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Executive Summary

Perchlorate is an inorganic anion that consists of chlorine bonded to four oxygen atoms. It is a
primary ingredient in solid rocket propellant and has been used for decades by Department of
Defense (DoD), National Aeronautics and Space Administration (NASA), and the defense
industry in the manufacturing, testing, and firing of rockets and missiles. Perchlorate exhibits
high solubility and mobility in water and has been identified in groundwater at numerous sites
across the U.S. at concentrations above the upper limit of U.S. Environmental Protection
Agency’s (USEPA’s) provisional cleanup guidance for perchlorate of 18 parts per billion (ppb).
Enhanced In Situ bioremediation (EISB) of perchlorate impacted groundwater offers the
potential to treat and destroy perchlorate without the need for disposal of residuals containing
recovered perchlorate (as with above ground ion exchange) or extensive above ground treatment
(as with Ex Situ bioremediation).

This Report describes work conducted to demonstrate/validate the use of a semi-passive EISB
approach at the Longhorn Army Ammunition Plant (LHAAP) in Texas. The goal of this work
was to demonstrate the efficacy of this approach at a scale that is large enough to generate
accurate full-scale design and cost information for widespread technology consideration and
application at DoD and related sites.

The semi-passive EISB approach involves periodic (e.g., 2 or 3 times per year) delivery of
electron donor to create a biologically active zone or biobarrier across a perchlorate plume, for
the purposes of promoting perchlorate biodegradation and controlling plume migration. The
semi-passive biobarrier approach involves the use of alternating extraction and injection
(electron donor delivery) wells installed across a perchlorate plume. To add and mix the electron
donors across the plume, groundwater is periodically extracted, amended with electron donor,
and recharged to the aquifer. Once electron donor is delivered, recirculation is shut off, and the
electron donor in the subsurface groundwater promotes In Situ biological treatment of the
perchlorate. Biomass generated by each batch injection of electron donor will decay over time
and help extend the period between batch injections. The semi-passive approach can also be
used to distribute electron donor in source areas, or throughout other target treatment zones.

The following technical conclusions have been made based on the results of the field
demonstration phase of the work:

1. The data demonstrate that significant reductions in perchlorate concentrations can be
achieved using a semi-passive biobarrier system for In Situ bioremediation of
perchlorate. At the end of the demonstration, perchlorate concentrations were reduced
from levels over 800 pg/L to less that 4 pg/L in 10 of 13 shallow wells within and
downgradient of the biobarrier and the concentrations in the other wells ranged from 7 to
10 pg/L. The average concentration of perchlorate in shallow wells within and
downgradient of the biobarrier following the final addition of electron donor was 3.4

ug/L.
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2. The ORP of groundwater samples collected prior to addition of electron donor were

generally high (greater than 150 mV) and were reduced significantly following addition
of electron donor. ORP can provide a simple real time field measurement of the extent
of the distribution of electron donor influence.

Each cycle of addition of electron donor achieved a greater and more sustained reduction
in perchlorate and ORP than the previous injection. The greater impact of the third and
final injection of electron donor is likely due to a combination of factors including: 1)
the improved distribution of electron donor provided by the modified recirculation
pattern used; 2) the residual beneficial impacts of the first and second addition of
electron donor including reducing minerals in the geological media and growing biomass
which can act as a long-term residual source of electron donor; and 3) the larger quantity
of electron donor used during the third injection.

Following the final injection of electron donor, the concentrations of iron in groundwater
samples consistently increased within the area of the biobarrier relative to the upgradient
concentrations, but the concentrations in wells downgradient of the biobarrier (i.e., 30
feet downgradient of the centerline of the recirculation wells) declined significantly.
Similar trends were observed for manganese which increased within the biobarrier but
generally decline in concentrations downgradient. The concentration of arsenic also
increased within the biobarrier but declined significantly within 30 feet downgradient of
the biobarrier.

Based on the experience and observations made during the demonstration, all of the performance
objectives for the demonstration were achieved. The performance objectives were demonstrated
as follows:

The ease of installation of electron donor delivery components - This objective was
achieved based on experience with the actual installation of the electron donor delivery
system at the LHAAP Site. The equipment for the injection of electron donor and short-
term circulation of groundwater was readily available through local drillers and plumbing
suppliers. The procedures used to install the wells, pumps and piping were standard for
local licensed drillers and the procedures were simple enough to be conducted by field
technicians with minimal special training.

