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CHAPTER 1

Introduction

Contaminated groundwater systems have become a nationwide problem. For
example, a national assessment of 55 volatile organic compounds (VOCs) in groundwater
by the United States Geological Survey found that 42 of the 55 VOCs were detected in
one or more aquifer samples (Zogorski et al., 2006). Although the concentrations were
generally low (<1 pg/L), VOCs were detected in 90 of 98 aquifer studies, indicating their
ubiquitous nature and the vulnerability of aquifers to low level contamination. Among
the factors most commonly associated with the presence of VOCs in aquifers were
gasoline storage release sites. A variety of technologies are available for remediation of
ground water systems impacted by gasoline and other petroleum hydrocarbons.

However, some conventional technologies such as pump-and-treat, activated carbon
systems and soil venting can be expensive, consume large amounts of energy and do not
destroy contaminants. Furthermore, untenable clean up timeframes and the geological
site characteristics also limit remediation of contaminated sites by these technologies.
These limitations demonstrate the need for further investigation into alternatives to
current, conventional clean-up technologies (NRC, 1993). In particular, these limitations
have continued to spur investigations into in Situ bioremediation, i.e., the use of
microbiological activity to destroy or immobilize contaminants in place. Both engineered
in situ bioremediation and monitored natural attenuation or intrinsic bioremediation are

becoming increasingly popular (NRC, 1993).



1.1 Insitu Bioremediation

In situ bioremediation, both engineered and intrinsic, offers great potential for
environmental cleanup due to the vast array of contaminants that microbes can potentially
destroy or transform (Rittmann et al., 1994). In many instances, the native bacteria can
degrade the contaminants of concern via existing metabolic pathways, either as electron
donors (e.g., petroleum hydrocarbons) or electron acceptors (e.g., highly halogenated
solvents). As a result, in situ bioremediation technologies can often be less costly, and
safer for the surrounding environment, than other, conventional clean up methods (NRC,
1993). Furthermore, and most importantly, in situ bioremediation typically uses the
naturally occurring microorganisms to destroy or transform hazardous contaminants to
less harmful forms, rather than transfer the contaminant to another phase.

Nevertheless, despite the great potential for microorganisms to destroy or
transform contaminants, there are several factors that make engineered and intrinsic in
situ bioremediation technically challenging. In particular, one key challenge in applying
in situ bioremediation is how to evaluate the success of the process, i.c., are the
contaminant concentrations declining and are the microbes responsible (NRC, 1993).
Further, it must be determined whether the microorganisms are capable of reducing the
contaminant concentrations at a rate that is faster than the migration of the contaminant
plume, which depends on the biodegradability of the contaminant as well as the site’s
geological and chemical characteristics.

1.2 Evaluating In situ Bioremediation
Evaluating the success of in situ bioremediation is made challenging by the

heterogeneous, dynamic and inaccessible nature of the subsurface. Furthermore, there is



unfortunately no one piece of evidence that can unambiguously show that bioremediation
has been successful, i.e., demonstrating that the microorganisms have or can clean up a
contaminated site (NRC, 1993). In response to this challenge, the National Research
Council’s (NRC) Committee on In situ Bioremediation recommended an evaluation
strategy based on multiple, independent converging lines of evidence be used to measure
the success of in situ bioremediation. Specifically, it was recommended that such a
general strategy include three types of data:

1. documented loss of contamination from the site,

2. laboratory assays showing that microorganisms at the site have the potential to

transform the contaminants and,

3. one or multiple pieces of evidence showing that biodegradation potential is

actually occurring at the field site.
These three, independent types of evidence, when analyzed together, increase the
capability for evaluating whether or not an in situ bioremediation application at a given
location is successful. Based on this guidance, several field protocols for evaluating the
success of In situ bioremediation have been developed (e.g., (Wiedemeier et al., 1999)).

