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ABSTRACT

An extensive microcosm study was conducted to investigate the biodegradation of 1,2-
dibromoethane (EDB) under in situ and biostimulated conditions within a plume at the
Massachusetts Military Reservation in Cape Cod, MA. This particular EDB plume is unique
because it has persisted for over 38 years, is more than 61 m below the ground surface, and has
both aerobic and anaerobic zones with EDB levels above the maximum contaminant level
(MCL) of 0.05 pg/L (ppb). Microcosms were constructed with in situ materials and conducted
under environmentally relevant conditions (field EDB concentrations; incubated at 12°C). The
results showed that natural attenuation occurred under anaerobic conditions but not under aerobic
conditions. The lack of natural attenuation occurring in the aerobic zone, which is much larger
than the anaerobic zone, offers valuable insight as to why EDB is so persistent at this site. EDB
degradation rates were greater under biostimulated conditions for both the aerobic and anaerobic
microcosms. On average, methane-amended aerobic microcosms degraded EDB at a first order
rate eight times faster than unamended microcosms with the best performing replicate showing
EDB degradation at a rate of 7.0 yr* (half-life (t») = 0.10 yr). The lactate amended anaerobic
microcosms degraded EDB at an average first order rate of 3.5 yr (ti» = 0.20 yr) which was
19% faster than the unamended anaerobic microcosms. These results indicate potential for
enhanced natural attenuation at the FS-12 site, especially under aerobic conditions.
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1.0 BACKGROUND

This project was completed in three phases. Phase I consisted of a preliminary literature
review, methodology development and analytical technique advancement. A preliminary
microcosm study was performed during the second phase, investigating the effects of aeration,
EDB concentration, biostimulation, and nutrient addition on EDB degradation. This phase was
used to develop experimental protocols and identify the primary electron donor (anaerobic
biostimulation) and cosubstrate (aerobic biostimulation) to be studied further during Phase 111 of
the project. Phase Il results are shown in Appendix A. Important findings from Phase Il were as
follows: EDB degradation at the FS-12 site was not nutrient limited (nutrient enhanced
microcosms were not used during Phase 111) and lactate and methane were identified as the most
promising electron donor and cosubstrate for further investigation®. Phase 111 was the bulk of the
first year of this project and consisted of the construction and operation of the primary
microcosms. Data obtained from this microcosm study was used to describe the kinetics of EDB
degradation in a way that could be incorporated into existing groundwater fate and transport
models developed by CH2MHill. This report focused on the Phase Il microcosm study and the

transition to the second year of this project.

! Although JP-8 (jet fuel) induced the highest rate of EDB degradation under aerobic conditions it is not a feasible
cosubstrate for full scale in situ application because it contains toxic regulated BTEX compounds which would not
be allowed to enter the environment.



2.0 INTRODUCTION

The lead scavenger 1,2-dibromoethane (EDB) is a common additive to leaded gasoline,
which is used to form volatile dihalides with lead deposits and reduce engine fouling [1]. Lead is
no longer added to conventional motor vehicle gasoline, due to its 1980°s phase-out in the United
States. EDB is still used in aviation gasoline (AvGas) and other fuels used for high performance
applications, such as automobile racing [2]. The current widespread presence of EDB in the
subsurface is mainly from old releases, such as past underground storage tank (UST) and
pipeline leaks. EDB is highly toxic, a probable carcinogen, and causes both acute and chronic
health effects. Acute effects can include damage to the liver, stomach, and reproductive system
while chronic health effects include damage to the respiratory system, nervous system, liver,
heart, and kidneys [3]. The current United States Environmental Protection Agency (USEPA)
maximum contaminant level (MCL) for EDB, of 0.05 pg/L (ppb), is the second lowest for all
drinking water contaminants [4]. The Massachusetts Department of Environmental Protection

(MADEP) has set an even more stringent MCL of 20 ppb [5].

EDB is one of the most commonly detected contaminants in public drinking water
systems reliant on groundwater [6]. EDB is especially problematic in groundwater systems due
to its mobility and persistence under certain conditions. The physical properties of EDB,
including a water solubility of 4300 mg/L [7] and a low gasoline-water partition coefficient,
indicate that EDB can rapidly dissolve out of free-phase gasoline. EDB is relatively hydrophilic,
Kow (octanol-water partition coefficient) = 58 [7], and often mobile in groundwater systems.
Therefore, extensive EDB plumes can be formed downgradient of the source zone, especially in

areas where natural attenuation processes are not robust and fast groundwater flows exist [8].



EDB is particularly persistent in these downgradient zones where BTEX (benzene, toluene,

ethylbenzene, and xylenes) compounds are no longer present and aerobic conditions exist.

One particular site where EDB is persistent is Fuel Spill-12 (FS-12) on the Massachusetts
Military Reservation (MMR). FS-12 is one of several long EDB plumes (>1 km), which have
separated from the source zone and are no longer in the presence of dissolved BTEX compounds
[9]. FS-12 was formed by a pipeline leak of approximately 265,000 L of AvGas in 1972 [10].
While petroleum hydrocarbons from the AvGas leak have been remediated, EDB still remains in
the soil and groundwater [11]. This plume ranges in depth from 150 ft to 250 ft (45.7 m to 76.2
m), below the ground surface, and has both aerobic and anaerobic zones with EDB
concentrations above the Massachusetts MCL of 0.02 pg/L [10]. At the start of this project
(September, 2009) the EDB concentrations within the aerobic zone ranged from just above the
Massachusetts MCL to approximately 30 pg/L. Several characteristics of the plume, such as its
age, depth, distance from the source zone and variety of aeration conditions make this plume
unique. An extremely low natural attenuation rate, of 0.04 yr (ty, = 17.33 yr) [12], has been
calculated for this site using a simple mass balance and assuming first-order kinetics. However,
prior to this study, the level of natural attenuation within this plume has not yet been validated

through more in-depth studies and the potential for enhanced natural attenuation was not known.

Despite the importance of EDB as a groundwater contaminant, literature on EDB
biodegradation is limited. Awvailable literature on the biological degradation of EDB has shown
that EDB can be degraded under both aerobic [13, 14, 15, 16, 17] and anaerobic conditions [18,
19, 20, 21]. These biological mechanisms can be divided into several categories: anaerobic
reductive dehalogenation, aerobic metabolism, and aerobic co-metabolism. In general, EDB

degradation rates are more rapid under anaerobic conditions and in the presence of BTEX



compounds. EDB dehalogenation has been shown to be especially favorable under
methanogenic anaerobic conditions [18], where methanogens were able to degrade EDB by
utilizing hydrogen and carbon dioxide [19]. Aerobic EDB degradation, especially by indigenous
soil microorganisms, has been far less studied but has previously been shown to occur within soil

material obtained from a shallow stream bed contaminated with EDB [16].

Although in some instances moderate to rapid EDB degradation rates have been reported,
many of these studies were conducted under strictly anaerobic conditions, at relatively high
temperatures (>20°C), with non-environmentally relevant EDB concentrations, or with materials
not representative of conditions found within a deep aquifer. To our knowledge, no aerobic EDB
degradation study has been conducted at environmentally relevant temperatures and

concentrations with in situ materials from a deep contaminated aquifer.

The purpose of this study was to evaluate the biodegradation of EDB under natural and
biostimulated conditions within a detached plume void of BTEX compounds at the MMR.
Microcosms were constructed with groundwater and native soil material obtained from soil cores
from the aerobic and anaerobic zones of an EDB plume at the MMR and incubated at the
average in situ groundwater temperature of 12 + 2°C. Microcosms were set up with varying
conditions to understand the natural attenuation of EDB at the FS-12 site and to investigate the
effect of aeration and EDB concentration on unamended EDB biodegradation. In addition,
biostimulated microcosms using lactate for anaerobic and methane for aerobic conditions were
also constructed to investigate the potential for enhanced natural attenuation at the FS-12 site.
Considering the importance of EDB and the lack of knowledge surrounding EDB biodegradation

within deep aquifers this study is very important.



3.0 OBJECTIVES

This project investigated the biodegradation of EDB under the natural conditions at the
MMR site (natural attenuation) in order to: (a) provide kinetic data that could be incorporated
into groundwater models used to predict EDB fate and transport, (b) determine whether EDB is
biodegradable by members of the indigenous microbial community, and (c) determine factors
that limit biodegradation of EDB by indigenous microorganisms. The specific objectives that

have been achieved during this interdisciplinary research project are as follows:

1. Perform a literature review on EDB degradation.

2. Conduct microcosm studies under varying conditions to understand the natural
attenuation of EDB at the FS-12 site and effects of aeration, EDB concentration, and
addition of electron donors, cosubstrates, and nutrients (Phase Il only) on EDB
biodegradation.

3. Describe the kinetics of EDB degradation in a way that could be incorporated into
groundwater fate and transport models.

4. Recommend methods for enhanced natural attenuation.



4.0 LITERATURE REVIEW

This literature review is divided into six sections including: EDB degradation (aerobic
biodegradation, aerobic cometabolic biodegradation, anaerobic biodegradation, anaerobic
biostimulation, and abiotic degradation), degradation of similar compounds (biodegradation,
cometabolic biodegradation, and abiotic degradation), bioremediation of similar compounds
(using methane and lactate in the field), EDB extraction from soil, toxicity of EDB, and EDB

fate and transport modeling.

4.1 Degradation of EDB
4.1.1 Aerobic EDB Biodegradation:

A number of researchers have shown the potential for EDB degradation under aerobic
conditions. Freitas et al. [14] showed that EDB-enriched mixed cultures were able to degrade
EDB at concentrations up to 1,000 mg/L as a sole source of carbon and energy without any
inhibitory growth effects. The authors also indicated that mixed cultures led to the complete
conversion of EDB to Br, CO,, H,O, and biomass. Freitas et al. [14] also specified that the

culture could be obtained from these authors.

By studying the substrate range for the culture, the authors concluded that the aerobic
EDB degradation pathway should be similar to the pathway for 1,2 dichloroethane (1,2-DCA),

which is:
1,2-DCA => Chloroethanol => Chloroacetaldehyde => Chloroacetate => Glycolate
Therefore, for EDB:

EDB => Bromoethanol => Bromoacetaldehyde => Bromoacetate => Glycolate
6



In the above listed analogy of pathways, the intermediate bromoacetaldehyde is cell toxic
and formation of this toxic compound is circumvented in Mycobacteria. Poelarends et al. [17]
described the first isolation of a microorganism that utilizes EDB as a growth substrate (GP1).
Degradation occurs via a pathway in which 2-bromoethanol is converted to epoxyethane instead

of the toxic bromoacetaldehyde (Figure 1).

A B
Cil C|I ?r l?r
—CHz CH;—CHg
H,0
DrlA DhaAf
HBr
Br OH
CHg CHz CH,—CHgz
M—Iyase
PQQHQ HBr
o]
A
CH,—CH;z
K HzO +NAD
NADH, [
mineralisation
CH2 C
“oH
H.O
DhiB
HCI
OH 0
CI:Hz—C// ——» mineralisation
OH

Figure 1: (A) Proposed route of the metabolism of 1,2-DCA in X.autotrophicus and A.
aquaticus strains. (B) Proposed route of the metabolism of EDB in Mycobacterium sp. strain
GP1 from [17].

Pignatello et al. [16] examined the biodegradation of EDB by soil microorganisms under

aerobic conditions at both environmentally relevant (6-8 pg/L EDB) and high (15-18 mg/L EDB)
7



concentrations without the addition of supplements. Samples were collected from a site, near
Windsor Locks, Connecticut, which overlies an aquifer consisting of 10 to 20 meters of sandy
soil above bedrock. Samples were chosen from two sites, which represented the extremes of
organic compound content and microbial activity. The first soil was composed of organic
carbon-poor (0.24% total organic carbon (TOC) by weight), medium-to-coarse sand taken from
the stream bed at a location where the stream was swift and shallow. Experiments with this soil
(S1) were conducted with a 3:2 mixture (dry wt/vol) of solid material and accompanying stream
water. The second soil sample was composed of organic-rich (14% TOC by weight), muddy soil
from an area of groundwater upwelling adjacent to the stream. This soil was partially anaerobic

and contained between 4.2 and 8.6 pg of EDB per kg.

Experiments with S2 were conducted after it had been mixed with distilled water and
passed through a 250-um sieve, resulting in a slurry composed of 7% solids by weight. S1
microcosms consisted of 60g of solids and 40 mL of stream water in a 125-mL screw-cap
Erlenmeyer flask (actual volume, 143 mL) leaving 75 mL of headspace. Flasks were capped
with Teflon Mininert valves. They were then spiked through the valves with a small volume of
stock EDB (prepared in autoclaved distilled water) and incubated inverted in a thermostatically
controlled Psycotherm shaker at 70 rpm and 23 + 3°C. Incubations were carried out at either 6-8
pMg/L EDB or 15-18 mg/L EDB. Subsamples were withdrawn, after brief shaking, using a
calibrated syringe and an 18-gauge needle. The subsamples were extracted by shaking with
hexane containing 1,2-dibromopropane as an internal standard (recovery of EDB ranged from
91-95%). S2 samples containing the lower concentration of EDB (6-8 pg/L) required
preextraction with 2 volumes of acetone followed by partitioning between 1 volume of hexane

and 5 volumes of water (recovery of EDB ranged from 86-92%). EDB concentrations were



determined by gas chromatography on 15% OV-17 on Chromsorb W HP (80/100 mesh) with a

®3Ni detector.