The ease of electron donor delivery events - This objective was achieved based on
experience of field staff with the actual electron donor delivery events who reported that
the procedures were simple and completed with minimal training and effort.

The enhancement of microbiological activity - This objective was achieved based on
the results of chemical and geochemical characterization. Groundwater monitoring data
for chemical and geochemical parameters demonstrated that electron donor addition
enhanced microbiological activity in the treatment zone. Significant and sustained
reductions in ORP were observed following addition of electron donor and provide the

x1
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first indication that biological activity was enhanced by the addition of electron donor.
The significant and sustained reductions in perchlorate concentrations in groundwater
observed following addition of electron donor provide additional indication that
biological activity was enhanced by the addition of electron donor and that this biological
activity included microorganisms capable of degradation of perchlorate.

e The ease of performance monitoring and validation - This objective was achieved
based on the data obtained during the demonstration. The quality of the data obtained
and the ability to interpret this data and quantify biodegradation with confidence
demonstrates that the performance monitoring network allowed for straightforward data
collection, interpretation and validation.

e The reduction in perchlorate concentrations - This objective was achieved based on
groundwater sampling of performance monitoring wells which demonstrated that the
average perchlorate concentrations were reduced to below the practical quantitation limit
(PQL) of 4 pg/L.

e The radius of influence and distance for degradation - This objective was achieved
based on groundwater sampling results from performance monitoring wells during the
tracer tests and following electron donor delivery cycles which demonstrated that the
radius of influence for electron donor extends between all recirculation wells and that
perchlorate was degraded before groundwater reached downgradient performance
monitoring wells.

An assessment of the costs to implement EISB for perchlorate impacted groundwater using the
semi-passive approach was also conducted. A cost model was developed for a template site
based on a typical site with perchlorate impacted shallow groundwater. Using these site
conditions, the cost model identifies the major cost drivers for the semi-passive approach and
provides an estimate of costs for the capital, o&m, and long-term monitoring. A cost estimate
was also prepared for a conventional pump and treat system to provide a point of comparison
with the semi-passive EISB approach. The cost model focused on treatment of a contaminated
plume of groundwater and did not include costs for possible source zone treatment. The cost
assessment includes estimates of the Net Present Value (NPV) of future costs to help assess the
life-cycle costs.

The template site base case design incorporates one biobarrier on the downgradient edge of a
plume to treat water as it flows across the line of the biobarrier. Based on the groundwater
seepage velocity of 10 meters per year (m/yr) or 33 feet per year (ft/yr), a plume that extends for
240 meters (800 feet) along the direction of groundwater flow and the assumed need to flush two
pore volumes of clean water through the impacted aquifer to achieve clean up standards, it would
be expected to take approximately 48 years for the plume to be treated in the base case.

The perchlorate treatment objective that was used for the template site was based on the chronic
exposure reference dose (and the resulting drinking water equivalent concentration) selected by

xii
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the U.S. Environmental Protection Agency in 2005 (http://www.epa.gov/iris/subst/1007.htm) of
0.0245 milligrams per liter (mg/L). A lower treatment objective would increase the costs
associated with the remediation. The semi-passive EISB approach can achieve low treatment
criteria (i.e., below 0.004 mg/L) but to achieve lower target treatment criteria, a higher safety
factor would be required in the design and operation of each of the remedy such that pockets or
layers of low hydraulic conductivity geological material containing untreated groundwater with
some perchlorate do not remain or transmit perchlorate in groundwater following treatment and
the system may need to be operated for a longer period of time.

The costs to implement semi-passive EISB for perchlorate impacted groundwater will vary
significantly from site to site. The key costs drivers are listed below.

e The dimensions and depth of the plume to be treated.
e Ambient groundwater velocity.

e Hydraulic conductivity (K) of the geological media containing the impacted groundwater
and the degree of variation in the K of different layers in the geological media.

e Concentration of perchlorate and other electron acceptors in impacted groundwater and
the target treatment concentration.

The capital and operation and maintenance (o&m) cost for the semi-passive EISB system and for
a comparable pump and treat system at the template site are presented in the table below.

