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ABSTRACT

Tetrachloroethene and trichloroethene are among the most prevalent groundwater
contaminants found at hazardous waste sites throughout the United States.

Since

implementing some of the common treatment methods to remediate these hazardous
waste sites would exceed hundreds of billions of dollars, there is considerable interest in
reducing costs while achieving remediation regulations. Under anaerobic conditions,
these compounds can undergo reduction reactions known as reductive dechlorination.
This occurs when an electron donor provides the reducing equivalents needed to replace
the chlorine atoms with hydrogen atoms. The daughter products from higher chlorinated
ethenes are ethene and ethane which can be used to document the process with a simple
mass balance.
However, at many hazardous waste sites, the sum of the daughter products often
does not account for the amount of tetrachloroethene and trichloroethene consumed. At
least two explanations have been offered for this phenomenon. First, downgradient
sampling of plumes may not be accurately representing where the plume is. Second, it is
possible that the lesser chlorinated products, in particular vinyl chloride (VC) and ethene,
could be undergoing anaerobic or aerobic oxidation. If this occurs, CO2 and Cl- are the
major daughter products. While both are nonhazardous, it is far more difficult to show
that these compounds were formed from VC and ethene, rather than other compounds.
Bio-oxidation of ethene and the aerobic biodegradation of VC at levels that are
too low to be accurately measured in the field are possible explanations for the lack of
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mass balances. Additionally, the pathways for catabolism of both compounds have been
proposed and they share considerable overlap. The first step involves insertion of an
oxygen atom from O2 via an alkene monooxygenase, forming an epoxide followed by a
series of reactions forming acetyl coenzyme A, a central intermediate in metabolic
processes.

Since an oxygenase is required to initiate aerobic oxidation of VC, oxygen

must be available as a reactant. Substitution of nitrate for oxygen as the electron acceptor
would decrease the amount of oxygen required for growth on VC.
The overall purpose of this project was to improve the methods needed to
document the fate of VC and ethene in situ. The specific objectives were 1) to document
in microcosms the anaerobic oxidation of VC, using groundwater from a hazardous waste
site where the field evidence suggests that bio-oxidation is occurring; 2) to document in
microcosms the anaerobic oxidation of ethene, using uncontaminated soil as a source of
inoculum, under a variety of anaerobic conditions; 3) to determine if microbes subjected
to anaerobic conditions for longer than one year are then able to aerobically oxidize VC;
and 4) to determine if nitrate can replace oxygen as a terminal electron acceptor under
oxygen-limited conditions that still permit the use of oxygen as a reactant for the alkene
monooxygenase.
In approximately eight of the 83 microcosms prepared with first flush
groundwater from a hazardous waste site, significant levels of VC bio-oxidation
occurred. However, there was considerable uncertainty whether the process observed
was anaerobic or aerobic, as a consequence of oxygen leaking into the bottles. Lines of
evidence in support of each scenario were reviewed. Overall, the weight of evidence
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suggests the activity was aerobic. Some of the considerations include the detection of
low levels of oxygen by analysis of headspace samples (coupled with controls that
indicated these measurements were not false positives), the pink color of resazurin during
most of the time when VC was consumed, consumption of methane during or after the
VC was consumed (methane is generally recalcitrant under anaerobic conditions), and the
ability of microbes that grow aerobically on VC to use oxygen to the point when it is no
longer detectable. Incubation of five of the active microcosms is on-going, to further
assess the question of aerobic versus anaerobic activity.
Anaerobic oxidation of ethene was observed in microcosms amended with Fe(III)
and Fe(III) chelated with ethylenediaminetetraacetic acid (EDTA), and in a
chlororespiring enrichment culture amended with sulfate. Ethene oxidation occurred
when the concentration of ethene in the headspace was increased to 1% (v/v) or higher.
Prior to that, ethene was stoichiometrically reduced to ethane.

Oxidation was not

observed in unamended microcosms and ones with nitrate and glucose added. Unlike the
results with VC, there was a high level of confidence that oxidation occurred under
anaerobic conditions. Compared to VC, the rate of ethene oxidation was considerably
slower. Also, oxidation activity often slowed down after 10% or less of the ethene was
consumed. This type of pattern suggested the process may be cometabolic, although
additional studies are needed to verify this. Also, confirmation of oxidation is needed
using [14C]ethene.
Microcosms were prepared with soil and groundwater from a hazardous waste site
and incubated under anaerobic conditions for 1.7 years, with no evidence for

iv

biodegradation of VC. When oxygen was added to the microcosms, only two of the 12
exhibited biodegradation of VC, along with methane. The results of this study indicate
that aerobic biodegradation of VC may not always occur when soil and groundwater have
been subjected to anaerobic conditions for an extended period, in this case 1.7 years.
The results of this study indicated that nitrate did not substitute for oxygen as a
terminal electron acceptor under conditions with limited oxygen (but enough to allow
functioning of the alkene monooxygenase) and an excess of nitrate. However, the results
may be specific to the enrichment culture that was tested, which was able to biodegrade
VC aerobically and also use acetate as a substrate under denitrifying conditions. If this
process is possible, it would decrease the stoichiometric amount of oxygen needed for
VC oxidation.
The inconsistencies in observations of anaerobic bio-oxidation of VC leave many
questions unanswered. Considerable uncertainties also remain for the occurrence of
anaerobic oxidation of ethene. As promising as previous studies appear, the hallmark of
advances in science is reproducibility. Until the results of others can be replicated under
conditions that are unquestionably anaerobic, the uncertainties surrounding anaerobic
oxidation of VC and ethene will persist. As a consequence, so too, will the uncertainties
associated with explaining the lack of mass balances in situ for remediation of PCE and
TCE.
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CHAPTER ONE
1.0 INTRODUCTION
Halogenated organic solvents are among the most prevalent groundwater
contaminants found at hazardous waste sites throughout the United States.

Since

implementing some of the common treatment methods to remediate these hazardous
waste sites would exceed hundreds of billions of dollars, there is considerable interest in
reducing costs while achieving remediation regulations. Monitored natural attenuation
(MNA) is the reliance on natural processes, like microbial degradation of hazardous
compounds by native microorganisms, to achieve site- specific remedial objectives.
MNA is a type of bioremediation that has emerged as one of the proven low-cost
solutions because little action is needed. Two of the most common halogenated organic
solvents are tetrachloroethene (PCE) and trichloroethene (TCE), each of which is highly
oxidized. Under anaerobic conditions, these compounds can undergo reduction reactions
known as reductive dechlorination. This occurs when an electron donor provides the
reducing equivalents needed to replace the chlorine atoms with hydrogen atoms. The
daughter products from higher chlorinated ethenes are ethene and ethane which can be
used to document the process with a mass balance.
However, at many hazardous waste sites, the sum of the daughter products often
does not account for the amount of PCE and TCE consumed. At least two explanations
have been offered for this phenomenon. First, downgradient sampling of plumes may not
be accurately representing where the plume is. This raises the troubling prospect that
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daughter products such as VC may be missed during plume characterization, and could
therefore pose a risk at an undetermined location. Second, it is possible that the lesser
chlorinated products, in particular VC and ethene, could be undergoing anaerobic
oxidation. If this occurs, CO2 and Cl- are the major daughter products. While both are
nonhazardous, it is far more difficult to show that these compounds were formed from
VC and ethene, rather than other compounds. The focus of the research in this thesis is to
identify microbes that are capable of carrying out anaerobic oxidation of VC and/or
ethene. If enrichment cultures or isolates can be obtained that mediate this process, it
will open the door to developing diagnostic tools (e.g., molecular probes or isotopic
information) that can be used to document that anaerobic oxidation is occurring in situ.
These tools are currently lacking, and consequently, it is not feasible to document in situ
anaerobic oxidation of VC or ethene.
The following sections in the Introduction describe how the reductive
dechlorination process is documented in situ, what is currently known about anaerobic
oxidation of VC and ethene, and the potential for VC bio-oxidation under aerobic
conditions when oxygen is present at levels too low to detect in the field. The last section
lists the research objectives for this thesis, which are designed to address some of the
research gaps that currently exist.
1.1 Documentation of Anaerobic Reductive Dechlorination of Chlorinated Ethenes
Some microorganisms can use chlorinated compounds such as PCE as a terminal
electron acceptor during respiration, a process which is known as organohalide
respiration and is linked to microbial growth (43). This reductive process occurs via
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hydrogenolysis, wherein the chlorine atoms are sequentially replaced by hydrogen atoms
with an input of two electrons per chlorine removed (52). This allows for the complete
anaerobic transformation of PCE and TCE to cDCE, VC, and then ethene and ethane,
which are harmless end points (24, 43).

This reaction is more thermodynamically

favorable for more highly halogenated compounds such as PCE and TCE and less
favorable for lesser chlorinated compounds. In the anaerobic transformation of PCE and
TCE to ethene, the rate limiting step is often VC to ethene (24).
Reductive dechlorination allows for the in situ documentation of dechlorination
since there are no other major sources of daughter products, including ethene and ethane.
By comparing the amount of PCE and TCE consumed to the amount of daughter products
formed, a mass balance can be calculated to determine the percent recovery of the
daughter products.

However, mass balances performed with field data from many

hazardous waste sites results in an incomplete recovery, i.e., a greater loss in PCE and
TCE than can be accounted for in the daughter products. Such an outcome raises
questions about the reliability of detecting the contaminant plume. An apparent loss of
mass could be explained by the misplacement of monitoring wells and missing the
majority of the contaminants.

In such cases, regulators may be hesitant to accept

bioremediation as a solution. Another possible explanation for the lack of a mass balance
is anaerobic oxidation of VC and ethene.

However, the lack of readily detectable

daughter products (i.e., CO2 and Cl-) above background levels makes it almost impossible
to document this process without an extensive microcosm study, typically involving
custom-synthesized

14

C-labeled VC or ethene. A better understanding of the microbes
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that mediate anaerobic oxidation is needed before faster and less costly methods can be
developed to detect anaerobic oxidation in situ and possibly enhance this process.
1.2 Anaerobic Bio-Oxidation of Vinyl Chloride
Microbial mineralization of vinyl chloride (VC) under anaerobic conditions is one
of the explanations offered for the lack of a mass balance of PCE and TCE
biodegradation in situ. When VC undergoes mineralization, the products (CO2 and Cl-)
are not distinguishable from other sources of these compounds, making it very
challenging to document that the process. Nevertheless, a number of laboratory studies
(4-14) have provided evidence for the occurrence of VC oxidation by using [14C]VC,
which makes it possible to measure 14C-labeled products, including 14CO2.
Oxidation of VC implies that some compound must receive the electrons from the
oxidation process. The occurrence of anaerobic VC oxidation has been tested under
nitrate-reducing, iron-reducing, sulfate-reducing, fermentative and methanogenic
conditions. A summary of previous research on anaerobic VC oxidation is provided in
this section.

Three research groups have been responsible for the majority of

publications: Vogel and McCarty at Stanford University; Bradley and Chapelle at the
U.S. Geological Service; and Iwahori and colleagues at the University of Shizuoka,
Japan.
1.2.1 Results from Vogel and McCarty
Vogel and McCarty (53) were the first to report anaerobic oxidation of VC to
carbon dioxide as a degradation pathway under methanogenic conditions.

In a

continuous-flow fixed-film methanogenic column, [14C]PCE was partially mineralized to
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CO2, via reductive dechlorination to VC. Although 14CO2 was detected, the mechanism

resulting in mineralization was unknown. To support the hypothesis of mineralization,
when unlabeled VC was injected into the column feed, the production of

14

CO2 in the

effluent decreased. Addition of unlabeled VC diluted the concentration of labeled VC in
the column, resulting in a reduction in the concentration of l4CO2 exiting the column (53).
1.2.2 Results from Bradley, Chapelle and Colleagues
More than ten years passed until the next report of anaerobic VC bio-oxidation by
Bradley, Chapelle, and colleagues, who produced a series of publications on this topic,
covering a variety of terminal electron accepting conditions. In one of their earlier
studies, Bradley and Chapelle (7) demonstrated mineralization of [14C]VC to 14CO2 in a
microcosms constructed with creek bed sediment, with the percentage of 14CO2 recovered
ranging from 5% to 44%. When comparing a series of electron accepting conditions,
Bradley and Chapelle (10) observed the highest rates under aerobic conditions. However,
oxidation was also reported under anaerobic conditions, at decreasing rates with
decreasing redox levels; i.e., Fe(III)-reducing rates were higher than sulfate-reducing
rates, followed by rates under methanogenic conditions.
To prove that VC mineralization under methanogenic conditions was not directly
coupled to methanogenesis, Bradley et al. (12) used 2-bromoethanesulfonic acid (BES) to
inhibit methanogenesis.

Approximately 15% mineralization of [14C]VC to

occurred when methane production was suppressed.

14

CO2

The involvement of O2, NO3-,

Fe(III), and SO42- in VC oxidation was ruled out in this particular study. However,
adding the humic acid analogue 2,6-anthraquinone disulfonate (AQDS) simulated
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[14C]VC mineralization and also inhibited methane production, which further suggested
that mineralization of VC is not directly coupled to methanogenesis. When AQDS
served as a terminal electron acceptor, 14±2% mineralization of [14C]VC to

14

CO2 was

observed. Oxidation was accompanied by the reduction of AQDS, which was evident by
the medium turning orange (the color of reduced AQDS) and an increase in absorbance at
450 nm, the wavelength at which reduced AQDS absorbs (12). The motivation for using
AQDS stemmed from the hypothesis that humic acids serve as electron shuttles between
iron-reducing microbes and insoluble Fe(III) located in the environment (40).
Although anaerobic oxidation of VC is not mediated by methanogens, Bradley
and Chapelle (8) showed that methane can be produced as an outcome of VC oxidation.
The pathway begins with oxidative acetogenesis of VC to acetate, which was
documented by measuring the accumulation of [14C]acetate from [14C]VC when
methanogenesis was inhibited by BES. In addition to [14C]acetate, 35% of the [14C]VC
was oxidized to 14CO2. In the absence of BES, [14C]acetate was fermented to 14CH4 and
14

CO2 by acetotrophic methanogens.

This suggests that one of the pathways for

anaerobic oxidation of VC proceeds via oxidative acetogenesis (4).
Lovely et al. (41) demonstrated that microorganisms can grow by coupling the
oxidation of organic compounds to use of Fe(III) and Mn(IV) as terminal electron
acceptors.

Bradley

and

Chapelle

(5)

used

Fe(III)

chelated

with

ethylenediaminetetraacetic acid (EDTA) (thereby increasing the bioavailability of the
Fe(III)) to evaluate VC mineralization under iron-reducing conditions. The extent of VC
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mineralization under iron-reducing conditions was higher than under methanogenic
conditions (7).
Mineralization of cDCE under Mn(IV)-reducing conditions was demonstrated by
Bradley et al. (14). Since VC is more reduced than cDCE, mineralization of VC under
Mn(IV)-reducing conditions seems viable but has not yet been reported.
Figure 1.1 summarizes what is known about the potential for anaerobic oxidation
of VC based on the studies by Bradley and Chapelle (9) (NOTE: all tables and figures
appear sequentially after Chapter 5, starting on page 105). VC oxidation is proposed to
occur either directly coupled to a terminal electron acceptor or via oxidative acetogenesis.
Although nitrate was included as a terminal electron acceptor coupled to direct anaerobic
oxidation of VC, no evidence was found in the literature that observed VC oxidation
under denitrifying conditions.
1.2.3 Results from Iwahori and Colleagues
Hata et al. (31) took a somewhat different approach to finding evidence for
anaerobic oxidation of chlorinated ethenes, by focusing on samples collected near
landfills as a source of culture. In microcosms amended with Fe(III), Hata et al. (31)
present evidence for anaerobic bio-oxidation of cDCE and VC, with no accumulation of
reductive daughter products (i.e., VC, ethene, or ethane). This activity was not linked to
the reduction of Fe(III).

Surprisingly, addition of high concentrations of readily

fermentable substrates (10 g/L of D-glucose, 5 g/L of L-asparagine, and 1 g/L of ferric
citrate) increased degradation of cDCE. The extent of cDCE removal varied with the
amount of glucose added: 17% with none added, 24% with 1 g/L, and 57% with 10 g/L.
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At 10 g/L of D-glucose, a 60% decrease in VC was observed; the effect of glucose
concentration on VC removal was not tested. Insignificant amounts of methane were
formed. One major shortcoming of the research by Hata et al. (31) was the lack of direct
evidence for biodegradation products, since they did not use

14

C-labeled compounds. It

was therefore not possible to discern the extent of diffusive losses of cDCE and VC, as
may occur if significant amounts of fermentative gases accumulated in the bottles.
Hata et al. (30) extended their research by isolating a Clostridium species (strain
DC1) from the microcosms they developed with landfill leachate. Following growth on
glucose, asparagine, and ferric citrate, strain DC1 consumed cDCE and VC without
formation of reductive products.

Dechlorination of cDCE was demonstrated by

stoichiometric release of chloride; similar evidence was not presented for VC. The
isolate was not able to grow on cDCE or VC as sole sources of carbon and energy,
indicating the process was cometabolic. As with their previous study, the conclusiveness
of their findings is compromised by the lack of direct evidence for the fate of the carbon
in cDCE and VC, since they again did not use 14C-labeled compounds.
1.2.4 Results from Freedman and Colleagues
Several projects on anaerobic oxidation of VC have been performed by Freedman
and colleagues at Clemson University. The results are described in Masters Theses by
Cline (15), Pickens (44), and High (34). The focus of the research in this thesis is a
continuation of the work carried out by High. The findings by Cline, Pickens and Higher
are summarized below.
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Cline (15) and Pickens (44) evaluated anaerobic oxidation of VC in microcosms
prepared with samples from a site contaminated with TCE and other chlorinated organics.
Cline (15) worked with samples close to the source area, while Pickens (44) evaluated
samples taken further downgradient. Field evidence clearly indicated that TCE was
undergoing reductive dechlorination to cDCE and VC, and that the contaminants were
not moving significantly downgradient (a clear indication of biodegradation). However,
the fate of the VC was unknown, since ethene did not accumulate to the extent expected
based on the concentration of VC upgradient. This suggested that the VC might be
undergoing bio-oxidation.

The microcosm study was designed to evaluate this

possibility.
In a majority of the microcosms constructed by Cline (15), there was no activity
on VC, either by oxidation or reduction. However, in several, VC was consumed without
accumulation of ethene or ethane. The fate of the VC was followed using [14C]VC. In
the VC-active microcosms, 27-48% of the [14C]VC was recovered as 14CO2. Cline then
transferred samples from the positive microcosms to fresh groundwater, to enrich for the
biodegradation activity and confirm the occurrence of anaerobic oxidation. In these
enrichments, 70% of [14C]VC consumed was recovered as

14

CO2, without ethene

accumulation. The increasing rate of repeat additions of VC was suggestive of VC
serving as a growth substrate, but that was not proven. Also, bio-oxidation of VC was
not linked to a terminal electron acceptor.
Similar results were obtained by Pickens (44). In most of the microcosms she
prepared with downgradient soil and groundwater, there was no biodegradation of VC.
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However, in one of the 18 evaluated, VC was consumed without ethene or ethane
accumulation.

Biodegradation of VC was confirmed based on recovery of

14

CO2.

Pickens also prepared enrichments by transferring samples of the positive microcosm to
fresh groundwater. The enrichments also exhibited oxidative behavior. However, the
rate of VC consumption gradually slowed, suggesting that something essential was
depleted.
Although the results from Cline and Pickens were suggestive of anaerobic biooxidation of VC, their experimental procedures left open the possibility that oxidation
was a consequence of oxygenic activity, rather than anaerobic. The microcosms and
enrichments were prepared in an anaerobic chamber and the amount of VC consumption
per bottles often exceeded the amount that could have occurred even if the bottles were
fully aerated. Nevertheless, no attempt was made to measure oxygen levels in the active
bottles. Although resazurin was used in some of the bottles, neither researcher reported
the color of the resazurin during the period when VC oxidation was occurring. As will be
discussed below, concern with oxygen contamination stems from the fact that microbes
capable of growing aerobically on VC as a sole carbon and energy source can do so at
levels of oxygen that are close the analytical detection methods (e.g., headspace analysis
with a gas chromatograph (GC) with a thermal conductivity detector). This places a high
burden of proof on demonstrating that oxidative activity on VC occurs under truly
anaerobic conditions. Unfortunately, the results from Cline and Pickens do not rise to
that level of proof.
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Several years later, with funding support from the Strategic Environmental
Response and Development Program (SERDP), High (34) sought to identify anaerobic
bio-oxidation of VC in samples obtained from six sites where the field evidence
suggested that anaerobic oxidation of VC may be occurring. One of these six sites was
the same as the site evaluated by Cline and Pickens. High prepared a total of 470
microcosms.

In spite of this broad level of coverage, High found no evidence for

anaerobic oxidation of VC.

VC reduction to ethene was observed in many of the

microcosms, but not oxidation.
The research presented in this thesis is a continuation of the project that High
started. One set of the microcosms that she developed was used to investigate the
potential for aerobic oxidation of VC after extended incubation under aerobic conditions.
In addition to also evaluating anaerobic oxidation of VC, the research in this thesis
evaluated anaerobic oxidation of ethene, as well as the potential for nitrate to facilitate
aerobic biodegradation of VC at low concentrations of oxygen. The motivation for
expanding the research beyond anaerobic oxidation of VC is described below.
1.2.5 Key Questions Remain
In summary, the studies by Vogel and McCarty, Bradley and Chapelle, and Iwahori
and colleagues indicate anaerobic VC bio-oxidation does occur. Equivocal evidence also
emerged from the work of Pickens, Cline and High in Freedman’s laboratory. However,
these results fall short of providing the tools needed to document the occurrence of this
process in situ and thereby provide an explanation for why contaminated plumes often

11

“disappear,” from the perspective of a mass balance. Among the key questions that
remain unresolved are:


Is anaerobic mineralization of VC a metabolic or cometabolic process? None of
the studies reported thus far have provided much insight into this question. In a
number of previous studies, the extent of anaerobic VC mineralization reported
has been low (e.g., below 25% of the [14C]VC added). If metabolism was
occurring, one might expect the rate and extent of mineralization to increase with
time. Thus far, no researchers have been able to enrich for, or isolate the microbes
responsible for anaerobic VC bio-oxidation.



Is mineralization of VC a novel process? The anaerobic biodegradation of VC has
been demonstrated to produce ethene, ethane, carbon dioxide and methane (8, 10,
24, 38). A possible process could include the initial reduction of VC followed by
the bio-oxidation of ethene resulting in carbon dioxide (9). Furthermore, under
methanogenic conditions, methane, a product of VC via oxidative acetogenesis
(8), could then undergo anaerobic bio-oxidation resulting in carbon dioxide (3,
45).



How can the process be documented in situ? Bio-oxidation of VC yields products
that are not unique to chloroethenes, including CO2, Cl-, acetate, and methane. In
situ levels of VC are not usually high enough to yield these products at
concentrations readily discernable from background or from other contaminant
sources. In the laboratory, [14C]VC has been used to demonstrate VC oxidation in
microcosms. This is not a practical approach for routine application.
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How widespread is the process? For example, all of the reports of VC biooxidation thus far by Bradley and Chapelle have been based on samples from only
a few sites, including: Plattsburg Air Force Base near Plattsburg, New York (5,
13); Cecil Field Naval Air Station near Jacksonville, Florida (4, 5, 7, 8, 10-12);
and the Naval Weapons Industrial Reserve Plant near Dallas, Texas (8, 10). The
laboratory results from the latter site were consistent with field evidence of VC
attenuation based on a solute dispersion model and a mass balance assessment
(13).
Ideally, if an isolate or highly enriched culture is obtained that uses VC

anaerobically as a sole source of carbon and energy, considerable progress can be made
towards answering these questions. It may then become feasible to develop a gene probe
to determine if VC oxidizers are present in field samples, in much the same manner that
16S rDNA gene probes are used to detect Dehalococcoides spp. (32). If the phylogeny of
the microbes responsible is not sufficiently unique to justify use of a 16S rDNA gene
probe, it may still be possible to develop a gene probe based on a gene that is unique to
anaerobic metabolism of VC. Development of such a tool would greatly improve the
prospects for documenting natural attenuation when anaerobic VC bio-oxidation is
occurring and for determining how widespread VC oxidizing microbes are. Obtaining an
isolate will make it possible to study the pathway for anaerobic VC metabolism. In
addition, it will be possible to determine if a microbe that grows anaerobically on VC as a
sole substrate can also mineralize cDCE (14) and ethene (9).
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1.3 Anaerobic Bio-Oxidation of Ethene
Bio-oxidation of ethene is another possible explanation for the lack of mass
balances in groundwater contaminated with PCE and TCE.

It is conceivable, for

example, that PCE and TCE undergo complete reduction to ethene, which then undergoes
anaerobic oxidation at a fast enough rate to preclude detection of ethene. For this
scenario to be plausible, evidence is needed in support of anaerobic bio-oxidation of
ethene. To date, the evidence is limited to several studies.
Bradley and Chapelle (9) first demonstrated bio-oxidation of ethene under sulfate
reducing conditions. During their study, reduction of ethene to ethane did not occur, nor
did methanogenesis. The recovery of 14CO2 was 84% in live treatments versus only 8%
loss of [14C]ethene in the autoclaved controls. Sulfate decreased in parallel with
consumption of VC, indicating it served as the electron acceptor. No attempt was made
to identify acetate as an intermediate. Therefore, Figure 1.1 shows a direct pathway for
ethene oxidation. Enrichment and/or isolation of the microbe responsible for ethene
oxidation has not been reported.
Additional evidence for anaerobic biodegradation of ethene recently came from
Elizabeth Edwards laboratory at the University of Toronto. Edwards and colleagues were
evaluating the process of ethene reduction to ethane, with the intent of determining the
stable carbon isotope signature. Knowing this signature will provide a way to determine
if ethane in groundwater is formed from reduction of ethene or from another process.
Using microcosms developed in Freedman’s laboratory that were prepared with wetland
samples from the Savannah River Site, T. Johnson (a Masters student in Edward’s
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laboratory) enriched for reduction of ethene to ethane (since relatively high
concentrations are needed for stable isotope analysis) by providing the microcosms with
increasingly higher doses of ethene (37). Lactate was provided as the electron donor.
When the headspace concentration of ethene was increased to 1%, the ethene
consumption continued but no ethene was accumulated.

The high concentration of

ethene inhibited methanogenesis (46), but did not stop it. Johnson (37) was able to obtain
a stoichiometric amount of methane formation from ethene, indicating ethene was likely
undergoing oxidation or fermentation to products that were then used as substrates by
methanogens. Nevertheless, 14C-labeled material was not used, so the intermediates were
not identified. Attempts to maintain the ethene oxidizing culture by successive transfers
in mineral medium have not yet been successful (personal communication, Edwards to
Freedman).
Koene-Cottaar and Schraa (38) also evaluated reduction of ethene to ethane in a
hydrogen-consuming methanogenic enrichment culture. When the microcosm headspace
concentration reached 0.8% (approximately 90 µmol/L in the liquid phase), the formation
of ethane production was completely inhibited and methane production was reduced by
85%.

The consumption of ethene at high headspace concentrations was linked to

possible sulfate-reduction or oxidative products that support methanogenesis (37).
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C-

labeled material was not used and intermediates products were not identified, nor were
the microbes responsible.
In summary, the state of knowledge with regard to anaerobic oxidation is not
sufficiently advanced to permit detection of this process in situ. As with anaerobic
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oxidation of VC, evidence supporting the occurrence of this process exists, but many
questions about the process remain. Once a stable enrichment culture or isolate is
obtained, it would be of interest to determine if the microbes responsible for anaerobic
oxidation of ethene also exhibit activity on VC, either as a growth substrate or
cometabolically.
1.4 Aerobic Oxidation of VC
Another potential explanation for the apparent disappearance of daughter products
from reductive dechlorination of PCE and TCE is aerobic biodegradation of VC, but at
levels that are too low to be accurately measured in the field (approximately 0.5 mg/L).
This type of explanation was offered by Gossett (27), based on microcosm studies
conducted at oxygen levels close to the quantification limit using a thermal conductivity
detector (approximately 0.1 mg/L). At the edge of contaminant plumes, oxygen may be
present at low enough concentrations to elude detection, but may be high enough to
support the growth of aerobic VC oxidizers. Practitioners may regard this groundwater
as anaerobic, even though oxygen may be present at a high enough level to support VC
biodegradation. Coleman et al. (16) measured half saturation constants for oxygen for
various microbes that grow on VC; the values were effectively zero for most, indicating
that these microbes have such a high affinity for oxygen that they take it up until it is
close to or below detection.
The ability of microbes to use VC as a sole source of carbon and energy to
support growth has been known for quite some time. Hartmans et al. (28) were the first
to characterize this process. An increasing number of microbes have been isolated that

16

grow aerobically on VC. Most of the isolates obtained are Mycobacterium (16, 50),
although strains of Nocardioides (16, 50) and Pseudomonas (50) have also been isolated.
The pathway for catabolism has been proposed and it shares considerable overlap with
the pathway for metabolism of ethene (Figure 1.2). With both compounds, the first step
involves insertion of an oxygen atom from O2 via an alkene monooxygenase, forming an
epoxide.