Of the three types of evidence suggested by the NRC (1993), the most critical and
difficult to obtain is the third type, that linking in Situ contaminant removal with
microbial activity, which establishes a cause and effect relationship. Unfortunately,
microbial mechanisms that occur within the sub-surface usually cannot be measured
directly. However, bacterial metabolism of contaminants often consume or produce other
materials that leave “footprints” of microbial processes that can be measured thereby

providing evidence of biodegradation (NRC, 2000). Typical footprints useful for



demonstrating biodegradation at petroleum-contaminated sites include numbers of
bacteria, rates of biological activity, carbon stable isotopes, metabolic byproducts,
intermediary metabolites, growth-stimulating materials and the ratio of non-degradable to
degradable compounds (Seagren and Becker, 2002).
1.3 Increasing Importance of Evaluating Bioremediation

As bioremediation technologies advance, moving from the laboratory to the field,
the importance of sound techniques for documenting the success of in situ bioremediation
will also increase (NRC, 1993). Correspondingly, the NRC Committee on In Situ
Bioremediation recommended that further research be performed in the area of
developing innovative site characterization techniques (NRC, 1993). Specifically, they
noted that, “rapid, reliable, and inexpensive site characterization techniques would have a
significant impact on the ease of evaluating bioremediation.” This remains a rich area for
research today, as measurement and interpretation of the footprints of microbial
metabolism using available techniques are often complicated and/or ambiguous (Becker
et al., 2005). Therefore, this research focused on demonstrating the use of threshold
acetate levels as a biodegradation footprint monitoring tool for evaluating the success of

in situ bioremediation.



CHAPTER 2

Scope of Study and Objectives

One of the major challenges associated with the successful implementation of
intrinsic or engineered in Situ bioremediation is how to demonstrate that the
contaminant(s) of concern is(are) being destroyed and that the contaminant removal is a
result of microbiologically-mediated processes. As discussed further in Chapter 3, it is
generally not easy to directly measure these microbial processes. However, these
processes often leave “footprints” that can be monitored. For example, key intermediate
products of microbial metabolism have been shown to provide useful indicators of the
predominant microbially-mediated electron-accepting reactions. Under anaerobic
conditions, hydrogen and organic acids, such as acetate, are key intermediates in the
terminal electron accepting processes (TEAPs) of interest (Figure 2.1) (Lovley and
Phillips, 1987b). Correspondingly, hydrogen concentrations have been proposed as a
universal indicator of the predominant TEAPs within a given system. In fact, the use of
hydrogen as a footprint for identifying the shift in dominant TEAPs of contaminated sites
has been widely studied (Lovley et al., 1994c; Vroblesky et al., 1997; Lu et al., 2001).
The results of these studies have demonstrated that characteristic ranges of H
concentrations exist for various TEAPs. Nevertheless, there are several difficulties
associated with this approach. For example, in order to identify the aqueous threshold
values of H, (nM) in a system, a highly sensitive reduction gas detector is required. As a

result of such challenges, alternative techniques for providing an indicator of the



predominant TEAP continue to be explored. As shown in Figure 2.1, acetate and H, play
a similar role in anaerobic metabolism.

Therefore, in the larger project of which this research is a part, it is hypothesized
that different characteristic threshold acetate concentrations also occur in regions of
contaminant plumes that are dominated by different TEAPs and could be a useful
component of bioremediation monitoring programs as potential indicators of dominant
TEAPs. Specifically, based on thermodynamic considerations outlined below, the
characteristic acetate thresholds are expected to increase as the amount of energy released

by electron acceptor reduction decreases.

Mixed
complex
organic
materials
Hydrolysis l,
Organic
monomers
Fermentation l
Alcohols
and
acids
Acetate
and
hydrogen
formation
Acetale
Oxidation

Sulfate > Sulfide
Iron (11T) > Iron (II)
.% Carbon
Dioxide > Methane

Figure 2.1 Biodegradation pathways for complex organic compounds under anaerobic
conditions (Rittmann and McCarty, 2001).




The overall goal of this research was to examine this hypothesis by performing
proof-of-concept experiments using environmental samples in order to demonstrate that
acetate thresholds do occur and are influenced by the dominant TEAP. To accomplish
this goal, this study had two specific objectives and corresponding experimental stages.
First, an evaluation was performed to characterize the TEAPs that initially dominated
within a selected contaminated sediment. Second, the acetate thresholds and appropriate
indicators of TEAPs were measured in the contaminated sediment samples when
dominated by different TEAPs.

The following chapters describe in detail this experimental study for evaluating
the use of acetate thresholds as indicators of the dominant TEAPs in contaminated
sediments. First, Chapter 3 provides a literature review of the key topics relevant to this
study. Next, Chapter 4 describes in detail the experimental materials and methods used
in conducting this research. Then, the experimental results are presented and discussed in
Chapter 5. Finally, Chapter 6 provides a summary of the key findings and conclusions of

this research.



