorination, the model was not applied to loop 2. The simulated porosity was
assumed to be 0.35, and the superficial velocity for loops 1 and 3 were estimated (based on the
bromide tracer data, and adjusted based on the reduction in recirculation flow rate after
bioaugmenting in each loop) at 0.021 m day™ and 0.029 m day™, respectively. The dispersivity
was estimated based on the bromide tracer data at 0.15 m. The linear sorption coefficient for
vinyl chloride was estimated at 3.8 L kg, which was calculated based on the DCE sorption
coefficient and the organic carbon partition coefficient of vinyl chloride relative to that of DCE
(USEPA 1996). The linear sorption coefficient for ethene was assumed equal to that of vinyl
chloride. The lone fitting parameter in the model was the attachment-detachment ratio of
growing DHC in the soil. The best fit of this parameter (f) was approximately 0.1, indicating
that 90% of the DHC growing in the soil detached and subsequently migrated through the
aquifer.

Model predictions for loops 1 and 3 are shown in Figures 6-1 and 6-2. While intended to serve
as only a semi-quantitative tool, the model provided a reasonable prediction of the timeframe for
DCE treatment at each of the monitoring wells in these treatment loops. In addition, the model
provided a reasonable prediction of the DHC concentrations in groundwater, although the
elevated DHC levels at BMW-2 at 40 to 50 days after bioaugmentation are not readily explained.
Most importantly, the model showed that treatment kinetics at BMW-2 and BMW-6 were similar
despite a 100-fold difference in DHC bioaugmentation dosage at BMW-1 and BMW-5. It also
showed that in situ DHC growth in loop 3 was greater than the DHC growth in loop 1. The rapid
decrease in chlorinated ethene concentrations in BMW-1, which resulted from the large DHC
inoculation dosage in this well, limits the subsequent rate of DHC growth within this treatment
loop. Thus, in situ growth in loop 3 acted to compensate for the decreased DHC inoculation
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dosage, and explains why results for these two treatment loops are similar despite the 100-fold
difference in bioaugmentation dosage.
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Figure 6-1. Ethenes and DHC concentrations plotted as a function of time for loop 1.
Bioaugmentation was performed at 0 days. , < - TCE, M- DCE, A-vinyl chloride, © - ethene, ¢ - DHC. Solid
and dotted lines represent corresponding model simulations. Simulated DHC concentrations in the bioaugmentation
injection well (BMW-1) includes the total (mobile and immobile) DHC.
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Figure 6-2. Ethenes and DHC concentrations plotted as a function of time for loop 3.
Bioaugmentation was performed at 0 days. , & - TCE, M- DCE, A-vinyl chloride, © - ethene, ¢ - DHC. Solid
and dotted lines represent corresponding model simulations. Simulated DHC concentrations in the bioaugmentation
injection well (BMW-5) includes the total (mobile and immobile) DHC.

The treatment model also was applied to evaluate the expected performance of two lower cell
dosages in loop 3 of the test plot. During the field demonstration, the second dose of SDC-9
applied to loop 3 would result in 10’ DHC/L if evenly distributed through the plume/loop.
Model simulations were performed assuming both 10° and 10° DHC/L. The results of these
simulations are shown in Figures 6-3. They demonstrate that adding a 10-fold lower cell dosage
(10° DHC/L) would have resulted in only a moderate delay (~3 months) in treatment at the down
gradient monitoring well. Adding only 10° DHC/L would result in a significant delay in
treatment. Thus, the optimum dosage for this treatment loop appears to be between 10° and 10’
DHC/L. Interestingly, however, the simulations also demonstrated that adding 10-fold fewer
cells (i.e., 10° DHC/L) in this test loop would have resulted in significantly reduced treatment
near the injection well, and that treatment effectiveness convergence between the two dosages
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Loop 3: 10’ DHC/L (measured and simulated plots)
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Figure 6-3. Model Simulation of cell dosage affects on treatment of TCE in Loop 3. Bioaugmenation
was performed at 0 days. , Measured values: < - TCE, M- DCE, A-vinyl chloride, © - ethene, ¢ - DHC. Solid
and dotted lines represent corresponding model simulations. Simulated DHC concentrations in the bioaugmentation
injection well (BMW-5) includes the total (mobile and immobile) DHC.

only occurred with prolonged treatment time (i.e., further down gradient of the injection point).
The important implication of this is that the model can be used to predict, based on culture
dosage, how far down gradient from the injection points compliance concentrations may be
reached. In some cases adding more culture will reduce the length of a plume. For example, at
the demonstration site adding 10-fold less cells would have resulted in nearly 3-months longer
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treatment time. If the groundwater moved 30 feet/month, adding the greater cell dosage could
shorten the plume by 90 feet. This could be significant if the plume was nearing a sensitive
receptor or a compliance point (e.g., a property line).

To further evaluate the affect of cell dosage during other bioaugmentation applications,
additional model simulations were performed. The simulations evaluated how dosage affects the
time required to reach 99% cVOC reduction. For example, one simulation evaluated the affect
of cell dosage in a biobarrier application at low and high TCE concentrations and at two different
f (attachement/detachment factors) values (Figure 6-4). With high TCE concentration (0.5 mM)
and bioaugmentation dosages between ~10° and 10° DHC/L there was minimal difference in
treatment time between the dosages, but a greater affect at a low f value (f=0.1) than at a high f
value (f=0.55). Conversely, at a low TCE concentration (0.005 mM TCE), there was a
significant difference in treatment times between the dosages especially at the higher f value.
The f value can be affected by soil pore size, distribution and architecture, groundwater velocity
(although constant in these simulations; 0.5 ft/day), sheer forces, and/or soil geochemistry that
affects detachment and transport of the catalyst. A similar affect was observed for treatment of a
DNAPL source area where adding higher cell dosages significantly shortened treatment time. A
limited cell dosage affect was observed for simulated treatment of a low concentration TCE
source area (data not shown).
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FIGURE 6-4. Model simulation of cell dosage affects on treatment of TCE in biobarrier
applications (Schaefer et al., 2009). Data represent the amount of time required to reach 99% removal of
c¢VOCs. All simulations assumed a groundwater velocity of 0.5 ft/day. High concentration TCE was 0.5 mM, and
low concentration TCE was 0.005 mM.

Overall, the results of this field demonstration show that many factors including groundwater
flow velocity, contaminant concentration, groundwater chemistry, and heterogeneity of the
subsurface can affect the amount of culture needed to effectively treat chlorinated solvent-
contaminated aquifers. Simply adding organisms based on the volume of groundwater to be
treated may or may not lead to successful and timely remediation.

In cases like loop 3 in this demonstration where contaminant concentrations are fairly high, the
formation is suitable for microbial transport, and groundwater recirculation is used to enhance
the flow gradient and culture distribution, adding smaller amounts of culture may be warranted
provided the organisms can grow in the treated environment. In cases where contaminant
concentrations are lower (e.g., loop 1), or where bacterial transport conditions are not optimum, a
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higher bioaugmentation dosage appears warranted. In either case, precisely determining the
amount of culture needed for a given site still requires a site-by-site evaluation.

Importantly, the 1-dimensional model developed during this project and used to predict and
evaluate growth of DHC and treatment effectiveness (Schaefer et al., 2009; Appendix C)
reasonably described the results of the field demonstration. Consequently, the model appears
suitable for evaluating the affect of different DHC dosages on treatment times and effectiveness,
and it is a useful design tool for planning bioaugmentation applications and more precisely
determining the desired culture dosage. A significant component of the model’s use, however, is
the need to determine the attachment-detachment factor (f) which varies based on aquifer
geochemistry and soil texture. Work is on going to allow up-front estimates of this factor based
on analysis of site samples, and efforts are in progress to incorporate the 1-dimmensional model
into existing groundwater flow and bioremediation models to make it more accessible to
remediation practitioners. The model soon will be available in spreadsheet form incorporated
into the widely used RT3D fate and transport model.