Through a series of additional reactions (including the involvement of

coenzyme M), the evidence suggests that acetyl coenzyme A is formed, a central
intermediate in metabolic processes.
Since an oxygenase is required to initiate aerobic oxidation of VC, oxygen must
be available as a reactant. However, since the output of the pathway is acetyl coenzyme
A, it is conceivable that an electron acceptor other than oxygen can serve this purpose,
such as nitrate. Substitution of nitrate for oxygen as the electron acceptor would decrease
the amount of oxygen required for growth on VC. A similar scenario was investigated by
Grady and colleagues (19) for biodegradation of aromatic compounds in activated sludge
systems that are cycled between aerobic and nitrate-reducing environments.

In the

anoxic reactor, nitrate is present in excess but low levels of oxygen enter the reactor,
creating the potential for oxygen to function in aromatic oxygenases and nitrate to serve
as the electron acceptor.
1.5 Research Objectives
The research presented in this thesis was designed to address several of the issues
discussed above, for the ultimate purpose of improving the methods needed to document
the fate of VC and ethene in situ. This in turn will permit a better explanation for the
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apparent lack of mass balances that are often observed with PCE and TCE when they
undergo reductive dechlorination. The specific objectives of this thesis are listed below,
along with a summary of the motivation behind the objective.
Objective #1: To document in microcosms the anaerobic oxidation of VC, using
groundwater from a hazardous waste site where the field evidence suggests that biooxidation is occurring. If this is accomplished, samples from the microcosms will be
used to enrich for the microbes responsible, as a prelude to isolation.
Although other researchers have reported anaerobic oxidation of VC, there is a
critical need to characterize the microbes responsible, which may then lead to
development of tools to detect this process in situ.
Objective #2: To document in microcosms the anaerobic oxidation of ethene, using
uncontaminated soil as a source of inoculum, under a variety of anaerobic
conditions. If this is accomplished, samples from the microcosms will be used to
enrich for the microbes responsible, as a prelude to isolation.
As with VC, other researchers have reported anaerobic oxidation of ethene.
Nevertheless, there is a critical need to characterize the microbes responsible, which
may then lead to development of tools to detect this process in situ. It will also
permit determination if anaerobic ethene oxidizers can also oxidize VC.
Objective #3: To determine if microbes subjected to anaerobic conditions for longer
than one year are then able to aerobically oxidize VC.
Although microbes that grow aerobically with VC at very low levels of oxygen have
been identified in numerous locations, it is not yet known if microbes in soil exposed
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to anaerobic conditions for extended periods can then switch to aerobic
biodegradation of VC, as may occur on the fringes of plumes that were formerly
anaerobic.
Objective #4: To determine if nitrate can replace oxygen as a terminal electron
acceptor under oxygen-limited conditions that still permit the use of oxygen as a
reactant for the alkene monooxygenase.
Substitution of nitrate for oxygen as the electron acceptor would further decrease the
oxygen needed for VC metabolism, thereby allowing VC oxidation to occur with an
even lower stoichiometric requirement than when oxygen is used both as a reactant
and the terminal electron acceptor.

19

CHAPTER TWO
2.0 MATERIALS AND METHODS
The main focus for the research described in this thesis was to develop
enrichment cultures capable of anaerobically oxidizing VC and ethene. The research is
an extension of the previous efforts made by High (34), although her focus was limited to
VC. Microcosms and enrichment cultures were developed with soil and/or groundwater
from several sites contaminated with chlorinated ethenes and from one site with no prior
exposure to any contaminants.
The purpose of this chapter is to describe the procedures used to construct and
monitor the microcosms and enrichment cultures. This includes the chemicals and media
that were used, the experimental designs used to evaluate anaerobic oxidation of VC and
ethene, the methods used to prepare microcosms, and the analytical and radiochemical
methods used for monitoring.
2.1 Chemicals
The sources and purity of gases used in this research were: VC (Fluka; >99.5%);
ethene (National Specialty Gases; 99.999%); hydrogen (National Specialty Gases;
>99.99%); ethane (Matheson; 99.995%) and methane (Matheson; 99.999%).
[14C]VC (97.4% radiochemical purity, 1.4 mCi/mmol, dissolved in toluene with
0.1% p-methoxyphenol) was obtained from Perkin Elmer Life Sciences. [14C]ethene was
created by adding [14C]VC (along with toluene) to an enrichment culture that
chlororespires chlorinated ethenes to ethene (21). After a few days of incubation, the
[14C]VC was converted to [14C]ethene (confirmed by GC analysis; see below). The
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methods used to added [14C]VC and [14C]ethene to serum bottles are described in section
2.7.1.
Amorphic Fe(III) oxide was made by adding 8 M NaOH to a 40 mM solution of
FeCl3 until the pH reached 7. The solution was then allowed to settle in the beaker,
followed by subsequent centrifugation (Evolution RC, Sorvall®) for 15 min at 10,000
rpm (in 150 mL centrifuge tubes) and rinsing with distilled deionized (DDI) water (three
times) to remove the majority of the chloride, giving an Fe(III) concentration of
approximately 200 mM (15, 41). Amorphic manganese(IV) was made by slowly adding
equal parts of a 30 mM MnCl2 solution to a 20 mM KMnO4 solution, while being stirred
with a magnetic stir bar (41). The mixture was then allowed to settle in the beaker before
being centrifuged (Evolution RC, Sorvall®) for 15 min at 10,000 rpm (in 150 mL
centrifuge tubes). It was subsequently triple rinsed with DDI water in order to remove
the majority of the chloride, providing approximately 15 mM Mn(IV) as poorly
crystalline MnO2.
EDTA-Fe(III) (13% iron) was obtained from J.T. Baker. Anthraquinone-2,6disulfonic acid (AQDS), disodium salt (>99%) was obtained from Pfaltz and Bauer.
Sodium sulfate (99.8%) was obtained from Fisher Scientific. Sodium nitrate (99.0%)
was obtained from Sigma. Resazurin (7-Hydroxy-3H-phenoxazin-3-one-10-oxide) (dye
content

approximately

80%)

was

obtained

from

Sigma-Aldrich.

Ethylenedinitrilotetraacetic (EDTA) acid, disodium salt was obtained from EMD (ACS
grade). Technical grade yeast extract was obtained from Difco. Ferric citrate (purified)
was obtained from Spectrum. L-asparagine monohydrate (98+%) was obtained from
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Alfa Aesar. D-glucose (ACS grade) was obtained from Mallincokrodt. Copper(II) oxide
(ACS grade) was obtained from Alfa Aesar.
All other chemicals used were of reagent grade or an equivalent purity.
2.2 Media
A number of microcosms were prepared with various types of media rather than
groundwater. Seven types of media were used, depending on the desired treatment or
enrichment culture. The components of each medium are in Table 2.1; the protocols to
prepare the media are presented in Appendix A. A brief description of each medium
follows. The amount of terminal electron acceptor shown in Table 2.1 is based on the
amount initially added; in some cases, more was added at a later time, as will be
described in the Results.
For treatments that used oxygen and/or nitrate as the terminal electron acceptor,
the phosphate-buffered media described by Hartmans et al. (29) was used, with the
following modification. Sodium nitrate was added as needed to a concentration of 2.1
mg N/L, providing an electron accepting capacity of 6.07 mg/L of chemical oxygen
demand (COD).
For treatments that were designed to enrich for iron-reducing conditions, the
bicarbonate and phosphate-buffered media described by Lovely and Phillips (41) was
used. Two types were prepared: Type #1 and Type #2. Type #1 was prepared identically
to Lovely and Phillips (41).

For type #2, two modifications were made:

The

concentration of MgSO4·7H2O was decreased, to lower the amount of sulfate and thereby
reduce the chances of developing sulfate reducing conditions; and the amount of
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MgCl2·6H2O was increased to maintain the same concentration of magnesium. For both
types of iron-reducing media, treatments received equimolar amounts of Fe either as
Fe(III) or as Fe(III)-EDTA. Acetate was added as the primary electron donor. Yeast
extract was present to provide growth factors and may have also contributed as an
electron donor. The ratio of total potential electron donor to electron acceptor was 468
mg COD/mg COD.
For treatments that were designed to enrich for sulfate-reducing conditions, the
bicarbonate and phosphate-buffered media described by Freedman et al. (23) was used.
Sodium sulfide was used as a reductant. Yeast extract was provided as a source of
growth factor but may have also been available as an electron donor, resulting in an
electron donor to electron acceptor ratio of 12.2 mg COD/mg COD.
Two types of phosphate-buffered fermentative media were used, as previously
described by Hata et al. (30, 31). Glucose was provided the primary electron donor to
one type, along with an unusually high amount of yeast extract. The other medium
received the same amount of glucose along with high amounts of L-asparagine and ferric
citrate, but no yeast extract. Both had notably high levels of COD in comparison to the
other media.
The chlororespiring culture used to convert [14C]VC to [14C]ethene was grown in
an anaerobic mineral salts medium (MSM), as previously described by Eaddy (21). It is
a phosphate and bicarbonate-buffered medium, with iron sulfides serving as a reductant.
Resazurin was added to all of the media to serve as a redox indicator.
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2.3 Evaluation of VC oxidation
Anaerobic oxidation of VC was evaluated in microcosms prepared with first flush
groundwater samples obtained from a hazardous waste site in California, identified as
Site #7 (Figure 2.1). The site numbering is a continuation of six previous sites from
which samples were obtained and evaluated by High (2008). Set numbers (I, II, and III)
refer to the time when the microcosms were prepared, i.e., all bottles within a given set
number were prepared at the same time. The letters (A and B) refer to the location of the
groundwater used (i.e., to designate different wells). Based on apparent bio-oxidation of
VC in several of the microcosms, enrichments were prepared by transferring aliquots of
the microcosms to fresh groundwater. The microcosms and enrichments are summarized
in Table 2.2; both are described below.
2.3.1 Microcosms
Six sets of microcosms were prepared using first flush groundwater from four
locations at Site #7. The core site for this research objective is shown in Figure 2.1
which contains a plan view of the site from which groundwater was acquired (Site #7).
This groundwater was used for the research for anaerobic oxidation of VC because
oxidative activity had previously been observed at this site.
All were prepared in 160 mL serum bottles and 100 mL of first-flush
groundwater. Set I was prepared with groundwater from wells E-14A and TW-4A. The
groundwater from well E-14A contained low levels of TCE (0.16 mg/L) and cDCE (0.75
mg/L) but no detectable level of VC (averages calculated based on unamended bottles at
time zero). The groundwater from well TW-4A also contained low levels of TCE (0.11
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mg/L) and cDCE (0.33 mg/L) and no VC (averages calculated based on unamended
bottles at time zero). Due to the limited amount of groundwater available, ten treatments
were prepared for each groundwater containing duplicates per treatment:
1) an autoclaved control (only one bottle), to account for abiotic losses;
2) addition of oxygen, to serve as a positive control;
3) no amendments, to simulate as-is conditions;
4) addition of nitrate, to stimulate denitrifying conditions;
5) addition of amorphous Fe(III), to stimulate iron-reducing conditions;
6) addition of EDTA-Fe(III), also to stimulate iron-reducing conditions;
7) addition of amorphous Mn(IV), to stimulate manganese-reducing conditions;
8) addition of AQDS, to serve as a surrogate for humic acids;
9) addition of sulfate, to stimulate sulfate-reducing conditions; and
10) addition of glucose, to stimulate fermentative conditions.
Set II microcosms were prepared with groundwater from wells IP-05 and IP-07,
which are downgradient of E-14A and TW-4A. The groundwater from well IP-05
contained low levels of TCE (0.01 mg/L) and cDCE (0.18 mg/L), but no VC (averages
based on unamended bottles at time zero).

The groundwater from well IP-07 also

contained low levels of TCE (0.07 mg/L), and cDCE (0.65 mg/L) and no VC (averages
based on unamended bottles at time zero). The same treatments listed above for Set I-A
were prepared for Set I-B, in duplicate (except for only one autoclaved control).
Based on apparent VC oxidative activity in several of the Set I-A unamended
microcosms, additional groundwater (also first flush) was requested and received from
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well E-14A. This new sample was used to prepare the Set III microcosms, which
contained low levels of TCE (0.11 mg/L), cDCE (0.56 mg/L), and VC (0.002 mg/L)
(averages based on the unamended bottles at time zero). For Set III, only unamended
microcosms were prepared, since apparent activity in the Set I-A microcosms occurred
only in the unamended treatment. Four of the bottles (i.e., Set III-A) were prepared by
purging the headspace with N2, as described in section 2.8. Two of the bottles (i.e., Set
III-B) were purged with N2 by inserting a canula into the groundwater, with the intent of
removing any dissolved oxygen that may have persisted following preparation of the
bottles in the anaerobic chamber. Purging the groundwater stripped out the cDCE and
TCE, so that only VC was present at time zero (Table 2.2).
2.3.2 Enrichments
As will be shown in the Results section, there was a rapid decrease in VC without
a concurrent increase in ethene or ethane in one of the Site #7, Set I-A microcosms. This
was suggestive of anaerobic oxidation of VC. To evaluate this activity further, aliquots
from the active microcosm (1 mL each) were used to inoculate fresh groundwater (19 mL
of E-14A), in 75 mL serum bottles. Two live treatments were prepared along with a
water control, each in duplicate. One of the live treatments received unlabeled VC, the
other received unlabeled VC plus [14C]VC. The third treatment consisted of duplicate
water controls, containing 20 mL/bottle of DDI water and unlabeled VC plus [14C]VC.
The intent of using [14C]VC was to enable detection of 14CO2 as a product. The intent of
having a live treatment with unlabeled VC but without [14C]VC was to determine if the
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method of adding [14C]VC (see below) might interfere with the apparent oxidative
activity.
[14C]VC was added to these enrichment bottles using a procedure similar to the
one described by Cline (15). [14C]VC was purchased dissolved in toluene. Separation of
the VC and toluene was achieved on a stainless steel column (3.2 mm by 2.33 m) packed
with 1% SP-1000 on 60/80 Carbopack B (Supelco, Inc.). The column and injector were
both held at 200°C and the N2 carrier was set at approximately 35 mL/min. Effluent from
the column was routed through a 4-port valve out of the GC oven (rather than going to
the detector) through stainless steel tubing (1.59 mm inside diameter), connected to a
needle (22 gauge) at the end. During the time when VC eluted (0.55-1.15 min at a
column temperature of 200°C), the needle was injected into an enrichment (Table 2.2 and
2.3). The next addition of stock solution was not made for approximately one hour, to
allow the comparatively large amount of toluene to elute from the column. This method
resulted in addition of approximately 0.41 µCi per bottle (9.1E5 disintegrations per
minute, or dpm), a level that was sufficiently high to allow for detection of low levels of
potential transformation products, including 14CO2 (see section 2.10).
Addition of [14C]VC to the enrichment bottles increased the total amount
of VC by approximately 0.1 µmol per bottle, which was minor relative to the amount of
unlabeled VC added (2.0 µmol/bottle; Table 2.2). The amount of

14

C label added was

measured by counting the activity in a headspace sample (0.5 mL) and liquid sample (100
μL) immediately after [14C]VC addition (see section 2.10).
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2.4 Evaluation of Ethene Oxidation
The microcosms and enrichments used to evaluate anaerobic oxidation of ethene
are summarized in Table 2.4. The same system of identification described above for
evaluation of VC oxidation is used. Thus, two additional sites are introduced, #8 and #9.
Ethene oxidation was also evaluated in enrichments; both are described below.
2.4.1 Microcosms
Site #8 soil came from a flower bed outside of the L. G. Rich Environmental
Research Laboratory in Anderson, SC. There is no record of prior contamination of the
soil with chlorinated organic compounds. Sets I and II were prepared at different times,
with different soil samples, and were therefore given different set numbers. Both sets
were prepared with media rather than groundwater. For Set I, triplicates of the following
treatments were prepared (in the media listed in Table 2.1):
1) autoclaved controls, to account for abiotic losses, prepared with the O2/NO3medium;
2) addition of oxygen (to serve as a positive control) along with the O2/NO3medium;
3) addition of nitrate, to stimulate denitrifying conditions, along with the
O2/NO3- medium;
4) addition of amorphous Fe(III), to stimulate iron-reducing conditions, along
with the Fe(III)-1 medium;
5) addition of EDTA-Fe(III), also to stimulate iron-reducing conditions, along
with the Fe(III)-2 medium;
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6) addition of sulfate, to stimulate sulfate-reducing conditions, along with the
sulfate medium;
7) addition of glucose, to stimulate fermentative conditions, along with the
glucose medium; and
8) addition of glucose, L-asparagine, and ferric citrate (GLF), to stimulate
fermentative and iron-reducing conditions, along with the GLF medium.
For Set II, the same eight treatments listed above for Set I were prepared, plus
three additional treatments (also in triplicate):
1) addition of oxygen and VC instead of ethene, to test for aerobic VC biooxidation, prepared with the O2/NO3- medium;
2) unamended, to simulate as-is conditions, prepared with the O2/NO3- medium;
and
3) addition of amorphous Fe(III) and VC instead of ethene, to test for VC biooxidation under iron-reducing conditions, prepared with the Fe(III)-1 medium.
Site #9 consisted of two microcosms that were inherited from a previous project
(21). The soil and groundwater was obtained from the Twin Lakes area at the Savannah
River Site, where a groundwater plume contaminated with TCE discharges to a wetland
and undergoes in situ reductive dechlorination to ethene and ethane. In the course of the
research for this thesis, the microcosms were provided with increasing amounts of ethene
and sulfate, in an attempt to transition from reduction of ethene to ethane to anaerobic
oxidation of ethene.
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[14C]ethene was added to several of the Site #8, Set II microcosms. Since a
source of [14C]ethene was not available, it was generated by adding [ 14C]VC to an
enrichment culture that chlororespires chlorinated ethenes (including VC) to ethene (21).
The [14C]VC was added along with the toluene; preliminary tests with the enrichment
culture indicated that the amount of toluene added would not interfere with reductive
dechlorination of VC to ethene. The 160 mL serum bottles receiving the [ 14C]VC +
toluene are hereafter referred to as production bottles.
Five production bottles (labeled #4-8; see section 2.4.2 for a description of bottles
#1-3) were developed for addition of labeled material to the microcosms for Site #8, Set
II. The distribution of labeled material from each production bottle to each target bottle
is shown in Table 2.3. Production bottles #4 and #5 were started approximately two
months prior to #6-8. Due to losses in [14C]VC from the stock solution during storage,
14

C activity in the production bottles #4 and #5 was approximately 40% greater, and

therefore, were used more frequently. The production bottles contained 140 mL of the
enrichment culture and received two additions of 6 µL of the [14C]VC stock solution, 12
µmol of unlabeled VC (three additions of 4 µmol), and sodium lactate (the electron donor
used for this culture). This amount of

14

C added provided approximately 0.90 µCi per

bottle; the nominal concentration of toluene was 74 mg/L (i.e., assuming all 12 µL was
dissolved in the aqueous phase). GC analysis of the headspace was used to determine
when all of the VC added was converted to ethene. The production bottles were then
moved to an anaerobic chamber along with the appropriate Site #8, Set II bottles and
water controls, which received [14C]ethene at the same time (see section 2.7.4).
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[14C]ethene was added by transferring 5 mL of headspace (using a 10 mL Pressure Lok
syringe) from a production bottle to a microcosm. After allowing the aqueous and
headspace phases in the production bottles to reestablish equilibrium, another 5 mL of
headspace was transferred to a water control. Addition of [14C]ethene to a microcosm or
water control (i.e., the target bottles) increased the amount of ethene by approximately
0.38-0.42 µmol per bottle.

The actual amount of

14

C labeled material added was

determined by counting the activity in a headspace sample (1.0 mL) and liquid sample
(0.1 mL) immediately after [14C]ethene addition (see section 2.10). The approximate
amount of toluene transferred from the production bottle to the microcosms was 0.350.51 µmol/bottle, or an aqueous phase concentration of 0.43 to 0.62 mg/L when taking
partitioning between the headspace and liquid phases into account.
2.4.2 Enrichments
As shown in Table 2.4, three types of enrichments were developed. The first
made use of inocula from nine of the Site #8 microcosms that exhibited potential
anaerobic oxidative activity (i.e., based on a decrease on ethene without a commensurate
increase in ethane): the treatments with Fe(III) added, Fe(III)-EDTA added, and sulfate
added (each with triplicate bottles).

Each enrichment bottle received 2 mL of the

soil/medium mixture from the corresponding microcosm plus media for that treatment
(Table 2.1), for a total of 100 mL.
The second group of enrichments made use of inocula from two of the Site #9
microcosms that exhibited potential anaerobic oxidative activity. Two bottles received
inoculum from one of the Site #9 microcosms and the other two bottles received
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inoculum from the other microcosm, for a total of four enrichment bottles.

Each

enrichment bottle received 1 mL from a microcosm plus 99 mL of the sulfate-reducing
medium (Table 2.1). After several weeks of incubation, all four bottles were spiked with
[14C]ethene from three production bottles (#1-3; Table 2.3) containing 140 mL of the
enrichment culture. The method of preparing [14C]ethene in these production bottles
differed from what is described in section 2.4.1, as follows. Rather than adding [ 14C]VC
directly to the production bottles, the stock solution was added as described in section
2.3.2, i.e., following separation of 10 µL of the [14C]VC and toluene mixture on a GC.
This provided approximately 0.81 µCi to each production bottle (without toluene
present). Prior to adding gaseous [14C]VC to the production bottles, 9 mL of headspace
was withdrawn (using a 10 mL Pressure Lok syringe) to avoid over-pressurizing them
when the gaseous [14C]VC was injected; over-pressurization may have increased the rate
of diffusive loss of volatile compounds. After adding the [14C]VC, 12 µmol of unlabeled
VC (three additions of 4 µmol) was added along with sodium lactate (the electron donor
used for this culture). [14C]VC was then reductively dechlorinated to [14C]ethene in the
production bottles (without toluene present) in three days; this was confirmed by
analyzing the headspace of the bottle on the GC. The three production bottles were then
moved to an anaerobic chamber along with the four enrichment bottles.

Prior to

transfering [14C]ethene from the production bottles, 9 mL of headspace was removed
from the enrichment bottles. Each enrichment bottle then received 3 mL of headspace
from each of the three production bottles, for a total of 9 mL (Table 2.3). The amount of
14

C label added to the enrichment bottles was established by counting the activity in a
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headspace sample (1.0 mL) and liquid sample (0.1 mL) immediately after the [14C]ethene
addition (see section 2.10).
The third group of enrichments were inoculated with samples from microcosms
prepared as part of another project (33). Soil and groundwater for the microcosms came
from a hazardous waste site where part of a plume of chlorinated ethenes discharges to a
wetland where reductive dechlorination to ethene and ethane occurs (similar to the
Savannah River Site Twin Lakes wetland).

This behavior was replicated in the

microcosms, with high rates of ethene reduction to ethane. Six enrichment bottles were
made using the microcosms as inoculum (Table 2.1). The bottles received 25 mL from
the microcosms and 25 mL of MSM; no other amendments were added. In order to keep
the headspace and liquid ratios the same as in the microcosms, glass beads were added in
order to displace the same volume occupied by the soil in the microcosms (approximately
11 mL). This made it possible to use the same GC response factors that were used for the
microcosms to quantify the amount of volatiles present in the enrichment bottles. After
several weeks of incubation, [14C]ethene was added to three of the bottles using the same
approach described in section 2.4.1, i.e., using production bottles that received the
[14C]VC dissolved in toluene. Production bottles #4 and #5 were used for this purpose
because they had the highest 14C activity at the time (See Table 2.3). The actual amount
of

14

C labeled material added was established by counting the activity in a headspace

sample (1.0 mL) and liquid sample (0.1 mL) immediately after [14C]ethene addition (see
“Analysis of

14

C-Labeled Compounds,” section 2.10).

The approximate amount of

toluene transferred from the production bottle to the microcosms was 0.35 to 0.51
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µmol/bottle, or an aqueous phase concentration of 0.43 to 0.62 mg/L when taking
partitioning between the headspace and liquid phases into account.
2.5 Evaluation of Aerobic VC Oxidation in Previously Anaerobic Microcosms
One of the objectives for this research was to evaluate if VC oxidation can occur
after microcosms have been subjected to anaerobic conditions for an extended incubation
period, i.e., approaching 1.7 years.

Aerobic oxidation of VC at the fringes of an

anaerobic plume is one possible explanation for the lack of a mass balance in situ,
although the oxygen concentration may be too low to quantify in the field. To evaluate
this objective, 12 microcosms originally prepared and monitored by High (34) were used.
Each microcosm received 100 mL of first flush groundwater from Site #2, well #TGW092 plus 0.3 mL of VC, providing approximately 12 µmol/bottle (or an aqueous phase
concentration of 5.1 mg/L). Varying amounts of oxygen were added and the effect on
VC was monitored during 288 additional days of incubation.
2.6 Evaluation of VC Oxidation with Oxygen Plus Nitrate
Another objective for this research, related to the one summarized above, was to
evaluate if nitrate could replace oxygen as the terminal electron acceptor, when oxygen
was still used as a reactant for the monooxygenase that initiates catabolism under aerobic
conditions.

Such a combination of oxygen as a catabolic reactant and nitrate as a

terminal electron acceptor would reduce the amount of oxygen needed for VC oxidation.
To evaluate this objective, 12 enrichment bottles were prepared with inoculum from one
Site #7, Set I-A microcosm and two Site #7, Set-B microcosms (Table 2.2) that received
oxygen (to serve as a positive control). VC was rapidly consumed in both microcosms.
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Samples from both microcosms were used to inoculate three serum bottles (1.5% v/v)
along with the O2/NO3- medium (Table 2.1). These were provided with repeat additions
of VC under aerobic conditions, with the intent of enriching for aerobic oxidation of VC.
Next, the contents of these three bottles were mixed and aliquots were used to prepare 12
new bottles (also at 1.5% v/v inoculum, with the same medium), consisting of four
treatments (in triplicate):
1) VC added (20 µmol/bottle) with an excess oxygen (81 µmol/bottle), to ensure
that aerobic conditions were maintained and to serve as a positive control for
VC oxidation;
2) VC added (20 µmol/bottle) with less the stoichiometric amount of oxygen
needed (16 µmol/bottle), to determine if VC oxidation would stop when
oxygen levels decreased close to or below detection;
3) VC added (20 µmol/bottle) with less the stoichiometric amount of oxygen
needed (16 µmol/bottle), plus an excess of nitrate added (38 µmol/bottle) to
replace oxygen as the te-rminal electron acceptor; and
4) Acetate (64 µmol/bottle) and nitrate added (96 µmol/bottle), to serve as a
positive control for the presence of denitrifying microbes (i.e., since acetate is
a common substrate for denitrification, while use of products from VC
oxidation have not been tested).
2.7 Nomenclature for Microcosms and Enrichments
The format used to name the microcosms and enrichment bottles was Xx-Y-y-Zz, where
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X=
o M if the bottle is a microcosm;
o E if the bottle is an enrichment;



x=
o 7 refers to Site #7 being the source;
o 8 refers to Site #8 being the source;
o 9 refers to Site #9 being the source;
o 10 refers to Site #10 being the source;



Y = refers to when the microcosm set was prepared (I, II, or III);



y = refers to location of the groundwater used within that set (A and B);



Z=
o AC for autoclaved control;
o O2 for oxygen treatment;
o O2/NO3 for the oxygen and nitrate treatment;
o UA for unamended treatment;
o NO3 for nitrate treatment;
o NO3/AC for the nitrate and acetate treatment;
o Fe(III) for iron(III) treatment;
o Fe(III)-EDTA for Fe(III)-EDTA treatment;
o Mn(IV) for Mn(IV) treatment;
o AQDS for AQDS treatment;
o SO4 for sulfate treatment;
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o G for glucose treatment;
o GLF for glucose, L-asparagine and ferric citrate treatment;
o MC for media control; and
o WC for water control.


z = bottle number (1, 2, 3,...n).