S%nil;g;esis;;fe Pump and Treat
Capital Costs $430,000 $490,000
Annual o&m Costs $39,000 $74,000
NPV of 30 Years of o&m Costs $780,000 $1,470,000
NPV of 30 Years of Total Remedy Costs $1,560,000 $2,310,000
Total 30-Year Remedy Costs $2,060,000 $3,160,000

xiil
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1. INTRODUCTION

This Final Report has been prepared by Geosyntec Consultants (Geosyntec) for the
Environmental Security Technology Certification Program (ESTCP) to present the results of the
semi-passive EISB demonstration that was conducted at the LHAAP in north-eastern Texas.
This work was conducted as part of ESTCP Project ER-0219, “Comparative Demonstration of
Active and Semi-Passive In Situ Bioremediation Approaches for Perchlorate Impacted
Groundwater”.

Section 1 of this Report presents background information and summarizes the objectives of the
demonstration. Section 2 describes the semi-passive bioremediation technology demonstrated in
this work. Section 3 presents the performance objectives for the demonstration. Section 4
presents information on the LHAAP Site where the demonstration was conducted. Section 5
presents the test design and results of the demonstration. Section 6 presents the results of the
performance assessment. Section 7 presents the results of a cost assessment of the technology
and Section 8 discusses potential implementation issues with technology.

1.1 BACKGROUND

Perchlorate is an inorganic anion that consists of chlorine bonded to four oxygen atoms (ClOy).
It is a primary ingredient in solid rocket propellant and has been used for decades by Department
of Defense (DoD), NASA, and the defense industry in the manufacturing, testing, and firing of
rockets and missiles. On the basis of 1998 manufacturer data, it is estimated that 90 percent of
the several million pounds of perchlorate produced in the United States each year is used by the
military and NASA. Private industry has used perchlorate to manufacture products such as
fireworks, safety flares, automobile airbags, and commercial explosives.

Perchlorate exhibits high solubility and mobility in water and is very stable, being degraded only
under anaerobic conditions. Consequently, when perchlorate is released into a typical
groundwater or surface water environment, it tends to persist and can migrate to great distances
(many miles) in groundwater, as has been observed at many sites. Perchlorate released to the
subsurface many decades ago can also be retained in the pore spaces of low permeability
materials such as silts and clays, representing a long term threat to groundwater and surface
water. This can be particularly problematic in areas where artificial recharge has resulted in
rising groundwater elevations, solubilizing perchlorate previously held within the unsaturated
soil matrices.

The frequency of detection of perchlorate in groundwater and surface water has been steadily
increasing since its initial identification as a chemical of regulatory concern in 1997. To date,
U.S. federal and state regulatory agencies have reported detecting perchlorate in soil,
groundwater, surface water, and/or drinking water at almost 400 sites in 35 states, the District of
Columbia, and two U.S. commonwealths (United States Government Accountability Office
[GAO], 2005). Detections were reported for military installations, commercial manufacturers,
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public water systems, private wells and residential areas. While concentrations exceeded part
per million (ppm) levels at some military and manufacturing sites, approximately two-thirds of
the sites (249 of 395) reported perchlorate levels at or below 18 micrograms per Liter (ug/L) the
upper limit of USEPA’s provisional cleanup guidance for perchlorate. More than half of the
sites (224 of 395) were located in Texas and California, where regulatory agencies have
conducted broad investigations to determine the extent of perchlorate in the environment. The
highest concentrations of perchlorate (more than 500,000 pg/L for 11 different sites) were
reported for sites in Arkansas, California, Nevada, Texas, and Utah, primarily related to rocket
manufacturing or to the manufacture of perchlorate itself (GAO, 2005).

Perchlorate impacts at 110 of the sites was reportedly due to activities related to defense and
aerospace, such as propellant manufacturing, rocket motor research and test firing, or explosives
disposal. At 58 sites, perchlorate impacts were reportedly from manufacturing and handling,
agriculture, and a variety of commercial activities such as fireworks and flare manufacturing.
Interestingly, the source of the perchlorate was either undetermined or naturally occurring at
more than 227 sites, of which 105 sites are located in the Texas high plains region, where
perchlorate concentrations range from 4 to 59 pg/L (GAO, 2005).

The source of perchlorate in water supplies has typically been attributed to DoD, NASA and/or
defense contractor facilities that have used ammonium perchlorate (AP) in rocket and missile
propellants. However, in recent years, the reporting of sites impacted by perchlorate from non-
military activities, including agriculture, mining and construction, fireworks displays, and
production and use of electrochemically-produced (ECP) chlorine chemicals, has dramatically
increased, changing the paradigm that perchlorate is solely a DoD cleanup responsibility.