6.2 BIOAUGMENTATION/BIOSTIMULATION COMPARISON

Another performance objective was to compare dechlorination in the three test loops
bioaugmented with SDC-9 to dechlorination by indigenous microorganisms through
biostimulation in the control loop. Groundwater monitoring was performed at all four loops to
evaluate DHC growth and migration, dechlorination kinetics, and aquifer geochemistry. Success
criteria were established as; 1) complete dechlorination of TCE and cDCE to ethene in the three
test loops, and 2) slow or incomplete dechlorination of TCE and cDCE in the control loop.

Groundwater sampling results indicated that aqueous DHC concentrations increased in the 3 test
loops, as well as the control, biostimulation only, loop. However, aqueous DHC concentrations
increases were orders of magnitude higher in the test loops, compared to the control loop. Final
DHC concentrations in the two control loop performance monitoring wells were 2.1 x 10° and
1.1 x 10° cells/liter (respectively), while DHC concentrations in the test loop performance
monitoring wells (with the exception of well BMW-4, which had a low pH) ranged from 1.8 x
107 to 2.0 x 10° cells/liter.

TCE concentrations in the test loop performance monitoring wells declined significantly during
the demonstration, with TCE decreases in these wells ranging from 90 to 100 percent (or non-
detect; less than 5 pg/L) (see Section 5.7.4). TCE concentrations in the control loop
performance monitoring wells declined as well, with decreases in these wells between 98 and
100 percent (see Section 5.7.4). TCE decreases were expected in the control loop, as the
addition of electron donor in the microcosm studies (Section 5.3.1) stimulated degradation of
TCE (but not cDCE).

cDCE concentrations in test loop performance monitoring wells declined between 73 and 99
percent, and were generally trending downward at the end of the demonstration period, while
cDCE concentrations in the Control Loop generally increased during the demonstration (see
Section 5.7.4). Transient increases (followed by decreases) in VC were observed in 5 of the 6
test loop performance wells, with 2 of the wells (BMW-1 and MW-2) below detection at the end
of the demonstration (Table 5-8). VC was not observed in the control loop monitoring wells.
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Ethene data collected during the demonstration clearly indicated that complete degradation was
occurring within the 3 test loops that were bioaugmented with SDC-9, and not within the control
loop that received only electron donor, buffer and nutrients. Reductions in TCE concentrations,
VC and ethene concentration trends, and increased DHC concentrations (Section 5.7.4) in test
loop extraction wells indicated that degradation was occurring through the entire length of the
test loops. VC and Ethene were not observed in the control loop (with the exception of three
detections of ethene below 1 pg/l. at BMW-7) during the demonstration, indicating that
degradation of TCE had “stalled” at DCE in the absence of bioaugmentation.

6.3 ELECTRON DONOR DISTRIBUTION

The third performance objective was to effectively distribute electron donor throughout all four
demonstration recirculation loops (3 test loops and 1 control loop). The effective distribution of
electron donor was critical to create anaerobic conditions within the aquifer, and to provide a
source of carbon for microbial growth and electron donor for dehalogenation of the target
contaminants. In order to determine if this goal was achieved, VFA concentration data were
collected at performance monitoring, injection, and extraction wells throughout the
demonstration. Success criteria were established as total VFA concentrations >5 mg/L at
downgradient performance monitoring wells.

VFA data collected during the demonstration indicated that lactate injection and groundwater
recirculation rates used during the demonstration provided effective distribution of electron
donor throughout all 4 recirculation loops. VFA concentrations were observed in performance
monitoring wells throughout most of the demonstration, with total VFA concentrations generally
ranging from 50 mg/L to 2,000 mg/L. VFAs were observed at well BMW-9 (located 7.5 feet
side-gradient of the Loop 1 transect; Figure 5-5), but not at BMW-10 (located 15 feet side-
gradient of the Loop 1 transect) and BMW-11 (located between, and ~12.5 feet side-gradient of
Loops 1 and 2) (Figure 5-5). These data were consistent with results from the tracer test,
indicating that the primary treatment zone for each loop was approximately 20 feet wide and at
least 30 feet long.

The addition of lactate created the desired reducing conditions within the aquifer. ORP
decreased from generally greater than +50 mV to between -127 and -300 mV, and dissolved
oxygen decreased from baseline concentrations (typically < 1.0 mg/L) as a result of electron
donor addition and biological activity. Sulfate concentrations in performance monitoring wells
located within the treatment zone declined between 88 and 100 percent during the demonstration
(Table 5-8), indicating that sulfate-reducing conditions existed in all 4 recirculation loops during
the demonstration.

6.4 pHADJUSTMENT

The fourth performance objective of the demonstration, which was specific to the Ft. Dix site,
was to increase and maintain groundwater pH levels within an acceptable range required for
biological reductive dechlorination. This objective was critical for success at the Ft. Dix site
because of its naturally low pH (pH ~4.5), and because preliminary testing revealed that DHC in
the SDC-9 culture are sensitive to pH and that they do not dechlorinate well below pH ~5.5
(Vainberg et al., 2009). Therefore, the demonstration site groundwater pH levels needed to be
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increased from approximately 4.5 to above 5.5-6.0 standard units for this demonstration to be
successful.

As discussed throughout this document, increasing and maintaining pH levels within the
recirculation loops was challenging. pH was increased from generally below 5.0 to between 6.0
and 7.1 standard units, except at injection wells where pH levels were often greater than 9.0
standard units due to the injection of sodium carbonate. The pH levels often dropped below 5.5
(the level at which dechlorination rates drop significantly) in some of the wells during periods of
the demonstration. Despite preliminary laboratory testing, sodium bicarbonate was determined
to be too weak to increase aquifer pH. Therefore, the buffer used was changed to sodium
carbonate (a stronger buffer) to more effectively increase pH within the aquifer. Additionally,
two bulk injections of sodium carbonate were needed (a total of 250 Ibs. per well) to further
elevate groundwater pH values that still largely remained below 5.5 standard units after several
weeks of system operation. A total of 7,000 Ibs. of sodium bicarbonate and 9,600 Ibs. of sodium
carbonate (including the bulk injections) were injected into the four Loops during the 12 months
of system operation.

6.5 REMEDIAL EFFECTIVENESS

The final performance objective was to determine remedial effectiveness of bioaugmentation
with SDC-9. Groundwater monitoring was performed at the three test loops bioaugmented with
SDC-9 to evaluate DHC growth and transport, dechlorination kinetics, and aquifer geochemistry.
Success criteria were established as; 1) >90% reduction of TCE and cDCE, and 2) complete
dechlorination of TCE and c¢DCE to ethene.

The results of this project demonstrated that CVOCs in the Ft. Dix MAG-1 aquifer can be
effectively remediated by using bioaugmentation with the SDC-9 consortium and pH adjustment.
TCE concentrations in the test area decreased by 90 to 100%, and cDCE concentrations
decreased by 73 to 99% and were trending downward at the termination of the demonstration
project. The production of ethene confirmed complete dehalogenation of the target contaminants
and demonstrated the effectiveness of the applied bioaugmentation culture (Table 5-8, Figures
I-1 through 1-6, Appendix I). The CVOC and ethene data indicate that conversion of TCE and
cDCE to ethene can exceed 95 percent in the treatment zones.
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7.0 COST ASSESSMENT

This section describes the cost performance criteria that were evaluated in completing the
economic analysis of the bioaugmentation technology for in situ remediation of chlorinated
solvents.