Consider the following examples: M8-II-Fe(III)-1 is a microcosm prepared with
samples from Site #8, Set II (there was only one location, so there is no “y” modifier),
with Fe(III) added as the terminal electron acceptor, and it is bottle #1. E7-I-UA-1 is an
enrichment bottle prepared with inoculum from the following microcosm: Site #7, Set IA, that was unamended, and it is enrichment bottle #1. E7-II-O2-2 is an enrichment
bottle prepared with inoculum from the following microcosm: Site #7, Set I-A and B,
amended with oxygen and it is enrichment bottle #1. The enrichments are from the same
set; however, they were prepared at different times and therefore, the former enrichment
(E7-I-UA-1) and the latter enrichment (E7-II-O2-2) have different set numbers.
2.8 Microcosm Preparation
Anaerobic microcosms were prepared in 160 mL serum bottles inside an
anaerobic chamber containing an atmosphere of approximately 1.5% hydrogen and
98.5% nitrogen. Two types of microcosms were constructed, depending on the sample:
1) with 100 mL of first-flush groundwater (Site #7); and
2) with 20 g of soil plus 50 mL of media (Sites #8 and #9).
Serum bottles were sterilized by autoclaving prior to adding the soil and/or liquid
phase (media or groundwater). After adding the soil and/or liquid phase, the microcosms
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were capped with either Teflon-faced red rubber septa or slotted gray butyl rubber septa
and aluminum crimp caps. Teflon-faced septa were used with Site #7 and #9 microcosms
(Tables 2.2 and 2.3), since the groundwater contained TCE and/or cDCE, which tend to
adsorb to gray butyl rubber septa (50). Gray butyl rubber septa were used with Site #8
microcosms; these septa are able to retain VC, ethene and other nonchlorinated gases for
incubation periods in excess of one year (50).
After capping, serum bottles were removed from the anaerobic chamber and the
headspace was purged with high purity nitrogen gas (passed through a buffered solution
of 20% titanium(III) chloride to remove trace levels of oxygen) at a flow of at least 850
mL/min for 10 min. Purging was repeated the following day. The intent of purging was
to remove the hydrogen that was present in the atmosphere of the anaerobic chamber and
hence the headspace of the microcosms. Removal of hydrogen was confirmed by GC
analysis of headspace samples (section 2.9.2) after the second purging event.

The

microcosms were incubated for an additional three days before adding VC or ethene.
Resazurin was added to the Site #7 microcosms (to serve as a redox indicator) only after
there was evidence of potential oxidative activity. It was added to all of the Site #8 and
#9 microcosms from the start. The amount added resulted in a concentration of 1 mg/L.
In the following sections, descriptions are provided for addition of VC and ethene,
the amounts of types of terminal electron acceptors added, and preparation of autoclaved
and water controls. After preparing the microcosms, they were incubated in an inverted
position (liquid and/or soil in contact with the septum) at room temperature (~22-24°C),
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shielded from light (in boxes), and inside the anaerobic chamber (to reduce the possibility
of oxygen diffusion through the septa).
2.8.1 Addition of VC and Ethene
In the groundwater samples that were received, VC levels were either below
detection or less than 0.1 mg/L. It was, therefore, necessary to add unlabeled VC to the
Site #7 microcosms. The amount of VC added (2 µmol/bottle; Table 2.2) resulted in an
aqueous phase concentration of 0.78 mg/L in the Site #7 microcosms. This was lower
than the concentration used in the previous microcosm study by High (34) but within the
range used by Bradley and Chapelle (7).
In the Site #8 soil samples that were collected, ethene levels were below
detection. It was, therefore, necessary to add unlabeled ethene. The amount of ethene
added (2 µmol/bottle; Table 2.4) was the same as VC, resulting in an aqueous phase
concentration of 0.073 mg/L in the Site #8 microcosms.

Although the initial

concentration was relatively low, the intent was to increase the amount added over time
until the concentration in the headspace reached approximately 1% (v/v) (resulting in an
aqueous phase concentration of 1.4 mg/L), which is the level at which Johnson (37)
observed anaerobic consumption of ethene without reduction to ethane. With the Site #9
microcosms, it was not necessary to add ethene, since a significant amount accumulated
via reductive dechlorination of chlorinated ethenes; ethene levels were monitored after
stopping the addition of the chlorinated compounds.
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2.8.2 Addition of Terminal Electron Acceptors for VC Oxidation
As shown in Table 2.2, four sets of the Site #7 microcosms were amended with
seven different terminal electron acceptors. The amount of electron acceptor added was
based on the number of electron equivalents (eeq) needed for stoichiometric oxidation of
the VC, ignoring cell synthesis. The total amount of VC assumed to undergo oxidation
was 2.6 µmol of VC per bottle, based on the 2.0 µmol added plus 0.6 µmol of cDCE per
bottle from the groundwater. It was assumed that the cDCE might undergo reductive
dechlorination to VC; the amount of TCE present was not high enough to be included in
the calculation. VC oxidation yields 10 micro-electron equivalents (µeeq) per µmol of
VC, or 26 µeeq/bottle from 2.6 µmol of VC.
Reduction of one mole of nitrate to nitrogen gas requires 5 eeq. To meet the
potential demand from 26 µeeq of VC, therefore, requires 5.2 µmol of nitrate per bottle.
This was provided by adding 0.5 mL of a 1.29 g/L stock solution (15.18 mM) of sodium
nitrate, or 7.6 µmol per bottle, resulting in a 46% excess of electron acceptor needed for
oxidation of the VC.
Reduction of one mole of Fe(III) to Fe(II) requires 1 eeq. To meet the potential
demand from 26 µeeq of VC per bottle, therefore, requires 26 µmol of Fe(III) per bottle.
This was provided by adding 0.2 mL of a 200 mM stock solution of amorphic Fe(III), or
40 µmol per bottle, resulting in a 53% excess of electron acceptor needed for oxidation of
the VC.
Reduction of one mole of EDTA-Fe(III) to Fe(II) also requires 1 eeq. To meet the
potential demand from 26 µeeq of VC, therefore, requires 26 µmol of Fe(III) per bottle.
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This was provided by adding 0.5 mL of a 29.4 g/L (80.1 mM) EDTA-Fe(III) stock
solution, or 40 µmol per bottle, resulting in a 53% excess of electron acceptor needed for
oxidation of the VC.
Reduction of one mole of Mn(IV) to Mn(II) requires 2 eeq. To meet the potential
demand from 26 µeeq of VC, therefore, requires 13 µmol of Mn(IV) per bottle. This was
provided by adding 1.3 mL of a 15 mM solution of MnO2, or 19.5 µmol per bottle,
resulting in a 50% excess of electron acceptor needed for oxidation of the VC.
Reduction of one mole of AQDS requires 2 eeq. To meet the potential demand
from 26 µeeq of VC, therefore, requires 13 µmol of AQDS per bottle. This was provided
by adding 0.5 mL of a 17.73 g/L stock solution (42.8 mM) of anthraquinone-2,6disulfonic acid, disodium salt, or 21.4 µmol per bottle, resulting in a 62% excess of
electron acceptor needed for oxidation of the VC.
Reduction of one mole of sulfate to sulfide requires 8 eeq. To meet the potential
demand from 26 µeeq of VC, therefore, requires 3.25 µmol of sulfate per bottle. This
was provided by adding 0.5 mL of a 1.35 g/L stock solution (9.51 mM) of sodium sulfate,
or 4.8 µmol per bottle, resulting in a 46% excess of electron acceptor needed for
oxidation of the VC.
With some of the microcosms, more VC was added soon after it was consumed.
At the same time, more terminal electron acceptor was also added, using the same
quantities of stock solutions described above. When VC levels were increased, the
amount of electron acceptor was increased or a more concentration stock solution was
made in order to keep the volume added the same. Addition of stock solutions to the
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bottles was offset by withdrawal of liquid for analysis of organic acids and/or anions (see
below), so that the total volume of liquid in the bottles was kept within 3 mL of the target
(i.e., 50 or 100 mL ).
2.8.3 Addition of Terminal Electron Acceptors for Ethene Oxidation
As shown in Table 2.4, terminal electron acceptors were added to the Site #8 and
#9 microcosms. The amount of electron acceptor added was based on the number of
electron equivalents (eeq) needed for stoichiometric oxidation of 2.0 µmol of ethene per
bottle, ignoring cell synthesis.

Ethene oxidation yields 12 µeeq per µmol, or 24

µeeq/bottle from 2.0 µmol of ethene.
Reduction of one mole of nitrate requires 5 eeq. To meet the potential demand
from 24 µeeq of ethene, therefore, requires 4.8 µmol of nitrate per bottle. This was
provided by adding 0.5 mL of a 1.29 g/L stock solution (15.18 mM) of sodium nitrate, or
7.6 µmol per bottle, resulting in a 58% excess of electron acceptor needed for oxidation
of the ethene.
Reduction of one mole of Fe(III) to Fe(II) requires 1 eeq. To meet the potential
demand from 24 µeeq of ethene, therefore, requires 24 µmol of Fe(III) per bottle. This
was provided by adding 0.2 mL of a 200 mM stock solution of amorphic Fe(III), or 40
µmol per bottle, resulting in a 67% excess of electron acceptor needed for oxidation of
the ethene.
Reduction of one mole of EDTA-Fe(III) to Fe(II) also requires 1 eeq. To meet the
potential demand from 24 µeeq of ethene, therefore, requires 24 µmol of Fe(III) per
bottle. This was provided by adding 0.5 mL of a 29.4 g/L (80.1 mM) EDTA-Fe(III)
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stock solution, or 40 µmol per bottle, resulting in a 66.7% excess of electron acceptor
needed for oxidation of the ethene.
Reduction of one mole of sulfate requires 8 eeq. To meet the potential demand
from 24 µeeq of ethene, therefore, requires 3 µmol of sulfate per bottle. This was
provided by adding 0.5 mL of a 1.35 g/L stock solution (9.51 mM) of sodium sulfate, or
4.8 µmol per bottle, resulting in a 60% excess of electron acceptor needed for oxidation
of the ethene.
With many of the microcosms, more ethene was added soon after it was
consumed. At the same time, more terminal electron acceptor was also added. Higher
concentration stock solutions of electron acceptors were used as the amount of ethene
added was increased. As with the VC microcosms, addition of electron acceptors was
offset by withdrawal of liquid samples for analysis of organic acids and/or anions, so that
the total liquid volume in the bottles was maintained within 3 mL of the target (i.e., 50
mL).
2.8.4 Preparation of Killed and Water Controls
Extensive data from High (34) and others have shown that abiotic losses of VC
and ethene from killed controls and water controls are minor, even for incubation periods
in excess of one year. For this reason, the experiments presented in this thesis did not
include a full complement of controls. Instead, controls were included for a subset of the
experiments, as shown in Tables 2.2 and 2.3.
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Killed controls were prepared by autoclaving serum bottles with the soil and/or
groundwater present at 121˚C for 70 min on three consecutive days. VC or ethene was
then added on the same day as it was to the live bottles.
Water controls for the E7-I enrichment cultures (Table 2.2) were prepared in the
anaerobic chamber by adding 19 mL of DDI water to duplicate serum bottles, followed
by 0.05 mL of neat VC gas (i.e., 2.0 µmol/bottle). Water controls were also prepared for
microcosms receiving [14C]ethene from Site #8, Set II. These controls were prepared in
the anaerobic chamber by adding 50 mL of DDI water to a serum bottles containing glass
beads that displaced the same volume of water as 20 g of soil. Next, 5 mL of headspace
from a [14C]ethene production bottle was added (see section 2.4.1 for a description of the
production bottles). All water controls were incubated inside of the anaerobic chamber,
at room temperature, in boxes to exclude light, and in an inverted position (liquid in
contact with the septum).
2.9 Analytical Methods
2.9.1 GC Headspace Analysis of Volatile Compounds
Volatile organic compounds (TCE, cDCE, VC, ethene, ethane and methane) were
monitored by headspace analysis using a Hewlett Packard Series II 5890 GC. The mass
of each compound present in a serum bottle was determined by analysis of a 0.5 mL
headspace sample, using a flame ionization detector (FID) in conjunction with a column
(3.2 mm by 2.33 m) packed with 1% SP-1000 on 60/80 Carbopack-B (Supelco, Inc.).
The carrier gas used was nitrogen at 30 mL/min. The same GC program described by
Freedman and Gossett (24) was used: 60°C for 2 minutes, ramp to 150°C at 20°C/min,
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ramp at 10°C/min to 200°C, hold for 10 minutes.

Depending on the number of

chlorinated compounds present, the run time was shortened accordingly (e.g., if only VC
was present, the program was stopped after 6.5 min).
On the Carbopack-B column with the method described above, methane, ethene
and ethane elute in less than one minute. When the levels of these compounds increased,
the peaks started to merge, making quantification more difficult. In these cases, methane,
ethene and ethane were separated by injection of a headspace sample onto a 100/120
Carbosieve S-II column (3.175 mm by 3.048 m; Supelco, Inc.) with nitrogen as the
carrier gas (30 mL/min). The column temperature was 200ºC isothermal for 30 min.
One drawback to using the Carbosieve column is it propensity to adsorb ethene (i.e.,
ethene is held on the column and then released so slowly that it is not detectable). To
compensate for this, it was necessary to prime the column. This consisted of injecting 8.0
mL of neat ethene onto the column at 200ºC, 12 h prior to a headspace analysis of
samples; overwhelming the column with ethene prevented it for adsorbing ethene from
the samples and thereby ensured a consistent response on the GC.
The GC response to a headspace sample was calibrated to give the total mass of
the compound (M) in that bottle. Assuming that the headspace and aqueous phases were
in equilibrium, the total mass present was then converted to an aqueous phase
concentration:

Cl 

M
Vl  Hc Vg
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(2.1)

where Cl = concentration in the aqueous phase (µM); M = total mass present
(µmol/bottle); Vl = volume of the liquid in the bottle (50 mL in microcosms with soil
present or 100 mL in microcosms or enrichments without soil present); Vg = volume of
the headspace in the bottle (99 mL in microcosms with soil present or 60 mL in
microcosms and enrichments without soil present); and Hc = Henry's constant
(dimensionless) at 23°C, obtained from (26) for TCE, cDCE and VC; from (25) for
ethene and ethane; from (48) for methane; and (39) for toluene.
Response factors were determined for microcosms with and without soil present.
For those without soil present, 100 mL of DDI water was added to four serum bottles.
Varying amounts of VC, ethene, ethane, and methane were added as neat gases. The
bottles were placed on a shaker table for at least one hour to allow the liquid and gas
phases to reach equilibrium. Headspace samples were injected onto the GC and the GC
responses were plotted against the total amount present in the bottles. Detection limits
ranged from 0.2 to 7.0 nmol/bottle, for ethane and cDCE, respectively. Response factors
are shown in Appendix B.
For microcosms with soil present, response factors were determined by adding 50
mL of DDI water to four serum bottles. To account for the volume displaced by soil
(10.5-11.5 mL), an equivalent volume of glass beads was added. As described above,
varying amounts of the compounds were then added, the bottles were equilibrated on a
shaker table, and headspace samples were analyzed. The detection limits ranged from 0.7
to 3.0 nmol/bottle, for ethane and methane, respectively. Response factors are shown in
Appendix B.
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2.9.2 GC Headspace Analysis of Oxygen and Hydrogen
Hydrogen and oxygen were monitored by headspace analysis using a Hewlett
Packard Series II 5890 GC equipped with a thermal conductivity detector (TCD) in
conjunction with a Carbosieve SII (Supelco, Inc.) stainless steel column (3.175 mm x
3.048 m). The carrier and reference gas used was nitrogen, at flow rates of 24 and 50
mL/min, respectively. The column temperature was held constant at 105°C and the
injector and detector temperatures were set to 200°C. The TCD sensitivity was set to
high. Before taking samples (0.5 mL/bottle), the syringe and needle were flushed three
times with high purity nitrogen gas, which was scrubbed of trace levels of oxygen by
bubbling it through a buffered solution of 20% titanium(III) chloride. Attention was
given to minimizing the time the syringe needle was exposed to room air before and after
taking the sample and injecting it onto the GC, to minimize diffusion of oxygen into the
void volume of the needle.
Nitrogen is not the preferred carrier gas for quantifying oxygen on a TCD, since
they have similar thermal conductivities. The use of nitrogen was mainly due to the high
percentage of nitrogen in the headspace of the microcosms, since they were purged with
nitrogen gas as part of the preparation protocol (section 2.8). If a carrier gas other than
nitrogen was used, it would have resulted in a large peak relative to oxygen, possibly
“overwhelming” the TCD.
The GC response to a headspace sample was calibrated to give the total mass of
the compound (M) in that bottle, as described for the volatile organic compounds.
Response factors were determined for two conditions: 1) with 100 mL of DDI water per
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bottle and (for Site #7 microcosms); and 2) with 11 mL glass beads and 50 mL DDI
water (for Site #8 microcosms). Serum bottles were purged with high purity nitrogen,
placed on a shaker table for 1 hour to allow the liquid and gas phases to reach
equilibrium, and analyzed to ensure that hydrogen and oxygen were below their detection
limits. Varying amounts of oxygen and hydrogen were then added using a 1.0 mL and
10.0 mL Pressure Lok syringe, and again placed on a shaker table (minimum of 1 h) to
allow the headspace and aqueous phases to reach equilibrium. GC responses were
plotted against the total amount present in the bottles. The detection limit for hydrogen
was 0.4 µmol/bottle. Response factors for hydrogen are shown in Appendix B.
The initial detection limit for oxygen was 5.3 µmol/bottle. This is relatively high,
when considering that 5.3 µmol of O2 is sufficient for oxidizing 2.12 µmol of VC when
ignoring cell synthesis, or twice that value when incorporating cell synthesis at a yield of
0.5 mg cell COD/mg VC COD. The difficulty in quantifying low levels of oxygen
stemmed in part from the inability of the integrator to quantify small peaks that were
clearly present. To achieve a lower quantification limit, manual quantification of peaks
was used based on peak heights for oxygen levels that extended below 5.3 µmol/bottle.
Using this approach, the quantification limit for oxygen was 2.0 µmol/bottle, based on a
minimum height of 1.0 mm. Response factors for oxygen are shown in Appendix B.
Taking into consideration the different methods used to evaluate oxygen, three
categories were developed to describe the outcome of each measurement:
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1)

Quantifiable, based on minimum peak area that was determined by the

integrator. As indicated above, this limit was 5.3 µmol/bottle. On graphs in the Results
section, this type of result is represented by a red arrow;
2) Quantifiable, based on minimum peak height of 1.0 mm. As indicated above,
this limit was 2.0 µmol/bottle. On graphs in the Results section, this type of result is
represented by a yellow arrow; and
3)

Below detection, meaning there was no visibly detectable peak on the

chromatogram. On graphs in the Results section, this type of result is represented by a
grey arrow.
To evaluate the validity of the third category, two microcosms were evaluated that
received high concentrations of glucose (M7-I-A). Based on the clear color of the
resazurin and the fact that both bottles produced considerable quantities of gas
(presumptively hydrogen), they were considered to be fully anaerobic, with essentially no
chance of oxygen being present in the headspace. Headspace samples were evaluated to
determine the potential false positive oxygen measurements, i.e., detection of oxygen
even when it was known that oxygen could not have been present. Both bottles were
analyzed twice. From the four chromatograms, no oxygen peak was detected, i.e., they
fell into the third category. This increased the level of confidence that oxygen results
rated as quantifiable were not a result of contamination, e.g., by diffusion of oxygen into
the needle.
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2.9.3 HPLC Analysis of Acetate
Acetate was quantified using a Waters 600E High Performance Liquid
Chromatograph (HPLC) system composed of an autosampler (Waters 717 plus), pumping
system (Waters 600), and a UV/Vis detector (Model 490E) set at 210 nm. A degassed
sulfuric acid eluent (0.01 N) was used with an Aminex® HPX-87H ion exclusion column
(300 mm x 7.8 mm; BioRad) at a flow rate of 0.6 mL/min. Samples (50 L) of settled
liquid from the microcosms were filtered (0.45 μm PTFE, NALGENE®) and injected
onto the Aminex column, using a sample volume of 50 μL. Response factors were
developed using standard solutions of sodium acetate. Representative response curves
are shown in Appendix C.
2.9.4 IC Analysis of Nitrate and Sulfate
Nitrate and sulfate were quantified using a Dionex DX-100 Ion Chromatograph
(IC) (Sunnyvale, CA). A degassed sodium carbonate/bicarbonate eluent (4.5 mM/0.8
mM, respectively) was used with an IonPac® AG11 guard column (AG11, 4 mm x 50
mm), followed by an IonPac® AS11 anion-exchange column (4 mm x 250 mm), at a
flow rate of 1.0 mL/min. Samples of settled liquid from the microcosms were filtered (
0.45 μm PTFE, NALGENE®) and injected onto the IonPac column, using a sample
volume of 25 μL. Response factors were developed using standard solutions of sodium
sulfate and sodium nitrate. Representative response curves are shown in Appendix D.
2.10 Analysis of 14C Compounds
The total amount of

14

C activity in a serum bottle at any given time was

determined by measuring the activity in a headspace sample (0.5 or 1.0 mL) and liquid
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sample (0.1 mL). Both samples were added to liquid scintillation vials containing 15 mL
of liquid scintillation cocktail (ScintiSafe PlusTM 50%, Fisher Scientific). The caps of the
scintillation vials were modified to permit direct injection of the samples into the vials,
thereby avoiding volatilization losses. The liner on the caps was removed and a 3 mm
hole was drilled in the center. A Teflon-faced red rubber septum was then placed inside
the cap and secured to the vial containing the cocktail. Headspace and liquid samples
were injected into the scintillation vial through the hole in the cap and the septum.
The

14

C activity measured (based on dpm) in the headspace and liquid samples

was used to calculate the total amount present in a microcosm:
Total dpm per microcosm = A•Vl + B•Vg

(2.2)

where A = dpm/mL in the liquid sample; Vl = volume of liquid (50 mL in microcosms
with soil present, 100 mL in microcosms or enrichments without soil); B = dpm/mL in
the headspace sample; and Vg = volume of headspace (99 mL in microcosms with soil
present, 60 mL in microcosms or enrichments without soil).
In order to determine the distribution of products formed from transformation of
[14C]ethene, the products present in the gas phase and the liquid phase were evaluated
using previously described methods (24)

14

C-labeled compounds in the gas phase were

quantified by analysis of headspace samples (0.5 mL or 1.0 mL, using a 1.0 mL Pressure
Lok syringe), using a GC/combustion technique. Briefly, this technique involved use of
the Carbopack or the Carbosieve column in the GC to separate volatile organic
compounds in the headspace (using the same GC conditions described above, including
priming the Carbosieve column with ethene); the column eluent was routed through a 4-
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port valve located in the GC oven to a quartz glass column (i.e., rather than the FID)
located outside the oven to a combustion tube in which the compounds were oxidized to
14

CO2 and then trapped in 3 mL of 0.5 M NaOH in a 10 mL glass test tube. Multiple test

tubes were used, corresponding to the elution times of the target compounds. For the
Carbosieve SII column, the trapping times were 0-3.6 min for background; 3.6-10 min for
methane; 10-13.5 min for CO2; 13.5-17 min for background; 17-21 min for ethene; 2123.6 min for background; 23.6-28 min for ethane; and 28-30 min for background.
Chlorinated ethenes such as VC do not elute through the Carbosieve SII column. The
NaOH in each tube was then transferred to LSC for counting. The glass combustion tube
(6.35 mm inside diameter by 381 mm) was filled with copper (II) oxide held at 800°C by
a tube furnace (21100 Tube Furnace, Thermolyne).
The total amount of

14

C activity in a serum bottle attributable to a volatile

compound (M) was calculated as follows:
M = Cg(Vg + Vl•Hc)
where Cg =

14

(2.3)

C activity in for a specific compound measured from the Carbopack or

Carbosieve column (dpm/mL); Vg = volume of the headspace in the bottle (99 mL in
microcosms with soil present, 60 mL in microcosms or enrichments without soil present);
Vl = volume of the liquid in the bottle (50 mL in microcosms with soil present, 100 mL in
microcosms or enrichments without soil present);

and Hc = Henry's constant

(dimensionless) at 23° (from Gossett (26) for VC; from (25) for ethene and ethane, and
(48) for methane).
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The efficiency of the combustion technique was determined by dividing the total
14

C activity in all fractions collected through the combustion tube by the total 14C activity

based on a direct count of a headspace sample (0.5 mL or 1.0 mL).
In order to measure the

14

C activity present in the aqueous phase, a modification

of the procedure described by Cline (15) was used. A 10 mL sample of well-mixed
liquid was removed from the microcosms using a glass syringe and transferred to a 40
mL test tube (referred to as the stripping chamber).

The stripping chamber was

connected to a second test tube (referred to as the trapping chamber) that contained 10
mL of 0.5 M NaOH. High purity nitrogen gas was sparged (50-60 mL/min) into the
stripping chamber through a porous glass diffuser and then through latex tubing into the
trapping chamber, where the gas was sparged through a glass filter stick (135 mm POR
C, Ace Glass, Inc.). Effluent from the trapping chamber was vented into an exhaust
hood. The contents of the stripping chamber was acidified by injecting 0.25 mL of 6 M
HCl through a small hole near the base of the test tube, which was covered with a gray
butyl rubber septum held in place by a hose clamp. Sparging continued for 30 min. The
low pH in the stripping chamber converted all carbonates to CO2, which was then
stripped by the N2 and carried over to the trapping chamber, where the high pH converted
CO2 to soluble carbonates. After sparging, the 14C activity in the stripping and trapping
chambers was measured by transferring a 2.0 mL sample of each chamber to 10 mL of
liquid scintillation cocktail. To verify that the

14

C activity in the trapping chamber was

due to CO2 and not some other compound, the CO2 was precipitated with barium and the
liquid was recounted. This was accomplished by adding 1.4 g of Ba(OH)2 to 8 mL from
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the trapping chamber. The contents were mixed on a vortex mixer and then centrifuged
(Evolution RC, Sorvall®) in 50 mL glass centrifuge tubes at 2500 rpm for 10-20 min.
The activity in a 2 mL sample of the centrate was evaluated in 10 mL liquid scintillation
cocktail. If the activity in the trapping chamber was due to CO2, the expectation was that
the centrate would contain little or no 14C activity, since it would have been removed in
the barium precipitate.
After completing analysis of the headspace and liquid samples, the total amount
of

14

C activity in a serum bottle was determined by summing together the activity of

individual volatile compounds (equation 2.3) with the activity from the striping chamber
(referred to as nonstrippable residue) and the trapping chamber (presumptively CO2).
This total was compared to the total present at the time of analysis using equation 2.2.
A WALLAC 1415 liquid scintillation counter was used to quantify

14

C activity.

Corrections for counting efficiency were made according to a quench curve (sample
spectral Quench Parameter-Eternal (i.e., SQP(E)) versus efficiency) after incubating them
overnight in the dark.
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CHAPTER THREE
3.0 RESULTS
Results are presented first for evaluation of VC oxidation in microcosms and
enrichments, followed by the evaluation of ethene oxidation in microcosms in
enrichments. Next, results are presented for the experiments to evaluate aerobic VC
oxidation in previously anaerobic microcosms and the evaluation of VC oxidation with
oxygen plus nitrate.
For all of the microcosm figures, results for volatile compounds are presented in
terms of µmol per bottle. This allows for a direct inspection of the stoichiometry of
reductive dechlorination of the chlorinated ethenes and reduction of ethene to ethane,
since the reductive process is equimolar. If a decrease occurred other than by reduction,
then some other process like oxidation may have been responsible and was further
investigated. Amounts per bottle may be related to the aqueous phase concentration
using equation 2.1. Tables are presented at the end of the text, followed by the figures.
3.1 Evaluation of VC Oxidation
Six subsets of microcosms were prepared with first-flush groundwater from Site
#7 along with one set of enrichments. Results are presented in the same order as they
appear in Table 2.2.
3.1.1 Site #7, Set I-A
This set of microcosms (M7-I-A) was prepared with 100 mL of first flush
groundwater from Site #7, well E-14A. The groundwater contained low amounts of TCE
and cDCE (i.e., 0.16 and 0.75 mg/L, respectively), to which VC was also added.
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Groundwater from this site arrived four weeks prior to microcosm construction and was
stored at 4°C during this period. The COD of groundwater from well E-14A was below
detection (10 mg/L), suggesting that there was little or no electron donor available for
reductive processes. The sulfate and nitrate concentrations were 264 mg/L and 7.1 mg as
N/L, respectively.
Results for a single autoclaved control microcosm are shown in Figure 3.1
(insufficient groundwater was available to prepare replicates of the autoclaved treatment).
Over 345 days of incubation, a loss of 19% was observed for VC.