Conventional technologies for the treatment of perchlorate-impacted groundwater are expensive.
In California alone, the costs for remediation of perchlorate-impacted groundwater are expected
to be in the billions of dollars, the cost of which may jeopardize major DoD and propulsion
contractor production programs. Of the technologies being developed, bioremediation is among
the most promising, because it has the potential to destroy perchlorate rather than transferring it
to another waste stream (e.g., impacted resin or brine) requiring costly treatment or disposal.
Recent bench- and small-scale field demonstrations are providing strong evidence that In Situ
bioremediation can provide a less costly and less Operation and Maintenance (o&m)-intensive
approach to remediating perchlorate-impacted groundwater. Specifically, EISB has potential to
both destroy perchlorate source areas and to control the migration of the perchlorate plumes that
are threatening drinking water supplies.

Enhanced In Situ bioremediation of perchlorate impacted groundwater offers the potential to
treat and destroy perchlorate without the need for disposal of residuals containing recovered
perchlorate (as with above ground ion exchange) or extensive above ground treatment (as with
Ex Situ bioremediation). One of the main factors that affects the success and cost of In Situ
bioremediation systems is the effectiveness of nutrient (electron donor) delivery and mixing in
the subsurface. A variety of active, semi-passive and fully passive electron donor delivery
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systems have been employed to promote contaminant biodegradation. As further discussed in
Sections 2, each of these delivery configurations has associated benefits and limitations with
respect to ease of implementation and cost. This Report describes work conducted to
demonstrate/validate (Dem/Val) the use of a semi-passive EISB approach at a relatively shallow
site at LHAAP in Texas. The results of a second demonstration of the use of an active EISB
approach will be presented in a separate report. The goal of the program is to demonstrate the
efficacy of both approaches at a scale that is large enough to generate accurate full-scale design
and cost information for widespread technology consideration and application at DoD and
related sites.

1.2 OBJECTIVES OF THE DEMONSTRATION
The specific objectives of this technology demonstration are:

1. Demonstrate that perchlorate can be biodegraded In Situ to acceptable levels (i.e., the
practical quantitation limit; PQL) using In Situ bioremediation with a semi-passive electron
donor delivery methodology;

2. Evaluate the effectiveness of the electron donor delivery approach under In Situ conditions,
and generate design and performance data for full-scale application using this approach (e.g.,
cost per unit area or unit volume groundwater treated);

3. Evaluate the effects of the electron donor delivery approach on the acclimation, development
and stability of the In Situ microbial communities;

4. Evaluate the effects of the electron donor delivery approach on groundwater quality (e.g.
production of sulfides or methane, or mobilization of dissolved metals), and assess its
suitability for use in drinking water aquifers (to address direct regulatory concerns); and

5. Identify design and operational factors that influence successful implementation and
continued operation of the In Situ bioremediation approach.

One of the advantages of the semi-passive electron donor amendment approach over a passive
injection approach is the potential to have less impact on secondary water quality characteristics
because large quantities of electron donor are not injected at one time. The approach taken in the
demonstration at the LHAAP began with the addition of modest amounts of electron donor to
evaluate the impact on perchlorate concentrations and secondary water quality characteristics.
As a better understanding of the impact of electron donor was gained, the loading was increased
to achieve the perchlorate reduction objectives with the least possible impact on secondary water
quality characteristics.
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1.3 REGULATORY DRIVERS

The USEPA and various states are currently evaluating perchlorate in drinking water but Interim
guidelines have been published and range between 4 and 18 pg/L. These concentrations are
considerably less than the concentrations present in groundwater at many sites throughout the
United States. While Ex Situ treatment alternatives exist for perchlorate-impacted groundwater,
they are often cost intensive, and therefore, this demonstration seeks to validate a more cost-
effective technology that can meet the pending remediation goals. For this demonstration, the
remediation target will be reduction of perchlorate concentrations to the current common

practical quantitation limit (PQL), which is 4 pg/L in most jurisdictions.
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2. TECHNOLOGY

This Section describes the semi-passive EISB technology which is the subject of the
demonstration described in this Report. Section 2.1 provides a description of the technology;
Section 2.2 describes the development of the technology; and Section 2.3 discusses the
advantages and limitations of the technology.