7.1  COST MODEL

In order to evaluate the cost of a potential full-scale bioaugmentation remediation program, and
compare it against traditional remedial approaches, costs associated with various aspects of the
demonstration were tracked throughout the course of the project. Table 7-1 summarizes the
various cost elements and total cost of the demonstration project. The costs have been grouped
by categories as recommended in the Federal Remediation Technologies Roundtable Guide to
Documenting Cost and Performance for Remediation Projects (FRTR, 1998). Many of the costs
shown on this table are a product of the innovative and technology demonstration/validation
aspects of this project, and would not be applicable to a full-scale site application. Therefore, as
described in subsequent sections, these costs have been excluded or appropriately discounted
from the subsequent remedial technology cost analysis and comparison.

Costs associated with the bioaugmentation demonstration at Fort Dix were tracked from July
2006 (site selection) until July 2009 (preparation of the final report and cost and performance
report). The total cost of the demonstration was $786,700, resulting in treatment (>90%
reduction of TCE and cDCE) of approximately 900 cubic yards of contaminated aquifer (note:
this estimate assumes that treatment would have occurred in the control loop, had 1 liter of SDC-
9 culture been added to the loop). This corresponds to a unit cost of approximately $875 per
cubic yard of contaminated aquifer. However, as discussed below, actual remedial costs would
be much less for non research/demonstration-oriented projects and/or for sites where significant
pH adjustment is not required.

Capital Costs

Capital costs (primarily system design and installation) accounted for $385,400 (or 49 percent)
of the demonstration costs. These costs far exceed what would be expected during a typical
remediation project due partially to the following unique cost elements:

e The large number of performance monitoring wells (eleven) installed within the
relatively small (30” x 100”) demonstration area.

e The installation of extensive data collection processes (such as injection well pressure
transducers and the SCADA system) built into the groundwater recirculation and
amendment delivery systems.

e The need for design and installation of a buffer injection system that would not be
required at most sites. In addition to the system itself (which included 8 tanks and 4
metering pumps), a 40-foot Conex box was required to house the system to prevent
freezing during winter months. The Conex box was insulated and included a heating
system, ceiling lights, and an electrical panel and outlets. Additionally, each of the four
buffer metering pumps had to be tied into the process controls (PLC and SCADA) system
located in the neighboring 20-foot Conex.
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Table 7-1
Demonstration Cost Components

Cost Element | Details | Cost
CAPITAL COSTS

Groundwater Modeling Labor $18,000
System Design Labor $32,000
Labor $25,000

Well Installation, Development & Surveying Materials $3,800
Subcontracts (driller/surveyor) $63,000
Labor $42.,000
System Installation Equipment & Materials $176,000
Subcontracts (PLC/SCADA) $24,000

Travel $1,600

Subtotal| $385,400

OPERATION AND MAINTENANCE COSTS

Groundwater Sampling (2 baseline & 12 performance Labor $47,700
monitoring events) Materials $5,600
. In-House Labor $48,400
Analytical -

Outside Lab $3,900
. . . Lab 31,900

System O&M (including testing & start-up) 4 or. - $31,
Materials (lactate, buffer, nutrients, consumables) $21,000
Bioaugmentation Labor (fermentation & injection) $5,700
Utilities Electric $7,800
Reporting & Data Management Labor $68,000
Travel $2,400

Subtotal| $242,400

OTHER TECHNOLOGY-SPECIFIC COSTS
Site Selection Labor & Travel $36,800
Labor (including in-house analytical) $19,500

Site Characterization (direct push investigation, piezometer

. . Materials $2,200
installations, slug tests, pump tests) -

Subcontractor (driller) $13,200
Laboratory Microcosm and Column Testing Labor (including in-house analytical) $44,100
Tracer Testing Labor.(lncludlng in-house analytical) $13,500

Materials $2,000
IPR Meeting & Reporting Labor & Travel $12,000
Cost and Performance Report Labor $5,500
Guidance Document Sections Labor $10,100

Subtotal| $158,900
TOTAL COSTS| $786,700

0O&M Costs

Operation and maintenance and reporting costs accounted for $242,400 (or 31 percent) of the
demonstrations cost. These costs consisted primarily of groundwater monitoring (including
analytical), systems operation and maintenance, amendments (lactate, buffer, and nutrients), the
SDC-9 culture, and reporting costs. Operation and maintenance cost elements unique to this
demonstration included:

e Extensive performance monitoring activities, including 15 groundwater sampling events
and over 1,200 samples being collected and analyzed over a 15 month period (this does
not include tracer testing sampling discussed below).
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e Operation and maintenance of the buffer injection system, which included the mixing and
injection of 16,600 Ibs. of solid buffer (sodium bicarbonate and sodium carbonate).

e The need to redevelop the four injection wells on two separate occasions because the
addition of the buffering agents caused fouling of the wells.

e The need to add an additional 108 liters of SDC-9 culture to test loops 2 and 3 because of
a sever pH spike that affected microbial activity. Demonstration results indicated that 1
liter of SDC-9 culture, with ~ 10" DHC/L, was sufficient for remedial success in the
recirculation loop with the greatest level of contamination because of extensive in Situ
growth of the culture.

Demonstration-Specific Costs

Other demonstration-specific costs (those cost not expected to be incurred during non
research/demonstration-oriented remediation projects) accounted for $158,900 (or 20 percent) of
the demonstration cost. These costs included site selection, laboratory and tracer testing,
additional demonstration reporting and meeting (IPR) requirements, preparation of a cost and
performance report, and preparation of three chapters for publication in an upcoming
SERDP/ESTCP-sponsored volume on bioaugmentation for remediation of chlorinated solvents.

7.2  COST DRIVERS

The expected cost drivers for installation and operation of a bioaugmentation groundwater
recirculation system for the remediation of chlorinated ethenes, and those that will determine the
cost/selection of this technology over other options include the following:

e Depth of the CVOC plume below ground surface

e  Width of the CVOC plume

e Thickness of the CVOC plume

e Agquifer lithology and hydrogeology

e Regulations/acceptance of groundwater extraction and re-injection

e Regulatory considerations concerning secondary groundwater contaminants

e Length of time for clean-up (e.g., necessity for accelerated clean-up)

e Concentrations of CVOCs and alternate electron acceptor (e.g., NOs™', SO42 and O,)

e Presence of co-contaminants, such as chloroform or chlorinated ethanes

e O&M costs and issues (particularly injection well fouling)
A thorough cost analysis of various in situ treatment approaches, including active-pumping
systems, passive systems, and active-passive designs is provided in a recent book chapter by

Krug et al. (2008). These approaches are compared technically and economically with each
other and with ex situ treatment under a variety of different contamination scenarios. The reader
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is referred to this chapter and others in this volume by Stroo and Ward (2008) for descriptions
and economic comparisons of different in situ technologies.

The plume characteristics and those of the local aquifer will play an important role in the cost
and applicability of a bioaugmentation for groundwater CVOC remediation. For shallow
groundwater plumes (< 50 ft bgs) passive in situ options, such as installation of a PRB consisting
of either injection well or direct-push applied slow-release substrates, is likely to be the most cost
effective option. These systems require little O&M after installation, and are not subject to the
biofouling issues that impact active pumping designs. However, passive approaches may be less
suitable at sites where significant pH adjustment is required, or where secondary reaction
concerns (e.g. metals mobilization, sulfate reduction, etc.) exist. Passive approaches utilizing
direct-push technologies can also be limited to sites where the target treatment zones are greater
than 50 to 100 feet bgs, due to depth restrictions associated with this injection technology.
Additionally, effective distribution of bioaugmentation cultures within the subsurface can be
considerably slower with passive in Situ treatment options.