CHAPTER 3

Literature Review

3.1 Demonstrating In situ Bioremediation

Petroleum hydrocarbon contamination is an excellent candidate for cleanup by
engineered in Situ bioremediation, or intrinsic in Situ bioremediation, given the
widespread presence of hydrocarbon degraders in the environment (Rittmann et al.,
1994). Nevertheless, one of the ingredients to widespread acceptance of in situ
bioremediation has been a lack of an agreed upon approach for demonstrating that in situ
bioremediation is occurring and that the rates of degradation are significant enough to
limit the threat to human health and the environment (NRC, 1993).

Obviously, demonstrating loss of contaminants through biodegradation is by far
the most critical observation for successful in situ bioremediation, but it is made
challenging by three main factors. First, the complex nature of groundwater systems can
affect the ability to measure concentrations. Second, contaminant concentrations may
decrease in specific spatial locations but quite possibly could transform to another equally
or more hazardous chemical form. Finally, reactions that initiate contaminant
degradation may not be sustainable for the life of the contamination (NRC, 2000).

Because of the challenges associated with monitoring in Situ bioremediation, most
of the protocols developed for providing evidence of successful in situ bioremediation
use a multiple lines of evidence approach, as described by the National Research Council
(1993). Three types of evidence are required in such an approach, and the different

protocols all use variation on this theme (Wiedemeier et al., 1999). The first type of



evidence is documenting the loss of contaminants from the site (Wiedemeier et al., 1996).
The second type of evidence requires information from the literature or microbial assays
from the site that can be used to determine if the site has the potential to transform the
contaminants with the given conditions. Finally, the third necessary line of evidence is
that which demonstrates that biodegradation is actually occurring in the field site
location. The latter type of evidence is the most difficult to obtain and focus of this
research.

Techniques for demonstrating that biodegradation is actually occurring in the field
requires a thorough evaluation of the characteristics of the contaminated site’s microbial
population and chemistry. However, microbial mechanisms in contaminated sediments
are not easily measured due to the heterogeneous, inaccessible, and dynamic nature of the
subsurface. In addition, the simple cause-and-effect measurements of microbial
processes that are easily obtained in laboratory experiments are difficult to duplicate at
complex field sites.

3.2 Microbial Footprints
3.2.1 Concept

Although the mechanisms used to degrade contamination in the subsurface are not
easily measured directly, these processes often leave evidence of degradation in the form
of “footprints,” such as changes in the concentrations of electron donors and electron
acceptors that can be used as indicators of the effectiveness of in situ bioremediation
(Becker et al., 2005). Thus the monitoring of the loss of contaminants coupled with such
footprints helps establish the cause and effect relationship necessary for documenting

bioremediation, although there may not always be a basic connection (NRC, 2000).



3.2.2 Key processes used to monitor footprints

In the following paragraphs the key bioremediation footprints are briefly reviewed
including: electron acceptors and/or their reduced products processes, inorganic carbon,
alkalinity, metabolic intermediates, oxidation-reduction (redox) potential, microbial
numbers and activity, carbon stable isotopes and finally the ratio of non-degradable to
degradable substrates (NRC, 1993). Then, in the subsequent two sections the monitoring
of terminal electron-accepting processes and redox potential are examined in more detail.
3.2.2.1 Electron accepting processes

The many bacteria present in the subsurface at petroleum hydrocarbon-
contaminated sites, degrade organic contaminants by using them as electron donors, and
in the process, consuming inorganic compounds like nitrate (NO5"), ferric iron (Fe(III)),
sulfate (SO4%), or carbon dioxide (CO,) as terminal electron acceptors. Thus, monitoring
the loss of electron donor contaminants and correlating it with the consumption of
electron acceptors yields evidence that bioremediation is occurring or has occurred. For
example, Lovley (1997a) demonstrated that the decrease in Fe(IIl) concentrations and the
increase of Fe(Il) concentrations during petroleum hydrocarbon oxidation was evidence
of contaminant loss through iron reduction.
3.2.2.2 Inorganic carbon