Losses from

autoclaved controls typically represent abiotic processes such as adsorption and diffusion
through the septum. The low initial level of cDCE persisted throughout the incubation.
Results for the two microcosms amended with oxygen are shown in Figure 3.2.
Both consumed VC, although the rate in bottle #2 was considerably faster. Also, in bottle
#1 (Figure 3.2a), the rate of oxygen consumption was considerably higher than in #2.
The reason for this is not known, especially considering the low initial level of COD in
the groundwater. Resazurin was added to bottle #1 on day 99 and immediately turned
from blue to clear, indicating low redox conditions. This too was unexpected. Each time
oxygen was added, the resazurin would turn pink; however, as the oxygen was consumed,
the resazurin turned clear again. Also, a large negative peak (average of -30,000 ±
19,000 peak area units) eluted immediately after the oxygen peak, which had a retention
time of 3.69 min. The cause of this negative peak is not known. Once the large
unaccounted for oxygen demand was satisfied in bottle #1 around day 210, the rate of
oxygen consumption slowed and the rate of VC consumption increased. In both bottles,
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cDCE was consumed, suggesting possible aerobic cometabolic activity with VC serving
as the primary substrate (49).
Following 290 days of incubation of bottle #2 (Figure 3.2b), 16 µmol per bottle of
VC was consumed in conjunction with 88 µmol per bottle of oxygen being used as a
terminal electron acceptor. On day 92, 1.5 mL were removed to create an enrichment
culture (E7-II), which will be discussed in Section 3.4. Resazurin was added on day 99
to this microcosm as a redox indicator and remained blue or pink for the remainder of the
incubation time. A similar negative peak following elution of oxygen was observed at
3.69 min in this microcosm; however, the magnitude of the peak was smaller (average of
-2,200 ± 420 peak area units) and occurred four times.
Results for the three unamended microcosms are shown in Figure 3.3. Following
38 days of incubation in bottle #1A, VC was completely consumed with no
commensurate increase in ethene or ethane. Since the bottles were prepared under
anaerobic conditions, this activity was suggestive of anaerobic oxidation of VC.
Following the consumption of a second addition of VC in bottle #1A, 4.0 mL was
removed to construct enrichment bottles E7-I (see below) and was replaced with 4.0 mL
of groundwater (from well E-14A; Table 2.2). The third addition of VC was consumed
even more rapidly, also without ethene or ethane formation. Once the fourth addition of
VC was consumed by day 98, one half the volume of the microcosm was removed (50
mL) in order to start bottle #1B (Figure 3.3b); 50 mL of groundwater was added to both
bottles so that the total liquid volume was 100 mL. Up to this point, 15 µmol of VC was
consumed in bottle #1A.
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On day 98, in addition to adding VC, resazurin was added to bottle #1A. The
color of the groundwater turned pink, indicating the redox level was greater than -110
mV. A fifth addition of VC was rapidly consumed and the groundwater remained pink.
This suggested that leakage of oxygen into the bottle may have been responsible for
consumption of the VC.

Consistent with this concern, oxygen was monitored

periodically between days 36 and 163 and was found at levels above detection, mainly in
the range of 2.0-5.3 µmol/bottle (indicated by the yellow arrows in Figure 3.3a). The
highest oxygen level measured was 13 µmol on day 98 (indicated by the red arrow in
Figure 3.3a).
To address the possibility that oxygen was leaking into bottle #1A via the Teflonfaced septum, it was replaced on day 153 with a slotted grey butyl rubber septum and
more VC was added. On day 163 the color of the groundwater changed from pink to
clear in conjunction with the soil changing from an earthy tone to black (most likely due
to formation of iron sulfides), indicating lower redox conditions had developed.
However, during the remaining incubation period (192 days), the rate of VC consumption
decreased significantly, with most of the additional consumption occurring in the first 43
days after changing the septum.
As in bottle #1A, the first two additions of VC (totaling 3.2 µmol/bottle) were
rapidly consumed in bottle #1B, without accumulation of ethene or ethane. On day 36,
the septum was changed to slotted gray butyl rubber (corresponding to day 153 in bottle
#1A). The subsequent rate of VC consumption was much slower, corresponding to the
time when the resazurin turned clear. Also, oxygen was monitored periodically between
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days 16 and 65 and was found at levels above detection, primarily in the range of 2.0-5.3
µmol/bottle (indicated by the yellow arrows in Figure 3.3b). The highest oxygen level
measured was 18 µmol on day 29 (indicated by the red arrow in Figure 3.3b). To further
address the possibility that oxygen leakage was responsible for VC consumption,
methane was added to bottle #1B on day 36. Since anaerobic bio-oxidation of methane is
uncommon, while aerobic bio-oxidation is nearly ubiquitous, the intent of adding
methane was to evaluate the potential for oxygen leakage; i.e., if methane remained
constant, it would suggest that anaerobic conditions existed in the bottle. Instead, the
first addition of methane was rapidly consumed, in agreement with the likelihood that
oxygen was leaking in. The second addition of methane was made after changing the
septum and this time the methane persisted, along with the VC. When the resazurin
turned from pink to clear on day 42, the soil changed from an earthy tone to black
(presumptively iron sulfides), indicating anaerobic conditions. During the time interval
when the confidence level rose that anaerobic conditions existed in bottle #1B,
consumption of VC slowed significantly.
Although activity on VC was slower to develop in bottle #2 (Figure 3.3c), the rate
of consumption was quite high once it started. After 116 days of incubation, a total of 12
µmol of VC was consumed, without an increase in ethene or ethane. At that point, 50
mL was removed and sent to Dr. Stephen H. Zinder at Cornell University for further
analysis. The 50 mL removed was replaced by 50 mL of groundwater (well E-14A) and
the next day the septum was changed to gray butyl rubber. Oxygen was monitored
periodically between days 86 and 163 and was found at levels above detection, primarily
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in the range of 2.0-5.3 µmol/bottle (indicated by the yellow arrows in Figure 3.3c). The
highest oxygen level measured was 10 µmol on day 107 (indicated by the red arrow in
Figure 3.3c). Resazurin was added to bottle #2 on day 100; the color of the groundwater
turned clear on day 127 and the soil changed from an earthy tone to black. Between days
127 and 345, when the groundwater was clear and conditions were presumptively
anaerobic within bottle #2, VC decreased at a slow but statistically significant rate of
0.0145 µmol/d.
Unlike the oxygen amended bottles (Figure 3.2), cDCE persisted in the
presumptively anaerobic unamended bottles (Figure 3.3). Thus, if cDCE was removed
via aerobic cometabolism in the aerobic treatment microcosms, a similar process was not
occurring in the unamended bottles, even with consumption of methane in bottle #1-B.
Methane is a well known primary substrate for aerobic cometabolism of cDCE (1).
Results for the two Site #7 microcosms prepared with E14-A groundwater and
amended with nitrate are shown in Figure 3.4. Following 209 days of incubation, VC
decreased by an average of 13±4%, which was insignificant when compared to the
autoclaved control. Through day 345 in bottle #1 (Figure 3.4a), there continued to be no
evidence biotic activity on VC; furthermore, cDCE persisted. The total nitrate present on
day 0 (0.51 mM in the groundwater + 0.08 mM added) was below detection on day 345,
indicating that denitrification had occurred. The total COD needed to consume this much
nitrate (ignoring cell synthesis) is 20 mg/L.
Unlike bottle #1, a high rate of VC consumption started in bottle #2 after day 210,
without accumulation of ethene or ethane. When this microcosm was respiked with VC
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on day 248, resazurin was added and the groundwater turned pink. It remained pink
throughout the remainder of the incubation period (day 358). Oxygen was monitored
periodically between days 248 and 376; three of the six measurements were above
detection, in the range of 2.0-5.3 µmol/bottle (indicated by the yellow arrows in Figure
3.4b); three of the measurements were below detection (indicated by the grey arrows in
Figure 3.4b). The highest oxygen level measured was 22 µmol on day 248 (indicated by
the red arrow in Figure 3.4b). After three additions of VC were consumed (totaling 7.2
µmol), methane was added along with VC on day 315. Shortly after the VC was
consumed, most all of the methane was consumed. This suggested the likelihood of
oxygen leakage into the bottle, even though oxygen measurements were close to or below
detection. To reduce the chances for oxygen to diffuse into the bottle, beginning on day
355, it was kept in the anaerobic chamber at all times. VC and methane were added
while the bottle was in the chamber. Each gas was loaded into a syringe, put through the
air lock, transferred into the glove box, and, when the oxygen level was zero (according
to the sensor in the glove box), the gases were injected into the serum bottle (using a
needle that was purged with gas in the chamber). Likewise, headspace samples were
removed while the bottle was in the chamber; the needle was inserted into a butyl rubber
septum to prevent introduction of air. The syringe was then quickly removed and taken
to the GC for analysis. On day 376, headspace sampling indicated the methane and VC
had decreased by 14% and 29%, respectively. As in bottle #1, there was evidence of
nitrate reducing conditions in bottle #2; of the 0.96 mM of nitrate available (0.51 mM in
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the groundwater plus a total of 0.45 mM added), nitrate levels on days 266 and 344 were
0.04 mM and below detection, respectively.
Results for the average of two microcosms amended with Fe(III) are shown in
Figure 3.5. Following 345 days of incubation, there was no evidence for a biotic activity
on VC in either of the microcosms, based on a comparison of the amount of loss to the
autoclaved control.

The low amounts of cDCE initially present remained in the

groundwater persisted. Fe(III) was added only at the start; due to the lack of activity on
VC, no further additions of Fe(III) were made. No attempt was made to quantify the
amount of Fe(III) that may have been reduced to Fe(II).
Results for the two microcosms amended with Fe(III)-EDTA are shown in Figure
3.6. During the first 288 days of incubation in bottle #1 (Figure 3.6a), the extent of
decrease in VC was no greater than in the autoclaved control. However, by day 321, the
VC was completely depleted with no increase in ethene or ethane. When the microcosm
was respiked with VC on the same day, resazurin was added as a redox indicator; the
groundwater turned pink and remained so for the remainder of the incubation period
(days 321-376). Methane was also added on day 321. As mentioned above, the intent of
adding methane was to serve as a biotic indicator of oxygen leakage, since anaerobic
oxidation of methane is uncommon. As soon as the VC was consumed, there was a 77%
decrease in methane between days 337 and 355. During the four times when oxygen was
monitored, three of the four measurements were above detection (2.0-5.3 µmol/bottle,
indicated by the yellow arrows in Figure 3.6a); one of the measurements was below
detection (indicated by the grey arrows in Figure 3.6ba). This microcosm remained in the
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glove box during sampling starting on day 355 due to oxygen detection prior to day 344.
On day 355, VC and methane were added while the bottle was in the glove box (as
described above) and when rechecked on day 376, only VC decreased by 9%. Fe(III)EDTA was added when the microcosm was prepared and each time it was spiked with
VC; however, no attempt was made to quantify the extent of Fe(II) formation.
During the first 209 days of incubation, the decrease in VC in bottle #2 was no
greater than in the autoclaved control (Figure 3.6b). Between days 209 and 247, VC
decreased by 49% with no increase in ethene or ethane; 14 µmol of oxygen was measured
on day 247 (indicated by the red arrow on Figure 3.6b). Nevertheless, VC did not
decrease any further through day 315, when more VC was added along with methane.
Following a lag of several days, the VC decreased rapidly and as it approached the
detection limit, consumption of the methane started and was nearly complete by day 355.
A third addition of VC was in progress of being consumed at the time this thesis was
completed. Resazurin was added on day 266 and the groundwater turned pink; on day
288, the groundwater turned clear, but turned pink again when observations were made
on days 309 and 355. Oxygen was measured on six occasions between days 308 and 376
(when VC was being consumed at a high rate); four of those times oxygen was below
detection (indicated by the grey arrows on Figure 3.6b) and two times the oxygen was
between 2.0-5.3 µmol/bottle (indicated by the yellow arrows on Figure 3.6b). This
microcosm remained in the glove box during sampling starting on day 355 due to oxygen
detection prior to day 344. On day 355, VC and methane were added in the glove box (as
described above) and when rechecked on day 376, methane had decreased by 34% and
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VC by 74%. As with bottle #1, Fe(III)-EDTA was added when the microcosm was
prepared and each time it was spiked with VC; however, no attempt was made to quantify
the extent of Fe(II) formation.
Average results for the two microcosms amended with Mn(IV) are shown in
Figure 3.7. Following 345 days of incubation, there was no evidence for a decrease in
VC when compared to the autoclaved control. Mn(IV) was added only at the start of the
incubation period; no attempt was made to quantify the amount of Mn(II) that may have
formed.
Results for the two microcosms amended with AQDS are shown in Figure 3.8. In
bottle #1, the extent of decrease in VC throughout the incubation period of 345 days was
no greater than in the autoclaved control (Figure 3.8a). In bottle #2, there was also no
significant decrease in VC over the first 209 days of incubation. However, between days
209 and 250, the VC initially added was completely consumed without an increase in
ethene or ethane. On day 248, 19 µmol of oxygen was measured (indicated by the red
arrow on Figure 3.8b) and more VC was added. It was also consumed, as was a third
addition of VC. Methane was added along with the fourth addition of VC. In this
instance, consumption of methane occurred concurrently with consumption of the VC.
The same trend continued after the fifth addition of VC and second addition of methane
on day 355. In the interval between days 308 and 376, oxygen was measured six times;
two times, oxygen was below detection (indicated by the gray arrow on Figure 3.8b); four
of those times, oxygen was detected at 2.0-5.3 µmol/bottle (indicated by the yellow
arrows on Figure 3.8b). This microcosm remained in the glove box during sampling
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starting on day 355 due to oxygen detection prior to day 344. On day 355, VC and
methane were added in the glove box (as described above) and when rechecked on day
376, methane had decreased by 37% and VC by 25%. AQDS was added each time VC
was; however, no attempt was made to determine if the AQDS was being reduced.
Average results for the two microcosms amended with sulfate are shown in Figure
3.9. Following 345 days of incubation, there was no evidence for a decrease in VC in
either of the microcosms within this treatment when compared to the autoclaved control.
The lack of methane accumulation suggested that methanogenesis did not occur because
of the lack of electron donor.
Results for the average of the two microcosms amended with glucose are shown
in Figure 3.10. Over 345 days of incubation, there was no evidence for a decrease in VC
in either of the microcosms within this treatment when compared to the autoclaved
control. Glucose was added only at the start at 10 g/L (1.0 g per bottle). The lack of
methane accumulation suggested that methanogenesis was inhibited. Resazurin was
added on day 321 and the color of the groundwater quickly turned from blue to clear,
indicating the redox level was below -110 mV.
In summary, VC consumption without ethene or ethane accumulation occurred in
seven of the 17 Site #7, Set I-A (presumptively) anaerobic microcosms. However,
several lines of evidence suggest that the consumption of VC in these bottles may have
been due to oxygen leakage and hence aerobic oxidation, rather than anaerobic oxidation.
First, when VC consumption started in these bottles, oxygen was usually detected.
Occasionally oxygen was present at levels high enough to be quantified (i.e., above 2.0
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µmol/bottle), but most often it was detected at levels that were below quantification.
Second, whenever methane was added as a biotic tracer along with VC, it too was
consumed; it is more likely for methane to be oxidized aerobically than anaerobically.
Third, during periods when VC was rapidly consumed and resazurin was present, the
groundwater was pink, indicating a redox level above -110 mV. And fourth, whenever
the septa were changed from teflon-faced red rubber to slotted gray butyl rubber, the rate
of VC consumption either slowed considerably or stopped, suggesting that the grey butyl
rubber is less permeable to oxygen leakage. Another feature of the biotic activity on VC
that was unexpected was the timing; in the four active bottles that were amended with a
terminal electron acceptor, biodegradation of VC started on day 209, making the onset of
activity surprisingly uniform. However, there were no changes in how these bottles were
maintained that might explain this.
3.1.2 Site #7, Set I-B
This set of microcosms (M7-I-B) was prepared with 100 mL of first flush
groundwater from Site #7, well TW-4A. The groundwater contained trace amounts of
TCE and low amounts of cDCE (i.e., 0.11 and 0.33 mg/L, respectively), to which VC was
also added.

Groundwater from this site arrived four weeks prior to microcosm

construction and was stored at 4°C during this period. The COD of groundwater from
well TW-4A was 103 mg/L, suggesting that there was donor available for reductive
processes. The sulfate and nitrate concentrations were 95 mg/L and 6.7 mg as N/L,
respectively. Acetate in the groundwater was 11 mg/L, which was most likely due to the
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incomplete oxidation of sodium lactate that was injected at Site #7 to drive reductive
processes.
Results for a single autoclaved control microcosm are shown in Figure 3.11.
Over 350 days of incubation, VC decreased by 34%. Losses from autoclaved control
typically represent abiotic processes such as adsorption and diffusion though the septum.
The low initial level of cDCE persisted throughout the incubation.
Results for the two microcosms amended with oxygen are shown in Figure 3.12.
Following 286 days of incubation, bottles #1 and #2 consumed 14 and 16 µmol of VC,
respectively, at relatively similar rates. A large decrease in oxygen occurred initially in
both bottles which is most likely due to the COD in the groundwater. Thereafter, the
stoichiometry of aerobic VC oxidation was 1.7 µmol of oxygen per 1.0 µmol of VC (i.e.,
for days 92-286). On day 92, 1.5 mL was removed from bottles #1 and #2 to create E7II, which will be described in Section 3.1.7. As with microcosms M7-I-A-O2 (Figure 3.2),
a negative peak eluted immediately after the oxygen peak, which had a retention time of
3.69 min. The cause of this negative peak was most likely due to the high percentage of
nitrogen in the sample. The atmospheres of all microcosms were predominately nitrogen
because microcosms were purged with nitrogen during construction (section 2.8). When
the samples were injected onto the column, the difference in thermal conductivities
between oxygen and nitrogen resulted in a negative peak (35).
Results for the two unamended microcosms are shown in Figure 3.13. Following
57 days of incubation, VC biodegradation began in both microcosms via reductive
dechlorination to ethene. Repeat additions of VC were consumed, with ethene being the
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only daughter product detected, through 350 days of incubation. Over the incubation
period, 91±2% of the molar amount of VC consumed was accounted for as ethene.
Methane output plateaued at 120 µmol/bottle (960 µeeq/bottle) at day 80 in bottle #1.
This is equivalent to a COD of 77 mg/L, which was lower than the COD initially present
in the groundwater. The methane output in bottle #2 was considerably lower, reaching
only 0.46 µmol.
Results for the two microcosms amended with nitrate are shown in Figure 3.14.
Following 37 days of incubation in bottle #1, VC biodegradation began via reductive
dechlorination. Repeat additions of VC were consumed, with ethene being the only
daughter product detected through 350 days of incubation. The molar ratio of ethene
formed to VC consumed was 94%. Four additions of 0.075 mM nitrate were made to
bottle #1; when added to the initial amount of nitrate in the groundwater (0.49 mM), the
total available was 0.79 mM (395 µeeq/bottle). On day 350, the nitrate concentration was
below detection (3.5 µM). The COD needed to consume this much nitrate (ignoring cell
synthesis) is 32 mg/L. Methane output plateaued at 9.2 µmol/bottle (73 µeeq/bottle)
around day 110, which is equivalent to a COD of 5.8 mg/L.
Unlike bottle #1, VC only decreased by 30% over the same incubation period of
350 days in bottle #2. Near the end of the incubation period, a slight rise in the formation
of ethene was evident. Two additions of 0.075 mM nitrate were made to bottle #2; when
added to the initial amount of nitrate in the groundwater (0.49 mM), the total available
was 0.64 mM (320 µeeq/bottle). On day 350, the nitrate concentration was below
detection. The COD needed to consume this much nitrate (ignoring cell synthesis) is 26
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mg/L. Methane was also produced in bottle #2, but the amount formed was considerably
lower than in bottle #1.
Results for the two microcosms amended with Fe(III) are shown in Figure 3.15.
In bottle #1, following 110 days of incubation, VC biodegradation began via reductive
dechlorination.

A second addition of VC also underwent reductive dechlorination

through day 318; at this point, 83% of the VC was recovered in the form of ethene. The
soil color for most of the incubation period was black (most likely due to formation of
iron sulfides), indicating low redox conditions had developed. Methane output plateaued
at 1.9 µmol/bottle (15 µeeq/bottle) around day 171; this amount is equivalent to a COD
of 1.2 mg/L. Between days 318 and 350, VC continued to decrease (Figure 3.15a);
however, there was also an abrupt decrease in ethene and methane over the same interval.
Given the previous trend in reductive dechlorination and a lack of change in the amount
of methane present, this was an unexpected occurrence. There was no obvious evidence
of a leak in the septum. Another headspace sample taken five days later confirmed the
decreases in all three compounds. To reduce the possibility that oxygen leakage was
responsible for the decreases in VC, ethene and methane (i.e., due to aerobic
biodegradation), the bottle was kept in the anaerobic chamber from day 355 forward,
including during addition of compounds and headspace sampling. On day 355, more VC
and methane were added, respectively (Figure 3.15b).

The intent was to add 3.0

µmol/bottle of each; however, much less was delivered, possibly due to losses of the
gases from the syringe as it was moved through the air lock of the anaerobic chamber.
Between days 355 and 376, VC decreased by 63%; of this amount, 30% was accounted
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for as ethene. Over the same interval, methane decreased by 27%. Resazurin was not
added to bottle #1 but on day 376, a headspace analysis of oxygen was below detection.
It remains unclear what process was responsible for the significant losses in VC, ethene
and methane from bottle #1 beyond day 318. Amorphic Fe(III) was added four times
(totaling 160 µeeq/bottle); no attempt was made to quantify the amount of Fe(II) formed.
The behavior of bottle #2 was less eventful (Figure 3.15c). Beginning around day
37, biodegradation of VC by reductive dechlorination to ethene started. The subsequent
three additions of VC were also reductively dechlorinated. Over the 350 day incubation
period, 98% of the molar amount of VC consumed was accounted for as ethene.
Amorphic Fe(III) was added four times; as with bottle #1, no attempt was made to
measure the amount of Fe(II) formed. Methane output plateaued at 9.0 µmol/bottle (72
µeeq/bottle) around day 110; this amount is equivalent to a COD of 5.8 mg/L.
Results for the two microcosms amended with Fe(III)-EDTA are shown in Figure
3.16. VC biodegradation occurred via reductive dechlorination to ethene, with a faster
rate in bottle #1 than #2. The molar amount of ethene recovered based on the amount of
VC consumed was 87% and 69% in bottles #1 and #2, respectively. Methane output
plateaued at 0.83-1.4 µmol/bottle (6.6-11 µeeq/bottle). Fe(III)-EDTA was added at the
time the microcosms were prepared and with each new addition of VC; Fe(II) was not
measured.
As in the Fe(III)-EDTA amended bottles, VC was consumed predominantly by
reductive dechlorination in the two microcosms amended with Mn(IV) (Figure 3.17).
Over the 350 day incubation period, 96% and 82% of the molar amount of VC consumed
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was accounted for as ethene in bottles #1 and #2, respectively. Methane output plateaued
at 1.2-1.3 µmol/bottle (9.6-10 µeeq/bottle, equivalent to 0.77-0.80 mg/L of COD).
Mn(IV) was added three times over the incubation period, totaling 120 µeeq/bottle; no
attempt was made to quantify the amount of Mn(II) formed.
Results for the two microcosms amended with AQDS are shown in Figure 3.18.
Compared to other treatments, reductive dechlorination of VC to ethene began relatively
quickly. In bottle #1 (Figure 3.18a), a second addition of VC was made on day 80;
however, no appreciable VC was consumed through the remainder of the incubation
period. After day 43, the rate of VC reduction in bottle #2 (Figure 3.18b) slowed
considerably and VC persisted for the remainder of the incubation. The molar recovery
of ethene from VC was 98% and 95% in bottles #1 and #2, respectively. Methane output
plateaued at 5.0-5.1 µmol/bottle (40-41 µeeq/bottle, equivalent to 3.2-3.3 mg/L of COD).
AQDS was added three times to bottle #1 (130 µeeq/bottle), twice to bottle #2 (86
µeeq/bottle).
The two microcosms amended with sulfate behaved similarly to the other
treatments exhibiting reductive dechlorination of VC (Figures 3.19). Following 350 days
of incubation, three additions of VC were biodegraded via reductive dechlorination. The
molar recovery of ethene from VC was 92% and 89% in bottles #1 and #2, respectively.
Methane output plateaued at 4.8-5.2 µmol/bottle (38-42 µeeq/bottle, equivalent to 3.0-3.4
mg/L of COD). Four additions of 0.048 mM sulfate were made; when added to the initial
amount of sulfate in the groundwater (0.99 mM), the total available was 1.18 mM (944
µeeq/bottle). On day 350, the sulfate concentration in bottle #1 was 0.44 mM (350
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µeeq/bottle) indicating 0.74 mM (590 µeeq/bottle) of sulfate was consumed. The total
COD needed to consume this much sulfate is 47 mg/L (ignoring cell synthesis and
assuming reduction of the sulfate to sulfide). In bottle #2, the sulfate concentration on
day 350 was 0.23 mM (180 µeeq/bottle) indicating 0.95 mM (760 µeeq/bottle) of sulfate
was reduced to sulfide. The total COD needed to consume this much sulfate is 57 mg/L
(ignoring cell synthesis and assuming reduction of the sulfate to sulfide).

Both

concentrations of COD are within the initial COD in the groundwater.
Results for the two microcosms amended with glucose are shown in Figure 3.20.
Although methane output was relatively low (i.e., below 10 µmol/bottle, relative to
16,700 µmol possible if all the glucose was converted), gas production was so significant
(presumptively hydrogen and CO2) that the headspace pressure became excessive (to the
extent that the septa began to bulge), necessitating that both bottles be vented on day 37;
bottle #2 (Figure 3.20b) also needed to be vented again on day 57. This explains the
vertical decrease in VC on these days. Since methane is shown as a cumulative amount,
there is no vertical decrease. Taking into account the venting, there was no significant
decrease in VC during the 350 days of incubation.

Venting was accomplished by

inserting a needle into the headspace; the needle was connected to latex tubing, inserted
into a beaker of water. The needle was left in for approximately 20 seconds, until gases
no longer bubbled out. The volume of the gas released and its composition were not
determined (although, as stated above, methane was not a significant component).
In summary, reductive dechlorination was the predominant biotic process in the
anaerobic treatments evaluated in Site #7, Set I-B treatments. This is consistent with the
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high initial COD in the groundwater (103 mg/L, or 1290 µeeq/bottle). Only a small
percentage of the initial COD was used for reductive dechlorination and methanogenesis,
as summarized in Table 3.1. The initial COD also was in considerable excess of the
amount of electron acceptor added. The only bottle that exhibited potentially anaerobic
oxidation was #1 of the Fe(III) amended treatment (Figure 3.15a). However, given the
large loss of ethene and methane that occurred at the same time as the loss of methane, it
appears more likely that the losses were due to diffusion and/or oxygen leaked in and
allowed for aerobic oxidation, rather than anaerobic oxidation. On-going monitoring
while the bottle remains in the anaerobic chamber may resolve this uncertainty.
3.1.3 Site #7, Set II-A
This set of microcosms (M7-II-A) was prepared with 100 mL of first flush
groundwater from Site #7, well IP-05 (Table 2.2). The groundwater contained trace
amounts of TCE and cDCE (i.e., 0.07 and 0.65 mg/L, respectively), to which VC was
also added.