For deeper plumes (e.g. >50 ft. bgs) or those that are very thick, passive approaches are often not
technically feasible (e.g., for direct-push injection of passive substrates >100 ft bgs) and/or are
cost-prohibitive (e.g., injecting passive substrates at closely spaced intervals to > 50 ft bgs).
Active treatment systems may be technically and economically more attractive under these
conditions. Active treatment approaches may also be better suited for layered lithologic units or
sites where significant pH adjustment is required (such as the MAG-1 Area), as groundwater
recirculation improves mixing and distribution of injected amendments within the subsurface.
Longer treatment time frames, high contaminant concentrations, and secondary reaction concerns
may also present conditions favorable for utilizing an active approach, since electron donor
addition and mixing rates can be adjusted more easily then with passive approaches (which often
utilize less frequent injection of electron donors at high concentrations). However, active
approaches may be limited where re-injection of contaminated water (e.g., extracted groundwater
with electron donor added) is either prohibited due to water usage/rights concerns or subject to
regulatory injection permits.

Factors such as required clean-up time, contaminant concentrations, and presence of select co-
contaminants can also affect costs and technology selection. However, perhaps the most
significant long-term O&M cost and obstacle for any active in Situ pumping systems is well
fouling control. During this active treatment project, as well as others that have recently been
completed (e.g., Hatzinger and Lippincott, 2009; Hatzinger et al., 2008), control of injection well
fouling is a key component of system design and operation. This issue remains a critical
technical and economic constraint to active pumping designs for CVOC treatment. Injecting an
anti-biofouling agent on a regular basis during this field demonstration could have potentially
impacted the results by killing some of the injected SDC-9 culture. Therefore, biofouling
mitigation was limited to redevelopment of the injection wells during the demonstration.

Another cost associated with this technology, and a major focus of this demonstration, is the
amount of microorganisms required to effectively treat a site. The amount of microorganisms
needed depends upon contaminant concentrations, site hydrogeochemical conditions,
competition by indigenous microorganisms, the relative concentration of DHC in the
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bioaugmentation culture, in Situ growth, transport, and decay of the bioaugmented culture, and
various other site-specific factors including access and shipping costs. In addition, the cost of
the bioaugmentation culture is based on vendor selection as commercially available cultures vary
in price and DHC concentration and activity. Overall, the results of this demonstration show that
several factors affect the amount of DHC-containing bacterial culture needed to facilitate
successful in situ bioremediation of chlorinated solvents. Most notably, the amount of culture
needed is dependant largely on the contaminant concentration and soil properties that affect the
attachment and detachment of the added DHC cells. Consequently, the impact of DHC dosage
on bioaugmentation performance likely will need to be evaluated on a site-by-site basis, and
the model developed during this project (Schaefer et al., 2009) can assist in predicting the
affect of different cell dosages on in situ performance of the cultures. Efforts are underway to
incorporate the model in to widely-used groundwater models so that it is readily accessible to
remediation practitioners.

7.3  COST ANALYSIS

Bioaugmentation for in Situ treatment of groundwater contaminated with chlorinated ethenes can
be used to replace traditional groundwater extraction with above-ground treatment, and discharge
or re-injection approaches (pump and treat [P&T]). Bioaugmentation is most often used in
situations where biostimulation alone is not a viable alternative because DHC are not present in
the aquifer. However, bioaugmentation can also be utilized in situations where biostimulation
alone is a viable alternative (because DHC are already present the aquifer), but accelerated clean-
up times are preferred/required.

As discussed above, bioaugmentation remedial approaches can be either “Active”, where
distribution of amendments and bioaugmented culture is achieved using groundwater
recirculation, or “Passive”, where distribution is accomplished via ambient groundwater flow.
Active groundwater treatment approaches often involve pairs or groups of injection and
extraction wells to recirculate groundwater and effectively distribute injected amendments and
culture within the subsurface. Passive treatment approaches generally involve injection of
amendments and culture via closely-spaced injection wells or direct-push technology. A carbon
source is typically added prior to bioaugmentation or with the bioaugmentation culture in order
to promote and maintain the highly reducing, anaerobic conditions and supply carbon needed for
in situ growth of DHC and degradation of target contaminants. A slow-release carbon source,
such as emulsified vegetable oil (EVO) is often utilized with passive treatment approaches to
reduce injection frequency.

Cost analyses comparing active bioaugmentation to active biostimulation and pump and treat,
and passive bioaugmentation to passive biostimulation are presented in the following
subsections.

7.3.1 Active Bioaugmentation, Active Biostimulation and Pump & Treat Comparison

For the purpose of this cost analysis, an active bioaugmentation treatment system (similar to that
used in this demonstration) is compared to an active biostimulation system, and to a traditional
P&T system. The cost analysis is presented for a typical site, assuming full-scale application.
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7.3.1.1 Site Description
Following is the basic site description used for the cost analysis:

e Depth to groundwater is approximately 30 feet bgs
e Depth to base of impacted zone is approximately 50 feet bgs

e (Contaminant source area has either been removed, or is no longer a continuing source of
contamination to the plume

e Plume dimensions: 160 feet at the point of treatment or capture, and 250 feet long (total
treatment volume = 29,629 cubic yards)

e Total CVOC concentrations in treatment area range from ~100 to 3,000 pg/L Lithology
consists of fine to medium silty sands from 30-50 feet bgs, underlain by a clay confining
unit

e Average hydraulic conductivity value of 1.0 x 10™ cm/s in silty sand unit

e DHC are present at low concentrations (<1.0 x 10° cells.liter)

e Average electron acceptor concentrations:
0 Dissolved Oxygen: 1.5 mg/L
0 Nitrate (as N): 2.5 mg/L
0 Sulfate: 50 mg/L

e Neutral pH: ~ 6.5-7.0 standard units

7.3.1.2 Assumptions: Active Bioaugmentation and Active Biostimulation

Following are the assumptions used for analyzing costs associated with treatment utilizing
bioaugmentation with groundwater recirculation:

e O extraction wells:
0 3 rows, 100 feet apart and perpendicular to groundwater flow
0 3 wells per row at 40-foot centers
0 Each 4-inch well to be completed at a depth of 50 feet bgs, with screen interval
from 30 to 50 feet bgs. Well screens to be continuously-wrapped and constructed
of stainless steel. Well casing to be constructed of PVC
e 12 injection wells:
0 3 rows 100 feet apart and perpendicular to groundwater flow
0 4 wells per row at 40-foot centers
0 Each 4-inch well to be completed at a depth of 50 feet bgs, with screen interval
from 30 to 50 feet bgs. Well screens to be continuously-wrapped and constructed
of stainless steel. Well casing to be constructed of PVC
e 6 monitoring wells
0 Each 2-inch well to be completed at a depth of 50 feet bgs, with screen interval
from 35 to 45 feet bgs. Well screens and casing to be constructed of PVC
e The average pumping rate per well is between 3 and 5 gpm
e Electron donor agent will be sodium lactate
e Recirculation system to consist of the following major components:
0 9 submersible groundwater extraction pumps and controls
o0 Filtration system
0 1,000-gallon equilibration tank
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0 Transfer/re-injection pump
0 Biofouling mitigation system (chlorine dioxide)
0 PLC/SCADA unit with flow and level control for each extraction well
System controls and amendment delivery system to be housed in Conex box or small
temporary structure
Lactate and nutrient injections to be performed manually once per month
Groundwater sampling of 6 wells quarterly for the first 5 years, and annually thereafter

Active Bioaugmentation

System to be operated continuously for 6 months, followed by 12 months of “active/
passive operation”