EDB was almost completely degraded in both the S1 (sand, low organic carbon content)
and S2 (muddy soil, high organic carbon content) at initial concentrations of 6-8 pg/L
(environmentally relevant concentrations) with the autoclaved controls showing only minor
losses. Additional spikes were also degraded. At termination the environmental relevant
concentration flasks showed at least 99% removal to at or below the detection limit (0.02 pug/L).
At high concentrations, EDB losses from S2 controls were coupled with stoichiometric evolution
of Br'. No measurable EDB loss or bromide evolution occurred in water controls. This showed
that soil components can catalyze EDB hydrolosis or chemically react with EDB. Rates were
considerably slower at 15-18 ppm concentrations that they were at 6-8 ppb. This was attributed

to a possible toxic effect at higher concentrations.

4.1.2 Aerobic Cometabolic EDB Biodegradation:

Hartzell et al. [15] conducted three batch reactor studies to determine whether soil
microbes could degrade EDB through cometabolic mechanisms. Methane, propane, and natural
gas were the three growth substrates used during this study. The bacterial consortium used in
their reactors was isolated from soils collected from the Department of Defense Housing Facility
(Novato, CA). The reactors were constructed using 160 mL serum bottles and had initial EDB
concentrations of 200 pug/L. EDB concentrations were reduced by more than 99% in all of their
live reactors within 11 days. These results demonstrated that EDB can be degraded in the

presence of propane, methane, and natural gas. From these results they concluded that



bioremediation techniques such as cometabolic air sparging may show promising results for

EDB degradation when applied in the field.

4.1.3 Anaerobic EDB Biodegradation:

There are three available pathways for anaerobic biodegradation of EDB (Figure 2).
These include hydrolic debromination, where EDB is converted to 2-bromoethanol, reductive
dehalogenation  (hydrogenolysis), where EDB is converted to bromoethane, and
dibromoelimination (dihaloelimination), where EDB is converted to ethylene. Given the three
different available pathways for anaerobic EDB biodegradation, significant variance in the rate

of EDB degradation can be expected under anaerobic conditions.

EDB
Blr Blr
H-G—G-H
/1N
Hydrolytic Hydrogenolysis Dibromoelimination

Debromination also called
also called , AOled
Reductive Dihaloelimination

Dehalogenation \

2-Bromoethanol Bromoethane Ethylene
Br OH Br H H o H

H-C—C-H H-C—C-H c=C.
H H H H H H

Figure 2: Biological transformations of EDB under anaerobic conditions from [2].

In a study by Bouwer and McCarty [18], EDB was transformed by reductive
dehalogenation under methanogenic conditions at EDB concentrations below 100 pg/L.

10



However, unlike other chloroaliphatics that were completely mineralized to CO, under
methanogenic conditions, EDB was reduced to a highly volatile hydrocarbon with the liberation
of Br’. Although no data were directly provided, it is presumed that ethylene was produced and
escaped by volatilization. Overall, the authors suggested that transformation and volatilization is

an important route to EDB removal from highly reducing environments.

4.1.4 Anaerobic EDB Biodegradation and Biostimulation:

Henderson et al. [20] designed a microcosm study to evaluate natural attenuation and
biostimulation of EDB and 1,2-DCA in the source (343 = 186 pg/L EDB, anaerobic) and
midgradient (10.5 + 1.9 pg/L EDB) zones of an underground storage tank (UST) leak site in
Clemson, SC. Three treatments were prepared for the source and midgradient zones, in triplicate
or quadruplet bottles per treatment: no amendments (to simulate natural attenuation), amended
lactate (0.14 mM, to simulate biostimulation), and killed controls (autoclaved for 1 hour on three
consecutive days). Biological activity identified during first 76 days. On day 76, 70 mg of 50%

syrup/g soil glutaraldehyde was added and no further biological activity occurred.

The microcosms were constructed using 1.5 L of groundwater (with 1 mg/L resazurin
added) and 400 grams of soil (well-mixed), leaving 0.3 L of headspace. The microcosms were
incubated, undisturbed, at 23 + 1°C in an inverted position with un-punctured septa. EDB,
bromoethane, vinyl bromide, 1,2-DCA, BTEX and MTBE (methyl tert-butyl ether) were
monitored by headspace analysis on a gas chromatograph (GC) equipped with both an ECD
(electron capture detector) and a FID (flame ionization detector). This method was chosen over

EPA method 8011 (liquid extraction using hexane) because it avoided the need for liquid
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extraction and did not disturb the liquid to headspace ratio within the microcosms. Prior to
sampling the headspace, the microcosms were shaken, placed in the upright position and allowed

to sit overnight.

For the source zone microcosms, the average results indicated significantly better
removal of EDB in the biostimulated treatment compared to the natural attenuation treatment.
Less than 1% of the initial EDB concentration remained after 380 days, versus 22% in the
natural attenuation treatment and 50% in the killed controls. For the midgradient microcosms,
the biostimulated treatment also outperformed the natural attenuation in terms of EDB removal.
Less abiotic loss occurred in the midgradient killed controls (11.1 + 10.5%). The midgradient
biostimulation treatment degraded EDB to below the MCL (0.05 pg/L) in all replicates. Lactate
concentrations were monitored twice a month and when all the lactate had been consumed more
was added. Approximately 12 times more lactate was consumed in the midgradient bottles.
Psedofirst order degradation rates (yr™) for EDB degradation were determined to be as follows:
source natural attenuation (1.5 = 1.0), source biostimulation (5.5 = 1.2), midgradient natural
attenuation (5.4 £ 0.3), and midgradient biostimulation (9.4 + 0.2). The EDB biodegradation
observed in this study was primarily through reductive dehalogenation with a minor amount of

hydrolytic debromination.

4.1.5 Abiotic EDB Degradation:

Barbash and Reinhard [22] studied the reactions of 1,2-DCA and EDB with H,O and HS'.
Flame-sealed glass ampules were spiked with either EDB or 1,2-DCA and a 50 mM phosphate
buffer containing 0.67 mM Na,S (in the cases where reactions with HS™ were studied) and were

held in the dark at 4°C for the duration of the kinetic run. 1,2-DCA and EDB concentrations
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were monitored using a Carlo Erba GC equipped with a 30-m capillary column and an ECD.
Using these methods, it was found that both 1,2-DCA and EDB were susceptible to abiotic
dehalogenation by both H,O and HS™ under the environmentally relevant conditions of a pH of
7, a temperature of 15°C, and a concentration of 10 to 10° M of total sulfide. The activation
energies for the substitution reactions were found to be smaller when HS™ was the nucleophile
than when H,O was the nucelophile and, at 25°C and pH 7, the rate of reaction of EDB with HS”
was greater than the rate of reaction with H,O for total sulfide concentrations greater than 40
uM. The half lives of each compound were found to be significant with respect to time scales
that are typical of groundwater remediation processes under conditions of 1 mM total sulfide, pH
7, and a temperature of 15°C and, according to the authors, should be considered when

determining strategies for the removal of 1,2-DCA and EDB from contaminated aquifers.

In the study by Pignatello et al. [16], an abiotic pathway of EDB degradation was
theorized. Autoclaved controls containing S1 and S2 soil were found to degrade EDB, though
EDB losses in these microcosms were smaller than in non-autoclaved microcosms. EDB
degradation in the S2 autoclaved control was coupled with the evolution of bromide (2.0 +/- 0.3
molar equivalents), while no EDB loss or bromide was detected in autoclaved stream or distilled
water controls. The authors determined that this indicated soil components could catalyze EDB
hydrolysis and chemically react with EDB. The observed irreversible incorporation of *C into
the soil particles of the sterile controls supports this. Products of abiotic EDB degradation were
thought to include EDB hydrolysis products such as 2-bromoethanol and ethylene glycol while
products of biotic EDB degradation were thought to include soluble cell components and

metabolic intermediates of EDB.
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4.2 Degradation of Similar Compounds - Laboratory Studies and Protocols
4.2.1 Biodegradation of Similar Compounds:

Microcosms have been used in studies investigating the biodegradation of compounds
similar to EDB. In a study by Kane et al. [23], the biodegradation of MTBE was studied. Killed
controls for the experiments were created by autoclaving sediments taken from the site being
investigated and then adding groundwater from the same site. Sodium azide was then added to
the groundwater at a concentration of two grams per liter in order to kill any remaining
microorganisms. Two microcosm configurations were used. In the first microcosm set-up, 15
grams of sediment and 72 milliliters of groundwater were placed in a 125 milliliter amber glass
bottle while, in the second set-up, 30 grams of sediment and 144 milliliters of groundwater were
placed in a 250 milliliter amber glass bottle. The concentration of MTBE in the bottles ranged
from 4.2 mg/L to 4.8 mg/L and the assembled microcosms were subjected to end-over-end
mixing while being stored at a constant temperature of 4°C. The method of detection used to
monitor the degradation of MTBE was purge-and-trap gas chromatography-mass spectrometry
with selected ion monitoring and some of the microcosms were amended with growth medium
instead of groundwater. This growth medium consisted of vitamins, trace elements, and salts.
At the end of the experiment, it was determined that degradation of MTBE was hindered by the

presence of water-soluble gasoline components.

In a study by van der Zaan et al. [24], microcosms were constructed in order to study the
biodegradation of 1,2-DCA in selected rivers. The controls used in the experiment included
sediment free microcosms, which were used to determine whether the microorganisms were
linked to the river water or sediment, and autoclaved killed controls. Microcosms were prepared
in 120 milliliter serum bottles with a headspace to water and soil ratio of 7:5. Each microcosm
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contained 50 milliliters of river water and 1-10% (w/w) river sediments. The river water used in
the microcosms contained a concentration of 1 to 2 pg/L of 1,2-DCA and, in addition, each
microcosm was spiked with 100 uM 1,2-DCA. A nitrogen atmosphere was created in each
anaerobic microcosm. The completed microcosms were mixed by shaking at 150 rpm for 12
months and the degradation of 1,2-DCA was monitored by headspace analysis. In order to
monitor the concentration of 1,2-DCA and its dechlorination products, a 500 microliter sample
was taken from the headspace of each microcosm and injected into a GC with a FID and a
Porabond-Q column. Concentrations of CO, were determined using a GC equipped with a
thermal conductivity detector with a Poraplot-Q column. Selected microcosms were amended
with acetate and lactate and, at the end of the experiment, it was found that the transformation of
1,2-DCA occurred only under anaerobic conditions and that, under methanogenic conditions,

degradation occurred via reductive dechlorination.

In a study by Bradley et al. [25], the degradation of 1,2-dichloroethene (DCE) and vinyl
chloride (VC) was tracked. Sediment-free controls, as well as duplicate killed controls that had
been autoclaved twice, served as the controls for the experiment and each microcosm was
constructed in a 30 milliliter serum bottle. Fifteen grams of saturated aquifer or stream bed
sediments (25% water w/w) were placed in each serum bottle and each microcosm was spiked
with 5 uM DCE and 1 uM VC. Microcosms for each experimental condition (aerobic, Fe (111)-
reducing, SOy-reducing, and methanogenic conditions) were created in triplicate and all of the
microcosms were stored in the dark at room temperature for 50 days. Aerobic microcosms were
created with a headspace of air, while anaerobic microcosms were created with a headspace of
100% helium. One milliliter of anoxic, sterile, distilled water was added to each of the aerobic

and methanogenic treatments while one milliliter of anoxic, sterile Fe-EDTA (Fe-
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ethylenediaminetetraacetic acid) was added to the Fe (I11)- reducing treatments and one milliliter

of sterile, anoxic MgSO, was added to the SO,4-reducing treatments.

Degradation of DCE and VC were monitored by sampling for daughter products of
reductive dechlorination in the headspace of each microcosm, as well as by monitoring for
4C0,. Concentrations of degradation products of DCE and VC (including ethene, ethane, and
methane) were determined using thermal conductivity detection gas chromatography and **CO,
was monitored by scintillation counting after entrapment in a 3 M KOH base trap attached to
each microcosm. The presence of cis-DCE, trans-DCE, and VC in each microcosm at the end of
the experiment was determined by shaking each microcosm vigorously and analyzing the
headspace using flame ionization detection gas chromatography. No additional electron donors
were added to the microcosms and, overall, the more reducing conditions proved to be the least
effective for DCE and VC mineralization. However, significant mineralization occurred under

both aerobic and anaerobic conditions and even under methanogenic conditions.

Freedman et al. [26] conducted a microcosm study in order to observe the degradation of
tetrachloroethylene (PCE) and trichloroethylene (TCE) by microbial populations. The controls
used in the experiment included water controls and killed controls. Water controls were created
by adding 100 milliliters of DI water containing PCE or TCE to a 160 milliliter serum bottle
while the killed controls were created by adding 100 milliliters of mixed liquor samples to 160
milliliter serum bottles and then autoclaving. Once the bottles were autoclaved, either PCE or
TCE was added. The experimental microcosms were created by adding 100 milliliters of liquid
obtained from an anaerobic digester (15 liters, stirred, and semicontinuous with a residence time
of 20 days) to a 160 milliliter serum bottle. The liquid maintained contact with the Teflon-lined

septa, closing off the serum bottle in order to minimize the loss of volatile chemicals. The
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microcosms were stored at 35°C and contained 0.50 to 0.75 mg/L of PCE or 0.72 to 0.92 mg/L
of TCE. Samples taken from the original bottles created were used to seed the second and third
generation serum bottles and 2-10% inoculum (vol/vol) was transferred to the new bottle each

time.