Groundwater from this site arrived four weeks prior to microcosm

construction and was stored at 4°C during this period. The COD of groundwater from
well IP-05 was 132 mg/L, suggesting that there was donor available for reductive
processes.
Following 253 days of incubation, VC decreased by 34% in a single autoclaved
control microcosm (Figure 3.21). During the same incubation time, repeat additions of
VC were actively consumed in two microcosms amended with oxygen (Figure 3.22).
Oxygen consumption was highest over the first 144 days, suggesting that COD in the
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groundwater was being consumed as well as the VC. These results demonstrated that the
IP-05 groundwater contains microbes capable of aerobically oxidizing VC.
In contrast, relative to the autoclave control, there was no significant consumption
of VC in the unamended anaerobic treatment (Figure 3.23) and the treatments amended
with nitrate (Figure 3.24), Fe(III) (Figure 3.25), Fe(III)-EDTA (Figure 3.26), Mn(IV)
(Figure 3.27), AQDS (Figure 3.28), and sulfate (Figure 3.29).

There was also no

methane output in any of these treatments, and the low level of cDCE that was initially
present persisted.
In the treatment amended with glucose (Figure 3.30), there was also no significant
loss of VC relative to the autoclaved control.

The bottles generated so much gas

(presumptively hydrogen and CO2) that they needed to be vented on days 22 and 45 (as
described above for Set I-B), in order to relieve the pressure on the septa. This explains
the vertical decrease in VC on these days. Since methane is shown as a cumulative
amount, there is no vertical decrease. As with the Site #7, Set I-B glucose treatment
(Figure 3.20), the initial accumulation of gas was not methane. Methane began to
accumulate after day 90 and reached an average of 160±90 µmol/bottle; the amount
formed was well below the maximum potential (16,700 µmol/bottle) based on the
glucose added (1 g/bottle).
3.1.4 Site #7, Set II-B
This set of microcosms (M7-II-B) was prepared with 100 mL of first flush
groundwater from Site #7, well IP-05 (Table 2.2). The groundwater contained trace
amounts of TCE and low amounts of cDCE (i.e., 0.011 and 0.18 mg/L, respectively), to
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which VC was also added. Groundwater from this site arrived four weeks prior to
microcosm construction and was stored at 4°C during this period.

The COD of

groundwater from well IP-07 was 127 mg/L, suggesting that there was donor available
for reductive processes.
Following 253 days of incubation, VC decreased by 48% in a single autoclaved
control microcosm (Figure 3.31). During the same incubation time, repeat additions of
VC were actively consumed in two microcosms amended with oxygen (Figure 3.32).
Oxygen consumption was highest over the first 146 days, suggesting that COD in the
groundwater was being consumed as well as the VC. These results demonstrated that the
IP-07 groundwater contains microbes capable of aerobically oxidizing VC.
In contrast, relative to the autoclave control, there was no significant consumption
of VC in the unamended anaerobic treatment (Figure 3.33) and the treatments amended
with nitrate (Figure 3.34), Fe(III) (Figure 3.35), Fe(III)-EDTA (Figure 3.36), Mn(IV)
(Figure 3.37), AQDS (Figure 3.38), and sulfate (Figure 3.39). The low level of cDCE
that was initially present persisted. Methanogenesis occurred in a few of the microcosms
(Figure 3.34b; 3.37b; 3.39b), but at low levels relative to the COD in the groundwater.
Results for the two microcosms amended with glucose are shown in Figure 3.40.
Methane output was relatively low (i.e., below 1µmol/bottle, relative to the 16,700 µmol
possible if all the glucose was converted) in bottle #1 but reached 600 µmol/bottle (4800
µeeq/bottle), equivalent to 380 mg/L of COD.

Gas production was so significant

(presumptively hydrogen and CO2) that the headspace pressure became excessive causing
the septa to bulge. This resulted in the venting of both bottles on day 23 and 45 (as
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described above). This explains the vertical decrease in VC on these days. Since
methane is shown as a cumulative amount, there is no vertical decrease. Taking into
account the venting, there was no significant decrease in VC during the 253 days of
incubation. The volume of the gas released and its composition were not determined
(although, as stated above, methane was not a significant component).
3.1.5 Site #7, Set III-A
This set of microcosms (M7-III-A) was prepared with 100 mL of first flush
groundwater from Site #7, well E-14A (Table 2.2). This was the same well used to
prepare the Site #7, Set I-A microcosms, although the groundwater sample was taken at a
later date. An additional sample was requested based on the initially promising results
with the anaerobic unamended microcosms (Figure 3.3). The groundwater contained
trace amounts of TCE and low amounts of cDCE (i.e., 0.11 and 0.56 mg/L, respectively),
to which VC was also added. Groundwater from this site arrived eight weeks prior to
microcosm construction and was stored at 4°C during this period.

The COD of

groundwater from this sample of well E-14A was below the detection limit of 10 mg/L,
suggesting there was little or no donor available for reductive processes.
The only treatment prepared for the Set III-A groundwater was unamended
anaerobic microcosms, consisting of four bottles. Average results are shown in Figure
3.41. Unlike the previous unamended bottles, there was no evidence of VC oxidative
activity is this set. Following 196 days of incubation, VC decreased by 10% (± 2%);
cDCE persisted over the same period. Methanogenesis did not occur.
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3.1.6 Site #7, Set III-B
This set of microcosms (M7-III-B) was prepared with the same groundwater (well
E-14A) as described in section 3.1.5. They were designated with a different set number
(i.e., Set III-B rather than Set III-A) because a different approach was used for their
preparation. With the Set III-B bottles, purging was performed with nitrogen gas by
inserting a canula into the groundwater; by contrast, with the all of the other Site #7
microcosms, only the headspace was purged. One concern with the behavior of the Set IA unamended microcosms (Figure 3.3) was the possibility that VC oxidation was due to
dissolved oxygen in the groundwater, which may not have been completely removed
during preparation in the anaerobic chamber. To address this concern, the groundwater
in the two Set III-B bottles was directly purged, with the intent of stripping away any
remaining oxygen. cDCE and TCE were removed by this more aggressive method of
stripping.
Average results for the two Set III-B microcosms are shown in Figure 3.42. As
with Set III-A, there was no significant decrease in VC during the 196 days of incubation.
There was also no methanogenesis.
3.1.7 Enrichment from Site #7, Set I-A
Based on the initially promising results for anaerobic oxidation of VC in bottle
#1A of the unamended microcosms for Site #7, Set I-A (M7-I-A-UA-1A; Figure 3.1a),
aliquots from this microcosm were used to prepare four enrichments (E7-I) (Table 2.2).
Each bottle (70 mL total volume) received 1 mL of well-mixed liquid from bottle #1A
(following 72 days of incubation) plus 19 mL of groundwater from well E14-A. Smaller
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volume bottles were used (i.e., rather than 160 mL) because not enough groundwater was
available to prepare larger volumes. Along with the four live bottles, two water controls
were prepared. All received an initial VC dose of approximately 2.0 µmol/bottle. Two of
the live bottles (#3 and #4) and the two water controls also received [14C]VC (which was
separated from toluene in the stock solution using the chromatographic method described
in section 2.3.2).
Average results for live bottles indicate there was no reductive dechlorination of
VC to ethene during the 260 days of incubation, and no methanogenesis (Figure 3.43a,
b). This was clearly different behavior from the microcosm from which these bottles
were derived. Figure 3.44 shows the average results for VC for each treatment. The
extent of loss of VC from the live bottles (with and without [ 14C]VC added) was no
greater than from the water controls. Based on a lack of evidence for biotic activity, the
distribution of [14C]VC was not analyzed in the four bottles that received it.
One unexpected behavior of these six bottles was the appearance of unidentified
peaks during the GC headspace analysis, at retention times of 1.2, 1.9, and 4.8 min. The
peak areas for the compounds eluting at 1.9 and 4.8 min increased as time progressed; the
compound eluting at 1.2 min only appeared in bottles that received [ 14C]VC. No effort
was made to identify these compounds due to the lack of activity on VC.
3.2 Evaluation of Ethene Oxidation
Ethene bio-oxidation was evaluated in two subsets of microcosms prepared with
soil from Site #8 plus media and one subset of microcosms was prepared with soil plus
groundwater from Site #9 (Table 2.4). Three types of enrichments were constructed with
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inocula from Site #8, #9, and #10 microcosms. The media used for the microcosms and
enrichments are listed in Table 2.1. Results for ethene bio-oxidation are presented in the
same order as they appear in Table 2.4.
3.2.1 Site #8, Set I
This set of microcosms (M8-I) was prepared with 20 g of soil from Site #8 and
the media outlined in Table 2.1, based on the desired treatment. Soil was collected 15 to
30 cm below the surface and an effort was made to exclude organic material like leaves
and roots. The soil had no record of prior contamination with chlorinated organic
compounds.
Average results for autoclaved control microcosms are shown in Figure 3.45.
Over 230 days of incubation, there was a 7±1% decrease in ethene.

Losses from

autoclaved controls typically represent abiotic processes such as adsorption and diffusion
through the septum.
Average results for the three microcosms amended with oxygen are shown in
Figure 3.46. Following an incubation period of 77 days, two additions of ethene were
consumed, accompanied by a noticeable decrease in oxygen. These results confirmed
that the soil contained microbes capable of oxidizing ethene under aerobic conditions.
Average results for the anaerobic microcosms amended with nitrate are shown in
Figure 3.47. Following 230 days of incubation, ethene decreased by an average of
10±2%, which was insignificant compared to the autoclaved controls. There was no
initial nitrate concentration in the soil on day 0. The only nitrate the bottle received was
on day 0 (0.15 mM), since there was a lack of activity on ethene. Nitrate was below
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detection on day 230, indicating that denitrification had occurred. The COD needed to
consume 0.15 mM nitrate (ignoring cell synthesis) is 6.0 mg/L.
Notably different activity occurred in the three microcosms amended with Fe(III),
as shown in Figure 3.48. On day 1, 2700 mg/L of sodium acetate and 50 mg/L of yeast
extract was added, as components of the iron-reducing medium described by Lovely and
Phillips (42).

The acetate and yeast extract provided 2991 mg/L of COD, thereby

facilitating the development of reducing conditions. After a lag of approximately 25
days, the first addition of ethene was consumed by day 84, with 84% (molar basis) of the
ethene accounted for as ethane (Table 3.2).

Concurrent with the onset of ethene

reduction was a substantial output of methane, reaching 1570±28 µmol/bottle on day 84
(equivalent to 2010±36 mg/L of COD). In order to relieve the gas pressure in the
headspace, the bottles were vented to the atmosphere on day 84, releasing 41±1.5 mL
(1700±63 µmol/bottle, 90±5% being methane). Methanogenesis slowed considerably
thereafter, so that additional venting was not needed for the duration of the incubation.
After venting of the headspaces, a second addition of ethene was made on day 84.
Reduction of the ethene to ethane continued at a similar rate though day 128 and with
111% to ethane (Table 3.2); the average ethane recovery from day 0 to 128 was 98%.
Methane output was considerably lower between days 84 and 128, suggesting that the
acetate and yeast extract that were added initially were consumed.
A third addition of ethene was made on day 128. Based on the volume of ethene
injected, the expected level was approximately 21 µmol/bottle. However, the measured
amount present on day 133 was 10 µmol/bottle, with only a minor increase in ethane.
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This suggested the possible onset of ethene oxidation. However, GC measurements of
ethene between days 133 and 154 indicated a different trend, with 83% recovery of
ethane from ethene (Table 3.2). It was assumed that the calculated amount added on day
128 was incorrect and the amount added was re-calculated based on the quantity of
ethane formed between days 128 and 133; this value (11 µmol ethene/bottle) is plotted in
Figure 3.48.
The fourth addition of ethene was made on day 154, before the third addition was
fully consumed. The ethene level was increased to approximately 40 µmol/bottle (1% of
the headspace volume), with the intent of inhibiting reduction to ethane; the next
measured value was taken on day 161. Between then and day 230, ethene decreased at a
rate of 0.0456-0.0185 µmol/bottle/d, as shown by the regression lines in Figure 3.48.
Most notably, only 38% of the decrease in ethene was attributable to an increase in
ethane (Table 3.2), suggesting that the balance of ethene consumption was a consequence
of some other process, such as oxidation.

Over this same interval, there was no

statistically significant increase in methane (based on a Student’s t-test for the slope of
the regression line for methane data, α=0.05), indicating that the decreases in ethene were
not likely due to diffusive losses. Over the full incubation period, four additions of
Fe(III) were made, totaling 160 µeeq/bottle (equivalent to 13 mg COD/L). No attempt
was made to quantify the amount of Fe(III) that may have been reduced to Fe(II).
The rates of ethene decrease shown in Figure 3.48 were converted to a net
“apparent” rate of oxidation of 0.059±0.027 µM/d (Figure 3.49). The net rate was
calculated by subtracting the rate of ethane formation (based on linear regression of the
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ethane data over the same time interval) and then converting µmol/bottle/d to µM/d using
equation 2.1. “Apparent” is used as a qualifier for ethene oxidation because no direct
measurements were made of ethene conversion to CO2, since 14C-ethene was not added to
these microcosms.
As shown in Figure 3.50, results for ethene in the bottles amended with Fe(III)EDTA followed a similar trend to the ones amended with amorphic Fe(III). On day 1,
the same amounts of acetate and yeast extract were added. After a lag of approximately
25 days, the first addition of ethene was consumed by day 84, with 88% (molar basis) of
the ethene accounted for as ethane (Table 3.2). Concurrent with the onset of ethene
reduction was a substantial output of methane, reaching 1500±37 µmol/bottle on day 84
(equivalent to 1920±47 mg/L of COD). In order to relieve the gas pressure in the
headspace, the bottles were vented to the atmosphere on day 84, releasing 41±1.5 mL
(1680±63 µmol/bottle, 90±2% being methane). Methanogenesis slowed considerably
thereafter, so that additional venting was not needed for the duration of the incubation.
After venting of the headspaces, a second addition of ethene was made on day 84.
Reduction of the ethene to ethane continued at a similar rate though day 128 and with
114% to ethane (Table 3.2); the average ethane recovery from day 0 to 128 was 101%.
Methane output was considerably lower between days 84 and 128, suggesting that the
acetate and yeast extract that were added initially were consumed.
A third addition of ethene was made on day 128. As described above for the
Fe(III)-amended bottles, the amount of ethene present on day 128 was estimated based on
the next GC measurement on day 133 and stoichiometric reduction of ethene to ethane.
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Like the Fe(III)-amended bottles, the fourth addition of ethene was added before the third
was consumed; unlike the Fe(III)-amended bottles, the fourth addition was made only
seven days after the third addition, on day 135. The ethene level was increased to
approximately 40 µmol/bottle (1% of the headspace volume). Following a lag of several
days, ethene decreased at a rate of 0.035-0.092 µmol/bottle/d (from day 161 to 230), as
shown by the regression lines in Figure 3.50. Only 6% of the decrease in ethene was
attributable to an increase in ethane (Table 3.2), suggesting that the balance of ethene
consumption was a consequence of some other process, such as oxidation. Over this
same interval, there was no statistically significant increase in methane (based on a
Student’s t-test for the slope of the regression line for methane data, α=0.05), indicating
that the decreases in ethene were not likely due to diffusive losses.

Over the full

incubation period, five additions of Fe(III) were made, totaling 200 µeeq/bottle
(equivalent to 16 mg COD/L). No attempt was made to quantify the amount of Fe(III)
that may have been reduced to Fe(II).
Using the same procedure described above for the Fe(III)-amended bottles, the
rates of ethene decrease for the Fe(III)-EDTA-amended bottles shown in Figure 3.50
were converted to a net “apparent” rate of oxidation of 0.075±0.048 µM/d (Figure 3.49).
This is 27% higher than the average rate for the Fe(III)-amended bottles.
Results for the microcosms amended with sulfate are shown in Figures 3.51-3.53.
The only electron donor added was yeast extract, which provided approximately 75 mg/L
of COD (assuming yeast extract is mainly protein). After a lag of approximately 25 days,
the first addition of ethene was consumed by day 91, with 81% (molar basis) of the
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ethene accounted for as ethane (Table 3.2). A second addition of ethene was consumed
by day 133, with 76% accounted for as ethane between days 97 and 133. A third addition
of ethene was made on day 135. Seven days later, a fourth addition of ethene was made
in order to increase the headspace concentration to approximately 1%. Thereafter, there
was no statistically significant decrease in ethene through day 230, either by reduction to
ethane or apparent oxidation. Consequently, no regression lines are shown in panel a for
Figures 3.51-3.53, as they are on Figures 3.48 and 3.50. Also, the apparent oxidation rate
for the sulfate-amended treatment is shown as zero on Figure 3.49.
The sulfate-amended bottles exhibited a consistent level of sulfate reduction (as
shown in panel b for Figures 3.51-3.53) between days 0 and 205. The total amount of
sulfate consumed was 1.3±0.19 mM, equivalent to 83 mg COD/L (assuming reduction to
sulfide). Methane output was significant in two of the three bottles, starting soon after
the second addition of ethene and plateauing at 70-90 µmol/bottle, equivalent to a COD
of 45-58 mg/L.
Results for the microcosms amended with glucose are shown in Figure 3.54. The
D-glucose (10 g/L) and yeast extract (2 g/L) provided 13.7 g/L of COD. Detecting a
decrease in ethene was complicated by the high level of methane output, as might be
expected with such a high initial COD of readily biodegradable substrates. Increasing
pressure within the bottles necessitated that they be vented to the atmosphere twice; the
first time, 170±36 mL (60±8% methane) and 115±36 mL (108±11% methane) were
released the first and second times, respectively. Methane output plateaued after the
second venting event. Beginning on day 80, decreases in ethene were clearly associated
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with increases in ethane. However, for reasons that are not clear, the amount of ethane
formed always exceeded the amount of ethene consumed, by 65% or more.
The second addition of ethene to the glucose-amended bottles was consumed
most quickly in bottle #1. With the third addition of ethene, the amount added was
increased to achieve a headspace concentration of approximately 1%. Over the next 25
days, there was no significant decrease in ethene (Figure 3.54a); additional monitoring is
needed to establish a trend. The second addition of ethene was consumed in bottles #2
and #3 at the end of the incubation period, so a third addition was not made.
Results for the three microcosms amended with glucose, L-asparagine, and ferric
citrate are shown in Figure 3.55. The D-glucose (10 g/L), L-asparagine (5 g/L) and ferric
citrate (1 g/L) provided 16.9 g/L of COD. As with the glucose amended bottles, the
presence of such high levels of readily degradable substrates resulted in high levels of
methane output, which interfered with detection of activity on ethene.

Increasing

pressure within the bottles necessitated that they be vented to the atmosphere three times,
releasing a total of 406±11 mL of gas (78±9% methane). Cumulative methane output
reached 10.2±1.7 mmol/bottle (equivalent to 13.1±2.2 mg/L of COD). In bottle #1, the
decreases in ethene over the first 100 days of incubation were not accompanied by ethane
accumulation, although the loss of ethene was likely related to diffusive losses caused by
the high pressure in the headspace. When a consistent trend in ethene consumption
occurred between days 158 and 230, it was accompanied by accumulation of ethane. As
with the glucose treatment, more ethane accumulated than ethene was consumed, for
reasons that are not clear. In bottle #2, a decrease in ethene with an increase in ethane did
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not start until day 203; additional monitoring in needed to confirm this trend. Ethene
levels in bottle #3 have not changed significantly since the third time the bottle was
vented.
In summary, ethene was consumed in all of the anaerobic Site #8, Set I-A
microcosms (Figure 3.56).

When ethene levels were below 1% of the headspace,

consumption of ethene occurred by reduction to ethane (Figure 3.57), with molar
recoveries averaging above 90% (Table 3.2), except for the treatments with high initial
COD concentrations. Average cumulative methane output closely followed the initial
COD levels (Figure 3.58). Most notably, the two treatments with Fe(III) added exhibited
behavior suggestive of ethene oxidation when the concentration of ethene present was
close to 1% of the headspace. In all six bottles, there were statistically significant rates of
decrease in ethene without a stoichiometric increase in ethane, over incubation periods of
41-84 days. During this interval, a lack of change in methane levels suggested that the
decreases in ethene were not a consequence of diffusive losses. However, since

14

C-

ethene was not added to these bottles, it was not possible to demonstrate conclusively that
ethene was oxidized to 14CO2.
3.2.2 Site #8, Set II
There were several reasons why a second set of microcosms (M8-II) was prepared
with soil from Site #8. First, preliminary results from Set I following the third addition of
ethene to the anaerobic treatments amended with Fe(III), Fe(III)-EDTA, and sulfate
suggested that substantial amounts of ethene were consumed without ethane formation.
This subsequently turned out to be the consequence of an inaccurate addition of ethene,
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rather than an actual large decrease. Nevertheless, it created an interest in confirming the
Set I results. Second, the Set I treatments inadvertently lacked an unamended anaerobic
treatment, which might help to clarify the role of Fe(III) and sulfate in anaerobic
oxidation of ethene, at least as it was thought to occur in Set I. Set II included this
treatment and several others. Third, repeating the treatments from Set I afforded an
opportunity to add 14C-ethene, to definitively evaluate the occurrence of anaerobic ethene
bio-oxidation.
Results for the autoclaved control microcosms are shown in Figure 3.59. Over
105 days of incubation, there was no statistically significant loss of ethene (2±2%). On
day 105, [14C]ethene was added from a “production” bottle; the [14C]ethene was
accompanied by unlabeled ethene and methane; this explains the vertical jumps in ethene
and methane on that day. [14C]ethene was added close to the time when it was added to
the live treatments. Use of an autoclaved control with labeled material was considered
necessary to interpret results from the live bottles, i.e. to demonstrate that if
transformation occurred, it was a consequence of a biotic process. Between days 105 and
122, there was no significant decrease in ethene or methane. VC was also included in the
autoclaved controls, since several of the treatments in Set II included VC. There was no
statistically significant loss of VC over the 122 days of incubation; VC levels were not
impacted by addition of [14C]ethene on day 105.
Average results for the microcosms amended with oxygen are shown in Figure
3.60.

Following an incubation period of 75 days, two additions of ethene were

consumed, accompanied by a noticeable decrease in oxygen. These results confirmed
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that the soil contained microbes capable of oxidizing ethene under aerobic conditions.
They were also consistent with the Set I aerobic microcosms (Figure 3.46).
Set II included an aerobic treatment provided with VC rather than ethene.
Average results are shown in Figure 3.61. Following an incubation period of 122 days,
two additions of VC were consumed, accompanied by a noticeable decrease in oxygen.
These results confirmed that the soil contained microbes capable of oxidizing VC under
aerobic conditions. This was notable, since the soil had no prior history of exposure to
chlorinated organic compounds. It was also notable that there was no detectable lag
period prior to the onset of VC consumption.
Average results for the unamended anaerobic microcosms are shown in Figure
3.62. Following 122 days of incubation, there was no significant decrease in ethene. A
low level of methane accumulated(0.34±0.13 µmol/bottle, equivalent to 0.44±0.17 mg/L
of COD), suggesting a low level of biodegradable organic matter in the soil.
Average results for the microcosms amended with nitrate are shown in Figure
3.63. Following 122 days of incubation, there was no significant decrease in ethene.
Nitrate was added (0.15 mM) on day 1; due to the lack of activity on ethene, nitrate was
not added again.

Nitrate present was below detection on day 122, indicating

denitrification had occurred.

The total COD needed to consume this much nitrate

(ignoring cell synthesis) is 6.0 mg/L.
Results for the three microcosms amended with Fe(III) are shown in Figure 3.64.
The medium used for this treatment was Fe(III)-2 (Table 2.1). The difference between
Fe(III)-1 and 2 was the reduced amount of magnesium sulfate in Fe(III)-2, in order to
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decrease the amount of sulfate available (and thereby minimize the potential for sulfate
reducing conditions). As described for Set I, the Fe(III) media included 2.7 g/L of
sodium acetate and 50 mg/L of yeast extract. Three or four additions of Fe(III) were
made during the 119 days of incubation, providing 120-140 µmol/bottle.
The first addition of ethene to bottle #1 was consumed by 85, with 92% recovery
of the ethene as ethane (Figure 3.64a). During this period, methane output increased
rapidly and reached a plateau of 1400 µmol/bottle (equivalent to 1790 mg/L of COD).
The second addition of ethene increased the headspace concentration to approximately
1% (40 µmol/bottle). At the same time, [14C]ethene was added, accompanied by toluene
from the

14

C stock solution (Table 3.3).

Between days 85 and 102, there was no

significant decrease in ethene. On day 102, another addition of unlabeled ethene was
(accidentally) made, yielding a total of approximately 80 µmol/bottle. Over the next 17
days of incubation, ethene started to decrease without an increase in ethane; however,
additional monitoring will be needed to more conclusively establish a trend.
In bottle #2, the first addition of ethene was consumed by day 92, with 90%
recovery of the ethene as ethane (Figure 3.64b).

Methane output over this period

paralleled the activity in bottle #1, reaching a plateau of 1,630 µmol/bottle (equivalent to
2,090 mg/L of COD).

The second addition of ethene increased the headspace

concentration to approximately 1% (40 µmol/bottle) and was accompanied by an addition
of [14C]ethene and toluene (Table 3.3). Over the subsequent 30 days of incubation, there
was no significant decrease in ethene. Similar results were obtained for bottle #3, with
the first addition of ethene consumed in 102 days, resulting in 90% recovery of the ethene
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as ethane (Figure 3.64c). During this period, methane production plateaued at 1,710
µmol/bottle (equivalent to 2,190 mg/L of COD). The second addition of ethene was
made on day 102 along with [14C]ethene and toluene (Table 3.3). Additional monitoring
is needed to determine if the decrease in ethene between days 102 and 124 is sustained.
Average results for the microcosms amended with Fe(III) and VC are shown in
Figure 3.65. As described for Set I, the Fe(III) media included 2.7 g/L of sodium acetate
and 50 mg/L of yeast extract. Two additions of Fe(III) were made during the 122 days of
incubation, providing 80 µmol/bottle. There was no significant decrease in VC under the
anaerobic conditions that prevailed in these bottles. The trend in methane output was
similar to the treatment with ethene and Fe(III) (Figure 3.64), with methane reaching a
plateau of 1,650±41 µmol/bottle.
Results for the three microcosms amended with Fe(III)-EDTA are shown in
Figure 3.66. As described for Set I, the Fe(III) media included 2.7 g/L of sodium acetate
and 50 mg/L of yeast extract. Two or three additions of Fe(III)-EDTA were made during
the 113-122 days of incubation, providing 80-120 µmol/bottle. The first addition of
ethene to bottle #1 was consumed by day 102, with 92% recovery of the ethene as ethane
(Figure 3.66a). During this period, methane output increased rapidly and plateaued at
1,650 µmol/bottle (equivalent to 2,110 mg/L of COD). The second addition of ethene on
day 102 increased the headspace concentration to approximately 1% (40 µmol/bottle). At
the same time, [14C]ethene was added, accompanied by toluene from the

14

C stock

solution (Table 3.3). Over the next 20 days of incubation, ethene started to decrease
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without an increase in ethane; however, additional monitoring will be needed to
conclusively establish a trend.
In bottles #2 and #3, the first addition of ethene was not completely consumed
when monitoring was stopped, so a second addition of ethene was not made (Figure
3.66b, c). Through day 121, 92% of the ethene that was consumed was recovered as
ethane. The trend for methane was similar to bottle #1, although output continued
through the incubation period; methane reached 1,710±80 µmol/bottle (equivalent to
2,190±102 mg/L of COD).
Results for the three microcosms amended with sulfate are shown in Figures 3.673.69. The only electron donor added was yeast extract, which provided approximately 75
mg/L of COD (assuming yeast extract is mainly protein). The first addition of ethene to
bottle #1 was consumed by 85, with 92% recovery of the ethene as ethane (Figure 3.67a).
During this period, methane output increased rapidly and then started to level off,
reaching 250 µmol/bottle (320 mg/L of COD) on day 118. The second addition of ethene
increased the headspace concentration to approximately 1% (40 µmol/bottle). At the
same time, [14C]ethene was added, accompanied by toluene from the

14

C stock solution

(Table 3.3). Between days 102 and 118, there was no decrease in ethene; additional
monitoring will be needed to more conclusively establish a trend. Over the 121 day
incubation period, 0.92 mM of sulfate was consumed, indicating sulfate reducing
conditions existed (see Figure 3.67b). The total COD needed to consume this much
sulfate (ignoring cell synthesis and assuming reduction to sulfide) is 59 mg/L.
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In bottle #2, the first addition of ethene was not completely consumed when
monitoring was stopped, so a second addition of ethene was not made (Figure 3.68).
Through day 118, 86% of the ethene that was consumed was recovered as ethane. The
trends for sulfate and methane were similar to bottle #1, with 0.36 mM of sulfate
consumed (equivalent to a COD of 23 mg/L) and 270 µmol/bottle of methane formed
(equivalent to 350 mg/L of COD). Before bottle #3 broke, the first addition of ethene
was also undergoing nearly stoichiometric reduction of the ethene to ethane, methane
output was increasing, and the first two additions of sulfate were consumed (Figure 3.69).
Average results for the microcosms amended with glucose are shown in Figure
3.70. As with Set I, 13.7 g/L of COD was added along with the first dose of ethene. A
consistent trend in ethene consumption occurred between days 90 and 121. In bottle #1,
there was no ethane accumulation; in bottles #2 and #3, the average recovery of ethane
was 51 and 18%, respectively.