One bioaugmentation event with 680 liters of SDC-9, obtaining an average aquifer DHC
concentration of 1.0 x 107 cells/liter

Site closure at 15 years

Active Biostimulation

System to be operated continuously for 6 months, followed by 30 months of “active/
passive operation”

No bioaugmentation performed

Site closure at 16 years

7.3.1.3 Pump & Treat Assumptions
Following are the assumptions used for analyzing costs associated with treatment utilizing P&T:

6 extraction wells:
0 1 row perpendicular to groundwater flow
0 Wells at 30-foot centers
0 Each 4-inch well to be completed at a depth of 50 feet bgs, with screen interval
from 30 to 50 feet bgs. Well screens to be continuously-wrapped and constructed
of stainless steel. Well casing to be constructed of PVC
6 monitoring wells
0 Each 2-inch well to be completed at a depth of 50 feet bgs, with screen interval
from 35 to 45 feet bgs. Well screens and casing to be constructed of PVC
The average pumping rate per well is between 8 and 12 gpm
P&T system to consist of the following major components:
O 6 submersible groundwater extraction pumps and controls
Filtration system
Two 1,000-gallon equilibration tanks
3 Transfer pumps
Air Stripper
2 liquid-phase granular-activated carbon vessels (1,000 Ibs. each)
0 PLC/SCADA unit with flow and level control for each extraction well
Permanent structure to be constructed to house system
Carbon change-outs to be performed every 6 months
Discharge to sanitary sewer
System to be operated continuously for 30 years
Groundwater sampling of 6 wells quarterly for the first 5 years, and annually thereafter

O O0O0OO0O0o
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e Monthly effluent sampling/reporting
e Site closure at 30 years

7.3.1.4 Active Bioaugmentation Cost Analysis

Table 7-2 shows the estimated capital costs, operations and maintenance (O&M) costs and long-
term monitoring costs for implementation of bioaugmentation with active groundwater
recirculation under the base case. The net present value (NPV) of 2.7 percent (Whitehouse
Office of Management & Budget, 2009) for O&M and monitoring costs was utilized in the cost
estimates. The capital costs and NPV of the other O&M and monitoring costs provides the
respective life-cycle costs adjusted to take into account the time value of money.

The costing has been developed for the base case conditions using assumptions described
previously, and is based on operating the groundwater recirculation system continuously for 6
months, followed by 12 months of “active/ passive operation” (groundwater recirculation
approximately 50 percent of the time), and adding electron donor manually once per month. The
estimated 18 months of operation in the estimate is conservative, considering remedial objectives
were largely achieved during the demonstration with less than 1 year of system operation. The
estimate for this alternative also assumes that site closer can be attained within 15 years.

The capital cost including design, installation of wells, installation of the downhole and above
grade equipment and controls, and system start up and testing is approximately $683,500 and the
NPV of the O&M totals an additional $422,714 of costs over 18 months of operation. The O&M
costs include the costs for labor for system O&M, costs for equipment repair and replacement
and cost for electron donor. O&M costs also include $51,000 for 680 liters of SDC-9 culture
(cell density = 1.0 x 10'" cells/liter) at the GSA-approved price of $75.00 per liter. The NPV of
the long term monitoring costs is estimated to be $492,552 resulting in a total lifecycle cost for
this alternative of $1,598,765 (Table 7-2).

7.3.1.5 Active Biostimulation Cost Analysis

Table 7-3 shows the estimated capital costs, operations and maintenance (O&M) costs and long-
term monitoring costs for implementation of biostimulation only with active groundwater
recirculation under the base case. The net present value (NPV) of the O&M and monitoring
costs is also included.

The costing has been developed for the base case conditions using assumptions described
previously, and is based on operating the groundwater recirculation system continuously for 6
months, followed by 24 months of “active/passive operation”, and adding electron donor
manually once per month. The costing assumes an additional 12 months of active/passive
operation (over the 18 months used in the bioaugmentation cost estimate) to obtain the same
DHC cell density and degradation kinetics observed in the bioaugmentation case study. The
estimate for this alternative also assumes that site closer can be attained within 16 years.

The capital cost including design, installation of wells, installation of the downhole and above
grade equipment and controls, and system start up and testing is approximately $683,500 and the
NPV of the O&M totals an additional $611,941 of costs over 30 months of operation. The O&M
costs include the costs for labor for system O&M, costs for equipment repair and replacement
and cost for electron donor. The NPV of the long term monitoring costs is estimated to be
$505,963 resulting in a total lifecycle cost for this alternative of $1,801,404 (Table 7-3).
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7.3.1.6 Pump & Treat Cost Analysis

Table 7-4 shows the estimated capital costs, operations and maintenance (O&M) costs and long-
term monitoring costs for implementation of the P&T under the base case. The net present value
(NPV) of the O&M and monitoring costs is also included. The costing has been developed for
the base case conditions using assumptions described previously, and is based on operating the
groundwater recirculation system and performing long term monitoring for 30 years.

The capital cost including design, installation of wells, installation of the downhole and above
grade equipment and controls, and system start up and testing is approximately $686,500 and the
NPV of the O&M totals an additional $4,369,539 of costs over 30 years of operation. The O&M
costs include the costs for labor for system O&M, costs for equipment repair and replacement
and carbon change-outs. The NPV of the long term monitoring costs is estimated to be $705,821
resulting in a total lifecycle cost for this alternative of $5,761,860 (Table 7-4).

7.3.1.7 Active Treatment Cost Comparison

The comparison of the cost analysis for the three remedial scenarios provided above indicates
that bioaugmentation with active groundwater recirculation is the least costly and fastest
remedial approach for the base case. Even with the estimated $51,000 additional cost of the
bioaugmentation culture, bioaugmentation provides an estimated cost savings of approximately
$203,000 over the biostimulation-only approach. The higher cost of the biostimulation-only
approach is due to the need to operate the groundwater recirculation system and add amendments
for an additional 12 month period. This additional treatment time would be required because of
the reduced biodegradation kinetics associated with this approach.

The bioaugmentation approach provides a cost saving of approximately $4,163,000 over that of
the pump and treat approach (approximately one-third of the cost). In addition to the cost
savings, the bioaugmentation approach provides treatment of the entire contaminated zone within
three years, while the P&T approach only provides capture of contaminants at the downgradient
edge of the plume over a 30 year period. Therefore, the bioaugmentation option provides both
faster and more complete remediation of the target zone.

The capital costs associated with all three technologies are almost identical (Tables 7-2 through
7-4). However, because the P&T system requires 30 years of continuous operation, the O&M
costs and long term monitoring costs are significantly higher than that of the bioaugmentation
option (which requires only 3 years of operation). Additionally, the P&T option requires 30
years of long term monitoring (including monitoring of system effluent for compliance with
discharge permits) compared to 15 years of monitoring for the bioaugmentation option. It should
be noted that even if the bioaugmentation option required 30 years of long term monitoring, the
additional NPV of these costs would total less than $270,000, which would still make the cost of
the bioaugmentation approach considerably less than the P&T approach.

7.3.2 Passive Bioaugmentation and Passive Biostimulation Comparison
For the purpose of this cost analysis, a passive bioaugmentation treatment approach is compared

to a passive biostimulation approach at three different scales; “4-acre, 1-acre, and 3-acres. Two
SDC-9 dosages (obtaining average aquifer DHC concentrations of 1.0 x 10° and 1.0 x 10’
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cells/liter) for the bioaugmentation approach and two biostimulation injection strategies are also
compared at each scale. The cost analysis is presented for a typical site, assuming full-scale
application.