Volatile organic compounds (methane, ethylene (ETH), VC, DCE, PCE, TCE) were
detected by injecting a 0.5 milliliter headspace sample into a GC with a FID and a stainless steel
column packed with 1% SP-1000 on 60/80 Carbopack-B. Volatile compounds labeled with **C
were also detected by injecting a 0.5 milliliter headspace sample into a GC, though a GC
combustion technique was used instead of the flame ionization detector. Glucose, methanol,
acetic acid, hydrogen gas and sodium formate were added to serve as electron donors and, by the
end of the experiment, PCE and TCE had been degraded to ETH rather than the more harmful
VC. EDB has also been shown to be degraded to ETH by studies cited in this article. The most

effective electron donor of those used was methanol.

Wilson and Wilson [27] also investigated the microbial degradation of TCE. A soil
column study was performed to study the biotransformation of TCE in soil. Sandy soil was
packed into a 150 cm long glass column (5 c¢cm, inner diameter) and TCE contaminated water
was applied at a rate of 21 cm per day. Air containing 0.6% natural gas by volume was fed over
the head of the column. After a three week acclimation phase, the soil column received water
containing TCE at an average concentration of 150 pg/L. Extensive removal of TCE was
observed; >95%. This biological activity lowered the TCE concentration by almost 1 order of
magnitude during the 2 day residence time within the column. To ensure that this degradation
was microbial, the column was subsequently poisoned with sodium azide (2 g/L). The amount

of TCE in the effluent increased drastically after the poisoning, thus verifying that the
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degradation was in fact biological. Based on these results it was concluded that a TCE

degradation rate of that magnitude would be adequate for in situ reclamation.

4.2.2 Cometabolic Degradation of Similar Compounds:

Tovanabootr et al. [28] conducted a cometabolic air sparging (CAS) demonstration at the
McClellan Air Force Base (AFB) in California to treat chlorinated aliphatic hydrocarbons
(CAHS) in groundwater using propane as the cometabolic substrate. The treatment system was
operated as a “passive treatment system” which entailed sparging for a short duration followed
by extensive periods without sparging. A designated propane-biostimulated zone was sparged
with a 4% propane:air mixture at a rate of 5 scfm twice a week for a duration of 5 to 10 hours
and compared to a control area which received air alone. Indigenous propane-utilizing
microorganisms were successfully stimulated in the saturated zone with repeated intermediate
sparging. TCE, 1,2-cis-dichloroethylene (c-DCE), and dissolved oxygen concentrations
decreased in proportion with propane utilization. c-DCE concentrations decreased more rapidly
than TCE. After four months of repeated sparging, propane utilization rates and rates of CAH
transformation decreased. This decrease was identified as the result of nitrogen depletion;
ammonia was then added with the propane:air mixture as a nitrogen source. Over a six month
period, rapid propane utilization and CAH degradation was observed. c-DCE concentrations
were reduced to below the detection limit of 1 ppb (from >500 ppb) and TCE concentrations
ranged from less than 5 ppb to 30 ppb. TCE concentrations were also decreased in the control
zone indicating that both stripping and biological activity were responsible for the contaminant

removal.
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In conjunction with Tovanabootr et al’s work [28], Timmins et al. [29] created a 15-
microcosm matrix to determine the potential for using propane-utilizing microorganisms to
aerobically cometabolize TCE and c-DCE at the McClellan AFB in California.  Their
microcosms were constructed using soil and groundwater from a treatment location on the base
where Tovanabootr et al. [28] were conducting their CAS tests using propane as the primary
substrate. Environmentally relevant concentrations were used for their experiments. The results
from their microcosm study were very similar to results obtained by Tovanabootr et al. [28]
during their field experiment. The indigenous microorganisms at the McClellan AFB treatment
area have the ability to utilize propane and transform ¢c-DCE and TCE. Rates of transformation
were more rapid for c-DCE than TCE. Nitrogen limitation occurred quickly when propane was
used as a carbon source and once nitrogen levels were low propane utilization decreased and
TCE transformation ceased. Given these results, they identified the amount of bioavailable
nitrogen at the site as a limiting factor for CAS implementation as a form of bioremediation.
Ammonia was identified as an adequate nitrogen source but the possible long-term effects of

using ammonia as the sole nitrogen source were not investigated in this study.

A proposed cometabolic pathway for TCE (oxidation via the enzyme methane
monoxygenase) is shown in Figure 3. Though not yet defined, it is hypothesized that EDB
would undergo a similar cometabolic degradation pathway as TCE but with brominated

intermediates rather than chlorinated.
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Oxidation via Methane Monoxygenase
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Figure 3: Cometabolic TCE degradation pathway via methane monoxygenase from [30].

4.2.3 Abiotic Degradation of Similar Compounds:

He et al. [31] studied the abiotic degradation of TCE in groundwater. A column was
constructed to simulate field conditions at a site where an OU-1 biowall was used to treat a TCE
groundwater plume. The biowall used in the field contained 50% (v/v) tree mulch, 10% (v/v)
cotton gin trash, and 40% (v/v) sand, while the column created in the lab replaced the 40% sand
with 36% sand and 4% hematite in order to determine the effect of an addition of reactive Fe
(11). The authors concluded that supplying the biowall with reactive iron would promote the
formation of FeS, which in turn would promote an abiotic dechlorination pathway over
biological reductive dechlorination. The abiotic degradation pathway results in the formation of
acetylene instead of the more toxic vinyl chloride and will be most prominent in engineered

systems that contain high concentrations of reactive iron.
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Overall, in the microcosm studies reviewed, detection of contaminants and degradation
products was accomplished through headspace sampling and the microcosms were often
thoroughly mixed before sampling occurred. Killed controls were often killed by autoclaving,
though sodium azide was also used in some instances, and sediment-free water controls were
used in some cases. All microcosms constructed were smaller than those being used in the
current EDB study and most contained higher concentrations of contaminant than those used in
the current EDB study. The electron donors studied were often the same as those being used in
the EDB study (methanol, lactate, hydrogen gas) and reductive dehalogenation was the most
common degradation pathway of the chlorinated contaminants studied. Degradation of the

chlorinated compounds was achieved under aerobic and anaerobic conditions.

4.3 Bioremediation of Similar Compounds: Use of Methane and Lactate in the Field:

In a study by Hirschorn et al. [32], lactate was used as an electron donor in an aquifer in
California contaminated with 1,2-DCA and TCE. In the study, emulsified soybean oil and
lactate (4%) were injected into six wells that reached an aquifer at depths ranging from 32.0 m to
35.0 m (approximately 105 feet to 115 feet). The mixture was added to water that had been
removed via a well and then re-injected into the aquifer. The aquifer used in the field study was
anaerobic. Dechlorination was found to account for 10.7 to 35.9%, 21.9 to 74.9%, and 54.4 to

67.8 % of 1,2-DCA, TCE and cDCE concentration loss, respectively, at the pilot test area.

Scheutz et al. [33] conducted a field study of the biodegradation of DCE and VC.
Sodium lactate was injected into the contaminated aquifer at a time-weighted average
concentration of 400 mg/L. The depth of the aquifer ranged from 10 m to 14 m (approximately

33 feet to 46 feet) and the aquifer was moderately anaerobic with an ORP of about +29 mV.
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About 15 days after the lactate was added to the system, samples taken from a monitoring well
within a 10-day groundwater travel time of the injection well indicated that DCE was being

dechlorinated to VVC.

Hazen et al. [34] injected mixtures of 1% methane:air and 4% methane:air into an aquifer
contaminated by TCE. The depth of the contaminated aquifer ranged from O m to 46 m
(approximately O feet to 151 feet) and the pulses of gas were injected via a horizontal well
installed on site. Levels of TCE dropped rapidly and reached levels as low as 10 ppb after the
injection of 1% methane:air. Methanotrophs were thought to be responsible for the degradation

of TCE.

In a study by Semprini [35], water was drawn from a shallow aquifer contaminated with
various chlorinated aliphatic hydrocarbons and methane was added to the water at the surface
before being injected back into the aquifer. The methane was added at a time-averaged
concentration of 6 mg/L and was determined to be the best growth substrate of those tested for

degrading t-DCE.

4.4 Extraction of EDB and Similar Compounds from Soil:

Several methods for extracting EDB from soil were described by Steinberg et al. [36]. In
order to determine the amount of EDB present in a soil sample, the soil was extracted with
methanol at 75° C in a glass screw-cap vial with a Teflon-lined silicone septum. The extracted
material was then diluted with water and hexane was added to the mixture in order to facilitate
the transfer of the EDB into the hexane. The hexane was analyzed by gas chromatography in

order to determine the concentration of EDB present in the soil.
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Two methods of extracting EDB from soil into an aqueous phase were described. In
order to purge EDB from the soil into an aqueous phase, a 250 mL glass gas washing bottle was
filled with 100 mL of distilled water or 10 grams of soil and 100 mL of 200 mg/L NaNs; in
distilled water. An aliquot of [**C] EDB was added to each bottle and the contents were stirred
at room temperature. Stirring took place for 5 minutes for the distilled water samples and for 3
hours for the soil suspension samples. Purging was then initiated by passing gas through an 8
mm diameter tube into the bottle. Gas exiting the bottle was carried into two 14 mL glass screw-
cap septum vials containing 10 mL of hexane via Teflon tubing. Gas flow was stopped after 10
minutes and an aliquot of the hexane was added to 10 mL of scintillation fluid so that the amount

of radioactive EDB removed could be determined.

In order to transfer EDB from soil to an aqueous phase using a batch method, a soil
suspension containing 1 gram of soil and 5mL of 0.01M CacCl, solution was placed in a Teflon-
lined screw-cap test tube and incubated. The suspensions were not shaken during the incubation
period. Vials were then centrifuged and the supernatant was transferred to a vial containing 2
mL of hexane. Following this, while remaining in the same vial, the remaining soil was washed
with 5 mL of 0.01M CacCl, and centrifuged again. The supernatant was extracted and combined
with the initial supernatant in the original 2 mL of hexane. The hexane was analyzed by gas

chromatography and the concentration of EDB leaving the soil was determined.

The soils used by Steinberg et al. [36] were obtained from agricultural areas that had once
been fumigated by EDB and were located in Connecticut. The native EDB present in the soils
was extremely resistant to removal by purging. While 100% of EDB newly added to the soil in
the lab was removed within 100 minutes, less than 5% of native EDB was removed in that time.

Native EDB was also not found to be readily available for degradation by microorganisms in the
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environment. Microcosm studies were performed with each soil type and, in every case,
transformation of radioactive EDB added in the lab was observed while there was no evidence of
microbial degradation of native EDB. Only when soil samples were mechanically broken up in a
ball mill were observed concentrations of EDB released by the soil. One sample that previously
had shown a 0.1% release of EDB after a 15 minute extraction with water showed a 30% release
of EDB after ten minutes of pulverization. This may mean that EDB becomes trapped in soil
micropores over time, indicating that EDB once applied to a soil is not readily available for

volatilization, release into aqueous solution, and degradation by microorganisms in the soil.

Pinto et al. [37] proposed a modified version of the QUEChERS (quick, easy, cheap,
effective, rugged, and safe) method that would allow the extraction of chlorinated compounds
from soil. In the proposed method, 2.5 g of the soil sample were weighed in a 15 mL glass
centrifuge tube with a screw cap. 1.5 mL of ultrapure water was then added to the soil in the
centrifuge tube in order to make the pores in the soil more accessible to the extraction solvent
and to homogenize the water content of the soil sample. The mixture of soil and water was
shaken for 1 minute with a Vortex device and, following this, 2.5 mL of ethyl acetate (EtOAC)
was added. Both MeCN and EtOAc were evaluated for use with EtOAc presenting advantages
over MeCN. This was followed by another minute of shaking and the addition of 1 g of
magnesium sulfate. Once the magnesium sulfate had been added, the tube was shaken again for
one minute as quickly as possible (in order to avoid the formation of MgSO, conglomerates).
The tube was centrifuged at 5000 rpm for 5 minutes and the supernatant was analyzed by gas

chromatography.

GC analysis of the samples in the study by Pinto et al. [37] was performed with an

Agilent 7890A chromatograph equipped with a ®Ni micro-electron-capture detector. A DB-
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VRX capillary column intended for fast gas chromatography was used with helium as the carrier
gas. Splitless injection was used for the volatile compounds tested (such as chloroform) and
solvent vent injection was used for the semi-volatile compounds tested (such as 1,2-
dichlorobenzene and hexachlorobenzene). The splitless injection technique involved injecting
0.2 uL of sample into an injector set to 250°C and kept at that temperature throughout the
analysis time. 5.0 uL of sample was used for the solvent vent injection method. In this method,
the vent flow was adjusted to 20 mL/ min and the vent pressure was set to 5.00 psi. Once 30
seconds had passed, the split valve was closed and the liner was flash-heated to 300°C at a rate
of 12°C/s. The analytes were then transferred from the liner to the capillary column with an

injection time of 1.5 minutes and the split valve was opened.

Guo et al. [38] examined the effect of time, temperature, and extraction solvent on the
extraction of fumigant residues from soils. The solvents tested were acetone, acetonitrile, ethyl
acetate, hexane, and methanol while the temperatures tested were 20, 50, and 80°C. Extraction
times evaluated were 1, 12, and 24 hours. Samples extracted at 20°C were shaken continuously
while those extracted at 50°C and 80°C were mixed occasionally. The fumigant residues used in
the experiment were 1,3-D (1,3-dichloropropene), MITC (methyl isothiocyanate), and CP

(chloropicrin).