2.1 TECHNOLOGY DESCRIPTION

Enhanced In Situ bioremediation has proven to be a cost effective approach for the treatment of
perchlorate impacted groundwater under many different site conditions. One of the main factors
that affects the success and cost of EISB systems is the effectiveness of nutrient (electron donor)
delivery and mixing in the subsurface. A variety of active, semi-passive and fully passive
electron donor delivery systems have been employed to promote In Situ biodegradation. Each of
these delivery configurations has associated benefits and limitations with respect to ease of
implementation and cost. Active EISB systems have been shown to be effective (GeoSyntec,
2002) in providing migration control over reasonably wide (and deep) perchlorate plumes with
only a few extraction/injection wells. However, due to the continuous operation of active
systems, permanent Ex Situ infrastructure is required, and o&m costs are high. By comparison,
passive systems employing slow-release electron donors do not require permanent Ex Situ
infrastructure and minimize short term o&m costs, but the tight spacing of the injection points or
wells makes the capital costs of the installations prohibitive for large and/or deep plumes.
Longer term o&m costs for reinjection of additional electron donor required every 2 to 4 years
can also be high. Passive systems also involve injecting large quantities of electron donor at one
time and can reduce the hydraulic conductivity of the aquifer in and have significant negative
impacts on secondary water quality characteristics.

The goal of the semi-passive bioremediation approach is to integrate the best aspects of both the
active approach (wider well spacing and less impact on secondary water quality characteristics)
and the passive approach (minimal permanent EX Situ infrastructure, lower o&m), in order to
optimize the balance of capital and o&m costs for bioremediation deployment.

Semi-passive EISB of perchlorate involves the addition of electron donor on a periodic basis to
stimulate natural microbiological populations. Semi-passive EISB approaches are similar to
active approaches in that groundwater is recirculated between injection and extraction wells;
however, with the semi-passive approach, groundwater is recirculated for an “active phase” of a
limited duration (e.g., several days to several weeks) to distribute the electron donor, and then
the recirculation system is shut off for a “passive phase” of longer duration (e.g., several
months).

Figure 2-1 shows the induced and natural groundwater flow patterns during the active and
passive phases of a semi-passive system. In this case, the injection and extraction wells are
configured to create a biobarrier perpendicular to groundwater flow.
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Groundwater extracted from the central well is amended with electron donor and injected into
the wells on either side during the active phase. Some of the injected water flows back to the
central extraction well and some water moves out in other directions. The ambient flow of
groundwater from upgradient of the biobarrier is collected in the central extraction well and
some of the flow is diverted around the ends of the biobarrier. During the passive phase,
ambient groundwater flow patterns are reestablished and the natural groundwater gradient directs
groundwater through the area where the electron donor has been added to the subsurface.

The semi-passive approach can also be used to distribute electron donor in source areas, or
throughout other target treatment zones. The semi-passive approach differs from the passive
approach in that it relies on some recirculation of groundwater to distribute electron donor and it
differs from the active approach in that the recirculation of groundwater is conducted on a
periodic and not a continuous basis. The equipment used to implement the semi-passive
approach may be mobile and moved from one area to another as required or may be a permanent
installation operated on an intermittent basis.

As with the active remediation approaches, the electron donor used for the semi-passive
approach must be sufficiently mobile to travel some distance between the injection and
extraction wells, in order to achieve the desired electron donor coverage. Soluble electron
donors such as sodium lactate, citric acid, or ethanol have been used in field applications, and it
may be possible to use mobile forms of emulsified vegetable oil, methyl esters and other slower
release forms of electron donor as well. Biomass grows rapidly during the active phase when
high concentrations of electron donor are present. During the passive phase, some of the
biomass dies, providing a source of electron donor to promote additional microbial degradative
activity until the next electron donor addition cycle. The high level of microbial activity also
reduces natural minerals in the subsurface, leaving behind reduced minerals which help to
maintain reducing conditions after electron donor and biomass has been consumed.

Semi-passive approaches are similar to “passive” bioremediation approaches in that electron
donor is added to the subsurface, and the system is allowed to operate predominantly under
natural groundwater flow conditions. The “active phase” of the semi-passive approach can allow
for a better distribution of electron donor than is possible with the “passive” approach because
electron donor is pushed from the injection wells and pulled towards the extraction wells of the
groundwater recirculation system. In addition, because the amount of electron donor injected at
any one time using the semi-passive approach is typically less than is used in passive systems,
there are generally less impacts to secondary water quality and hydraulic conductivity. As with
any bioremediation approach, groundwater quality may be adversely impacted by trace
constituents present in the electron donors injected. Care must be taken in the selection of
electron donors to avoid those that could cause increases in concentrations of dissolved metals or
other undesirable constituents.