7.3.2.1 Site Description
Following is the basic site description used for the cost analysis:

e Depth to groundwater is approximately 15 feet bgs

e Depth to base of impacted zone is approximately 25 feet bgs

e Contaminant source area has either been removed, or is no longer a continuing source of
contamination to the plume

e Treatment areas: “s-acre, 1-acre, and 3-acres (total treatment volumes = 4,033, 16,133,
and 48,400 cubic yards, respectively)

e Total CVOC concentrations in treatment area range from ~100 to 3,000 pg/L (“DCE
stall” observed)

e Lithology consists of fine to medium silty sands from 15-25 feet bgs, underlain by a clay
confining unit

e Average hydraulic conductivity value of 1.0 x 10™ cm/s in silty sand unit

e DHC are present at low concentrations (<1.0 x 10 cells.liter)

e Average electron acceptor concentrations:
0 Dissolved Oxygen: 1.5 mg/L
0 Nitrate (as N): 2.5 mg/L
0 Sulfate: 50 mg/L

Neutral pH: ~ 6.5-7.0 standard units

7.3.2.2 Assumptions

Following are the assumptions used for analyzing costs associated with treatment utilizing
passive bioaugmentation and biostimulation:

e Effective injection radius of influence = 10 feet
e Direct-push points used for injection of emulsified vegetable oil (EVO), nutrients, and
SDC-9 culture (with the bioaugmentation approach):
0 Three 3-foot injection intervals per point
0 Simultaneous injection at 6-8 points at a time
O Average injection rate = 3 gpm per point
¢ 3 monitoring wells for the Y4-acre scenario, 4 monitoring wells for the 1-acre scenario,
and 6 monitoring wells for the 3-acre scenario
0 Each 2-inch well to be completed at a depth of 25 feet bgs, with screen interval
from 15 to 25 feet bgs. Well screens and casing to be constructed of PVC
e Groundwater sampling of all wells quarterly for the first 5 years, and annually thereafter

Passive Bioaugmentation

¢ One initial injection of EVO and nutrients required to establish reducing conditions
0 15% of treatment pore volume injected
e A second injection consisting of SDC-9 culture and additional nutrients:
0 3% of treatment zone pore volume injected (“seeding” with SDC-9 culture)
e Site closure at 15 years with the higher DHC dosage, and 16 years with the lower dosage
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Case #1

e One direct-push bioaugmentation event with SDC-9, obtaining average aquifer DHC
concentrations of 1.0 x 107
Case #2

e One direct-push bioaugmentation event with SDC-9, obtaining average aquifer DHC
concentrations of 1.0 x 10°

Passive Biostimulation

e No bioaugmentation performed
e Site closure at 18 years

Case #1

e Two direct-push injections of EVO and nutrients:

0 15% of treatment zone pore volume injected

0 Second injection required at beginning of year 3
Case #2

¢ One direct-push injections of EVO and nutrients:
0 15% of treatment zone pore volume injected
0 50% more EVO and nutrients injected to extend active treatment to 4 years

7.3.2.3 Passive Bioaugmentation Cost Analysis

Table 7-5 shows the estimated capital costs, injection costs and long-term monitoring costs for
implementation of passive bioaugmentation utilizing direct-push injections under the three
scenarios discussed above. It was assumed that capital costs and injection costs were incurred
during the first year of the project. The net present value (NPV) of 2.7 percent (Whitehouse
Office of Management & Budget, 2009) for monitoring costs was utilized in the cost estimates.
The costing has been developed for the base case conditions using assumptions described
previously, and is based on one round of amendment injections (EVO and nutrients) and one
round of bioaugmentation injections.

The capital costs include design, work plan preparation, groundwater modeling, and installation
of monitoring wells. Capital costs are the same for both DHC dosage cases under each of the
three treatment scenarios (e.g., “4-acre, 1 acre, and 3 acres), respectively. The injection costs
include the costs for injection labor, the direct-push injection subcontractor, rental equipment,
and EVO, nutrients and the SDC-9 culture. The difference in injection costs between the two
DHC dosage cases is the cost associated with the SDC-9 bioaugmentation culture (at the GSA-
approved price of $75.00 per liter). The NPV of the long term monitoring costs was estimated
based on a 15-year lifecycle for the higher DHC dosage case and a 16-year lifecycle for the
lower DHC dosage case (Table 7-5). Faster degradation kinetics, and thus faster site closure,
were assumed with the higher DHC dosage because the contaminant concentration is the same in
each scenario.

7.3.2.4 Passive Biostimulation Cost Analysis

Table 7-5 shows the estimated capital costs, injection costs and long-term monitoring costs for
implementation of passive biostimulation utilizing direct-push injections under the three
scenarios discussed above. It was assumed that capital costs were incurred during the first year
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of the project. Costing for two injection scenarios (2 rounds of amendment injections, and one
round of amendment injections at higher concentrations) have been developed for the base case
conditions using assumptions described previously. Injection costs were incurred during the first
year of the project for the single-injection scenario, and during years 1 and 3 during the two-
injection scenario. The net present value (NPV) of 2.7 percent (Whitehouse Office of
Management & Budget, 2009) for monitoring costs and the second injection was utilized in the
cost estimates.

The capital costs include design, work plan preparation, groundwater modeling, and installation
of monitoring wells. Capital costs are the same for both injection cases under each of the three
treatment scenarios (e.g., Ya-acre, 1 acre, and 3 acres), respectively. The injection costs include
the costs for injection labor, the direct-push injection subcontractor, rental equipment, and EVO
and nutrients. The difference in injection costs between the two injection scenarios is the cost
associated with a second direct-push injection (at the beginning of year 3) and additional
amendments. The NPV of the long term monitoring costs was estimated based on a 18-year
lifecycle for both injection cases (Table 7-5). The same degradation kinetics were assumed with
both cases.

7.3.2.5 Passive Treatment Cost Comparison

The comparison of the cost analysis for the three passive remedial scenarios provided above
indicates that bioaugmentation is the fastest remedial approach for the three base cases (Table 7-
5). However, the most cost effective bioaugmentation approach (i.e., which DHC dosage to use)
depends on the scale of the project. The higher DHC dosage approach provides a lower cost
alternative to the lower DHC dosage approach (and both biostimulation approaches) for the -
acre treatment scenario. However, the lower DHC dosage approach provides a lower cost
alternative to the higher DHC dosage approach for the larger 1-acre and 3-acre treatment
scenarios. This is largely due to the fact that the cost associated with the addition
bioaugmentation culture for the larger treatment areas outweigh the cost of 1 year of additional
long term monitoring for the larger scale projects discussed above. Therefore, treatment times
should be weighed against the costs associated with the different dosages when evaluating
treatment approaches.

For the Ys-acre treatment scenario, the higher DHC dosage approach provides a cost savings of
approximately $4,500 over the lower dosage approach, $91,500 over the 2-injection
biostimulation approach, and $24,800 over the 1-injection biostimulation approach. For the 1-
acre treatment scenario, the lower DHC dosage approach provides a cost savings of
approximately $12,600 over the higher dosage approach, $220,200 over the 2-injection
biostimulation approach, and $26,300 over the 1-injection biostimulation approach. Finally, for
the 3-acre treatment scenario, the lower DHC dosage approach provides a cost savings of
approximately $59,500 over the higher dosage approach, $530,800 over the 2-injection
biostimulation approach, and $25,800 over the 1-injection biostimulation approach. Based on
these estimates, a biostimulation-only approach utilizing one injection could potentially be more
cost effective at treatment scales greater than 3 acres. It should be noted that the biostimulation-
only approach assumes that DHC are present at the site, and capable of being stimulated in situ
to a cell density high enough (approximately 10’ cells/liter) for effective dechlorination of target
CVOCs. Additionally, the single injection biostimulation approach assumes that the injected
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amendments last and don’t migrate from the treatment zone before remediation is complete. The
need for a second biostimulation injection would make the cost of biostimulation significantly
higher than that of either of the bioaugmentation approaches.