Extraction with acetonitrile in sealed vials at 80°C with a 1:1 soil/solvent ratio over a
period of 24 hours was found to be the most effective. In general, the extraction efficiency
increased as time and temperature increased. At lower temperatures, methanol proved to be the
most effective solvent, while hexane was the least effective solvent, though more of the sample
residue was extracted using acetonitrile at 80°C than methanol at 20°C. At 50°C, methanol was

found to be the most effective solvent until the extraction time was extended to 12 hours or more,
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at which point the acetonitrile was again determined to be the most efficient. The authors found
little change in the concentration extracted after a time period of 24 hours and little change when
the soil/solvent ratio decreased from 1:1, indicating that the extraction was completed in a 24
hour time period and that only a 1:1 soil/solvent ratio is required for a complete extraction. A
second extraction taken after the soil sample had been washed three times with acetonitrile
resulted in little fumigant extracted, indicating that the extraction process is complete after a

single extraction.

4.5 Toxicity of EDB

Kszos et al. [39] studied the toxicity of EDB by placing Daphnia magna and
Ceriodaphnia dubia in a 40 mL glass vial filled with dilute mineral water and injected with
EDB. Based on the concentration of EDB at which half of the living organisms died after 48
hours, 48 hour LCsos were calculated for D. magna and C. dubia and were determined to be 6.5

mg/L and 3.6 mg/L respectively.

4.6 EDB Fate and Transport Modeling:

Henderson et al. [8] used an analytical model to simulate the effects of partial source
removal and plume remediation on EDB and 1,2-DCA plumes at contaminated underground
storage tank (UST) sites. REMChlor (Remediation Evaluation Model for Chlorinated Solvents)
was the model used for this study; this model accounts for variable source and plume
remediation. Two extremes in UST plume behavior were considered for this model. The first
was termed a “short” plume which represented the plume type likely to exist at sites where

groundwater flows are on the slow side (Darcy velocity of 10 m/yr) and natural attenuation
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processes are vigorous. The second was termed a “long” plume which represented the plume
type likely to exist at sites with high groundwater flows (Darcy velocity of 20 m/yr) and lacking
natural attenuation processes. The FS-12 plume would be considered a long plume.
Unfortunately, this study focused more on the effects of source remediation, rather than the
treatment of existing plumes. Yet, several pertinent conclusions were made in their discussion
section. They mentioned the importance of investigating aerobic remedial techniques for EDB
(and 1,2-DCA) at UST sites given that EDB (and 1,2-DCA) can serve as a growth substrate
under aerobic conditions. However, they also mentioned that since there is no established Spin
(the minimum substrate concentration that supports growth) for EDB, it is unclear whether

aerobic biodegradation can be sustained at the low levels required to attain its MCL.
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5.0 MATERIALS AND METHODS

5.1 Soil and Groundwater Collection

Soil core samples (15 cm diameter by 3 m length) were obtained, from the FS-12 site, by
sonic core drilling in October 2009. A cross section of the FS-12 plume is shown in the
Appendix. Aerobic samples were taken from the 61 m to 64 m, below ground surface (BGS),
core which represented an aerobic zone with high EDB concentrations (13.1 pg/L measured on
May 20, 2009). Upon retrieval of the cores, visual inspection revealed a mix of coarse and fine
grained sand with a light to medium brown color, indicating an aerobic zone. Samples were
extruded, in a manner as to minimize disturbance, in 30 cm intervals into headspace free sterile
Pyrex® glass containers (volume 1.8 L) and stored in the dark at 10°C until use. Anaerobic
samples were taken from the 67 m to 70 m BGS core which represented an anaerobic zone with
low, but still over the maximum contaminant level (0.02 pg/L for MA), EDB concentrations
(~0.7 pg/L). Soil material from this zone was comprised of a dark gray, very fine and densely
packed silt, signifying an anaerobic zone. Samples were again extruded with minimal
disturbance in 30 cm intervals into nitrogen sparged, headspace free sterile Pyrex® glass
containers, and stored in the dark at 10°C until use. Groundwater was obtained from an adjacent
monitoring well with screens corresponding to the depth of both the aerobic and anaerobic zones

of the plume (Table 1).
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Table 1: Groundwater Monitoring Data (90MWO0106)

Depth | Analyses Date D(i)SSOI\(/eid Tem Sampling E[()B ﬁ_o)nc
Location | Environment (]% (D 03’/ Temp) ()gg) R C)p (Egt;) Ep Aulg/letho d
(mg/L) 504.1
106A Anaerobic 69 4/10/2008 0.31 12.5 5/7/2009 0.705
106B Aerobic 65 5/20/2009 4.95 13.8 5/20/2009 131
106C Aerobic 59 4/10/2008 10.11 13.46 5/7/2009 0.571
106D Aerobic 54 5/9/2007 11.35 145 5/20/2009 ND

ND: Not Determined

5.2 Microcosms
5.2.1 Construction

Microcosms were constructed in Pyrex® glass bottles with a total working volume 1.2 L.
Each bottle was fitted with an attached glass stem onto which Mininert™ valves were attached.
Mininert™ valves are Teflon-lined and gas tight, which allows for liquid and/or gas sampling
through replaceable septa, without allowing volatile chemicals (i.e., EDB) to escape during the
sampling process.  Microcosms were constructed in triplicate using soil and groundwater
corresponding to the environment each set was mimicking, i.e., aerobic or anaerobic. For each
aerobic microcosm, 200 grams of soil from the aerobic zone, which was homogenized by
thorough mixing, was added along with 900 mL of groundwater obtained from well screen B (65
m BGS). Anaerobic microcosms were set up in a similar fashion but were continually sparged
with nitrogen during the process. Each anaerobic microcosm received 200 grams of soil from
the anaerobic zone, which was also homogenized by thorough mixing, along with 900 mL of

groundwater obtained from well screen A (69 m BGS). The microcosms were incubated at 12 +
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2°C (corresponding to the average groundwater temperature at the FS-12 site), without agitation,

in the dark.

5.2.2 Methodology

A summary of the microcosm experiments performed in this study is shown in Table 2.
An orthogonal matrix was used for our experimental design to ensure that all results were
statistically independent. The base case (aerobic in situ unamended set), used to investigate
aerobic natural attenuation at the FS-12 site, mimicked field conditions as closely as possible.
Environmental conditions within the microcosms were systematically altered from the base case
to examine the effects of EDB concentration, aeration (aerobic, microaerophilic, anaerobic), and

substrate addition on EDB biodegradation.

Every microcosm set, excluding the base case, received a spike of EDB to bring the
concentration to 50 pg/L (5X in situ) or 100 pg/L (10X in situ) which was rapidly injected
through the installed Teflon lined Mininert™ valve. The higher concentration aerobic
unamended microcosms were compared to the base case to investigate the effect of EDB
concentration on degradation. Unamended anaerobic microcosms were compared to the 5X
aerobic and microaerophilic microcosms to determine the effect of varying aeration conditions
on EDB natural attenuation. Amended microcosm sets, used to investigate the effect of
biostimulation on EDB degradation, received subsequent spikes of methane (aerobic) and lactate
(anaerobic) to bring the starting concentration to 35 mg/L (saturation; 12.3% CH, in headspace)

and 180 mg/L respectively.
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Table 2: Primary (Phase I11) Microcosm Configurations

Number of  Target EDB

Envi t D ipti A t . t
nvironmen escription mendments Microcosms  Conc. (ug/L) Comments
Aerobic Killed Control None 2 In situ (~10) 2 g/L Sodium Azide
. . . Base Case (Aerobic
Aerobic In situ None 3 In situ (~10) Natural Attenuation)
. . 5X In situ 10 mg/L Sodium Azide
Aerob Killed Control N 2
erobic illed Contro one (~50) (2 g/L after Day 28)
. Effect of EDB
Aerobic 50 “g/L_ EDBIn None 3 X In situ Concentration, Effect of
situ (~50) .
Aeration
Microaerophilic 50 “g/L_ EDBIn None 3 SX I situ Effect of Aeration
situ (~50)
. . 5X In situ 10 mg/L Sodium Azide
Al Kill | N 2
naerobic illed Contro one (~50) (2 g/L after Day 28)
. Anaerobic Natural
Anaerobic 50 “g/L_ EDB In None 3 SXIn situ Attenuation, Effect of
situ (~50) \
Aeration
. . Methane 10X In situ 10 mg/L Sodium Azide
Aerob Killed Control 2
erobic tHied Lontro (35 mg/L) (~100) (2 g/L after Day 28)
. Methane 10X In situ Methane induced
- 3 .
Aerobic Co-substrate (35 mg/L) (~100) Cometabolism
. . Lactate 10X In situ 10 mg/L Sodium Azide
2
Anaerobic Killed Control (180 mg/L) (~100) (2 glL after Day 28)
Anaerobic Reductive Lactate 3 10X In situ La(gz::ulcrl?\;?d
Dehalogenation (180 mg/L) (~100)

Dehalogentation

Methane was chosen as the co-substrate for the aerobic biostimulated microcosm set
because previous studies have shown that methane addition supported aerobic co-metabolism of
EDB [15]. Lactate was chosen as the substrate for the anaerobic biostimulated microcosm set
because it has been used in the field to induce enhanced natural attenuation of compounds

similar to EDB [31, 32] and has proven potential for enhanced EDB degradation [20]. These
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factors made methane and lactate two promising substrates to investigate for enhanced natural

attenuation within the FS-12 plume.

Abiotic degradation was identified by comparing each set to a corresponding set of killed
controls. The killed controls were inactivated using sodium azide (10 mg/L). Significant EDB
losses were noted in the anaerobic killed controls during the first 28 days of incubation. On day
28, the sodium azide concentration was increased to 2 g/L in all killed controls to halt any
biological activity occurring within the controls as shown in Kane et al. [23]. A sterile water
control set was also operated in this study to identify any possible abiotic losses not related to the
soil matrix [36]. Three microcosms at varying EDB concentrations, 1X, 5X and 10X in situ,
were prepared in the same manner as all other microcosms but with autoclaved glass beads and
filter sterilized groundwater replacing the soil medium and unfiltered groundwater, respectively.

No sodium azide was added to these sterile water controls.

5.3 Chemicals

The chemicals and substrates used in this study, 1,2-dibromoethane (> 99% purity), methane
(> 99.9%), and lactate were purchased from Sigma-Aldrich (St. Louis, MO). All solvents
(hexane and methanol) were HPLC grade and purchased from Thermo Fisher Scientific

(Waltham, MA).

5.4 Analytical Methods

EDB determination was performed using USEPA method 504.1 [40] with a Hewlett Packard
5890 Plus Gas Chromatograph (GC) equipped with an auto-sampler, capillary column (DB-1, 30

m x 0.25 mm ID, 1.0 um film thickness), and an electron capture detector (ECD). Sample
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volume was reduced from 35 mL to 10 mL in order to conserve liquid volume within each
microcosm. EDB quantification during this study was not affected by using the smaller sample
volume as compared with the larger volume (Figure 4). Methane levels were determined through
manual headspace injection (500 pL sample volume) using a Hewlett Packard 5890 Plus GC
equipped with a thermal conductivity detector (TCD). Standard operating procedures were used

for measuring pH and ORP in the microcosms based on Standard Method [41] protocols.
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Figure 4: USEPA Method 504.1 Sample Size Reduction

5.5 Statistical Analysis

For each individual microcosm, EDB concentrations over time were plotted and fit with
an exponential regression curve. Outliers were then identified, as points falling more than two
standard deviations away from the regression curve, and removed. Remaining data for each set
were then combined and plotted as average EDB concentrations over time with the standard

deviation at each point represented by error bars. The statistical significance of each set was
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determined by performing a paired Student t test (a. = 0.05) on the slopes of the regression lines,
at each time step, versus the corresponding killed control set. This test determined, with a 95%
confidence interval, whether the degradation seen in the live set (i.e., total degradation; biotic +
abiotic degradation) was significantly different than the killed control set (i.e., solely abiotic

degradation).
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6.0 RESULTS AND DISCUSSION

This section presents and discusses the results obtained from the primary (Phase I1l1)
microcosm experiments. Raw data tables are shown in the Appendix. The first-order decay
rates reported in this section were determined from duplicate killed control and triplicate
experiment microcosm bottles. The error bars shown on the plots, at each individual time step,

represent the standard deviation of that set.

6.1 Natural Attenuation
6.1.1 In Situ Aerobic Conditions

EDB concentrations over time for the unamended aerobic in situ (base case) microcosm
set and corresponding killed control set are shown in Figure 5. Total EDB loss over the 286 day
incubation period averaged 26% and 29% for the base case and killed control set, respectively.
Losses within filter sterilized water controls averaged 30% over the same time period (data not
shown). The first-order decay rates calculated for the unamended in situ aerobic microcosm set
and its corresponding killed control set were determined to be 0.43 + 0.09 yr (t;, = 1.61 yr) and
0.38 + 0.03 yr (t;, = 1.82 yr), respectively. These data indicate that there was no statistically
significant difference (Student’s t test, a = 0.05) between the two rates and that any losses
observed were likely to be associated with abiotic degradation. These results suggest that natural
attenuation of EDB, in the aerobic zone, is not occurring at a significant rate. The results agree
with previous findings by Falta [12], who found a very slow EDB natural attenuation rate of 0.04
yrt (ty, = 17.33 yr), based on a simple mass balance, for the entire FS-12 plume at MMR. The
lack of significant EDB natural attenuation under aerobic conditions, coupled with the fact that

the vast majority of the FS-12 plume is under aerobic conditions, explains why EDB is so
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persistent at the current investigation site.
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Figure 5: Average EDB concentrations for the unamended aerobic base case (in situ)
microcosm set.