The semi-passive approach, with periodic operation of a groundwater recirculation system, is
less expensive to operate than the active approach because the recirculation system is not
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operated on a continuous basis. Periodic operation of the recirculation system will also result in
less biofouling of the injection wells than with continuous recirculation. The semi-passive
approach also allows for the use of simple equipment such as a trailer-mounted recirculation
system that can be moved from one area to another in sequence.

2.2 TECHNOLOGY DEVELOPMENT

Laboratory research in the past has shown that perchlorate biodegradation results from
microbially-mediated redox reactions, whereby perchlorate serves as an electron acceptor, and is
reduced via chlorate to chlorite. Chlorite then undergoes a biologically-mediated dismutation
reaction, releasing chloride and oxygen. A variety of electron donors have been used to
stimulate perchlorate reduction using pure or mixed microbial cultures, including alcohols (e.g.,
ethanol, methanol), organic acids (e.g., acetate, lactate, citrate, oleate), edible oils (e.g., canola
oil) and some sugar mixtures (e.g., corn syrup). A variety of microorganisms have been
identified as possessing the ability to reduce perchlorate (Coates et al., 1999), including various
Dechlorosoma, Dechloromonas, Rhodocyclus, Azospirillum, and Ferribacterium species, and
perchlorate-degrading bacteria have generally been shown to be ubiquitous in subsurface
environments.

In 1999, three research groups, including Geosyntec, Envirogen and the Southern Illinois
University (SIU; Dr. John Coates) were awarded research grants under the U.S. DoD Strategic
Environmental Research & Development Program (SERDP) to evaluate the ubiquity of
perchlorate-degrading bacteria in differing geographical, geological and geochemical
environments, and to assess the widespread applicability of In Situ bioremediation as a
remediation technology for perchlorate-impacted DoD sites. Through this research, laboratory
microcosm studies were conducted for more than 12 independent DoD and defense contractor
test sites around the nation. Perchlorate biodegradation was observed at essentially all test sites
(pH adjustment was required for some test sites), indicating that the distribution of perchlorate-
biodegrading bacteria in subsurface environments is widespread. Perchlorate biodegradation
was stimulated over site-specific perchlorate concentrations ranging from 250 pg/L to in excess
of 660,000 pg/L. Biodegradation typically reduced perchlorate concentrations below the PQL of
4 ug/L, making In Situ bioremediation an appropriate technology for site remediation. The key
to successfully implementing In Situ bioremediation of perchlorate appears to be the addition of
appropriate carbon substrates in adequate quantities to reduce competing electron acceptors
present in the groundwater (e.g., oxygen and nitrate), and to promote the perchlorate reduction
reaction.

While data from bench-scale and small field tests provide evidence that In Situ bioremediation
has the potential to be a cost-effective remediation alternative for perchlorate-impacted sites,
little had been done to critically evaluate In Situ bioremediation design configurations that can be
widely applied to perchlorate sites. Experience indicates that the greatest factor determining
success of In Situ bioremediation for perchlorate plumes is effective electron donor delivery.
Perchlorate plumes at many DoD sites are very wide and deep, prohibiting standard
bioremediation approaches (e.g., injection or emplacement of electron donors using direct push
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[e.g., geoprobe] methodologies). Therefore, new electron donor delivery strategies need to be
developed for these types of sites.

As indicated earlier, laboratory research programs conducted under the SERDP have
conclusively shown that perchlorate-reducing bacteria are ubiquitous, and that electron donor
addition can effectively promote perchlorate degradation from a wide range of starting
concentrations under varying geochemical conditions. Further to these laboratory studies,
GeoSyntec has successfully demonstrated In Situ bioremediation of perchlorate in several small-
scale field demonstrations at sites in California and Nevada. In one demonstration (SERDP ER-
1164), Geosyntec demonstrated perchlorate biodegradation in a deep aquifer (100 feet below
ground surface) at the Aerojet Superfund site in California (Cox et al., 2001). Perchlorate
concentrations in the groundwater declined from 8,000 pg/L to less than the PQL of 4 pg/L
within 35 feet of the electron donor delivery well. More recently, GeoSyntec has successfully
demonstrated In Situ bioremediation of perchlorate at a second field demonstration site, reducing
perchlorate concentrations from 220 pg/L to <4 pg/L in water being recharged to a drinking
water aquifer (at 100 to 150 gallons per minute {gpm}) from an existing Ex Situ treatment
system. In both studies, ethanol and acetate were shown to be effective electron donors.