It should be noted that the conclusions discussed above were derived from the base case
scenarios, and should not be extrapolated to all sites without first performing adequate pre-design
activities and cost comparisons. Treatability testing, pilot testing, and groundwater modeling
should be used to determine the optimal approach for each site. The approach should take into
account remedial goals (such as treatment duration) and cost effectiveness. The cost drivers
discussed in Section 7.2 also need to be considered. Consequently, the impact of DHC dosage
on bioaugmentation performance likely will need to be evaluated on a site-by-site basis, and
the model developed during this project (Schaefer et al., 2009) can assist in predicting the
affect of different cell dosages on in situ performance and expected treatment times.

The Cost of Not Bioaugmenting

To estimate a typical cost for bioaugmentation, we analyzed 40 bioaugmentation applications
performed by Shaw Environmental, Inc. with the SDC-9 culture at DoD sites throughout the
United States. The treated sites varied widely in the dimension and thickness of the treated area,
contaminant concentration, hydrogeology, and remedial goals. The average volume of aquifer
treated was 28,667 m>. The average volume of culture applied was 115 L. Using Shaw’s 2009
GSA-approved price for SDC-9 of $75/L, the average cost for bioaugmentation culture at these
sites was $8,625 or $0.30/m’ of treated aquifer. Assuming an average commercial culture cost of
$150 to $300 per liter, the average cost of culture for these projects on a commercial site would
have been $17,250 to $34,500, or an equivalent of $0.60 to $1.20/m’ of treated aquifer.

The cost of bioaugmentation should be compared to the potential cost of not bioaugmenting. It
is often assumed that bioaugmentation is costly, and that the time saved by bioaugmentation may
not be significant in the absence of a regulatory driver forcing the early clean up of the site. That
is, a typical response is, “If we don’t bioaugment the site, we just have to monitor for a little
longer”. It is worthwhile then to evaluate the cost of the additional monitoring relative to the
cost of bioaugmentation and an expected more rapid site closure. If you factor in the cost of re-
injecting electron donor, permit renewals, system O&M, meetings with regulators, and other
typical consulting costs, the real cost of additional years of treatment and monitoring are likely to
be much greater than the cost of bioaugmentation.
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8.0 IMPLEMENTATION ISSUES

The primary end-users of this technology are expected to be DoD site managers and contractors,
environmental engineers and consultants, as well as other stakeholders. The general concerns of
these end users include technology applicability under local site conditions, technology
performance, technology scale-up, and technology cost. The expected cost drivers for
installation and operation of a bioaugmentation groundwater recirculation system for the
remediation of chlorinated ethenes, and those that will determine the cost/selection of this
technology over other options are provided in Section 7. Scale-up of this technology has been
performed at several hundred sites, and follows standard design practices, with required
equipment generally being commercially available off-the-shelf. DHC-containing bacterial
cultures are readily available from Shaw Environmental, Inc. (609-895-5350) and several other
vendors.

The results of this project demonstrated that CVOCs in a low pH aquifer can be effectively
remediated by using active groundwater recirculation, bioaugmentation with the SDC-9
consortium, and pH adjustment. The CVOC and ethene data indicate that conversion of TCE
and cDCE to ethene can exceed 95 percent in the treatment zones. Results of this field
demonstration have provided a detailed evaluation of the use of a groundwater recirculation
design for the distribution of groundwater amendments (including a TCE-degrading microbial
culture), use of buffering agents to control in situ pH, and an application model to allow
practitioners to plan bioaugmentation applications and predict their performance. As such,
critical design and implementation issues regarding microbial dosage requirements, remedial
timeframes, and system optimization have been addressed and are being made available to
environmental professionals and stakeholders.

The results of the demonstration were used to develop, evaluate and refine a one-dimensional
bioaugmentation fate and transport screening model (Schaefer et al., 2009; Appendix C). The
model developed during this project provided a reasonable prediction of the data generated
during the field demonstration. The ability to predict results suggests that modeling potentially
can serve as an effective tool for determining bioaugmentation dosage and predicting overall
remedial timeframes, thus providing the more efficient and less expensive approaches for
treating CVOC contaminated groundwater.

While the results of this demonstration showed that (for the range of DHC dosages tested)
bioaugmentation performance was not substantially impacted by DHC dosage, these results
should not be readily extrapolated to diverse field scale bioaugmentation scenarios.
Groundwater flow velocity, contaminant concentration and longevity, and heterogeneity of
subsurface conditions can impact the relevant importance of DHC dosage on bioaugmentation
effectiveness. In addition, as observed during performance of model simulations, a DHC
attachment-detachment factor plays a significant role in determining the relative importance of
DHC dosage on bioaugmentation kinetics (Schaefer et al., 2009). Thus, the impact of DHC
dosage on bioaugmentation performance likely will need to be evaluated on a site-by-site basis,
but the model developed during this project can assist in predicting the affect of different cell
dosages on in situ performance of the cultures.
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The two major challenges encountered during the demonstration were pH adjustment of the
aquifer, and injection well fouling.

pH Adjustment

Increasing and maintaining pH levels within the recirculation loops was challenging. pH was
increased from generally below 5.0 to between 6.0 and 7.1 standard units, except at injection
wells where pH levels were often greater than 9.0 standard units due to the injection of sodium
carbonate. The pH levels sometimes dropped below 5.5 (the level at which dechlorination rates
drop significantly) in some of the wells during periods of the demonstration. Despite
preliminary laboratory testing, sodium bicarbonate was determined to be too weak to increase
aquifer pH. Therefore, the buffer used was changed to sodium carbonate (a stronger buffer) to
more effectively increase pH within the aquifer. Additionally, two bulk injections of sodium
carbonate were needed (a total of 250 lbs. per well) to further elevate groundwater pH values that
still largely remained below 5.5 standard units after several weeks of system operation. A total
of 7,000 lbs. of sodium bicarbonate and 9,600 lbs. of sodium carbonate (including the bulk
injections) were injected into the four Loops during the 12 months of system operation. When
pH levels were maintained above 5.5 standard units and the bioaugmentation injections were
performed at wells with a neutral pH (i.e. monitoring wells downgradient of the amendment
injection wells), compete dechlorination of TCE to ethene was observed.

Well Fouling

As with many in situ treatment approaches, both biological and non-biological, fouling and
plugging of the injection well screens can be a significant concern. During this demonstration,
well fouling appeared to be occurring from an accumulation of carbonate and insoluble
complexes (most likely iron sulfides and iron carbonates, as discussed in Section 5.6.4) within
the well screen, sandpack and the immediate surrounding formation. While the buffer used for
pH adjustment was in solution during injection, the cumulative effect of continuous injections,
high pH at the injection wells, and interactions with metals likely lead to this precipitation.
Precipitated metals were observed during well redevelopment, and on system piping,
components, and filter cartridges during the demonstration.

The accumulation of biomass did not appear to be a major cause of well fouling. This is most
likely due to the fact that injection well pH levels were often too high (generally >9 standard
units) because of our buffering efforts for significant biological growth to occur. However, for
sites with more neutral pH levels, biofouling of active recirculation systems can become a
significant O&M issue and cost.