6.1.2 In Situ Anaerobic Conditions

EDB concentrations over time, for the unamended EDB spiked anaerobic microcosm set
and corresponding killed control set, are shown in Figure 6. Over the 282 day incubation period,
EDB losses averaged 85% and 26% for the unamended anaerobic and killed control set,
respectively. The first-order decay rates calculated for the unamended anaerobic microcosm set
and its corresponding killed control set were 2.96 + 1.35 yr™ (t;, = 0.23 yr) and 0.60 + 0.03 yr*
(t2 = 1.16 yr), respectively. Although a fair amount of EDB was lost in the killed controls for
this set, the two rates are significantly different (Student’s t test, a = 0.05) which indicates the
presence of anaerobic EDB biodegradation (Table 3). These data also suggest that natural
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attenuation is occurring in the anaerobic zone of the FS-12 plume. The natural attenuation rate
observed in this study is comparable to the rate of 5.4 + 0.3 yr* (ti» = 0.13 yr) found by
Henderson et al. [20] for a similar site under anaerobic conditions, but with the presence of a

significant concentration of fuel hydrocarbons.
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Figure 6: Average EDB concentrations for the unamended anaerobic (50 pg/L EDB spiked)
microcosm set

6.2 Effect of EDB Concentration

Average EDB concentrations over time for the unamended aerobic EDB spiked
microcosm set, and corresponding killed control set, are shown in Figure 7. After 286 days of
incubation, EDB losses of 9% and 20% were observed in the aerobic EDB spiked and
corresponding killed control set, respectively. EDB was degraded at a first-order rate of 0.26 +

0.06 yr? (ty, = 2.67 yr) and 0.33 + 0.05 yr™* (ty, = 2.10 yr) within the live and killed control set,
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respectively. Statistical analysis revealed that there was no significant difference between the
two rates indicating that losses were through abiotic mechanisms. This result corresponds with
the base case indicating that the presence of higher, but still environmentally relevant, EDB
concentrations does not induce significant biological degradation. EDB degradation within the
EDB spiked set occurred at a rate 40% slower than the in situ set but there was no statistically
significant difference between the two rates. Given that the rates are not statistically different, it
can be concluded that a five-fold increase in starting concentration had no significant impact on

EDB degradation under aerobic conditions (Table 3).
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Figure 7: Average EDB concentrations for the unamended aerobic (50 pg/L EDB spiked)
microcosm set
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6.3 Effect of Aeration

The FS-12 plume is unique because, although the majority of EDB lies within the aerobic
zones of the plume, there are parts of the plume which are microaerophilic and anaerobic. The
EDB concentrations within the zones lacking significant dissolved oxygen tend to be lower than
those found within the aerobic zone; however, they are above the Massachusetts MCL of 0.02
pg/L. Therefore, it was important to understand the effect of aeration on EDB degradation to
determine whether it has an effect on EDB degradation within the FS-12 plume. In order to
perform this investigation, a microaerophilic microcosm set was constructed with water and soil
from the aerobic and anaerobic zones of the FS-12 plume, respectively, and compared with the
EDB spiked (5X) unamended aerobic and anaerobic sets. The microaerophilic set started with
the same EDB concentration (~50 pg/L) as both of these sets. After 282 days, a first-order decay
rate of 1.14 + 0.26 yr™ (t;, = 0.61 yr) was determined for the microaerophilic set. Comparing the
high concentration (5X in situ) unamended aerobic, anaerobic, and microaerophilic rates to each
other yielded a strong positive correlation (Figure 8). The data suggest that the more anaerobic
the system, the higher the EDB degradation rate. However, it also seems to suggest that the
more anaerobic the system the less predictable the rate of degradation is (higher error bars; larger

standard deviation).
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Figure 8: Effect of aeration on EDB degradation rates within unamended microcosm sets.

Statistical analysis of the live aerobic and anaerobic unamended EDB spiked (5X in situ)
microcosm sets showed a significant difference between the two rates of EDB degradation. This
indicates that the presence of oxygen inhibits EDB natural attenuation at the FS-12 site; EDB
natural attenuation only occurs under strictly anaerobic conditions. The level of EDB natural
attenuation occurring within the anaerobic zone of the FS-12 plume, and lack thereof within the
aerobic zone, coincides with the varying concentrations and total amount of EDB amongst the
two zones at the site. The vast majority and highest concentrations of EDB is located within the
aerobic zone of the plume where significant EDB natural attenuation is not occurring. Therefore,
it is not surprising that EDB is degrading in situ under anaerobic conditions; however the
presence of significant natural attenuation within the anaerobic portion alone will not be able to

bring the EDB concentration to the MCL at the current investigation site.
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6.4 Effect of Biostimulation
6.4.1 Effect of Co-substrate Addition under Aerobic Conditions

Concentrations of EDB over time, for the methane amended aerobic microcosm set and
individual replicates from this set, are shown in Figure 9 (a) and (b), respectively. The average
percent loss of EDB observed over the 282 day incubation period for this set was 81% compared
to only 6% in the killed control set. The first-order decay rates calculated for the methane
amended microcosm set and its corresponding killed control set were found to be 3.49 + 3.29 yr*
(ty, = 0.20 yr) and 0.07 + 0.05 yr (ty, = 9.90 yr), respectively. The methane amended
degradation rate was approximately eight times higher than the unamended in situ rate of 0.43 +

0.09 yr (ty, = 1.61 yr) (Figure 5).

However, there was large variance observed amongst this microcosm set (Figure 9 (b)).
After 282 days of incubation, both replicates 1 and 2 contained less than 1% of the initial EDB
concentration (82 pg/L) but replicate 3 contained more than 55% of the starting EDB
concentration. The corresponding decay rates for each replicate were 7.04 yr* (ty, = 0.10 yr),
2.88 yrt (ty, = 0.24 yr), and 0.55 yr™* (ty, = 1.26 yr), respectively. In order to investigate the
cause of this high variation, methane levels within each microcosm bottle of the experimental
and corresponding killed control set were measured on day 220. Methane was not detected in
replicates 1 and 2 but was detected in replicate 3 and two killed controls. Replicates 1 and 2
were re-spiked with methane to bring the concentration in the headspace to 10% methane.
Subsequent methane measurements, taken on the last day of incubation for this study (day 282),
showed no methane remaining in replicate 1, less than half of the methane spike remained in
replicate 2, and more than 75% of the intital methane remained in replicate 3 and the killed
controls. In addition, the emergence of a microbial mat, unique to only replicates 1 and 2, was a
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strong indication of enhanced microbial activity within these bottles. Collectively, these data
suggest that the EDB degradation within these replicates was the result of methane-induced

cometabolism.

It is worth noting that towards the end of the incubation period, samples from replicate 3
smelled of hydrogen sulfide and black matter appeared within the top layer of the soil matrix.
These are indications that this microcosm bottle (replicate 3) was not properly maintained under
aerobic conditions, partly accounting for why aerobic methane-mediated EDB degradation was
not occurring within replicate 3. Both replicate 1 and 2 contained less than 1% of the initial 82
Hg/L of EDB but the rate of EDB degradation was much slower in replicate 2. It is possible that
the microbial community within replicate 2 required a longer acclimation period than replicate 1,
significant EDB degradation occurred within replicate 2 between the last two sampling events
(38 pg/L on day 260 to 0.9 pg/L on day 282). Replicate 2 was re-sampled on day 282 to confirm

this sudden decrease in EDB concentration and the same results were obtained.
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Figure 9: EDB concentrations in aerobic methane-amended (3.4 mM) microcosm set. a)
Average EDB concentrations from triplicate live replicates and duplicate killed controls and b)
individual EDB concentrations from live replicates. Downward arrows signify a re-spike of
methane to bring the concentration back to 3.4 mM.

Significant variance among individual replicate EDB microcosm bottles was also

observed by Henderson et al. [20], although their study was for EDB degradation under
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anaerobic biostimulated conditions. In both studies, thorough mixing of the soil prior to
construction was done in an effort to homogenize the material and minimize differences among
replicates. However, given that microbial populations are present in such small numbers in deep
soils below the water table [16] it is quite possible that varying microbial communities and
densities existed among the bottles and might have caused the variation observed. Nonetheless,
it needs to be emphasized that the methane amended set was the only aerobic microcosm set
whose degradation rate differed significantly from its respective killed controls degradation rate,
indicating the presence of enhanced biological EDB degradation under cometabolic aerobic
conditions (Table 3). In addition, observations of the growth of a microbial mat coupled with the
disappearance of methane in the working microcosms indicate that methane is a very promising
co-substrate. A new phase of this study, reinvestigating methane and investigating more aerobic

co-substrates, will be conducted in the near future by our research team.

6.4.2 Effect of Electron Donor Addition under Anaerobic Conditions

EDB concentrations over the incubation period for the lactate amended anaerobic
microcosm set and corresponding Killed control set are plotted in Figure 10. The average percent
loss of EDB observed over the 282 day incubation period for this biostimulated set was 88%
compared to only 13% in the killed control set. The first-order decay rates determined for the
anaerobic lactate amended microcosm set and its corresponding killed control set were 3.52 +
2.46 yrt (ty> = 0.20 yr) and 0.42 + 0.13 yr™* (ty, = 1.65 yr), respectively. The lactate amended set
varied significantly from its corresponding killed control set however, like the methane-amended
aerobic set, significant variance among individual live replicates was observed within this

biostimulated set. However, within this set all replicates performed well and two of the
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replicates (replicate 2 and 3) degraded EDB at very similar rates (2.12 yr™ (ti» = 0.33 yr) and
2.08 yrt (ty, = 0.33 yr), respectively). The best performing replicate (replicate 1) degraded EDB
at a rate of 6.35 yr' (ty, = 0.11 yr) over the entire incubation period but only began varying
significantly from the other two replicates sometime after 128 days of incubation (Figure 11).
For the first 128 days, the average EDB degradation rate amongst this set was 1.98 + 0.21 yr™
(t12 = 0.35 yr) which showed significantly less deviation. However, from day 128 to day 282
(last day of incubation) EDB was degraded at an incredibly fast rate of 11.94 yr™* (t;, = 0.06 yr)
within replicate 1. Over the entire 282 day incubation period, EDB levels were reduced from

97.7 pg/L to just 0.4 pg/L in replicate 1. Despite the impressive results of replicate 1 the average

rate of EDB reduction was just 19% greater than the un-amended anaerobic set (Table 3).
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Figure 10: Average EDB concentrations for the anaerobic lactate-amended (2mM) microcosm
set.

Z Please note that this rate was calculated using only 5 sampling points and is not representative of the rate of EDB
degradation within replicate 1 over the entirety of the incubation period.
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Figure 11: Individual Live Anaerobic Lactate-amended Microcosms

The improvement of lactate addition on EDB degradation versus the unamended set is
significantly less than the 400% shown by Henderson et al. [20]. The difference can most likely
be attributed to some differing site characteristics and incubation conditions. Fuel hydrocarbons,
such as BTEX, are not found at the FS-12 site because it is far down-gradient from the initial
EDB release, whereas the site investigated by Henderson et al. [20] contained significant levels
of BTEX compounds, especially within the source zone. Also, microcosms in the current study
were incubated undisturbed at the average groundwater temperature of the FS-12 site, 12°C, to
mimic in situ conditions, whereas Henderson et al.’s samples were incubated at 22-24°C and
shaken prior to sampling. The presence of BTEX compounds, higher temperature, and vigorous
mixing at each sampling point could have contributed to both the faster EDB degradation rates
and greater effectiveness of lactate addition on EDB degradation. This finding is significant

because it shows that microbial populations far down-gradient from the source area of an EDB
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release, void of hydrocarbons, may be less stimulated by lactate addition under anaerobic

conditions.

6.5 Overall Rate Comparison

First-order degradation rates for all in situ and enhanced microcosm sets performed in
this study are shown in Figure 12. A summary of the primary microcosm results (Phase I11) is
shown in Table 3. Significant degradation was not observed within either of the unamended
aerobic microcosm sets and no statistically significant difference was found between the two
rates. However, under aerobic conditions, methane biostimulation showed significant EDB
degradation with an eight-fold increase over the unamended aerobic microcosm set (base case).
Under anaerobic conditions, significant EDB degradation occurred in both the unamended and
lactate-biostimulated sets. Lactate biostimulation increased the EDB degradation rate by only

19% versus the unamended anaerobic set, and produced more variance among replicates.
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Figure 12:

microaerophilic) microcosm sets.

First-order EDB decay rates for the a) aerobic and b) anaerobic (and

Rates were calculated from the combined triplicate

(experiment) and duplicate (killed control) bottles. Error bars represent the standard error of the
slope of the regression line used to determine the rates. Rates marked with a single asterisk (*)
indicate that there is a statistically significant difference between it and its adjacent killed control
(Student’s t test on the slopes of the regression lines, o = 0.05). The absence of an asterisk
indicates no statistically significant difference.

Table 3: Primary Microcosm Results Summary

Effect of EDB . Effect of Biostimulation
Purpose Concentration (a,b) Effect of Aeration (b,c.d) (Aer: a,e) (Ana: d,f)
Case a b c d e f
Aeration Aerobic Aerobic Microaero | Anaerobic Aerobic Anaerobic
Methane Lactate
Amendments None None None None (3.4 mM) 2 mM)
Starting EDB
Concentration (ug/L) 11 a4 o1 52 82 o
First Order | Experiment | 0.43+0.09 | 0.26+0.06 | 1.14 +0.26 2'19365* 3.49+3.29 3.252;
Degradation - : -
1 Killed 0.60 + 0.42 +
Rate (yr™) Control 0.38+0.03 | 0.33+0.05 | 0.60+0.03 0.03 0.07 £0.05 0.13
Evidence of Significant
Biological Degradation? No No No es es Yes
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7.0 CONCLUSIONS

This study investigated the degradation of EDB under natural and biostimulated

conditions, at environmentally relevant concentrations, in soil microcosms constructed with

material from a deep aquifer void of fuel hydrocarbons. Microcosm experiments, constructed

with native materials from both an aerobic and anaerobic zone of the plume, were used to

investigate both the level of EDB natural attenuation occurring at the FS-12 site as well as the

effect of biostimulation on EDB degradation. Specific conclusions of this research are as

follows:

Natural attenuation is occurring in the anaerobic zone but not in the aerobic zone of FS-
12. Since the majority of EDB is located in the aerobic zone, monitored natural

attenuation may not be feasible for this site.