2.3 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY

The semi-passive EISB technology or approach which is the subject of this demonstration can be
used as an alternative to groundwater extraction and above ground treatment (pump and treat) or
as an alternative to other EISB approaches (i.e., fully active or passive). Advantages and
limitations of the semi-passive EISB approach relative to each of these alternatives are discussed
below.

The semi-passive EISB technology has the following advantages over pump and treat
technologies which involve long-term groundwater extraction and EX Situ treatment typically
using bioreactors (fluidized-bed or fixed-film) or ion exchange:

e Semi-passive EISB will typically have lower capital and o&m costs than alternative
technologies which involve groundwater pumping and treatment with high o&m
costs.

e Semi-passive EISB will destroy perchlorate rather than simply transferring it to
another medium such is accomplished with above ground treatment using ion
exchange.

e Semi-passive EISB can directly treat perchlorate in source areas, as well as
perchlorate-impacted groundwater as it pass through a linear biobarrier system.

e Semi-passive EISB has the ability to treat co-contaminants such as TCE as part of a
single treatment strategy, which is not possible with Ex Situ ion exchange or
bioreactor technology.
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The semi-passive EISB technology has the following limitations over pump and treat
technologies:

Semi-passive EISB may have difficulties distributing electron donor in sufficient
amounts to all areas of the aquifer containing perchlorate.

The effectiveness of semi-passive EISB may be limited by the occurrence of specific
geochemical conditions (e.g., high sulfate) that may require larger quantities of
electron donor and sulfide production.

Semi-passive EISB has the potential to adversely impact secondary groundwater
quality through mobilization of metals and production of sulfides or methane if
excess amounts of electron donor are added.

The effectiveness of semi-passive EISB may be limited by the presence of co-
contaminants that may be inhibitory to biodegradation (e.g., chloroform, hydrogen
sulfide).

The semi-passive EISB approach, with periodic operation of a groundwater recirculation system,
has the following advantages over passive EISB approaches:

Semi-passive systems require fewer wells or injection points because the
groundwater recirculation provides an induced flow to distribute electron donor
across the natural flow of groundwater across greater distances. This factor is
particularly relevant when the target treatment zone is deep and the costs to install
wells or injection points are high.

Semi-passive systems do not inject unduly high concentrations of electron donor at
one time as is typical with passive systems. The more moderate concentration of
electron donor added to semi-passive systems reduces the impacts to secondary
water quality characteristics (such as increasing the concentrations of iron and
manganese, sulfide and methane) and reduces the tendency for electron donor to be
consumed in biological pathways that will not contribute to perchlorate reduction
(i.e., methane generation).

Semi-passive systems do not inject large volumes of oil emulsion that can reduce the
hydraulic conductivity of the treatment zone and cause diversion of groundwater
around the treatment zone.

The semi-passive approach has the following limitations relative to passive approaches:

10
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Semi-passive systems normally require the installation of permanent injection wells
to allow for periodic amendment of electron donor. Passive systems can use direct
push injection points rather than permanent wells.

Semi-passive systems require periodic re-amendment of the subsurface with electron
donor on a more frequent basis than most passive approaches.

The semi-passive approach, with periodic operation of a groundwater recirculation system rather
that continuous operation, has the following advantages over active approaches:

The groundwater recirculation equipment of a semi-passive system does not need to
be dedicated to a specific set of injection and extraction wells. The equipment may
operate for a few weeks and then be shut off for several months at any specific set of
wells. The semi-passive approach can allow for the use of simple equipment such as
a trailer-mounted recirculation system that is moved from one area to another in
sequence, thus avoiding significant capital costs.

The operating costs for a semi-passive system are significantly less than for an active
system because: 1) the system is not operated continuously and therefore does not
incur costs for labor and power during the long “passive phase” of operation; and 2)
the injection wells are less susceptible to biofouling because the injection of electron
donor is not continuous.