These low recoveries were suggestive of ethene

oxidation; however, the increase in headspace pressure from gas output may have
resulted in diffusive losses. Although the amount of gas formed was not high enough to
warrant venting (as with the Set I glucose microcosms), it was still considerably higher
than in the other Set II treatments. Methane output reached 2,280±1,660 µmol/bottle
(equivalent to 2,920±2,120 mg/L of COD) at the end of the incubation period, and was
still rising.
Average results for the microcosms amended with glucose, L-asparagine, and
ferric citrate are shown in Figure 3.71. As with Set I, 16.9 g/L of COD was added along
with the first dose of ethene. Between days 82 and 105, there was a modest decrease in
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ethene levels, without an apparent accumulation of ethane. These trends are equivocal
because over the same interval, there was a significant increase in methane output, which
may have resulted in diffusive losses through the septa.

Methane output reached

7,840±1,580 µmol/bottle (equivalent to 10.0±2.0 mg/L of COD). The headspaces were
vented on day 105 (301±43 mL of gas, 57±8% methane), which explains the large
vertical decrease in ethene on that day; methane is plotted as the cumulative amount
formed, so that the losses during venting do not appear in Figure 3.71.
In summary, ethene was consumed in all of the anaerobic Site #8, Set II
microcosms, with the exception of the unamended control (Figure 3.72). When ethene
levels were below 1% of the headspace, consumption of ethene occurred by reduction to
ethane (Figure 3.73), with molar recoveries averaging 89±4%, except for the two
treatments with high initial COD concentrations. Average cumulative methane output
correlated with the initial COD levels (Figure 3.74). [14C]ethene was added to five live
bottles along with a high dose of ethene, along with five water controls and three
autoclave controls (Table 3.3). Based on the Set I results, the high dose of ethene was
expected to reduce ethane accumulation and facilitate ethene bio-oxidation. However,
none of the live bottles were incubated long enough to establish a definitive trend in
ethene consumption; additional monitoring is needed to determine the extent of

14

CO2

formation.
3.2.3 Site #9
This set of microcosms (M9) was prepared by Eaddy (21) prior to the start of this
thesis research.

The soil and groundwater were from the Twin Lakes area at the

93

Savannah River Site, where a plume of TCE discharges into a wetland and undergoes
reductive dechlorination to ethene and ethane. The original intent of these microcosms
was to confirm the field evidence for natural attenuation of TCE, especially complete
reduction of VC to ethene and/or ethane.
Monitoring for this research started on day 500 (Figure 3.75). In bottle #1, the
amount of ethene added on day 554 was approximately 1% of the headspace volume (i.e.,
40 µmol/bottle); a lower amount of VC (6.2 µmol/bottle) was added at the same time.
Over the next 30 days, all of the VC was dechlorinated and ethene decreased by 29
µmol/bottle, with 90% recovery as ethane. During this interval, methane output rose in
response to three additions of lactate (days 535, 554 and 573), which was the only
electron donor provided to these microcosms. On day 584, more VC and ethene were
added, so that the headspace concentration of ethene was approximately 3%. Between
days 584 and 720, all of the VC was consumed along with nearly all of the ethene, 52%
of which was recovered as ethane. The lower extent of ethane recovery suggested that
one half of the ethene may have undergone anaerobic bio-oxidation. During this interval,
sulfate was added twice (totaling 36 mM, or 15 meeq/bottle), in an attempt to stimulate
ethene oxidation; however, sulfate measurements were not made, so the extent of
consumption was not quantified. There was no new production of methane after day 584.
A third high dose of ethene was added on day 720. Between days 727 and 750, ethene
decreased at a slow rate, with 34% recovery as ethane.
significant decrease in ethene.
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Thereafter, there was no

In bottle #2, four additions of VC were made between days 535 and 621 (each 6.2
µmol/bottle); all were stoichiometrically dechlorinated to ethane. Three additions of
lactate were made at the same time as in bottle #1. On day 621, ethene was added along
with VC; the ethene dose was high enough to reach 3% of the headspace. Over the next
99 days, 103 µmol of ethene was consumed, 78% of which was recovered as ethane.
During this interval, the same amount of sulfate added to bottle #1 was added to bottle
#2. There was no new production of methane after day 600. A second high dose of
ethene was added on day 720. Similar to bottle #1, ethene decreased a slow rate between
days 727 and 750, with 27% recovery as ethane. Thereafter, there was no significant
decrease in ethene.
In summary, ethene reduction to ethane was the predominant pathway for these
two microcosms when the ethene level was 1% or lower. When ethene levels were
increased to 3%, decreases in ethene were not stoichiometrically recovered as ethane
(Table 3.2), suggesting the occurrence of anaerobic bio-oxidation.

However, the

decrease in ethene that was observed was gradual and then stopped.
3.2.4 Enrichment from Site #8, Set I
This set of enrichments (E8) was prepared with 2 mL of well-mixed samples from
the Site #8, Set I microcosms (M8-I) plus 98 mL of either the Fe(III)-2 or sulfate medium
(Table 2.1). The motivation for preparing these bottles was the apparent occurrence of
ethene bio-oxidation in the M8-I microcosms amended with Fe(III) (Figure 3.48), Fe(III)EDTA (Figure 3.50) and sulfate (Figure 3.51), as described in section 2.4.2. A higher
initial level of ethene was used in the enrichments than the microcosms (Table 2.4). The
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terminal electron acceptors were added only at the start of the incubation period.
Average results for the enrichments amended with Fe(III), Fe(III)-EDTA and sulfate are
shown in Figures 3.76, 3.77, and 3.78, respectively. Following 84 days of incubation,
there was no significant decrease in ethene or formation of methane. This may be a
consequence of the relatively low inoculum level; additional monitoring is needed to
confirm the lack of activity on ethene.
3.2.5 Enrichment from Site #9
This set of enrichments (E9) was prepared with 1 mL of well-mixed samples from
the Site #9 microcosms (M9) plus 99 mL of the MSM medium (Table 2.1).

The

motivation for preparing these bottles was the apparent occurrence of ethene biooxidation in the M9 microcosms amended with sulfate (Figure 3.75), as described in
section 3.2.3. A high initial dose of ethene (approximately 5% of the headspace volume)
was provided to the E9 enrichment bottles (Table 2.4), with the intent of minimizing
ethene reduction to ethane. Three medium controls (i.e., 100 mL of MSM) were prepared
along with quadruplet live bottles.
Average results are shown in Figure 3.79.

Over the first 79 days, ethene

decreased in the live bottles at a rate of 0.34 µmol/bottle/day, with no significant
accumulation of ethane.

This compares to an ethene consumption rate of 0.11

µmol/bottle/day in the MSM controls over 175 days of incubation period. The net rate of
ethene consumption in the live bottles was 0.30±0.082 µM/day, obtained by subtracting
the controls from the live bottles and converting µmol/bottle/d to µM/d using equation
2.1. This net rate is approximately three times higher than the apparent oxidation rates
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estimated for the M8-I-Fe(III) and M8-I-Fe(III)EDTA treatments (Figure 3.49). During
the first 99 days of incubation, 0.80±0.11 mM of sulfate (480 µeeq/bottle) was consumed
in the live bottles but not significantly in the controls (Figure 3.79b), suggesting that
ethene consumption correlated with sulfate reduction. Electron donor either came from
oxidation of the ethene or carryover of organics in the inoculum. The next time sulfate
was measured (day 128), there was no additional sulfate consumption (the sulfate level
was actually higher, reflecting a degree of measurement error); there was also no
significant change in the medium control. The cessation in sulfate consumption was
consistent with the cessation in a biotic decrease in ethene. Methane output was less than
0.6 µmol/bottle over this interval.
Although the behavior of these enrichments over the first 79 days of incubation
was suggestive of anaerobic bio-oxidation, it was not conclusive. To obtain additional
evidence of oxidative activity, [14C]ethene was added on day 79 (without toluene, based
on the method of adding [14C]VC to the production bottles, section 2.4.2; Table 3.3).
Thereafter, the rate of ethene loss from the bottles was no greater than the rate from the
MSM controls. The reason for the decreased activity on ethene after adding the labeled
material is not known.
3.2.6 Enrichment from Site #10
The inoculum for this set of enrichments (E10) was taken from microcosms
developed by Hickey (33), using soil and groundwater from a hazardous waste site
contaminated with PCE. A portion of the groundwater plume discharges to a wetland,
where the samples were taken. PCE in the microcosms was completely dechlorinated to

97

ethene, which was further reduced to ethane. Samples from these microcosms were
transferred to MSM (Table 2.1), yielding six enrichment bottles. Three of these received
only unlabeled ethene; the other three received ethene plus [14C]ethene (Table 2.3). The
initial amount of ethene added was 12±0.10 µmol/bottle, along with lactate (0.11 mM).
Average results for the enrichments that received [14C]ethene are shown in Figure
3.80. Following an incubation period of 45 days, there was a 51±15% decrease in ethene,
with 91±1% recovery as ethane. This confirmed that the microbes retained their ability
to reduce ethene to ethane. Methane output increase in parallel with ethene reduction.
[14C]ethene was added on day 45, along with enough unlabeled ethene to raise the ethene
level to 1.1% (45±1.1 µmol/bottle). Additional monitoring is needed to determine if this
higher level of ethene undergoes anaerobic oxidation.
Average results for the enrichments that did not receive [14C]ethene are shown in
Figure 3.81. They behaved similarly, although the rate of ethene reduction to ethane
(92±2% through day 52) was slower and monitoring was stopped before the second
addition of ethene could be made.
3.3 Evaluation of Aerobic VC Oxidation in Previously Anaerobic Microcosms
The potential for aerobic oxidation of VC was evaluated in microcosms (M2) that
had been incubated under anaerobic conditions for approximately 600 days. During that
time, there was no significant decrease in VC (either by reduction or oxidation) relative
to autoclaved controls. The 12 microcosms used for this experiment were prepared by
High (34) with first flush groundwater from Site #2.

They initially received VC

(approximately 12 µmol/bottle) and no other amendments. Resazurin was added at the
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start; the color of the groundwater turned from pink to clear (indicating the redox level
less than -110 mV) by day 1 and remained clear until oxygen was added after day 600, as
described below. Approximately 0.31-22 µmol/bottle of methane accumulated during the
first 590 days of incubation and remained in this range until the start of this experiment.
The color of the resazurin and the accumulation of methane were indicative of the
anaerobic conditions in the 12 bottles prior to day 600.
Results for the 12 microcosms amended with oxygen are shown in Figure 3.823.93. Panel a in these figures shows the trends for VC and methane (ethene was close to
the detection limit); panel b shows the cumulative amount of oxygen added and the
measurement amount present at various times.

The principal difference among the

bottles was the rate at which oxygen was added, with some receiving a lower initial dose
than others. It became apparent that the groundwater contained biodegradable organic
matter that exerted an oxygen demand. At least 70 µmol/bottle of oxygen was added
before a residual amount persisted.
Of the 12 bottles to which oxygen was added, a significant decrease in VC
occurred in only two: #2 (Figure 3.83) and #11 (Figure 3.92). In bottle #2, the decrease
in VC coincided with a decrease in methane, beginning around day 715. Oxygen was
depleted after every addition except the final one (Figure 3.83b). Bottle #1 was treated
identically, yet there was no significant decrease in VC or methane following addition of
oxygen (Figure 3.82).
In bottle #11, methane and VC decreased by 88% and 45%, respectively, after
adding 120 µmol/bottle of oxygen (see Figure 3.92). Bottle #12 was treated identically,
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yet there was no significant decrease in VC or methane following addition of oxygen
(Figure 3.93)
3.4 Evaluation of VC oxidation with Oxygen plus Nitrate
Bio-oxidation of VC under aerobic conditions involves two uses for oxygen: as a
reactant in the first step involving an alkene monooxygenase (one mole of O2/mol VC);
and as the terminal electron acceptor. The intent of this experiment was to determine if
the use of oxygen as an electron acceptor could be replaced by nitrate, with use of oxygen
as a reactant still occurring. This is a scenario that could be envisioned when the
availability of oxygen is limited and nitrate is in excess. To evaluate this possibility,
enrichments were first developed that oxidized VC aerobically, as described in section
2.6.
Average results for the treatment initially maintained with an excess of oxygen
are shown in Figure 3.94. The first addition of VC was consumed within 28 days, with a
stoichiometry of 1.9 µmol O2/µmol VC. Biodegradation of a second addition of VC
proceeded at a similar rate through day 76, when the oxygen level decreased to 10
µmol/bottle or less. Between day 57 and 76, the same stoichiometry of VC and oxygen
was observed, i.e., 1.8 µmol O2/µmol VC. The VC level did not change between day 76
and 101, when an excess of oxygen was added for a second time. VC biodegradation
resumed and reached the detection limit on day 108.

These results confirmed the

presence of aerobic VC oxidizing bacteria that have an oxygen threshold in the vicinity of
10 µmol/bottle. Using equation 2.1 and a Henry’s Law constant for oxygen of 31.676
(27), this equates to an aqueous phase concentration of 0.1 mg/L.
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Average results for the treatment provided with a limited amount of oxygen are
shown in Figure 3.95. Both VC and oxygen declined initially, until oxygen reached
approximately 10 µmol/bottle. Thereafter, there was no significant decrease in VC.
These results were consistent for the first treatment, i.e., that the oxygen threshold for VC
biodegradation was approximately 10 µmol/bottle.

The variability in oxygen

measurements at these low levels is discussed in section 2.9.2.
Results for the three microcosms amended with less than a stoichiometric amount
oxygen plus an excess of nitrate are shown in Figure 3.96. As in the treatment described
above, there was an initial decrease in VC (48±1%) by day 28, at which point oxygen
reached approximately 10 µmol/bottle and aerobic biodegradation of VC stopped. The
225 µM of nitrate that was initially added was consumed by day 28-46 and more was
added on day 46. However, VC levels did not decrease during the period when nitrate
was available in excess but oxygen was in limited supply. On day 108, 12 µmol of
oxygen was added; in response, there was a decrease in VC until oxygen once again
plateaued at approximately 5-10 µmol/bottle. For reasons that are not clear, nitrate
decreased in all three bottles between days 100 and 115, prior to the decrease in VC. It
should be noted that in bottle #3, a third addition of nitrate was made (accidentally) on
day 66.

Resazurin was added to these enrichments; when oxygen was above

approximately 10 µmol/bottle the liquid was pink. When the oxygen was below 10
µmol/bottle (between day 76 and 147) the liquid was clear, even though oxygen was
detected.
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The fourth treatment was used to confirm that nitrate reducing microbes were
present in the enrichment culture, using acetate as the electron donor. Average results are
shown in Figure 3.97. The first addition of acetate and nitrate were consumed by day 27.
Both were added a second time on day 45 and once again, both were consumed by day
65. This time, nitrate was added without acetate and the nitrate remained at the same
level through day 94. This indicated that no other electron donors were available for
nitrate reduction. After adding more acetate on day 94, both the acetate and nitrate were
consumed concurrently by day 100. Next, three additions of acetate were made without
nitrate. Between days 115 and 147, when the acetate concentration was approximately
2.1 mM, none was consumed in the absence of nitrate. These results confirmed that the
enrichment cultures contained denitrifying microbes and that consumption of nitrate and
acetate depended on both being present. Furthermore, the results indicated that the lack
of VC biodegradation in the treatment with limited oxygen but an excess of nitrate
(Figure 3.96) was not a consequence of the enrichment culture lacking denitrifying
microbes. Instead, the results suggest that nitrate cannot substitute for oxygen as the
terminal electron acceptor even when oxygen is available for the alkene monooxygenase
to initiate VC metabolism.

102

CHAPTER FOUR
4.0 DISCUSSION
4.1 Bio-Oxidation of VC
The primary objective for this thesis was to enrich for microbes that are capable
of anaerobically oxidizing VC. A total of 83 microcosms were prepared for this purpose,
using first-flush groundwater from a hazardous waste site in California (labeled as Site #7
in this thesis; Table 2.2). Of these, eight exhibited behavior suggestive of oxidation, i.e.,
significant decreases in VC without a corresponding increase in ethene or ethane. The
eight microcosms were:
M7-I-A-UA-1A (Figure 3.3a)
M7-I-A-UA-1B (Figure 3.3b)
M7-I-A-UA-2 (Figure 3.3c)
M7-I-A-NO3-2 (Figure 3.4b)*
M7-I-A-Fe(III)EDTA-1 (Figure 3.6a)*
M7-I-A-Fe(III)EDTA-2 (Figure 3.6b)*
M7-I-A-AQDS-2 (Figure 3.8b)*
M7-I-B-Fe(III)-1 (Figure 3.15a)*
The first seven listed were constructed with first flush groundwater from well E-14A; the
last one contained groundwater from well TW-4A (Table 2.2). The asterisk indicates that
methane was added or was present and therefore was available to serve as an indicator of
possible oxygen contamination, as will be discussed below.
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There is no question that the consumption of VC in these microcosms was biotic,
given the comparatively minor decrease in VC in autoclaved controls over approximately
one year of incubation (Figure 3.1). The major uncertainty is whether or not the biotic
process was aerobic or anaerobic. The following considerations weigh in favor of the
process being anaerobic:
1)

The microcosms were prepared in an anaerobic chamber.

The bottle

containing the groundwater was left open to the chamber’s atmosphere overnight. Even
if the water was saturated with dissolved oxygen, little or none would have remained at
the time when the groundwater was dispensed to the serum bottles. This was verified by
Baruah (2), who did not detect oxygen in DDI water samples that had been saturated with
oxygen, placed in the anaerobic chamber overnight, and was then distributed to serum
bottles.
2)

The bottles were incubated in the anaerobic chamber. The only time they

were removed was for sampling.
The following considerations weigh in favor of the process being aerobic:
1)

On most all of the occasions when oxygen was measured, it was detected.

The levels were almost always close to the detection limit, but they were positive. To
confirm that the readings were not false positives, several microcosms were sampled that
were strongly anaerobic, based on their significant output of methane. Oxygen was
below detection in each case, indicating that the detection of oxygen in other bottles was
most likely not a consequence of contamination during the sampling process.
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2)

When VC oxidation started, resazurin was added to the bottles. In all

cases it turned pink and stayed that way during the period of time when VC was
consumed at the highest rates. The pink color indicates the Eh was above -110 mV; it is
possible that no oxygen was present, but the color does raise uncertainty.
3)

With the unamended microcosms from Site #7, Set I-A, VC oxidation

stopped shortly after changing the septa (inside the glove box and very quickly, to
minimize the time the bottles were open to the glove box atmosphere) from Teflon-faced
red rubber to slotted gray butyl. This suggested that the red rubber septa permit more
diffusion of oxygen, most likely because puncture holes in red rubber do not seal as
effectively as with the gray butyl rubber.
4)

As will be discussed below, anaerobic oxidation of methane has been

reported, but it is not a common or ubiquitous process. On the other hand, methanotrophs
that grow aerobically on methane are ubiquitous.

Thus, the rapid consumption of

methane at the same time or shortly after VC was consumed suggests that both biotic
processes were aerobic. In other microcosms, methane levels persisted for periods in
excess of one year, so the rapid loss of methane cannot be attributed to diffusive losses.
5)

Microbes that grow aerobically on VC are known to have a very high

affinity for oxygen, to the extent that the half saturation coefficient is close to the
detection limit (16). This indicates that oxygen could have been scavenged as quickly as
it entered the bottles, keeping the concentration very low.

Gossett (27) elegantly

demonstrated this in microcosms in which the source of oxygen was permeation tubes;
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the tubes released oxygen at a rate fast enough to sustain VC bio-oxidation without ever
allowing the oxygen concentration to rise above the detection limit.
6)

There was no apparent connection between the treatments in which VC

oxidation occurred and the type of electron acceptor added, i.e., three were unamended,
one received nitrate, another AQDS, and three received Fe(III) (two in chelated form).
Data were not collected to support the association between the oxidation activity and
stoichiometric reduction of an anaerobic electron acceptor.
Taken together, the weight of evidence suggests the oxidation of VC in the eight
bottles was aerobic. There are, however, some puzzling aspects to this assessment. If
leakage of oxygen (e.g., via the puncture holes and from the needle used during
sampling) explains the activity, why was it limited to 10% of the microcosms?
Presumably oxygen could have entered just as easily into all of them, and aerobic VC
degrading microbes would have been equally distributed in the groundwater. Also, the
high rates of VC oxidation in some of the bottles suggest oxygen either had to build up
over time or the rate of leakage was high enough to support the rate. Since the bottles
spent the majority of time in the glove box, it seems improbable that enough oxygen
could diffuse into them in the short period of time that they were removed for sampling.
To further minimize the opportunity for oxygen contamination, a change was
made in how the last five bottles listed above were maintained. Rather than removing the
bottles from the glove box for sampling, they have been stored in the glove box at all
times. Thereafter, sampling occurred in the glove box. After this change, the rate of VC
oxidation decreased noticeably in four of the five microcosms.
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A similar rate of

oxidation was maintained only in bottle M7-I-A-Fe(III)EDTA-2 (Figure 3.6b).
Continued monitoring is needed to determine if this trend is sustained. The fact that
activity slowed in four of the five bottles is a further indication that the previous level of
oxidation was a consequence of oxygen leakage.
It is also worthy of mention one of the microcosms that did not exhibit any
indication of VC oxidation, i.e., the one with glucose added. Adding a high level of
glucose (10 g/L) without a terminal electron acceptor likely led to fermentative
conditions and in one of the bottles very high levels of methane output (Figure 3.40).
However, unlike the results reported by Hata et al. (31), VC levels did not significantly
decrease. The high amount of electron donor most likely precluded any opportunity for
oxygen to accumulate, due to the high COD demand.
In summary, bio-oxidation of VC was observed, but the weight of evidence
indicates the process was supported by leakage of oxygen into the bottles. These results
further emphasize the importance of providing unequivocal evidence that conditions are
anaerobic when VC oxidation is observed, given the potential for aerobic activity at
extremely low levels of oxygen. This makes the task of identifying and enriching for
microbes capable of anaerobically oxidizing VC all the more challenging.
4.2 Bio-Oxidation of Ethene
The second objective for this thesis mirrored the first, with the target compound
being ethene rather than VC. Also, rather than using soil from a hazardous waste site, the
majority of microcosms were prepared with soil that had no history of contamination.
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The other inocula evaluated consisted of microcosms and enrichments that had a history
of ethene reduction to ethane.
Consumption of ethene with significantly less than stoichiometric formation of
ethane was observed in three treatments (a total of nine bottles): M8-I-Fe(III); M8-IFe(III)EDTA; and E9-SO4 (Figure 3.49). Compared to the VC oxidation results, there
was little concern about oxygen leakage as an explanation for the activity in these bottles,
for the following reasons: 1) They had sufficiently low redox levels to allow for
reduction of ethene to ethane, which occurred in all bottles prior to the onset of apparent
ethene oxidation; and 2) the methane that accumulated in these bottles (none was added,
as in the VC treatments) persisted throughout the incubation period when apparent
oxidation occurred.
The qualifier “apparent” is used above because insufficient evidence is available
to reach a more definitive conclusion. In particular, no data was collected for recovery of
14

CO2 from any of the bottles that received [14C]ethene. With the E9 bottles (Figure

3.79), oxidative activity on ethene inexplicably stopped after [14C]ethene was added.
With the other treatments that received [14C]ethene, insufficient time elapsed to establish
a trend in the level of ethene to warrant analysis of the distribution of

14

C. Additional

incubation is needed.
The rate of apparent ethene oxidation was considerably slower than for VC. Also,
the rate never accelerated and in many instances activity came to a stop with high levels
of ethene still present in the bottles. If oxidation did occur, the slow rate and cessation of
activity suggest the process is cometabolic. If so, there is not yet any indication what
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may be driving the process (e.g., which compound serves as the primary substrate). At
least one previous study has shown the potential for cometabolic anaerobic activity.
Evans et al. (22) observed that depletion of o-xylene under denitrifying conditions
occurred only as a consequence of metabolism of toluene.
In summary, bio-oxidation of ethene was observed, but the rates were slow and
did not show signs of increasing, suggesting the process may be cometabolic. It may be
even more challenging to characterize cometabolic anaerobic oxidation of ethene than a
process that derives a growth-linked benefit.

Additional monitoring of bottles that

received [14C]ethene is needed to determine if oxidation to

14

CO2 or other products

coincides with a decrease in ethene without an increase in ethane.
The occurrence of ethene reduction to ethane in microcosms from Sites #9 and
#10 was not surprising, since both are contaminated with chlorinated ethenes that
undergo complete reductive dechlorination. Although further reduction of ethene to
ethane is not universal, it has been reported (18). The ethene-to-ethane cultures used by
Johnson (37) and Koene-Cottaar and Schraa (38) were enriched based on their ability to
reductively dechlorinate PCE.

The rapid onset of ethene reduction to ethane in

microcosms prepared with soil from Site #8 was unexpected, since this soil is from a
flower bed with no history of contamination. The rapid onset of reduction suggests this
process may be common in nature, although relatively little is known about it.
4.3 Framework for Anaerobic Bio-Oxidation of VC, Ethene and Methane
As indicated above, the results of this thesis do not provide conclusive evidence
for anaerobic oxidation of VC and only modest evidence for anaerobic oxidation of
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ethene. Given the collected results from this thesis and those of High (34), it might be
tempting to conclude that VC oxidation is not occurring at the sites that were sampled.
Extended further, it may be tempting to conclude that anaerobic oxidation of VC is not
actually a “real” process, i.e., that oxygen contamination may be behind the results
reported in other studies. A definitive answer to this issue is not likely to emerge until
microbes that mediate the process are identified and characterized.
In the meantime, it is worthwhile to reflect on the basis for presuming that
anaerobic oxidation of VC and ethene can occur. This discussion is extended to methane,
which for decades was thought not to undergo anaerobic biodegradation. Dolfing (20)
calculated the thermodynamics of ethene and VC oxidation to CO2, H2, and, in the case
of VC, Cl-. Oxidation of VC is favorable under standard conditions, while oxidation of
ethene is not. However, the reaction becomes favorable at low partial pressures of H2,
which come with anaerobic conditions. Oxidative acetogenesis of VC to acetate was also
shown to be favorable.