A five-fold increase in initial EDB concentration had no significant effect on EDB

natural attenuation within the aerobic zone.

Increased aeration had a negative effect on EDB degradation rates within unamended
anaerobic (microaerophilic) microcosm sets; significant EDB degradation only occurred

under strictly anaerobic conditions.

Methane amended aerobic microcosms showed promising results; however further
research is needed to conclude if methane is the best co-substrate for the FS-12 site or to

identify other more promising co-substrates with more predictable results.

Lactate amended anaerobic microcosms consistently produced degradation rates faster
than unamended anaerobic microcosms. This confirms the potential using lactate as an

electron donor for biostimulation within the anaerobic zone of the FS-12 plume.
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However, due to the fairly small degree of improvement over the unamended anaerobic
microcosms and the fact that the majority of EDB lies in the aerobic portion of the plume,

more investigation on aerobic biostimulation is needed.
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8.0 FURTHER RESEARCH

During the first year of this project, significant knowledge was gained on EDB
degradation at the FS-12 site. However, given the significant variance amongst the methane-
amended microcosm set, further research is required in order to provide recommendations for
enhanced natural attenuation of the aerobic zone. A new microcosm study, focusing on
investigating the potential for enhanced natural attenuation of the aerobic zone, was proposed
and accepted. This new study is investigating many different cosubstrates and all microcosm
sets are being performed under in situ conditions. This research is focusing on determining the
most effective cosubstrate for aerobic biostimulation and whether the implementation of
enhanced natural attenuation is capable of bringing EDB concentrations to below the MCL. The

first quarterly report prepared for our client can be found in the Appendix.

After the first 84 days of static incubation, only the aerobic phenol-amended, anaerobic
unamended, and 37°C (body temperature) unamended aerobic microcosm sets have shown
statistically significant EDB degradation. EDB biodegradation under unamended anaerobic
conditions was shown in our previous study, so this result was expected. In addition, the
increased levels of EDB degradation in the unamended aerobic body temperature microcosm set
was also expected as it is widely known that microbial degradation rates are increased at higher
temperatures. However, the significant biological degradation observed in the aerobic phenol-
amended microcosm set is novel and offers great promise for enhanced natural attenuation

within the aerobic zone of the FS-12 plume.

The rate of degradation observed within the phenol-amended set, so far, is not only
comparable to the rate observed previously in the aerobic-methane amended set but has shown
much less variance (3.69 + 0.92 yr? (ty, = 0.19 yr) versus 3.49 + 3.29 yr™ (ty, = 0.20 yr)).
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Consistent phenol degradation has also been observed within this set indicating that the EDB
degradation is very likely cometabolic phenol-mediated. After 42 days, phenol levels had
dropped 93% (from the starting concentration of 0.90 + 0.14 mg/L) versus only 22% in the
corresponding killed controls. Phenol levels were respiked in the live microcosms to 0.96 + 0.18

mg/L on day 49 and were subsequently decreased by 29% over the next 35 days.

Once the remaining phenol is consumed in the live microcosms it will be imperative to
investigate the effect the absence of phenol has on the rate of EDB degradation. Ideally, rapid
EDB degradation will continue in the absence of phenol but it is likely that the EDB degradation
in these microcosms is occurring cometabolically though the microbial utilization of phenol.
Nevertheless, the concentration of phenol being used in this study (< 1 ppm) meets the lifetime
drinking water health advisory level of 2 ppm [42], is readily degradable in the subsurface, and is

therefore not an environmental concern [43].

52



REFERENCES

[1] R.W. Falta, N. Bulsara, J.K. Henderson, R.A. Mayer, Leaded-gasoline additives still

contaminate groundwater, Environ. Sci. Technol. 39 (2005) 379-384.

[2] J.T. Wilson, K. Banks, R.C. Earle, Y. He, T. Kuder, C. Adair, Natural attenuation of the lead
scavengers 1,2-dibromoethane (EDB) and 1,2-dichloroethane (1,2-DCA) at motor fuel
release sites and implications for risk management, USEPA National Risk Management
Research Laboratory. EPA 600/R-08/107. (2008)

http://www.epa.gov/ahaazvuc/pubs/reports.html.

[3] USEPA, Basic Information about Regulated Drinking Water Contaminants, (2010)

http://water.epa.gov/drink/contaminants/basicinformation/ethylene-dibromide.cfm

[4] USEPA, National Primary Drinking Water Regulations, EPA 816-F-09-004. (2009)

water.epa.gov/drink/contaminants/upload/mcl-2.pdf.

[5] Massachusetts Department of Environmental Protection, Current Regulatory Limit: Ethylene
Dibromide (EDB), (2004)

http://www.mass.gov/dep/water/drinking/standards/edibrom.htm

[6] USEPA, Occurrence estimation and occurrence findings report for the six-year review of
existing national primary drinking water regulations, Office of Water (4606), EPA-815-
R-03-006. (2003)
http://www.epa.gov/safewater/standard/review/pdfs/support_6yr_occurancemethods_fina

|.pdf.

[7] J.H. Montgomery, Agrochemicals Desk Reference, second ed., Boca Raton, Florida, 1997.

53


http://www.epa.gov/safewater/standard/review/pdfs/support_6yr_occurancemethods_final.pdf
http://www.epa.gov/safewater/standard/review/pdfs/support_6yr_occurancemethods_final.pdf

[8] J.K. Henderson, R.W Falta, D.L. Freedman, Simulation of the effect of remediation on EDB
and 1,2-DCA plumes at sites contaminated by leaded gasoline, J. Contam. Hydrol. 108

(1009) 29-45.

[9] MMR, Massachusetts Military Reservation fuel spill 12 (FS-12) groundwater plume, (2003)

http://www.mmr.org/cleanup/index.htm

[10] MMR, Massachusetts Military Reservation chemical fact sheet, ethylene dibromide (EDB),

(2001) http://www.mmr.org/irp/genprog/riskinfo/edb.htm

[11] R. Forbes, Personal Communication, (2010)

[12] R.W. Falta, The potential for ground water contamination by the gasoline lead scavengers

ethylene dibromide and 1,2-dichloroethane, Ground Water Monit. Rem. 24 (2004) 76-87.

[13] D. Aronson, P.H. Howard, The environmental behavior of ethylene dibromide and 1,2-
dichloroethane in surface water, soil, and groundwater, Publication 4774. American

Petroleum Institute, Washington, D.C., 2008.

[14] L.M. Freitas pos Santos, D.J. Leak, A.G. Livingston, Enrichment of mixed cultures capable
of aerobic degradation of 1,2-dibromoethane, Appl. Environ. Microbiol. 62 (1996) 4675-

4677.

[15] K.E. Hartzell, C.D. Burton, A. Leeson, In situ aeration and aerobic remediation, The Sixth
International In Situ and On-Site Bioremediation Symposium, San Diego, CA, (2001)

193-199.

[16] J.J. Pignatello, Ethylene dibromide mineralization in soils under aerobic conditions, Appl.

Environ. Microbiol. 51 (1986) 588-592.
54



[17] G.J. Poelarends, J.E.T van Hylckama Vlieg, J.R. Marchesi, L.M Freitas Dos Santos, D.B.
Janssen, Degradation of 1,2-dibromoethane by Mycobacterium sp. strain GP1, J.

Bacteriol. 181 (1999) 2050-2058.

[18] E.J. Bouwer, P.L. McCarty, Ethylene dibromide transformation under methanogenic

conditions, Appl. Environ. Microbiol. 50 (1985) 527-528.

[19] N. Belay, L. Daniels, Production of ethane, ethylene, and acetylene from halogenated

hydrocarbons by methanogenic bacteria, Appl. Environ. Microbiol. 53 (1987) 1604-1610

[20] J.K. Henderson, D.L. Freedman, R.W. Falta, T. Kuder, J.T. Wilson, Anaerobic
biodegradation of ethylene dibromide and 1,2-dichloroethane in the presence of fuel

hydrocarbons, Environ. Sci. Technol. 42 (2008) 864-870.

[21] J.J. Pignatello, S.Z. Cohen, Environmental chemistry of ethylene dibromide in soil and
ground water, Reviews of Environmental Contamination and Toxicology. 112 (1990) 2-

47.

[22] J.E. Barbash, M. Reinhard, Abiotic dehalogenation of 1,2-dichloroethane and 1,2-
dibromoethane in aqueous solution containing hydrogen sulfide, Environ. Sci. Technol.

23 (1989) 1349-1358.

[23] S.R. Kane, H.R. Beller, T.C. Legler, C.J Koester, H.C. Pinkart, R.U. Halden, A.M. Happel,
Aerobic biodegradation of methyl tert-butyl ether by aquifer bacteria from leaking

underground storage tank sites, Appl. Environ. Microbiol. 67 (2001) 5824-5829.

55



[24] B. Van der Zaan, J. de Weert, H. Rijnaarts, W.M. de Vos, H. Smidt, J. Gerritse, Degradation
of 1,2-dichloroethane by microbial communities from river sediment at various redox

conditions, Water Res. 43 (2009) 3207-3216.

[25] P.M. Bradley, F.H. Chapelle, Microbial mineralization of VC and DCE under different

terminal electron accepting conditions, Anaerobe. 4 (1998) 81-87.

[26] D.L. Freedman, J.M. Gossett, Biological reductive dechlorination of tetrachloroethylene and
trichloroethylene to ethylene under methanogenic conditions, Appl. Environ. Microbiol.

55 (1989) 2144-2151.

[27] J.T. Wilson, B.H. Wilson, Biotransformation of Trichloroethylene in Soil, Appl. Environ.

Microbiol. 49 (1985) 242-243.

[28] A. Tovanabootr, M.E. Dolan, L. Semprini, V.S. Magar, A. Leeson, A. Lighter, Cometabolic
air sparging field demonstration with propane to remediate a chloroethene and
chloroethane co-contaminated aquifer, Physical and Thermal Technologies. Eds. G.B.

Wickramanayake, A.R. Gavaskar. Battelle Press, Columbus, OH, (2000) 67-74.

[29] B. Timmins, M. Dolan, L. Semprini, Aerobic cometabolic transformation of
trichloroethylene and cis-dichloroethylene in propane fed aquifer microcosms. In situ
aeration and aerobic remediation, the Sixth International In Situ and On-Site

Bioremediation Symposium, San Diego, CA, (2001) 193-199.

[30] R.L. Brigmon, Methanogenic Bacteria: Use in Bioremediation, Westinghouse Savannah
River Company, Aiken, SC, (2001) DE-AC09-96SR18500.

http://sti.srs.gov/fulltext/ms2001058/ms2001058.html

56



[31] Y.T. He, J.T. Wilson, R.T. Wilkin, Transformation of reactive iron minerals in a permeable
reactive barrier (biowall) used to treat TCE in groundwater, Environ. Sci. Technol. 42

(2008) 6690 — 6696.

[32] S.K. Hirschorn, A. Grostern, G. Lacrampe-Couloume, E.A. Edwards, L. MacKinnon, C.
Repta, D.W. Major, B.S. Lollar, Quantification of biotransformation of chlorinated
hydrocarbons in a biostimulation study: added value via stable carbon isotope analysis, J.

Contam. Hydrol. 94 (2007) 249-260.

[33] C. Scheutz, N.D. Durant, P. Dennis, M.H. Hansen, T. Jorgensen, R. Jakobsen, E.E. Cox,
P.L. Bjerg, Concurrent ethene generation and growth of Dehalococcoides containing
vinyl chloride reductive dehalogenase genese during an enhanced reductive

dechlorination field demonstration, Environ. Sci. Technol. 42 (2008) 9302-9309.

[34] T.C. Hazen, R. Chakraborty, J.M. Fleming, I.R. Gregory, J.P. Bowman, L. Jimenez, D.
Zhang, S.M. Pfiffner, F.J. Brockman, G.S. Sayler, Use of gene probes to assess the
impact and effectiveness of aerobic in situ bioremediation of TCE, Arch. Microbiol. 191

(2009) 221-232.

[35] L. Semprini, In situ bioremediation of chlorinated solvents, Environ. Health Perspect. 103

(1995) 101-105.

[36] S.M. Steinberg, J.J. Pignatello, B.L. Sawhney, Persistence of 1,2-dibromoethane in soils:

entrapment in intraparticle micropores, Environ. Sci. Technol. 21 (1987) 1201-1206.

57



[37] C.G. Pinto, M.E.F.L. Laespada, S.H. Martin, A.M.C. Ferreira, J.L.P Pavon, B.M. Cordero,
Simplified QUEChERS approach for the extraction of chlorinated compounds from soil

samples, Talanta. 81 (2010) 385-391.

[38] M. Guo, S.K. Papiernik, W. Zheng, S.R. Yates, Formation and extraction of persistent

fumigant residues in soils. Environ. Sci. Technol. 37 (2003) 1844 — 1849.

[39] L.A. Kszos, S.S. Talmage, G.W. Morris, B.K. Konetsky, T. Rottero, Deviation of aquatic
screening benchmarks for 1,2-dibromoethane, Arch. Environ. Contam. Toxicol. 45

(2003) 66-71.