The equipment required for semi-passive operation can be less complex and is less
likely to require complex controls and permitting because of the relatively short
duration of operation.

The semi-passive approach has the following limitations relative to active approaches:

The semi-passive approach results in greater variations in the concentration of
electron donor than active systems but not as great as with the passive approach. As
discussed earlier, variations in the concentration of electron donor can negatively
impact secondary water quality characteristics.

The semi-passive EISB approach incorporates some of the best aspects of both the active
approach (wider well spacing and less impact on secondary water quality characteristics) and the
passive approach (minimal permanent Ex Situ infrastructure, lower o&m), in order to optimize
the balance of capital and o&m costs.

11
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3. PERFORMANCE OBJECTIVES

The performance objectives for this Demonstration are shown in Table 3-1 and are discussed in
more detail below.

3.1 EASE OF INSTALLATION

The ease of installation of electron donor injection components is an important factor in
maintaining low installation costs for the EISB technology. Ideally, the installation can be
accomplished using standard, readily available materials and components by contractors without
special training or knowledge.

This criterion can be evaluated based on the experience of demonstration operators and the actual
availability and costs of installed equipment.

This objective was achieved during the demonstration based on experience with the actual
installation of the electron donor delivery system at the LHAAP Site. The equipment required
for the semi-passive injection of electron donor and short-term circulation of groundwater was
all readily available through local drillers and plumbing suppliers. The procedures used to install
the equipment were standard and well established procedures for local drillers and the
procedures were simple enough to be conducted by field technicians with training in basic
plumbing techniques.

3.2 EASE OF ELECTRON DONOR DELIVERY EVENTS

The ease of electron donor delivery events is an important factor in maintaining low o&m costs.
Ideally, the electron donor delivery can be conducted with minimal special training for operators
conducting the events, with minimal special equipment and in a short period of time.

This criterion can be evaluated based on the experience of operators and the costs of conducting
the electron donor injection events.

This objective was achieved during the demonstration based on experience of field staff with the
actual electron donor delivery events. The activities and procedures required for the electron
donor delivery events were simple enough to be conducted by field staff with minimal
specialized training and effort.

3.3 ENHANCEMENT OF MICROBIOLOGICAL ACTIVITY

The enhancement of microbiological activity is a critical factor to the success of the EISB
technology because it is this activity that degrades the perchlorate in the subsurface.

This criterion can be evaluated based on the results of groundwater and soil analyses for
geochemical and microbial characterization.

12
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Performance Objectives

Data Requirements

Success Criteria

Qualitative Performance Objectives

1) Ease of Installation of Electron
Donor Delivery Components

Experience of demonstration

operators; actual availability and costs of

installed equipment

Electron donor delivery system can be
readily installed by standard industry
procedures/contractors

2) Ease of Electron Donor
Delivery Events

Experience of demonstration
operators; and costs of events

Electron donor delivery system can be
conducted with minimal training and effort

3) Enhancement of
Microbiological Activities

Groundwater and soil analyses for

geochemical and microbial
characterization

Electron donor addition enhances
microbiological activity in the treatment zone

4) Ease of Performance
Monitoring and Validation

Quality of data and ability to

interpret and quantify biodegradation

with confidence

Performance monitoring network allows
straightforward data collection, interpretation
and validation

Quantitative Performance Objectives

5) Reduction in Perchlorate
Concentration

Groundwater sampling of
performance monitoring wells

Perchlorate concentrations reduced to
practical quantitation limit of 4 pg/L

6) Radius of Influence and
Distance for Degeneration

Groundwater sampling of
performance monitoring wells

Radius of influence for electron donor
addition will extend between injection and
extraction wells and perchlorate will be
degraded before groundwater reaches the
furthest downgradient performance
monitoring wells

Notes: pg/L — micrograms per Liter

13
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This objective was achieved during the demonstration based on the results of chemical and
geochemical characterization. Groundwater monitoring data for chemical and geochemical
parameters demonstrated that electron donor addition enhanced microbiological activity in the
treatment zone. Significant and sustained reductions in ORP were observed following addition
of electron donor and provide the first indication that biological activity was enhanced by the
addition of electron donor. Reduction in sulfate in wells in the immediate vicinity of the electron
donor injection points also indicates enhancement of biological activity. The significant and
sustained reductions in perchlorate concentrations in groundwater observed following addit