Thus, there is no thermodynamic barrier to anaerobic bio-

oxidation of these compounds.
For decades it was believed that methane does not undergo anaerobic
biodegradation. Several studies have demonstrated that the process does occur. Methane
was shown to undergo anaerobic oxidation under sulfate-reducing conditions in marine
sediments (3). Recent data suggest that Archaea reverse the process of methanogenesis
by interaction with sulfate-reducing bacteria (3). Furthermore, methane oxidization to
carbon dioxide has been shown to be coupled to denitrification by a microbial consortium
enriched from anoxic sediments (45). Given the biotic potential for anaerobic oxidation
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of methane, it seems reasonable to expect that microbes capable of anaerobic oxidation of
VC and ethene also exist.
4.4 Aerobic Oxidation of VC following Extended Anaerobic Incubation
Aerobic microbes capable of growing on VC as a sole substrate are widespread in
the environment, although they are not necessarily ubiquitous. Interestingly, in this
study, aerobic oxidation of VC occurred in microcosms prepared with soil from a flower
bed, with no history of exposure to chlorinated organic compounds (Figure 3.61).
Microbes that grow aerobically on ethene are ubiquitous in soil (ethene is a plant
hormone), and the results with the same soil confirmed this (Figure 3.60). Previous
studies have demonstrated the potential of ethene oxidizers to transition to VC as a
substrate (36, 51).
Since the area encompassed by the aerobic fringe of a contaminated plume is
variable, it is possible for areas that were once anaerobic to become exposed to oxygen.
In those cases, the question arises as to whether or not the prior incubation under
anaerobic conditions impacts the onset of aerobic VC oxidation. Schmidt and Tiehm (47)
reported that microorganisms incubated under anaerobic conditions for one year were
able to aerobically degrade VC when introduced to aerobic conditions. The results of this
study indicate that aerobic biodegradation of VC may not always occur when soil and
groundwater have been subjected to anaerobic conditions for an extended period, in this
case 1.7 years. Out of 12 microcosms tested, only two exhibited significant levels of VC
oxidation when oxygen was made available; methane was consumed concurrently. It
should be noted, however, that a positive control was not prepared for these bottles, i.e.,
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microcosms subjected to oxygen at the start of the incubation, to confirm that aerobic VC
degraders were present.
4.5 Oxidation of VC with Limited Oxygen and Excess Nitrate
The results of this study indicated that nitrate did not substitute for oxygen as a
terminal electron acceptor under conditions with limited oxygen (but enough to allow
functioning of the alkene monooxygenase; Figure 1.2) and an excess of nitrate. The basis
for posing this question is presented in the Introduction. Although the results were
negative, it may simply mean that the microbes in the enrichments tested lacked this
capability. If this process is possible, it would decrease the amount of oxygen needed for
VC oxidation.
In summary, the inconsistency in observations of anaerobic bio-oxidation of VC
leaves many questions unanswered.

Considerable uncertainties also remain for the

occurrence of anaerobic oxidation of ethene. As promising as previous studies appear,
the hallmark of advances in science is reproducibility. Until the results of others can be
replicated under conditions that are unquestionably anaerobic, the uncertainties
surrounding anaerobic oxidation of VC and ethene will persist. As a consequence, so
too, will the uncertainties associated with explaining the lack of mass balances in situ for
remediation of PCE and TCE.
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CHAPTER FIVE
5.0 CONCLUSION AND RECOMMENDATION
Based on the research performed for this thesis, the following conclusions and
recommendations were reached:
5.1 Conclusion
1)

In approximately eight of the 83 microcosms prepared with first flush

groundwater from a hazardous waste site, significant levels of VC bio-oxidation
occurred. However, there was considerable uncertainty whether the process observed
was anaerobic or aerobic, as a consequence of oxygen leaking into the bottles. Lines of
evidence in support of each scenario were reviewed. Overall, the weight of evidence
suggests the activity was aerobic. Some of the considerations include the detection of
low levels of oxygen by analysis of headspace samples (coupled with controls that
indicated these measurements were not false positives), the pink color of resazurin during
most of the time when VC was consumed, consumption of methane during or after the
VC was consumed (methane is generally recalcitrant under anaerobic conditions), and the
ability of microbes that grow aerobically on VC to use oxygen to the point when it is no
longer detectable. Incubation of five of the active microcosms is on-going, to further
assess the question of aerobic versus anaerobic activity.
2)

Anaerobic oxidation of ethene was observed in microcosms amended with Fe(III)

and Fe(III)-EDTA, and in a chlororespiring enrichment culture amended with sulfate.
Ethene oxidation occurred when the concentration of ethene in the headspace was
increased to 1% (v/v) or higher. Prior to that, ethene was stoichiometrically reduced to
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ethane. Oxidation was not observed in unamended microcosms and ones with nitrate,
AQDS, and glucose added. Unlike the results with VC, there was a high level of
confidence that oxidation occurred under anaerobic conditions. Compared to VC, the
rate of ethene oxidation was considerably slower. Also, oxidation activity often slowed
down after 10% or less of the ethene was consumed. This type of pattern suggested the
process may be cometabolic, although additional studies are needed to verify this. Also,
confirmation of oxidation is needed using [14C]ethene.
3)

Microcosms prepared with soil and groundwater from a hazardous waste site were

incubated under anaerobic conditions for 1.7 years, with no evidence for biodegradation
of VC. When oxygen was added to the microcosms, only two of the 12 exhibited
biodegradation of VC, along with methane. The results of this study indicate that aerobic
biodegradation of VC may not always occur when soil and groundwater have been
subjected to anaerobic conditions for an extended period, in this case 1.7 years.
4)

The results of this study indicated that nitrate did not substitute for oxygen as a

terminal electron acceptor under conditions with limited oxygen (but enough to allow
functioning of the alkene monooxygenase) and an excess of nitrate. However, the results
may be specific to the enrichment culture that was tested, which was able to biodegrade
VC aerobically and also use acetate as a substrate under denitrifying conditions. If this
process is possible, it would decrease the stoichiometric amount of oxygen needed for
VC oxidation.
5)

The inconsistencies in observations of anaerobic bio-oxidation of VC leaves many

questions unanswered. Considerable uncertainties also remain for the occurrence of
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anaerobic oxidation of ethene. As promising as previous studies appear, the hallmark of
advances in science is reproducibility. Until the results of others can be replicated under
conditions that are unquestionably anaerobic, the uncertainties surrounding anaerobic
oxidation of VC and ethene will persist. As a consequence, so too, will the uncertainties
associated with explaining the lack of mass balances in situ for remediation of PCE and
TCE.
5.2 Recommendations
1)

The ability to quantify oxygen at low concentrations is of the utmost importance.

The instrument used to detect oxygen should have detection limits at least one tenth of
the stoichiometric levels of aerobic oxidation. This would provide the ability to closely
follow the fate of oxygen contamination and also gain insight to any large decrease in
VC. It would also be important to lower the probability of oxygen contamination, e.g.,
by sampling only in an anaerobic chamber. This is a tedious process, but it minimizes the
chances for oxygen to enter into a microcosm, thereby reducing the chances for false
positives. Additionally, red teflon-faced septa were used for the research in this thesis
and it was observed after a few sampling events, the integrity of these septa decreased
greatly. Experiments that follow higher chlorinated compounds (e.g., PCE, TCE and
cDCE) and are concerned with the loss of mass over time should employ teflon-faced
butyl rubber septa. For experiments with lesser chlorinated compounds (e.g., VC and
ethene), grey butyl rubber septa should be used.
2)

Anaerobic oxidation of ethene was observed at slow rates. To better determine

the fate of ethene, the introduction of labeled material should be during the second or
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third addition of ethene.

This would allow for analysis of

14

C compounds to be

conducted after microcosms exhibit similar activity. With one of the cultures to which
[14C]ethene was added, the rate of ethene consumption abruptly stopped, for unknown
reasons. To rule out the possibility of inhibition by impurities transferred with the
labeled material, another source of [14C]ethene should be considered. To broaden the
scope, methane should be included as a tracer for oxygen leakage.
3)

An experiment should be conducted whereby microcosms that are anaerobic,

indicated by resazurin or headspace analysis displaying no oxygen, are introduced to
oxygen at two to three month intervals to determine how much time is required before
aerobic VC-degrading microbes become inactive.
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Table 2.1. Media used in microcosms and enrichments.a
Type of Media
Compound
O2/NO3- Fe(III)-1 Fe(III)-2 Sulfate
Glucose GLF
MSM
K2HPO4
3880
870
3000
348
KH2PO4
680
280
800
NaHCO3
2500
2500
1201
200
800
(NH4)2HPO4
29
29
NaH2PO4·H2O
1884
600
600
(NH4)2SO4
2000
NH4Cl
1500
1500
300
35
35
535
MgCl2·6H2O
100
100
174
400
17
MgSO4·7H2O
100
5
11
200
125
CaCl2·2H2O
1
100
100
150
6
4
47
FeSO4·7H2O
5
FeCl3·6H2O
33
ZnSO4·7H2O
2
0.42
MnCl2·4H2O
1.23
5
5
10
2
CuSO4·5H2O
0.2
CoCl2·6H2O
0.4
19
0.8
3
EDTA Acid
10
Na2MoO4·2H2O
0.2
1
1
3.6
KCl
100
100
300
30
NaCl
100
100
1000
Na2S·9H2O
120
240
FeCl2·H2O
162.6
FeCl2·4H2O
150.3
ZnCl2
7
H3BO4
0.6
0.6
NiCl2·6H2O
2.4
1.5
CuCl2·2H2O
0.2
0.2
Na2SeO3
0.04
Na2SeO3·5H2O
0.3
Al2(SO4)3·16H2O
0.2
Resazurin
1
1
1
1
1
1
1
Yeast Extract
50
50
50
2000
50
NaCH3COO
2700
2700
D-Glucose
10000
10000
L-Asparagine
5000
Ferric Citrate
1000
NaNO3
12.9
Fe(III)
44.7
44.7
Fe(III)-EDTA
44.7
44.7
Na2SO4
13.6
COD donorb
2991
2991
75
13700
16900
75
COD acceptor
6.07c
6.39
6.39
6.13
COD ratiod
493
493
12.3
a
All values in mg/L unless otherwise specified. b The COD of yeast extract was assumed to be 1.5 mg
COD/mg, presuming it was mainly protein. c The headspace of the O2 treatment was purged with
pure O2. d COD ratio (mg COD/mg COD) is the quotient of the COD of donor divided by the COD of
acceptor.
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Table 2.2. Microcosm and enrichment summary for VC bio-oxidation experiments.
VOCsc
Preparation
TEA Other Than
Initial VC
Identifiera
(Mo-Yr)
Well
Addedb
VC
(µmol/btl) (mg/L)d
Microcosms

Total

No. of Serum Bottles
with
serving
serving
[14C]VCe as ACsf as WCsg

Jun-09

E-14A

yes

cDCE, TCE

2.0

0.78

20

0

1

0

M7-I-B

Jun-09

TW-4A

yes

cDCE, TCE

2.0

0.78

19

0

1

0

M7-II-A

Aug-09

IP-05

yes

cDCE, TCE

2.0

0.78

19

0

1

0

M7-II-B

Aug-09

IP-07

yes

cDCE, TCE

2.0

0.78

19

0

1

0

M7-III-A

Nov-09

E-14A

no

cDCE, TCE

2.0

0.78

4

0

0

0

M7-III-B

Nov-09

E-14A

no

-

2.0

0.78

2

0

0

0

13.6

6

4

0

2
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M7-I-A

Enrichments
E7-I
a

Sep-09

E-14A

no

-

2.0

Sets refer to when a group of bottles was prepared; letters (A and B) refer to the microcosm preparation type based on the
groundwater used and soil used.
b
Terminal electron acceptors (TEA) tested = Fe(III), Fe(III)-EDTA, Mn(IV), sulfate, nitrate, AQDS and oxygen.
c
VOC = volatile organic compound.
d
Based on 100 mL groundwater and 60 mL headspace for the microcosms and 20 mL liquid and 55 mL headspace for the
enrichments; calculated using equation 2.1.
e
Added after separating the VC from toluene using the GC method described in section 2.3.2.
f
AC = autoclaved control.
g
WC = water control.

Table 2.3. Summary of microcosms and enrichments that received [14C]VC or
[14C]ethene and the production bottles used.
Method Used
to Add
Production
Labeled
Materiala
Identifier
Target Bottle
Bottle
Material Added
E7-I-A
UA-1
A
[14C]VC
UA-2
A
[14C]VC

M8-II

E9

a

WC-1
WC-2
Fe(III)-1
Fe(III)-2

4
5

A
A
B
B

[14C]VC
[14C]VC
[14C]ethene + toluene
[14C]ethene + toluene

Fe(III)-3
Fe(III)EDTA-1
SO4-1
AC-1

6
7
8
4

B
B
B
B

[14C]ethene + toluene
[14C]ethene + toluene
[14C]ethene + toluene
[14C]ethene + toluene

AC-2
AC-3
WC-1
WC-2
WC-3
WC-4
WC-5
SO4-1

5
6
4
5
6
7
8
1,2,3

B
B
B
B
B
B
B
C

[14C]ethene + toluene
[14C]ethene + toluene
[14C]ethene + toluene
[14C]ethene + toluene
[14C]ethene + toluene
[14C]ethene + toluene
[14C]ethene + toluene
[14C]ethene

SO4-2
1,2,3
C
[14C]ethene
SO4-3
1,2,3
C
[14C]ethene
SO4-1
1,2,3
C
[14C]ethene
E10
UA-1
4
B
[14C]ethene + toluene
UA-2
5
B
[14C]ethene + toluene
UA-3
5
B
[14C]ethene + toluene
A = 14C added using the method described in section 2.3.2; B = 14C added using the
method described in section 2.4.1; and C = 14C added using the method described in
section 2.4.2.
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Table 2.4. Microcosm and enrichment summary for ethene bio-oxidation experiments.
Total
c
VOCs
Initial
Initial
No. of
Preparation
TEA
Other
Ethene
Ethene
Serum
Identifiera
(Mo-Yr)
Addedb Than VC (mmol/btl) (mg/L)d
Bottles

No.
No.
with
serving
[14C]Ethene as ACse

No.
serving
as other
controlsf

Microcosms
M8-I

Nov-09

yes

-

2.0

0.073

24

0

3

0

M8-II

Mar-10

yes

-

2.0

0.073

38

13g

3

5

M9

Jul-07

yes

cDCE

-

-

2

0

0

0

Enrichments
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E8

Mar-10

yes

-

20

1.1

9

0

0

0

E9

Mar-09

yes

-

122

6.4

7

4h

0

3

E10

May-10

no

-

11

0.42

6

3g

0

0

a

Sets refer to when a group of bottles was prepared.
Terminal electron acceptors (TEA) tested = Fe(III), Fe(III)-EDTA, Mn(IV), sulfate, nitrate, AQDS and oxygen.
c
VOC = volatile organic compound.
d
Based on 50 mL liquid and 99 mL headspace for the microcosms and E#10 enrichments; and 100 mL medium and 60
mL headspace for enrichments E#8 and E#9; calculated using equation 2.1.
e
AC = autoclaved control.
f
For Site #8, water controls; for E#9 enrichments medium controls.
g
Added from production bottles that received [14C]VC + toluene, so that the [14C]ethene was accompanied by toluene
(as described in section 2.4.1).
h
Added from production bottles that received [14C]VC (without toluene, as described in section 2.4.2), so that only
[14C]ethene was added.
b
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Table 3.1. Summary of electron equivalents for Site #7, Set I-B (M7-I-B).
Electron
VC Reduction
Acceptor
to Ethene
Methane
Treatment
(µeeq/bottle)
(µeeq/ bottle)
(µeeq/ bottle)
Fe(III)-1
160
8.1
15
Fe(III)-2
160
16
72
Fe(III)EDTA-1
Fe(III)EDTA-2
Mn(IV)-1
Mn(IV)-2
AQDS-1
AQDS-2
NO3-1
NO3-2
SO4-1
SO4-2

160

13

11

120

4.7

6.7

120

8.1

9.2

120

5.7

10

130

4.4

40

86

3.2

40

150

16

73

76

0.91

10

150

12

38

120

7.9

41

122

Table 3.2. Summary of the effect of ethane concentration on the percent reduction ratio for
microcosms in Site #8, Set I (M8-I), Site #9 (M9) and the enrichment from Site #9 (E9).
Terminal
Ethene
Initial
% Volume of
% Reduction
Electron
Addition
Measured
Ethene/Volume
Ratio:
Identifier
Acceptor
(day)
(µmol/bottle) of Headspace Ethane/Ethene
6
2.1±0.060
0.052±0.0015
84±3
M8-I
Fe(III)
84
3.0±0.065
0.073±0.0016
111±4
M8-I
Fe(III)
128
10±1.1
0.25±0.027
83±5
M8-I
Fe(III)

a
b
c

d

M8-I

Fe(III)

154

39±0.032

0.98±0.00078

38±24

M8-I

Fe(III)EDTA

M8-I
M8-I
M8-I

Fe(III)EDTA
Fe(III)EDTA
Fe(III)EDTA

6
84
128
135

2.1±0.041
2.8±0.079
5.9±1.4
41±2.0

0.053±0.0010
0.070±0.0020
0.15±0.034
1.0±0.051

88±1
114±5
-a
6±9

M8-I

SO42-

6

2.2±0.039

0.054±0.0010

81±12

M8-I
M8-I
M8-I

SO42SO42SO42-

91
133
141

4.5±1.1
7.2±4.0
43±1.0

0.11±0.027
0.18±0.10
1.1±0.024

76±16
-a
-b

M9 c
M9 d

SO42SO42-

584, 621
720

120±2.4
120±1.3

3.0±0.059
3.0±0.032

65±13
31±4

6
110±1.9
4.5±0.078
1±0.5
E9
SO42Inadequate time interval between sampling points.
No statistically significant decrease in ethene.
Averages for the first 3% addition of ethene to bottles #1 and #2 (which were made on
different days).
Averages for the second 3% addition of ethene to bottles #1 and #2.
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Table 3.3. Summary of the initial conditions for microcosms and enrichments that
received [14C]ethene.
Microcosm
Amount of
Amount of
Concentration
or
[14C] Ethene
Ethene
of Toluene
Enrichment
Target
Production
Added
Added
Added
Identifier
Bottle
Bottle
(dpm/bottle) (µmol/bottle)
(mg/L)
M8-II
Fe(III)-1
4
96,021
1.26
0.43

E9

E10

a
b

Fe(III)-2

5

95,180

1.17

0.47

Fe(III)-3
Fe(III)EDTA-1
SO4-1

6

56,931

0.42

0.62

7

64,216

0.38

0.58

8

64,193

0.45

0.56

AC-1

4

78,010

0.90

NQ

AC-2

5

84,278

1.11

NQ

AC-3

6

53,998

0.34

NQ

WC-1

4

83,194

1.12

NQ

WC-2

5

84,116

1.02

NQ

WC-3

6

60,720

0.35

NQ

WC-4

7

62,780

0.37

NQ

WC-5

8

62,879

0.38

NQ

SO4-1

1,2,3

178,844

-a

0

SO4-2

1,2,3

191,816

-a

0

SO4-3

1,2,3

179,420

-a

0

SO4-4

1,2,3

177,080

-a

0

UA-1

4

69,128

0.97

0.67

UA-2

5

77,300

1.03

0.70

UA-3

5

67,961

0.85

0.73

14

Ethene decreased after addition of [ C]ethene, perhaps due to diffusive losses.
NQ=toluene was present but not quantified.
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Figure 1.1. Proposed pathways for anaerobic oxidation of VC and ethene; modified from Bradley and Chapelle (9).
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Figure 1.2. Proposed pathways for aerobic oxidation of VC
and ethene; modified from Coleman and Spain (17).
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Table Figure 2

Figure 2.1. Site map with well identifiers and locations for Site #7.

Table Figure 3
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3.0
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Ethenes (μmol/bottle)
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0
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Time (days)

Figure 3.1. Microcosm results for Site #7, Set I-A, autoclaved control, bottle #1 (M7-IA-AC-1).
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Figure 3.2. Microcosm results for Site #7, Set I-A, amended with oxygen, bottle #1
(M7-I-A-O2-1) (a) and bottle #2 (M7-I-A-O2-2) (b).
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Figure 3.3. Microcosm results for Site #7, Set I-A, unamended, bottle #1A (M7I-A-UA-1A) (a); bottle #1B (M7-I-A-UA-1B) (b); and bottle #2 (M7-I-A-UA-2)
(c). Arrows indicate when O2 was measured and the results: = below detection;
= present at 2.0-5.3 µmol/bottle; and =present at > 5.3 µmol/bottle.
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Figure 3.4. Microcosm results for Site #7, Set I-A, amended with nitrate, bottle #1
(M7-I-A-NO3-1) (a) and bottle #2 (M7-I-A-NO3-2) (b). Arrows indicate when O2
was measured and the results: = below detection;
= present at 2.0-5.3
µmol/bottle; and =present at > 5.3 µmol/bottle.
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Figure 3.5. Microcosm results for Site #7, Set I-A, amended with amorphic Fe(III),
average of bottle #1 and #2 (M7-I-A-Fe(III)-1 and 2). Error bars represent the data range.
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Figure 3.6. Microcosm results for Site #7, Set I-A, amended with Fe(III)-EDTA, bottle
#1 (M7-I-A-Fe(III)EDTA-1) (a) and bottle #2 (M7-I-A-Fe(III)EDTA-2) (b). Arrows
indicate when O2 was measured and the results: = below detection; = present at 2.05.3 µmol/bottle; and =present at > 5.3 µmol/bottle.
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Figure 3.7. Microcosm results for Site #7, Set I-A, amended with Mn(IV), average of
bottle #1 and #2 (M7-I-A-Mn(IV)-1 and 2). Error bars represent the data range.
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Figure 3.8. Microcosm results for Site #7, Set I-A, amended with AQDS, bottle #1
(M7-I-A-AQDS-1) (a) and bottle #2 (M7-I-A-AQDS-2) (b). Arrows indicate when O2
was measured and the results: = below detection; = present at 2.0-5.3 µmol/bottle;
and =present at > 5.3 µmol/bottle.
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Figure 3.9. Microcosm results for Site #7, Set I-A, amended with sulfate, average of
bottle #1 and #2 (M7-I-A-SO4-1 and 2). Error bars represent the data range.
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Figure 3.10. Microcosm results for Site #7, Set I-A, amended with glucose, average of
bottle #1 and #2 (M7-I-A-G-1 and 2). Error bars represent the data range.
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Figure 3.11. Microcosm results for Site #7, Set I-B, autoclaved control, bottle #1 (M7-IB-AC-1).
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Figure 3.12. Microcosm results for Site #7, Set I-B, amended with oxygen, bottle #1
(M7-I-B-O2-1) (a) and bottle #2 (M7-I-B-O2-2) (b).
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Figure 3.13. Microcosm results for Site #7, Set I-B, unamended, bottle #1 (M7-I-B-UA1) (a) and bottle #2 (M7-I-B-UA-2) (b).

140

VC

Ethene

Methane

NO
NO3
3

8.0

8.0
6.0

4.0
4.0
2.0

0.0
3.0 0

50

100

150

200

250

300

Time (days)

Ethenes (μmol/bottle)

12.0

a

b

Methane (μmol/bottle)

cDCE

0.0
350 5.0
4.0

2.0
3.0

2.0
1.0
1.0

0.0

Methane (μmol/bottle)

Ethenes (μmol/bottle)

10.0

0.0
0

50

100

150

200

250

300

350

Time (days)

Figure 3.14. Microcosm results for Site #7, Set I-B, amended with nitrate, bottle #1
(M7-I-B-NO3-1) (a) and bottle #2 (M7-I-B-NO3-2) (b).
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Figure 3.15. Microcosm results for Site #7, Set I-B, amended with Fe(III), bottle #1
(M7-I-B-Fe(III)-1) (a); bottle #1 showning only days 350 to 376 (M7-I-B-Fe(III)-1) (b);
and bottle #2 (M7-I-B-Fe(III)-2) (c). Arrows indicate when O2 was measured and the
results: = below detection; = present at 2.0-5.3 µmol/bottle; and =present at > 5.3
µmol/bottle.
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Figure 3.16. Microcosm results for Site #7, Set I-B, amended with Fe(III)-EDTA, bottle
#1 (M7-I-B-Fe(III)EDTA-1) (a) and bottle #2 (M7-I-B-Fe(III)EDTA-2) (b).
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Figure 3.17. Microcosm results for Site #7, Set I-B, amended with Mn(IV), bottle #1
(M7-I-B-Mn(IV)-1) (a) and bottle #2 (M7-I-B-Mn(IV)-2) (b).
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Figure 3.18. Microcosm results for Site #7, Set I-B, amended with AQDS, bottle #1
(M7-I-B-AQDS-1) (a) and bottle #2 (M7-I-B-AQDS-2) (b).
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Figure 3.19. Microcosm results for Site #7, Set I-B, amended with SO4, bottle #1 (M7-IB-SO4-1) (a) and bottle #2 (M7-I-B-SO4-2) (b).
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Figure 3.20. Microcosm results for Site #7, Set I-B, amended with glucose, bottle #1
(M7-I-B-G-1) (a) and bottle #2 (M7-I-B-G-2) (b).
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Figure 3.21. Microcosm results for Site #7, Set I-A, autoclaved control, bottle #1 (M7II-A-AC-1).

cDCE

VC

400

Oxygen

300
2.0
200
1.0
100

0.0

Oxygen (μmol/bottle)

Ethenes (μmol/bottle)

3.0

0
0

50

100

150

200

250

300

Time (days)

Figure 3.22. Microcosm results for Site #7, Set I-A, amended with oxygen, average of
bottle #1 and 2 (M7-II-A-O2-1 and 2). The error bars represent the data range.
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Figure 3.23. Microcosm results for Site #7, Set I-A, unamended, average of bottle #1
and 2 (M7-II-A-UA-1 and 2). The error bars represent the data range.
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Figure 3.24. Microcosm results for Site #7, Set I-A, amended with nitrate, average of
bottle #1 and 2 (M7-II-A-NO3-1 and 2). The error bars represent the data range.
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Figure 3.25. Microcosm results for Site #7, Set II-A, amended with Fe(III), average of
bottle #1 and 2 (M7-II-A-Fe(III)-1 and 2). The error bars represent the data range.
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Figure 3.26. Microcosm results for Site #7, Set II-A, amended with Fe(III)-EDTA,
average of bottle #1 and 2 (M7-II-A-Fe(III)EDTA-1 and 2). The error bars represent the
data range.
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Figure 3.27. Microcosm results for Site #7, Set II-A, amended with Mn(IV), average of
bottle #1 and 2 (M7-II-A-Mn(IV)-1 and 2). The error bars represent the data range.
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Figure 3.28. Microcosm results for Site #7, Set II-A, amended with AQDS, bottle #1
and 2 (M7-II-A-AQDS-1 and 2). The error bars represent the data range.
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Figure 3.29. Microcosm results for Site #7, Set II-A, amended with SO4, bottle #1 (M7II-A-SO4-1) (a) and bottle #2 (M7-II-A-SO4 2) (b). The error bars represent the data
range.
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Figure 3.30. Microcosm results for Site #7, Set II-A, amended with glucose, average of
bottle #1 and 2 (M7-II-A-G-1 and 2). The error bars represent the data range.
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Figure 3.31. Microcosm results for Site #7, Set II-B, autoclaved control, bottle #1 (M7II-B-AC-1).
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Figure 3.32. Microcosm results for Site #7, Set I-A, amended with oxygen, average of
bottle #1 and 2 (M7-II-B-O2-1 and 2). The error bars represent the data range.
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Figure 3.33. Microcosm results for Site #7, Set II-B, unamended, average of bottle #1
and 2 (M7-II-B-UA-1 and 2). The error bars represent the data range.
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Figure 3.34. Microcosm results for Site #7, Set II-B, amended with nitrate, bottle #1
(M7-II-B-NO3-1) (a) and bottle #2 (M7-II-B-NO3-2) (b).
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Figure 3.35. Microcosm results for Site #7, Set I-A, amended with Fe(III), average of
bottle #1 and 2 (M7-II-B-Fe(III)-1 and 2). The error bars represent the data range.
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Figure 3.36. Microcosm results for Site #7, Set II-B, amended with Fe(III)-EDTA,
average of bottle #1 and 2 (M7-II-B-Fe(III)EDTA-1 and 2). The error bars represent the
data range.
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Figure 3.37. Microcosm results for Site #7, Set II-B, amended with Mn(IV), bottle #1
(M7-II-B-Mn(IV)-1) (a) and bottle #2 (M7-II-B-Mn(IV)-2) (b).
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Figure 3.38. Microcosm results for Site #7, Set II-B, amended with AQDS, average of
bottle #1 and 2 (M7-II-B-AQDS-1 and 2). The error bars represent the data range.
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Figure 3.39. Microcosm results for Site #7, Set II-B, amended with SO4, bottle #1 (M7II-B-SO4-1) (a) and bottle #2 (M7-II-B-SO4-2) (b).