[40] USEPA, Method 504.1: 1,2-dibromoethane (EDB), 1,2-dibromo-3-chloro-propane (DBCP),
and 1,2,3-trichloropropane (123TCP) in water by microextraction and gas
chromatography, Revision 1.1, United States Environmental Protection Agency,

Washington D.C., 1995.

[41] American Public Health Association/ American Water Works Association/ Water
Environment Federation, Standard Methods for the Examination of Water and

Wastewater, nineteenth ed., Washington D.C., 2000.

[42] Agency for Toxic Substances & Disease Registry (ATSDR), Phenol Regulations and
Advisories, Toxicol. Pro. 8 (2006) 185-189.

http://www.atsdr.cdc.gov/ToxProfiles/tp115-c8.pdf

[43] J.T. Wilson, Personal Communication, (2010)

58



APPENDICES

Appendix A: Phase Il EDB Concentration over Time Plots
Appendix B: Year 2 Quarter 1 Report
Appendix C: Primary Microcosm (Phase 111) Raw Data Tables

Appendix D: FS-12 Plume Cross Section

59



Appendix A: Phase Il EDB Concentration Over Time Plots: a) Aerobic, b) Anaerobic
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Appendix B: Year 2 Quarter 1 Report
Dr. Chul Park?, Dr. Klaus Niisslein?, Dr. Kyung-Hwa Baek? Robert McKeever', Kahlil Rieber?

!Dept. Civil & Environmental Engineering, “Dept. of Microbiology, University of Massachusetts
Ambherst

Enhanced Natural Attenuation of Ethylene Dibromide (1,2-Dibromoethane [EDB]) in the
Subsurface at MMR

1.0 INTRODUCTION

This project investigates the potential for enhanced natural attenuation within the aerobic
zone of the FS-12 plume at MMR. This study focuses on determining the most effective
cosubstrate for aerobic biostimulation and whether the implementation of enhanced natural
attenuation is capable of bringing EDB concentrations to below the Massachusetts maximum
contaminant level (MCL) of 0.02 pg/L. Soil core and groundwater samples were obtained from
the Camp Good News site on Wednesday December 1%. Soil samples and groundwater from the
site were used to construct microcosms aimed at exploring EDB degradation under in situ field
conditions, as well as examining the effects of cosubstrate addition, temperature, and aeration on
EDB degradation. An orthogonal matrix was used for our experimental design to ensure that all

results will be statistically independent.

Specific objectives of the interdisciplinary research project are to:

1. Investigate the effect of differing cosubstrate (methane, butane, propane, and phenol)
addition on in situ EDB degradation at the FS-12 site.
a. ldentify the ideal cosubstrate for enhanced natural attenuation at the FS-12 site.
b. Determine whether EDB can be degraded to below its MCL under biostimulated

conditions (i.e. Spin < MCL?).
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2. Investigate the effect of initial EDB concentrations on natural attenuation under aerobic
conditions.
3. Investigate the effect of temperature on natural attenuation of EDB under aerobic
conditions.
4. Expand the analytical capacity to gain a better insight of in situ EDB biodegradation,
which will be achieved by:
a. Tracking intermediates of microbial EDB degradation.
b. Developing dehalogenase as a microbial functional marker for degradation
potential.
c. Identifying EDB-cometabolizing organisms and related genes.
5. Recommend methods for enhanced natural attenuation of the aerobic zone of the FS-12

plume.

20ACTIVITIES

2.1 Analytical Methods

EDB determination is currently performed using USEPA method 504.1 (USEPA, 1995)
with a Hewlett Packard 5890 Plus Gas Chromatograph (GC) equipped with an auto-sampler,
capillary column (DB-1, 30 m x 0.25 mm ID, 1.0 um film thickness), and an electron capture
detector (ECD). Sample size volume has been reduced from 35 mL to 10 mL for all microcosm
sets. This sample volume reduction allows for additional sampling points throughout the entirety
of the experiment without significant loss of liquid volume within each microcosm. There is no
effect on EDB quantification with the smaller sample volume compared with the larger volume

at EDB levels greater than 1 pg/L.
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Methane and oxygen levels are currently being monitored through manual headspace
injection using a Hewlett Packard 5890 Plus GC equipped with a thermal conductivity detector
(TCD). Phenol determination is currently being performed by the amino-antipyrine method
(Grifols-Lucas, 1951) using a Thermo Spectronic Genesys 10uv spectrometer at 510 nm.
Standard operating procedures are currently being used for measuring pH and ORP based on

Standard Method (APHA et al., 2000) protocols.

2.2 Chemicals

EDB (> 99% purity) was purchased from Sigma-Aldrich. Methane (>99.9%), Propane (>99.9%),
and Butane (>99.9%) were purchased from Supelco (Sigma-Aldrich). Phenol (5 £ .05% w/v) was
purchased from Fisher Scientific. All solvents (Hexane and Methanol) were HPLC grade. All

other chemicals were ACS reagent grade.

2.3 Microcosms

2.3.1 Soil Core Sampling: Soil core samples (6 inch diameter by 5 foot length) were obtained
by sonic core drilling from the Camp Good News site in early December, 2010. Aerobic
samples were taken from the 170-175’ core (below ground surface) which, based on the
groundwater monitoring data taken on the day of collection (Table 1), represents an aerobic zone
with DO and EDB concentrations of 9.44 mg/L and 10.2 ug/L, respectively. Upon retrieval of
the cores, visual inspection revealed a mix of coarse and fine grained sand with a light to
medium brown color, indicating an aerobic zone. Samples were extruded, in a manner as to
minimize disturbance, in 1 foot intervals into headspace free sterile pyrex glass containers

(volume 1.8 L) and stored in the dark at 10°C until use. Anaerobic samples were taken from the
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190°-195” core which was composed of very fine and densely packed silt with a dark gray color,
indicating an anaerobic zone. Samples were again extruded with minimal disturbance in 1 foot
intervals into nitrogen sparged, headspace free sterile pyrex glass containers, and stored in the
dark at 10°C until use. Later analysis (Table 1) revealed unexpectedly high DO and EDB
concentrations of 5.12 mg/L and 39 pg/L within this zone. However, microcosms prepared from

these materials were still treated as anaerobic and were sparged with nitrogen during

construction.

Table 1: Groundwater monitoring data (90MWO0206A)

EDB Conc Dissolved
Date Depth TOS | Depth BOS (ug/L) o
Sampled |  (ft bgs) (ftbgs) | EPA Method | OY9en (DO) | Temp (°C)
(mg/L)
504.1
12/1/2010 170 175 10.2 9.44 10.28
12/1/2010 190 195 39 5.12 10.46

2.3.2 Microcosm Configurations: Microcosms were constructed in 2 liter Pyrex® glass bottles
(total working volume 2.4 L), each with an attached glass stem (modified by the UMass Glass
Shop), onto which Mininert™ valves have been attached. Mininert™ valves are Teflon-lined
and gas tight, which allows for liquid and/or gas sampling through replaceable septa, without

allowing volatile chemicals (i.e., EDB) to escape during the sampling process.

A summary of the microcosm experiments being performed in this study are shown in
Table 2. Microcosms were constructed in triplicate using soil and groundwater corresponding to

the environment each set was mimicking, i.e., aerobic and anaerobic.
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For each aerobic microcosm, 400 grams of soil from the aerobic zone (170’ — 175’ BGS),
which was homogenized by thorough mixing, was added along with 1800 mL of groundwater
obtained during sample collection. This soil/water ratio was based off of a similar EDB
microcosm experiment performed by Henderson et al. (2008). The anaerobic microcosm set was
set up in a similar fashion but was continually sparged with nitrogen during the process. Each
anaerobic microcosm received 400 grams of soil from the anaerobic zone (190° — 195’ BGS),
which was also homogenized by thorough mixing, along with 1800 mL of groundwater obtained

from the anaerobic zone during sample collection.

Unique treatments were prepared with amendments or
with different headspace gases, and compared to a Kkilled

control. Starting concentrations for these amendments are listed

in Table 2. The killed controls were deactivated using 1 g/L

sodium azide (Kane et al., 2001). In order to track abiotic EDB

losses not associated with the soil matrix, a set of water control

microcosms were constructed. These microcosms were

prepared with filter sterilized aerobic groundwater and

autoclaved glass beads. This set was also poisoned with 1 g/L

Figure 1: Incubated Microcosms (12+2°C)

sodium azide to eliminate biological activity. All microcosms were incubated at 12+2°C (Figure
1), corresponding to the average groundwater temperature at MMR, without agitation in the dark.

Every microcosm experiment was performed in parallel triplicates.
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Table 2: Microcosm configurations

. Metabolic Starting EDB
Microcosm # of L Inoculum . Temp
Type Sets* Condition (Soil & GW) Concentration | Amendments =C)
(Aeration) (no/L)
High In Sl_tu 10 None
) Concentration
2 Aerobic
In Situ Base Low In Situ 1 None
Case Concentration
1 Anaerobic In Situ . 20 None
Concentration
Methane 12
(200 mL)
Propane
i i i 200 mL
Aeroblc_ 4 Aerobic High In Slltu 10 ( )
Cometabolism Concentration Butane
(200 mL)
Phenol
(1 mg/L)
Temperature . High In Situ 20
Effect 2 Aerobic Concentration 10 None 37
. . Sodium Azide
Water Controls 1 Aerobic High In S'.tu 10 (1g/L) 12
Concentration
No KC’s

* For each set, microcosms were set up in triplicate with corresponding killed controls

3.0 FINDINGS

3.1 EDB Degradation

Average EDB concentrations over time, for the first 84 days of incubation, for all

microcosm experiments are shown in Figures 1 and 2.

Error bars represent the standard

deviation of the measured EDB concentration, amongst each set, at the respective time point.

Figure 1 compares the aerobic high unamended set (in situ base case) to the four aerobic

cometabolism microcosm sets to investigate the effect of enhanced natural attenuation using each
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of the respective cosubstrates. The water control set shown in this figure represents abiotic EDB
degradation that is not associated with the soil matrix. Figure 2 compares the aerobic high
unamended set to the rest of the microcosms of this study used to investigate the effect of EDB
concentration, temperature, and aeration. Again, the water control set is shown to represent

abiotic EDB degradation that is not associated with the soil matrix.

3.1.1 Aerobic Natural Attenuation: After 84 days of static incubation, the base case
microcosm set (aerobic high unamended) showed 18% EDB degradation compared to 21% in the
killed control. The degradation rate constant (k) for the base case was found to be 0.0023 d*
(0.84 yr"), as shown in Figure 1. Given that the corresponding killed control microcosm had
similar EDB degradation it can be concluded that as of this point all EDB degradation observed
was abiotic. In addition, EDB levels within the water control microcosm set averaged 17%
indicating that the abiotic degradation observed in the aerobic high unamended set was not
associated with the soil matix. As expected, statistical analysis determined that significant

biological degradation has not yet occurred within the aerobic high unamended set.

3.1.2 Aerobic Cometabolism (Enhanced Aerobic Natural Attenuation): EDB degradation
observed after 84 days in the methane, propane, butane, and phenol amended live microcosms
equaled 25%, 18%, 22%, and 56%, respectively (compared to 25%, 17%, 21%, and 16% in the
killed controls, respectively). These rates at which EDB was degraded within these cometabolic
microcosms, up until this point, are 0.0035 d* (1.28 yr), 0.0031 d* (1.13 yr™), 0.0035 d™* (1.28
yr'), and 0.0101 d™ (3.69 yr), respectively. Statistical analysis revealed that after 84 days the

phenol amended microcosm set was the only set which showed significant biological
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degradation®. The rate of EDB degradation within the phenol-amended set is comparable to the
rate observed within the methane-amended set from our previous studies, but with less variance
(3.69 + 0.92 yr* versus 3.49 + 3.29 yr'"). Phenol degradation, consistent with EDB degradation,
within this set has also been observed (Figure #). After 42 days, 93% of the starting phenol
concentration (0.90 £ 0.14 mg/L) was degraded in the live set compared to only 22% in the
killed control. Phenol levels were respiked to 0.96 + 0.18 mg/L on day 49 in the live set and
were subsequently degraded by 29% over the next 35 days. Up until this point, EDB degradation
within the live phenol microcosms has been very rapid and consistent in the presence of low dose
phenol. The next step for our research is to allow the phenol levels to completely degrade and
evaluate the impact this will have on EDB degradation. We need to identify whether the EDB
degradation is dependent on the presence of phenol or if the system will continue to degrade

EDB once the phenol has depleted.