The most effective and economical solution for biofouling control with active systems involves
multiple approaches, including selection of electron donor, dosing regimen of electron donor,
biocide application, water filtration, and system pumping operation. Based on experience from
this demonstration and others, the best operational approach to control fouling and minimize
O&M costs associated with this issue includes the following:

e “Active-passive” rather than continuous operation

¢ Infrequent, high concentration dosing of electron donor during active phase
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e Selection of an acidic electron donor to assist in biofouling control. Citric acid is optimal
as it serves as an acid and a metal chelating agent

¢ Daily application of chlorine dioxide or other fouling control chemicals

e Installation of a filtration system to remove biomass from between the extraction wells
and the injection wells

These approaches were proven to be effective in a recent demonstration for bioremediation of
perchlorate at the former Whitaker-Bermite facility in California (Hatzinger and Lippincott,
2009). Biofouling was significantly controlled in the groundwater extraction-reinjection system
throughout the 6-month demonstration period by implementing the approaches described above.
However, because the primary goals of this field demonstration were to evaluate the amount of
culture needed to effectively remediate a CVOC-contaminated plume, and to determine the
effect of inoculum dose on remedial time, the injection of an anti-biofouling agent on a regular
basis could have potentially impacted the results by killing some of the injected SDC-9 culture.
Therefore, biofouling mitigation was limited to installation of a filtration system, “active-
passive” operation, and the redevelopment of the injection wells during the demonstration.
Additionally, the use of an acidic electron donor to assist in biofouling control was not an option
because of the low pH of aquifer and the need for upward pH adjustment.
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Chapter 3. Culturing and Handling Bioaugmentation Cultures

Robert J. Steffan and Simon Vainberg

Shaw Environmental, Inc., Lawrenceville, NJ.

3.1 Introduction

Chlorinated ethenes have been used extensively as industrial solvents and
cleaning agents, and improper disposal practices and accidental spills have led to them
becoming common groundwater contaminants throughout the United States and the
world (Moran and Zogorski, 2007; Westrick et al., 1984). Treatment of chlorinated
solvent contamination has involved the use of a wide range of technologies including soil
vapor extraction, air sparging, chemical oxidation, 6-phase heating, and biological
oxidation or reduction. Currently, the most common treatment alternative for these
compounds is biological degradation facilitated by either stimulating indigenous
dechlorinating organisms or adding cultures of exogenous microorganisms enriched
especially for this task. Adding exogenous organisms is commonly referred to as
bioaugmentation.

Although the use of bioaugmentation has a long history for treating challenging

pollutants, overselling of the technology as a panacea for pollutant remediation and



under-performance of some commercial products led to a period of low acceptability of
this technology for remedial activities. In many cases the lack of acceptance of the
technology was justified because the addition of microbes to contaminated environments
did not improve remediation beyond what could be achieved by stimulating indigenous
microbial populations (DeFlaun and Steffan, 2002; Unterman et al., 2000). In the case of
remediating chlorinated solvent contaminated aquifers, the technology was challenged by
poor transport of the biocatalysts, an inability of the microbes to use the contaminant as a
growth substrate, the need to maintain aerobic conditions, the production of toxic
intermediates, and the inability to degrade some important solvents (most notably PCE)
(Steffan et al. 1999). The early application of Dehalococcoides spp.-containing
consortia for in situ remediation of chlorinated solvent-contaminated aquifers has led to a
renewed interest in bioaugmentation because the added cultures reproduced in situ and
were transported well through the treated aquifer (Ellis et al., 2000; Major et al., 2002).
The fact that the cultures did not require oxygen to degrade the contaminants made them
easy to transport and apply, and only a fermentable carbon source was needed to support
their growth and degradative activity. To date, several hundred bioaugmentation

applications have been performed to remediate chlorinated solvent contaminated aquifers.

3.1.1 Microbial Cultures used for Bioaugmentation

The predominant biodegradation pathway used for chlorinated ethene remediation in

contaminated aquifers is anaerobic reductive dehalogenation. During reductive

dechlorination, chlorinated ethenes are used as electron acceptors by naturally adapted



bacteria, and during the process a chlorine atom on the compound is removed and
replaced with a hydrogen atom. Sequential dechlorination of perchloroethene (PCE)
most commonly proceeds to trichloroethene (TCE), cis-1,2-dichloroethene (cDCE), vinyl
chloride (VC), and finally the desired end product, ethene. In some bacteria trans-1,2-
DCE or 1,1-DCE (Zhang et al., 2006) are the predominant TCE dechlorination products.
Although biodegradation of chlorinated ethenes can often be performed by naturally
occurring microorganisms that use endogenous resources to support contaminant
degradation (i.e., intrinsic bioremediation), or nutrients that are purposefully added to
support their activity (i.e., biostimulation), some aquifers lack an indigenous microbial
population capable of completely dechlorinating the contaminants. This lack of an
adequate microbial population capable of completely dechlorinating PCE and TCE to
ethene can sometimes lead to the accumulation of cDCE and VC (Hendrickson et al.,
2002) which are more toxic that the parent compounds. Consequently, the addition of
exogenous organisms (i.e., bioaugmentation) is sometimes used to supplement the
indigenous microbial population.

While many dechlorinating microorganisms have been identified, only bacteria of the
genus Dehalococcoides (DHC) have been shown to completely reduce PCE and TCE to
ethene (Maymo-Gatell et al., 1997; He et al., 2003a,b). These organisms use molecular
hydrogen as an obligate electron donor and halogenated compounds as obligate
respiratory electron acceptors. Acetate is typically used as a carbon source. Studies of
field sites have strongly correlated the presence of DHC strains with complete
dehalogenation of chlorinated ethenes in situ (Hendrickson et al., 2002). Therefore,

microbial cultures used to augment chlorinated solvent contaminated groundwater



contain at least one strain of Dehalococcoides sp. A list of some known suppliers of
bioaugmentation cultures for chlorinated solvents is presented in Table 1.

Because of the difficulty of growing DHC-type organisms in pure culture (Maymo-
Gatell et al., 1999; He et al., 2003a,b), consortia containing DHC, fermentative, and other
microbes that support the growth and activity of the DHC strains are used for remedial
applications (Ellis et al., 2000; Lendvay et al., 2003; Major et al., 2002). The consortia,
and the DHC therein, can be grown (i.e., “fermented”) on a wide range of fermentable
carbon sources as a source of H, and a chlorinated ethene (typically PCE or TCE) as an

electron acceptor.

3.1.2  Why high density fermentation is important

One of the significant challenges of performing bioaugmentation at a commercial
scale is the large size of contaminant plumes and the large amount of culture that is
potentially needed to facilitate timely and successful remediation. This can be best
illustrated by a simple hypothetical example. One acre of land (0.4 ha; 43560 ft*; 4047
m?) is slightly smaller than the size of an American football field including the end zones
(57,600 ft*; 5,353 m?). If we assumed that a groundwater plume extended throughout this
1 acre area (300 ft. x 145 ft) and was maintained within a 10 ft saturated thickness, the
total volume of the contaminated media would be ~435,000 ft* (123,000 m?). If the
aquifer had an effective porosity of 25%, the total volume of contaminated water in the
plume would be 109,000 ft* (3087 m*; ~3 x 10° L). If our goal was to achieve a final
DHC concentration of 10’ DHC/L to effectively remediate the site (Lu et al., 2006 ), we

would need 3 x 10*3 DHC cells. If the fermentation process produced 10° DHC/L (Major



etal., 2002), ~30,000 L of DHC culture would be required. At an arbitrary cost of
$300/L, the culture cost for this moderately-sized plume would be $9,000,000. Of
course, several factors come into play in actual remediation scenarios (Lee et al., 1998).
For example, it may be unrealistic to expect even distribution of the DHC across a
contaminated aquifer, so we would expect locally higher concentrations of culture, and
degradative activity, near injection points. We also may consider constructing a series of
in situ flow-through barriers or recirculation systems, depending on the remedial goals, to
reduce the amount of culture needed. In addition, if conditions are correct some growth
of the culture 