159

VC
Methane
Headspace Vent

4.0

2.0
3.0

2.0
1.0
1.0

0.0
3.0 0

50

100

150

200

250

Time (days)

Ethenes (µmol/bottle)

5.0

a

Methane (µmol/bottle)

cDCE
Ethene
Glucose

0.0
300800

b

600

2.0
400
1.0
200

0.0

Methane (µmol/bottle)

Ethenes (µmol/bottle)

3.0

0
0

50

100

150

Time (days)

200

250

300

Figure 3.40. Microcosm results for Site #7, Set II-B, amended with glucose, bottle #1
(M7-II-B-G-1) (a) and bottle #2 (M7-II-B-G-2) (b).
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Figure 3.41. Microcosm results for Site #7, Set III-A, unamended, average of bottle #1,
2, 3 and 4 (M7-III-A-UA-1, 2, 3, and 4). Error bars represent the standard deviation.
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Figure 3.42. Microcosm results for Site #7, Set III-B, unamended, average of bottle #5
and 6 (M7-III-B-UA-1 and 2). Error bars represent the data range.
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Figure 3.43. Enrichment results from Site #7, Set I-A, unamended, average of bottle #1
and 2 (E7-I-UA-1 and 2) (a) and average of bottle #3 and 4 (E7-I-UA-3 and 4) (b). Error
bars represent the data range.
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Figure 3.44. Average VC consumed per treatment for the enrichment from Site #7, Set
I-A (E7-I). Error bars represent the data range.
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Figure 3.45. Microcosm results for Site #8, Set I, autoclaved control, average of bottle
#1, #2, and #3 (M8-I-AC-1, 2 and 3). Error bars represent the standard deviation.
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Figure 3.46. Microcosm results for Site #8, Set I, amended with oxygen, average of
bottle #1, #2, and #3 (M8-I-O2-1, 2, and 3). Error bars represent the standard deviation.
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Figure 3.47. Microcosm results for Site #8, Set I, amended with nitrate, average of
bottle #1, #2, and #3 (M8-I-NO3-1, 2, and 3). Error bars represent the standard deviation.
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Figure 3.48. Microcosm results for Site #8, Set I, amended with Fe(III), bottle #1 (M8-IFe(III)-1) (a); bottle #2 (M8-I-Fe(III)-2) (b); and bottle #3 (M8-I-Fe(III)-3) (c). The
circle around symbols for ethene indicate values that were measured with the Carbosieve
SII column, rather than the Carbopack B column ( ).
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Figure 3.50. Microcosm results for Site #8, Set I, amended with Fe(III)-EDTA, bottle
#1 (M8-I-Fe(III)EDTA-1) (a); bottle #2 (M8-I-Fe(III)EDTA-2) (b); and bottle #3 (M8I-Fe(III)EDTA-3) (c). The circle around symbols for ethene indicate values that were
measured with the Carbosieve SII column, rather than the Carbopack B column ( ).
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Figure 3.51. Microcosm results for Site #8, Set I, amended with SO4, bottle #1 (M8-ISO4-1) (a). Sulfate added and measured results (b).
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Figure 3.52. Microcosm results for Site #8, Set I, amended with SO4, bottle #2 (M8-I-ASO4-2) (a). Sulfate added and measured results (b).
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Figure 3.53. Microcosm results for Site #8, Set I, amended with SO4, bottle #3 (M8-I-ASO4-3) (a). Sulfate added and measured results (b).
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Figure 3.54. Microcosm results for Site #8, Set I, amended with glucose, bottle #1 (M8I-G-1) (a); bottle #2 (M8-I-G-2) (b); and bottle #3 (M8-I-G-3) (c). The circle around
symbols for ethene indicate values that were measured with the Carbosieve SII column,
rather than the Carbopack B column ( ).
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Figure 3.55. Microcosm results for Site #8, Set I, amended with glucose, L-asparagine,
and ferric citrate, bottle #1 (M8-I-GLF-1) (a); bottle #2 (M8-I-GLF- 2) (b); and bottle
#3 (M8-I-GLF-3) (c). The circle around symbols for ethene indicate values that were
measured with the Carbosieve SII column, rather than the Carbopack B column ( ).
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Figure 3.56. Average cumulative ethene consumption per treatment for Site #8, Set I
(M8-I).
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Figure 3.57. Average cumulative ethane production per treatment for Site #8, Set I (M8I).
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Figure 3.58. Average cumulative methane production per treatment for Site #8, Set I
(M8-I).
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Figure 3.59. Microcosm results for Site #8, Set II, autoclaved control, average of bottle
#1, #2, and #3 (M8-II-AC-1, 2 and 3). Error bars represent the standard deviation.
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Figure 3.60. Microcosm results for Site #8, Set II, amended with oxygen, average of
bottle #1, #2, and #3 (M8-II-O2-1, 2, and 3). Error bars represent the standard deviation.
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Figure 3.61. Microcosm results for Site #8, Set II, amended with oxygen, average of
bottle #1, #2, and #3 (M8-II-O2-1, 2, and 3). Error bars represent the standard deviation.
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Figure 3.62. Microcosm results for Site #8, Set II, unamended, average of bottle #1, #2,
and #3 (M8-II-NO3-1, 2, and 3). Error bars represent the standard deviation.
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Figure 3.63. Microcosm results for Site #8, Set II, amended with nitrate, average of
bottle #1, #2, and #3 (M8-II-NO3-1, 2, and 3). Error bars represent the standard deviation.
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Figure 3.64. Microcosm results for SiteTime
#8, Set
II, amended with Fe(III), bottle #1 (M8II-Fe(III)-1) (a); bottle #2 (M8-II-Fe(III)-2) (b); and bottle #3 (M8-II-Fe(III)-3) (c). The
circle around symbols for ethene indicate values that were measured with the Carbosieve
SII column, rather than the Carbopack B column ( ).
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Figure 3.65. Microcosm results for Site #8, Set II, amended with Fe(III), average of
bottle #1, 2 and 3 (M8-II-Fe(III)-1, 2, and 3).
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Figure 3.66. Microcosm results for Site #8, Set II, amended with Fe(III)-EDTA, bottle
#1 (M8-II-Fe(III)EDTA-1) (a); bottle #2 (M8-II-Fe(III)EDTA-2) (b); and bottle #3 (M8II-Fe(III)EDTA-3) (c). The circle around symbols for ethene indicate values that were
measured with the Carbosieve SII column, rather than the Carbopack B column ( ).
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Figure 3.67. Microcosm results for Site #8, Set II, amended with SO4, bottle #1 (M8-IISO4-1) (a). Sulfate added and measured results (b).
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Figure 3.68. Microcosm results for Site #8, Set II, amended with SO4, bottle #2 (M8-IISO4-2) (a). Sulfate added and measured results (b).
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Figure 3.69. Microcosm results for Site #8, Set II, amended with SO4, bottle #3 (M8-IISO4-3) (a). Sulfate added and measured results (b).
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Figure 3.70. Microcosm results for Site #8, Set II, amended with glucose, average of
bottle #1, 2 and 3 (M8-II-G-1, 2, and 3). The error bars represent the standard deviation.
The circle around symbols for ethene indicate values that were measured with the
Carbosieve SII column, rather than the Carbopack B column ( ).
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Figure 3.71. Microcosm results for Site #8, Set II, amended with glucose, L-asparagine,
and ferric citrate, average of bottle #1, 2, and 3 (M8-II-GLF-1, 2, and 3). The error bars
represent the standard deviation. The circle around symbols for ethene indicate values
that were measured with the Carbosieve SII column, rather than the Carbopack B column
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Figure 3.72. Average cumulative ethene consumption per treatment for Site #8, Set II
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Figure 3.73. Average cumulative ethane production per treatment for Site #8, Set II
(M8-II).
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Figure 3.75. Microcosm results for Site #9, amended with sulfate, bottle #1 (M9-SO4-1)
(a) and bottle #2 (M9-SO4-2) (b).
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Figure 3.76. Enrichment results from Site #8, Set I, amended with Fe(III), average of
bottle #1, 2, and 3 (E8-I-Fe(III)-1, 2, and 3). The error bars represent the standard
deviation.
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Figure 3.77. Enrichment results from Site #8, Set I, amended with Fe(III)-EDTA,
average of bottle #1, 2, and 3 (E8-I-Fe(III)EDTA-1, 2, and 3). The error bars represent
the standard deviation.
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Figure 3.78. Enrichment results from Site #8, Set I, amended with sulfate, average of
bottle #1, 2, and 3 (E8-I-SO4-1, 2, and 3). The error bars represent the standard
deviation.
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Figure 3.79. Enrichment results from Site #9, amended with sulfate, average of bottle
#1, 2, 3, and 4 (SO4 1, 2, 3, and 4) (a). Sulfate added and measured results (b).
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Figure 3.81. Enrichment results from Site #10, unamended, average of bottle #4, 5, and
6 (E10-UA-4, 5 and 6). The error bars represent the standard deviation.
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Figure 3.82. Microcosm results for Site #2, unamended, bottle #1 (M2-UA-1) (a).
Oxygen was added and measured (b).
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Figure 3.83. Microcosm results for Site #2, unamended, bottle #2 (M2-UA-2) (a).
Oxygen was added and measured (b).
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Figure 3.84. Microcosm results for Site #2, unamended, bottle #3 (M2-UA-3) (a).
Oxygen was added and measured (b).
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Figure 3.85. Microcosm results for Site #2, unamended, bottle #4 (M2-UA-4) (a).
Oxygen was added and measured (b).
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Figure 3.86. Microcosm results for Site #2, unamended, bottle #5 (M2-UA-5) (a).
Oxygen was added and measured (b).
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Figure 3.87. Microcosm results for Site #2, unamended, bottle #6 (M2-UA-6) (a).
Oxygen was added and measured (b).
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Figure 3.88. Microcosm results for Site #2, unamended, bottle #7 (M2-UA-7) (a).
Oxygen was added and measured (b).
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Figure 3.89. Microcosm results for Site #2, unamended, bottle #8 (M2-UA-8) (a).
Oxygen was added and measured (b).
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Figure 3.90. Microcosm results for Site #2, unamended, bottle #9 (M2-UA-9) (a).
Oxygen was added and measured (b).
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Figure 3.91. Microcosm results for Site #2, unamended, bottle #10 (M2-UA-10) (a).
Oxygen was added and measured (b).
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Figure 3.92. Microcosm results for Site #2, unamended, bottle #11 (M2-UA-11) (a).
Oxygen was added and measured (b).
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Figure 3.93. Microcosm results for Site #2, unamended, bottle #12 (M2-UA-12) (a).
Oxygen was added and measured (b).
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Figure 3.94. Enrichment results from Site #7, Set I, amended with oxygen, bottle #1, 2,
and 3 (E7-II-O2-1, 2, and 3). Error bars represent the standard deviation.
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Figure 3.95. Enrichment results from Site #7, Set I, amended with oxygen, bottle #4, 5,
and 6 (E7- II-O2-4, 5, and 6). Error bars represent the standard deviation.
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Figure 3.96. Enrichment results from Site #7, Set I, amended with oxygen and nitrate,
bottle #1 (E7- II-O2/NO3-1) (a), bottle #2 (E7-I-O2/NO3-2) (b), and bottle #3 (E7-IO2/NO3 -3) (c).
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Figure 3.97. Enrichment results from Site #7, Set I, amended with nitrate and acetate,
bottle #1, 2, and 3 (E7- II-NO3/AC-1, 2, and 3). Error bars represent the standard
deviation.
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Appendix A Media Protocol
Appendix A
Appendix A.1 Oxygen and Nitrate Media
Solution needed for media
- Salt Solution
In a 100 mL volumetric flask, add 20 mg of CaCl2ˑ2H2O, 100 mg of
FeSO4·7H2O, 40 mg of ZnSO4·7H2O, 24.6 mg of MnCl2·4H2O, 4 mg of
CuSO4·5H2O, 8 mg of CoCl2·6H2O, 200 mg of EDTA Acid, 4 mg of
Na2MoO4·2H2O. Then fill to 100 mL with DDI water.
-Redox Solution
In a 100 mL volumetric flask, add 0.1 g resazurin. Then fill to 10 mL with DDI
water.
Media Preparation
In a 1 L volumetric flask, add 3880 mg of K2HPO4, 1884 mg of NaH2PO4·H2O,
2000 mg of (NH4)2SO4, 100 mg of MgCl2·6H2O, 5 mL of salt solution, 1.0 mL of redox
solution. Then fill to 1 L with DDI water. Transfer to 1 L bottle and autoclave this
solution for 70 minutes on slow release.
Appendix A.2 Iron(III) One Media
Solution needed for media
-Salt Solution
In a 100 mL volumetric flask, add 50 mg of MnCl2·4H2O and 10 mg of
Na2MoO4·2H2O. Then fill to 100 mL with DDI water.
-Redox Solution
In a 100 mL volumetric flask, add 0.1 g resazurin. Then fill to 10 mL with DDI
water.
-Yeast Extract Solution
In a 100 mL volumetric flask, add 2.5 g yeast extract. Then fill to 100 mL with
DDI water.
Media Preparation
In a 1 L volumetric flask, add 600 mg of NaH2PO4·H2O, 1500 mg of NH4Cl, 100
mg of CaCl2·2H2O, 100 mg of MgSO4·7H2O, 100 mg of MgCl2·6H2O, 2500 mg of
NaHCO3, 100 mg of KCl, 100 mg of NaCl, 10 mL of salt solution, 1.0 mL of redox
solution. Then fill to 1 L with DDI water. Transfer to 1 L bottle and autoclave this
solution for 70 minutes on slow release. Lastly add 2 mL of sterilized yeast extract
solution.

210

Appendix A.3 Iron(III) Two Media
Solution needed for media
-Salt Solution
In a 100 mL volumetric flask, add 50 mg of MnCl2·4H2O and 10 mg of
Na2MoO4·2H2O. Then fill to 100 mL with DDI water.
-Redox Solution
In a 100 mL volumetric flask, add 0.1 g resazurin. Then fill to 10 mL with DDI
water.
-Yeast Extract Solution
In a 100 mL volumetric flask, add 2.5 g yeast extract. Then fill to 100 mL with
DDI water.
Media Preparation
In a 1 L volumetric flask, add 600 mg of NaH2PO4·H2O, 1500 mg of NH4Cl, 100
mg of CaCl2·2H2O, 10 mg of MgSO4·7H2O, 174 mg of MgCl2·6H2O, 2500 mg of
NaHCO3, 100 mg of KCl, 100 mg of NaCl, 10 mL of salt solution, and 1.0 mL redox
solution. Then fill to 1 L with DDI water. Transfer to 1 L bottle and autoclave this
solution for 70 minutes on slow release. Lastly add 2 mL of sterilized yeast extract
solution.
Appendix A.4 Sulfate Media
Solution needed for media
-Trace Metal Solution
In a 100 mL volumetric flask, add 1500 mg of FeCl2·4H2O, 190 mg of
CoCl2·6H2O, 100 mg of MnCl2·4H2O, 70 mg of ZnCl2, 6 mg of H3BO4, 36 mg of
Na2MoO4·2H2O, 24 mg of NiCl2·6H2O, and 2 mg of CuCl2·2H2O. Then fill to
100 mL with DDI water.
-Selenite Solution
In a 100 mL volumetric flask, add 2 mg of Na2SeO3 and 5 mg of NaHCO3. Then
fill to 100 mL with DDI water.
-Ferrous Solution
In a 100 mL volumetric flask, add 3 mg of FeCl2·4H2O and 5 mg of NaHCO3.
Then fill to 100 mL with DDI water.
-Redox Solution
In a 100 mL volumetric flask, add 0.1 g resazurin. Then fill to 10 mL with DDI
water.
-Yeast Extract Solution
In a 100 mL volumetric flask, add 2.5 g yeast extract. Then fill to 100 mL with
DDI water.
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Media Preparation
In a 500 mL volumetric flask, add 150 mg of NH4Cl, 150 mg of KCl, 75 mg of
CaCl2·2H2O, 500 mg of NaCl, 200 mg of MgCl2·6H2O, 435 mg of K2HPO4, 340 mg of
KH2PO4, 600 mg of NaHCO3, 1 mL of trace metal solution, 1 mL of selenite solution, 1
mL of ferrous solution, and 0.5 mL redox solution. Then fill to 1 L with DDI water.
Transfer to 1 L bottle and autoclave this solution for 70 minutes on slow release. Then
add 1 mL of sterilized yeast extract solution. Add 60 mg of Na2S·9H2O in a completely
anaerobic chamber and allow solution to turn from blue to clear.
Appendix A.5 Glucose Media
Solution needed for media
-Redox Solution
In a 100 mL volumetric flask, add 0.1 g resazurin. Then fill to 10 mL with DDI
water.
-Yeast Extract Solution
In a 100 mL volumetric flask, add 2.5 g yeast extract. Then fill to 100 mL with
DDI water.
Media Preparation
In a 1 L volumetric flask, add 280 mg of K2HPO4, 29 mg of (NH4)2HPO4, 35 mg
of NH4Cl, 4 mg of CaCl2·2H2O, 33 mg of FeCl3·6H2O, 0.8 mg of CoCl2·6H2O, 11 mg of
MgSO4·7H2O, 17 mg of MgCl2·6H2O, 200 mg of NaHCO3, 30 mg of KCl, 1.0 mL of
redox solution. Then fill to 1 L with DDI water. Transfer to 1 L bottle and autoclave this
solution for 70 minutes on slow release. Then add 2 mL of sterilized yeast extract
solution.
Appendix A.6 Glucose, L-Asparagine, Glucose Media
Solution needed for media
-Redox Solution
In a 100 mL volumetric flask, add 0.1 g resazurin. Then fill to 10 mL with DDI
water.
-Yeast Extract Solution
In a 100 mL volumetric flask, add 2.5 g yeast extract. Then fill to 100 mL with
DDI water.
Media Preparation
In a 1 L volumetric flask add, 3000 mg of K2HPO4, 800 mg of KH2PO4, 35 mg of
NH4Cl, 29 mg of (NH4)2HPO4, 4 mg of CaCl2·2H2O, 200 mg of MgSO4·7H2O, and 1 mL
of redox solution. Then fill to 1 L with DDI water. Transfer to 1 L bottle and autoclave
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this solution for 70 minutes on slow release. Then add 2 mL of sterilized yeast extract
solution.
Appendix A.7 CRP Enrichment Media
Solutions needed for media
- Phosphate buffer
In a 100 mL volumetric flask add 5.25 g K2HPO4. Then fill to 100 mL with DDI
water.
- Salt solution
In a 100 mL volumetric flask add 5.35 g NH4Cl, 0.46976 g CaCl2:2H2O, and
0.17787 g FeCl2:H2O. Then fill to 100 mL with DDI water.
- Trace metals solution
In a 100 mL volumetric flask add 0.03 g H3BO3, 0.0211 g ZnSO4:7H2O, 0.075 g
NiCl2:6H2O, 0.1 g MnCl2:4H2O, 0.01 g CuCl2:2H2O, 0.15 g CoCl2:6H2O, 0.002 g
Na2SeO3, 0.01 g Al2(SO4)3:16H2O, and 1 mL concentrated HCl. Then fill to 100
mL with DDI water.
- Magnesium sulfate solution
In a 100 mL volumetric flask add 6.25 g MgSO4:7H2O. Then fill to 100 mL with
DDI water.
- Bicarbonate solution
In a 500 mL volumetric flask add 8.0 g NaHCO3. Then fill to 500 mL with DDI
water.
- Redox solution
In a 10 mL volumetric flask add 0.01 g resazurin. Then fill to 10 mL with DDI
water.
- Ferrous sulfide solution
To be added directly to autoclaved media after adding filter-sterilized solutions
and placing in glove box. For 1 L, weigh out 0.24g of Na2S:9H2O and 0.1448g
FeCl2:H2O based on stock concentrations of 24 g/L and 14.48 g/L, into separate
vials. Add the Na2S:9H2O and allow media to clear. Add the FeCl2:H2O and
rinse both vials out with the 10 mL of autoclaved DDI water needed to balance
the solution and add to the media.
-Yeast extract solution
In a 100 mL volumetric flask add 0.5 g yeast extract. Then fill to 100 mL with
DDI water.
Media Preparation
In a 1 L bottle add 10 mL phosphate solution, 10 mL salt solution, 2 mL trace
metals solution, 2 mL magnesium sulfate solution, 1 mL redox solution, and 905 mL DDI
water. Autoclave this solution, and then add 50 mL filter sterilized bicarbonate solution
and 10 mL filter sterilized yeast extract. In the glove box, add the 10 mL ferrous sulfide
solution.
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Appendix B GC Standards and Response Factors
Appendix B
Appendix B.1 Carbopack and FID
Table B.1. GC FID Response Factors for Microcosms without Sediment.
GC RT Response Factor
Compound (min) (µmol/btl/PAUa)
Methane
0.466
1.9317E-06
Ethene
0.684
1.2687E-06
Ethane
0.777
1.0751E-06
VC
2.658
2.7328E-06
a
b

R2
9.99592E-01
9.99996E-01
9.99966E-01
9.99910E-01

Conversionb
Conversionb
Factor
Factor
(µmol/btl to µM) (µmol/btl to mg/L)
0.01401
0.00022
1.87126
0.05240
0.87873
0.02636
6.23455
0.38966

PAU = peak area units.
Based on liquid volume of 100 mL and gas volume of 60 mL at 23ºC.
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Figure B.1. GC FID Response Curves for Methane (a), Ethene (b), Ethane (c) and Vinyl
Chloride (d) with no sediment present in serum bottles (100 mL liquid and 60 mL
headspace).
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Table B.2. GC FID Response Factors for Microcosms without Sediment.
Compound
Methane
Ethene
Ethane
VC
a
b

GC RT Response Factor
(min) (µmol/btl/PAUa)
0.475
1.6039E-06
0.694
8.8545E-07
0.791
8.3625E-07
2.692
1.1636E-06

Conversionb
Conversion Factor
Factor
(µmol/btl to µM) (µmol/btl to mg/L)
0.01530
0.00024
2.39120
0.06695
1.02934
0.03088
13.26902
0.82931
b

R2
9.99361E-01
9.99468E-01
9.99734E-01
9.99516E-01

PAU = peak area units.
Based on liquid volume of 20 mL and gas volume of 55 mL at 23ºC.

20

25

y = 1.6039E-06x
R² = 9.9936E-01

Ethene (µmol/bottle)

Methane (umol/bottle)

25

15
10

a

5

0
5.0E+06

1.0E+07

1.5E+07

10

b

5

0.0E+00

y = 8.3625E-07x
R² = 9.9973E-01

15
10

c

5
0
0.0E+00

1.0E+07

Vinyl Chloride (µmol/bottle)

Peak Area

25

Ethane (µmol/bottle)

15

0

0.0E+00

20

y = 8.8545E-07x
R² = 9.9947E-01

20

25
20

1.0E+07

2.0E+07

Peak Area
y = 1.1636E-06x
R² = 9.9952E-01

15
10

d

5
0

0.0E+00 5.0E+06 1.0E+07 1.5E+07 2.0E+07

2.0E+07

Peak Area

Peak Area

Figure B.2. GC FID Response Curves for Methane (a), Ethene (b), Ethane (c) and Vinyl
Chloride (d) with sediment present in serum bottles (20 mL liquid and 55 mL headspace).
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Table B.3. GC FID Response Factors for Microcosms with Sediment.
Compound
Methane
Ethene
Ethane
VC
a
b

GC RT Response Factor
(min) (µmol/btl/PAUa)
0.481
3.4187E-06
0.704
1.9134E-06
0.800
1.7628E-06
2.731
2.6080E-06

Conversionb
Conversion Factor
Factor
(µmol/btl to µM) (µmol/btl to mg/L)
0.00850
0.00014
1.30419
0.03652
0.56731
0.01702
6.68207
0.41763
b

R2
9.99803E-01
9.99541E-01
9.99616E-01
9.99972E-01

PAU = peak area units.
Based on liquid volume of 50 mL and gas volume of 99 mL at 23ºC.

200

50

y = 3.4187E-06x
R² = 9.9980E-01

Ethene (µmol/bottle)

Methane (µmol/bottle)

250

150
100

a

50

0
2.0E+07

4.0E+07

6.0E+07

30
20

b

10

0.0E+00

Peak Area

50

y = 1.7628E-06x
R² = 9.9962E-01

40

30

1.0E+07

2.0E+07

Peak Area
y = 2.6080E-06x
R² = 9.9997E-01

30

20

20

c

10
0
0.0E+00

Vinyl Chloride (µmol/bottle)

50

Ethane (µmol/bottle)

y = 1.9134E-06x
R² = 9.9954E-01

0

0.0E+00

40

40

1.0E+07

d

10

2.0E+07

0
0.0E+00 5.0E+06 1.0E+07 1.5E+07 2.0E+07

Peak Area

Peak Area

Figure B.3. GC FID Response Curves for Methane (a), Ethene (b), Ethane (c) and Vinyl
Chloride (d) with sediment present in serum bottles (50 mL liquid and 99 mL headspace).
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Appendix B.2 Carbosieve and FID
Table B.4. GC FID Response Factors for Microcosms with Sediment.
Compound
Methane
Ethene
Ethane
a
b

GC RT Response Factor
(min) (µmol/btl/PAUa)
0.481
5.1114E-06
0.704
3.8538E-06
0.800
2.6456E-06

Conversionb
Conversion Factor
Factor
R2
(µmol/btl to µM) (µmol/btl to mg/L)
9.99992E-01
0.00850
0.00014
9.99643E-01
1.30419
0.03652
9.99804E-01
0.56731
0.01702
b

PAU = peak area units.
Based on liquid volume of 50 mL and gas volume of 99 mL at 23ºC.
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Figure B.4. GC FID Response Curves for Methane (a), Ethene (b), and Ethane (c) with
sediment present in serum bottles (50 mL liquid and 99 mL headspace).
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Appendix B.3 Carbopack and TCD
Table B.5. GC TCD Response Factors for Microcosms without Sediment.
Compound
Oxygen
a
b

GC RT Response Factor
(min) (µmol/btl/PAUa)
3.315
3.8368E-03

Conversionb
Conversion Factor
Factor
R2
(µmol/btl to µM) (µmol/btl to mg/L)
9.99884E-01
b

PAU = peak area units.
Based on liquid volume of 100 mL and gas volume of 60 mL at 23ºC.

Oxygen (µmol/bottle)

300

200

y = 3.8368E-03x
R² = 9.9988E-01

100
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Peak Area

Figure B.5. GC FID Response Curves for
Oxygen with no sediment present in serum
bottles (100 mL liquid and 60 mL headspace).
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Table B.6. GC TCD Response Factors for Microcosms with Sediment.
Compound
Hydrogen
Oxygen

PAU = peak area units.
Based on liquid volume of 50 mL and gas volume of 99 mL at 23ºC.
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Hydrogen (µmol/bottle)

b

y = 1.7020E-04x
R² = 9.9990E-01

100

a

0
0.0E+00

5.0E+05

1.0E+06

Peak Area
1250

Oxygen (µmol/bottle)

a

GC RT Response Factor
(min) (µmol/btl/PAUa)
1.287
1.7020E-04
3.315
5.6898E-03

Conversionb
Conversion Factor
Factor
R2
(µmol/btl to µM) (µmol/btl to mg/L)
9.99896E-01
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Figure B.6. GC FID Response Curves for
Hydrogen (a) and Oxygen (b) with sediment
present in serum bottles (50 mL liquid and 99 mL
headspace).
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Appendix C HPLC Standards and Response Factors
Appendix C
Table C.1. HPLC Response Factor for Acetate.
Date of
Results
10/29/2009
4/16/2010
5/10/2010

Acetate
Response Factor
(mM/PA)
6.197E-06
6.411E-06
6.433E-06

R2
0.99999
0.99981
0.99995

Acetate (mM as Ac-)

12
10

8

y = 6.1973E-06x
R² = 9.9999E-01

6
4
2
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Figure C.1. HPLC Response Factor Curve from 10/29/09 on an
Aminex® HPX-87H ion exclusion column.
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Figure C.2. HPLC Response Factor Curve from 5/10/10 on an
Aminex® HPX-87H ion exclusion column.
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Appendix D IC Standards and Response Factors
Appendix D
Table D.1. IC Response Factor for Nitrate and Sulfate.
Nitrate
Response Factor
(mM/PA)
0.2380
0.2352
0.2321
0.2330
0.2356
0.2382
0.2422

R2
0.9995
0.9936
0.9947
0.9952
0.9927
0.9981
0.9991

1.25

Nitrate (mM as NO3 -)

Nitrate (mM as NO3 -)

Date of
Results
1/28/2010
2/11/2010
3/8/2010
3/27/2010
4/20/2010
5/10/2010
5/27/2010

y = 0.24228x
R² = 0.99909

1.00
0.75
0.50
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Figure D.1. IC Response Factor Curve for Nitrate (a) and Sulfate (b) from 2/4/10 and
Nitrate (a) and Sulfate (b) from 5/27/10 on Dionex IonPac® AS11 Anion-Exchange
Column.
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