3.1.3 Concentration and Temperature Effect: Thus far there has been no statistically
significant difference between the rate of EDB degradation in the aerobic high unamended (10
pg/L) and aerobic low unamended (2 pg/L) microcosm sets. EDB concentrations have dropped
from 1.9 pg/L to 1.7 pg/L and 2.2 pg/L to 1.5 pg/L in the live and killed aerobic low unamended
microcosm sets, respectively. The effect of temperature has yielded similar results when
comparing the aerobic high unamended set, incubated at the average groundwater temperature of
12°C, to the aerobic high unamended set incubated at room temperature (20°C). The rate of

EDB degradation within the live room temperature set (0.62 yr'') was only marginally lower (-

% Given that it is still very early in the incubation period it is very likely that the methane, propane, and butane
microcosm sets are currently in a “lag phase”. It has been previously documented that some cometabolic
applications encounter a lag phase, where the contaminant of concern is not rapidly degraded, while the microbial
community adapts to the addition of the cosubstrate (Tovanabootr, 2000).
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26%) than the rate observed in the live groundwater temperature set (0.84 yr™). Additionally, the
rate of degradation within both of their respective killed control sets was identical (1.17 yr™).
However, there was a statistically significant difference at 37°C (body temperature). The rate of
EDB degradation within the live 37°C set was 10.48 yr™, which was 1148% faster than the live
groundwater temperature set. The degradation rate within the killed control set, of 1.42 yr™, was
only slightly faster than the killed groundwater temperature set (1.17 yr'*) and was significantly
lower than the rate within the live body temperature set. These comparisons strongly indicated a
significant amount of biological EDB degradation at 37°C. Statistical analysis confirmed that
the live body temperature set varied significantly from its respective killed control and both the

groundwater and room temperature live aerobic unamended sets.
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Figure 1: Effect of cometabolism on EDB degradation under in situ aerobic conditions

71




12 12
o
310 é% ~~~~~~~ B 10 j, >
= 4 T i TER . YT e
S 8- O 3 8 - N SRR <o
=R ]
2 0] y = 102600025 °
% 4 | WAerobicHighUA |” Re= (79 41 owater 2 Fedie
] mo oo 2003 " R2=0.83 !
z 2 | ©OKilled Control 1y = 10.2e-0.0032¢ 5 Control L RTTYUeS
o L__R2=089 ]
lu 0 T T T T T T T T T T T T T O T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
“:-2-.5 20
-
\g’. 2.0 % 16
ERR s SN 5
515 ¥ '] {ﬁg 12
"E i
8 i . = 1.7e-0:0007x - - -0.0078x
§ 10 ] m Aerobic Low UA |Y R2 = 0.05 8 ] lﬁ‘Terobic y R126;28.98
05 | OKilled Control iy=§-9€‘°'°°3*"x: 47 oKilled  1y= 17.2e00002)
L L Riz064 | | Control | R?=095
0.0 T T T T T T T T T T T T O T T T T I____I____I__l__l T T
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
12 12
206 8
2100 P 5 = 10 8- o
§ 8- T8 8 R e S
= 1 1 ! y = 9.0g-0.0039% ! O
g 6 61 " RP=097
D T y = 10.0g-00017 ' Lo o], = -0.0287x
e 1 mAerobic 20°C 2= ] . y=09.1e
5 _Ro0% 4 | mAerbic R*=098
@ 2 | OKilled Control :y=120-18';i°3zxi 2 1 oKilled
L 0 T T LIS B R _'___l_._'_ T = LI O T C(l:)nterIl T L T L
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Time (Days) Time (Days)

Figure 2: Effect of EDB concentration, temperature, and aeration on EDB degradation.
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Table 3: EDB degradation rate summary and comparison.

Degradation Rate (yr™)

Rate

Rate

Difference Difference Slgmf'?ant
Killed from Aerobic | from Killed Biological
H 2 2 inn?
LiveSet | R Control R High UA Control Degradation®
0.84 0.79 1.17 0.89 n/a -28% No
Aerobic Methane 128 |096| 128 | 0.92 +52% 0% No
Amended
1.13 0.71 1.06 0.71 +35% +7% No
1.28 0.91 1.17 0.90 +52% +9% No
3.69 0.99 0.95 0.76 +339% +288% Yes
2.85 0.98 2.26 0.95 +239% +26% Yes
0.26 0.05 1.28 0.64 -70% -80% No
0.62 0.96 1.17 0.91 -26% -47% No
10.48 | 0.98 1.42 0.97 +1148% +636% Yes
- - 0.95 0.83
Avg 1.31
Killed Controls (not including WC)
Std 0.38
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Figure 3: Average phenol concentration over time in the live and killed aerobic phenol
amended microcosm set.

4.0 FUTURE PLANS

4.1 Engineering

Short term goals of the Engineering team are to: (1) continue measurements of water
quality parameters in the current microcosms and (2) continue statistical analysis of the data to

determine whether degradation trends are significant.
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Appendix C: Primary Microcosms (Phase I11) Raw Data Tables

Aerobic Unamended (Average EDB Concentrations [ug/L])

Day 0 10 17 | 31 | 45 | 59 73 | 103 | 131 | 173 | 209 | 235 | 264 | 286
Aer KC10 | - - 98 |1 93 |88 |86 |90 |78 | 79|79 |74 |67 | 77|69
Error - - 61,0101} 00|02|00)|03|02)|00|02]|03]02

Aer KC50 | 439 | 47.1 | 47.1 | 43.2 | 43.8 | 41.5 | 43.2 | 39.9 | 379 | 37.8 | 40.7 | 36.7 | 34.7 | 35

Error 013218 | 23|20 |33 |06 |19 |00 00|30 27|22 3
Aer50 | 438|509 |515|449 |473|46.6 |43.3|452 [38.0| 445|446 | 417|369 | 399
Error 071407 |11 02|10 | 12|08 [ 04 | 15| 12| 17 | 14| 13
Aer 10 110|109 |114|101| 97 | 95 | 89 | 94 | 88 | 98 | 72 | 7.7 | 81 | 81
Error 08|08 |07|06 08|10 08|08 11|04 |04]07 ]| 11]09
Henrys | 11.0 | 11.0 | 10.9 | 10.9 | 10.9 | 10.9 | 109 | 109 | 10.9 | 10.9 | 10.9 | 10.9 | 10.9 | 10.9

Aerobic Methane-amended (Average EDB Concentrations [ug/L])
Day 0 8 15 | 28 | 42 | 56 | 71 | 128 | 169 | 205 | 231 | 260 | 282
AerKC 100 | 788 | 77.2 | 76,5 | 75.3 | 76.7 | 83.2 | 78.1 | 88.0 | 76.4 | 76.9 | 68.8 | 75.9 | 74.4
Error 37|18 |09 |57 |18 | 75|86 | 00|51 | 47 |66 | 53| 49
Methane | 82.1| 76.6 | 74.6 | 76.2 | 70.0 | 76.4  69.3 | 54.7 | 44.8 | 40.6 | 34.2 | 30.9 | 15.4
Error 19 | 1.0 | 19 | 52 | 76 | 143 | 11.8|28.6 | 36.3 | 37.1 | 30.8 | 27.2 | 254

Anaerobic Unamended and Lactate-amended (Average EDB Concentrations [ug/L])

Day 0 7 14 28 | 42 56 70 | 100 | 128 | 170 | 198 | 233 | 261 | 282

AnKC50 | 48.4 | 534|529 |48.1 504 | 465 | 448 | 42.2 | 376 | 33.2 | 341|312 | 378 | 356

Error 00|39 |18 |13 |65 | 27 | 23|14 | 23|18 | 00| 26| 27 | 34

An KC100 | 83.0 | 97.0 | 87.5|80.2 | 79.6 | 77.4 | 80.5 [ 80.2 | 729 | 58.8 | 54.9 | 56.7 | 77.7 | 72

Error 00 |180| 45 | 40 | 50 | 47 | 35 | 118 | 84 | 36 | 44 | 38 | 45 | 43

An 50 91.9 1449 | 479 | 44.7 | 439 | 419|415 | 36.0 | 27.7 219|184 | 100 | 86 | 7.6

Error 00 |16 | 11 | 05|09 |12 | 25|67 |17 |63 | 44| 68 | 85 | 87

Micro50 | 50.5 | 49.3 | 449 | 46.0 | 43.7 | 43.7 | 419 | 39.4 | 359 | 29.6 | 254 | 25.1 | 22 | 231

Error 32 |16 |16 | 01 | 48 | 25|17 |35 |18 |31 |32 | 14 | 57 |55

Lactate | 90.5 (833 | 741|718 | 718 [ 724 | 59.5|52.7 | 40.7 | 29.6 | 228 | 145 | 154 | 11.0

Error 102 21|19 |08 | 62 [ 08| 35| 40 | 15 | 35 | 6.8 | 10.7 | 126 | 9.3

Water Controls (EDB Concentrations [ug/L])

Day 0 10 17 31 45 59 73 | 103 | 131 | 174 | 209 | 237 | 265 | 286

Ster KC10 | 15.8 | 151 | 15.1 | 15.0 | 14.7 | 13.7 | 16.1 | 140 | 120 | 144 | 11.9 | 10.1 | 10.7 | 10.5

Ster KC50 | 42.1 | 443 | 44.0 | 445 | 425 | 422 | 48.7 | 448 | 36.3 | 33.9 | 38.6 | 28.7 | 32.3 | 32.1

Ster KC 100 | 82.0 | 91.7 | 95.3 [ 90.6 | 91.2 | 85.0 | 94.9 | 795 70.3!63.6 50.3 | 54.8 | 54.0
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Aerobic Unamended In Situ (10 ug/L)

EDB Concentrations (ug/L)

Day | 41 | 51 | 6.1 | KC10 | KC10(2)
0 |11.8|10.6 | 105 - -
10 | 11.8 | 10.5 | 104 - -
17 | 123 110|111 | 98 9.7
31 (108 | 9.7 | 9.8 9.4 9.2
45 1106 | 91 | 93 8.7 8.9
59 |(10.7| 89 | 89 8.6 8.6
73 | 98 | 83 | 87 8.8 9.1

103 | 10.3 | 8.8 | 9.0 9.6 7.8

131 | 10.1 | 79 | 85 8.1 7.7

173 | 10.8 | 8.8 | 4.6 8.0 7.4

209 - 69 | 75 7.7 -

235 | 84 | 71 | 7.7 6.9 6.6

264 | 93 | 7.2 | 1.7 8 7.5

286 | 9.1 | 73 | 7.8 6.8 7.1

Aerobic Unamended EDB Spiked (50 ug/L)

EDB Concentrations (ug/L)

Day | 1.1 | 21 [ 3.1 [ KC50 [ KC50(2)
0 | 439445432 438 44.0
10 | 493|516 | 52.0 | 44.9 49.4
17 | 513|509 523 458 483
31 | 443|442 462 416 44.8
45 | 475|470 | 473 ] 424 45.3
59 | 47.3 | 454 | 469 | 39.2 438
73 | 42.9 | 424 | 447 | 436 42.8
103 | 445 | 450 | 46.0 | 385 41.2
131 | 38.2 | 383|378 | 329 37.9
173 | 45.2 | 428 | 455 | 3758 -

209 | 45.7 | 44.8 | 433 | 38.6 428
235 | 42.6 | 39.7 | 42.7 | 3458 38.7
264 | 385 | 36.3 [ 35.9 | 33.2 36.2
286 | 41.3 | 39.3 [ 39.0 | 32.9 37.1
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Aerobic Methane-amended
EDB Concentrations (ug/L)

Day | 19.1 | 20.1 | 21.1 | KC 100 | KC 100 (2)
0 |825|835|808| 76.2 81.4
8 |755|775|76.7| 759 78.5
15 | 729 | 743 | 76.7| 758 77.1
28 | 715|755 |81.7| 713 79.4
42 | 63.1|687|781| 754 77.9
56 | 61.9 | 77.1 | 904 | 779 88.5
71 | 575|691 |812| 721 84.2

100 | 55.9 | 68.7 | 76.3 | 70.9 84.5

128 | 24.0 | 59.5 | 80.5| 84.2 88.0

169 | 6.9 |48.2]79.2| 729 80

205 | 2.1 | 436|762 | 735 80.2

231 | 14 |387|626| 64.1 73.5

260 | 0.9 [38.0|537| 721 79.6

282 | 05 | 09 | 447 71.0 77.9

Anaerobic Unamended
EDB Concentrations (ug/L)

Day | 71 | 81 | 9.1 | AnKC50 | An KC 50 (2)
0 |573|519|44.1 48.4 68.0
7 |46.0 | 459|437 50.6 56.2
14 | 46.6 | 48.8 | 48.2 51.6 54.2
28 | 442|448 | 45.1 48.9 47.2
42 | 429 | 448 | 44.1 55.0 45.8
56 | 40.7 | 419 | 43.1 48.4 44.5
70 | 408 |39.4 | 443 46.4 43.1

100 | 39.2 | 28.4 | 405 43.2 41.3

128 | 289 | - | 265 39.3 35.9

170 | 26.4 | 14.7 | 24.5 34.5 31.9

198 | 23.4 | 154 | 16.3 34.1 -

233 | 178 | 6.6 | 55 29.4 33.1

261 | 184 | 44 | 3.0 39.7 35.9

282 | 176 | 35 | 1.8 38.0 33.2
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Microaerophilic Unamended

EDB Concentrations (ug/L)

Day | 101 | 11.1 12.1
0 | 542 | 488 48.6
7 | 505 | 499 47.4
14 | 460 | 442 43.7
m 46.1 45.9
42 | 471 - 40.3
56 | 457 | 445 41.0
70 | 427 | 431 40.0
100 | 419 | 409 35.4
128 | 370 | 369 339
170 | 329 | 291 26.8
198 | 284 | 256 22.1
233 | 261 | 241 -
261 | 273 | 228 16.0
282 | 282 | 237 172

Anaerobic Lactate-amended

EDB Concentrations (ug/L)

Day | 34.1 [ 35.1] 36.1 | AnKC 100 | An KC 100 (2)
0 [97.7]833]1050 83.0 121.3
7 |818[857]| 825 84.3 109.8
14 | 757 [ 721 746 84.3 90.7
28 | - |[713] 724 83.0 77.3
42 703|681 76.9 83.1 76.1
56 | 71.8 730 - 80.7 74.0
70 | 57.8[57.2| 635 83.0 78.0
100 | 50.2 | 50.6 | 57.3 88.6 71.9
128 | 41.1 | 39.1 | 42.0 78.8 66.9
170 | 255 | 31.3 | 32 61.4 56.3
198 | 18.0 [ 119 | 275 57.9 51.8
233 | 21 [21.2] 202 59.4 54.0
261 | 0.9 [ 224 230 80.9 745
282 | 04 [ 151 176 75.0 68.9
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Appendix D: FS-12 Plume Cross Section
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