In microbially-mediated reduction processes for the mineralization of petroleum
hydrocarbons, bacteria produce inorganic carbon, present as either a gas, COx(g), Or as
dissolved CO, or HCOj;". Therefore, increased levels of inorganic carbon can yield
evidence of active biodegradation. However, as discussed further below, accurately

measuring the dissolved inorganic carbon resulting from biodegradation is challenging
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due to the carbonate buffering capacity of groundwater, which is usually measured as
alkalinity (Seagren and Becker, 2002).
3.2.2.3 Alkalinity

Alkalinity can also be a useful footprint mechanism, but some caution is required
when interpreting alkalinity data, as previously mentioned. Dissolved CO, produced
during microbially- mediated biodegradation is rapidly transformed to carbonic acid
(H>COs3), which increases the acidity of the groundwater system. The carbonic acid may
dissolve carbonate minerals if present, and thereby increase the alkalinity. However,
addition of carbonic acid itself does not affect the alkalinity because alkalinity is a
measurement of the proton deficiency with respect to the reference proton level, which is
CO; (Stumm and Morgan, 1996). On the other hand, proton consumption under nitrate-,
iron-, and sulfate-reducing conditions will result in an increase in total alkalinity that can
be used as a footprint of bioremediation.
3.2.2.4 Metabolic intermediates

Many microbially-mediated processes for the transformation of contaminants
result in the formation of metabolites, which can potentially be used as footprints of the
biodegradation process of interest. For example, hydrogen and organic acids are key
intermediates in the anaerobic metabolism of organic compounds including petroleum
hydrocarbons. Therefore, the formation of organic acids could conceivably provide a
footprint of petroleum hydrocarbon biodegradation. In fact, at several petroleum
hydrocarbon contaminated sites, various aliphatic and aromatic acids were detected in
anoxic contaminated plumes (e.g., (Cozzarelli et al., 1990; Kampbell et al., 1996)), as

discussed further below. However, using organic acid concentrations as a footprint of

11



viable degradation poses some challenges. For example, the fate of organic acids in the
subsurface is often diverse and complex because many organic acids are both biologically
and geochemically reactive, which may make it difficult to directly relate organic acid
concentrations with microbial processes.
3.2.2.5 Oxidation-Reduction (Redox) potential

As reviewed further below, as organic contaminants in the subsurface are
biodegraded, there is typically a sequential depletion of the most energetically-favorable
electron acceptors. Correspondingly, the redox potential of a particular subsurface
environment should theoretically decrease as biodegradation proceeds and provide an
indicator of the electron accepting processes that occur within the subsurface. Thus, the
fate and transport of contaminants can theoretically be predicted using redox potentials
because redox processes affect the rate and extent of biodegradation of the organic
compounds (Chapelle et al., 1996). The most common method for monitoring redox
processes is the use of platinum electrode probe to measure the redox potential (Ey)
(Chapelle et al., 1996); however, as discussed below (section 3.4) such measurements are
subject to several well known shortcomings. Thus, alternative methods for assessing
redox potential in complex systems are needed. The potential usefulness of H, and
organic acid concentrations as tools for monitoring redox potentials is discussed in more
detail in section 3.4.
3.2.2.6 Microbial Activity and Numbers

Successful bioremediation is highly dependant upon cell growth. Thus, an overall
increase in biomass as a result of contaminant degradation can be used as a footprint of

biodegradation. For example, petroleum hydrocarbon metabolism is often associated
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with microbial growth as demonstrated by Salanitro (1993) who demonstrated that with
respect to microbial numbers at a petroleum hydrocarbon contaminated site, found that
the highest presence of hydrocarbon-degrading microorganisms were located close to the
hydrocarbon source, possibly due to substrate enrichment.
3.2.2.7 Carbon stable isotopes

As reviewed above, although changes in dissolved inorganic carbon or soil gas
CO; can be an indicator of contaminant mineralization, interpretation of such changes
can be made challenging due to abiotic processes such as dissolution of minerals or
atmospheric COxg) (Seagren and Becker, 2002). Carbon stable isotopes can be a useful
tool for interpreting such challenging dissolved organic carbon measurements.
Specifically, the correlation between contaminant degradation and the formation of
inorganic carbon can be examined through the use of the '*C:'*C stable isotope ratio,
which is expressed as 8'°C. A positive change in 8"°C represents an enrichment of >C
compared to '*C, and a negative change represents an enrichment of '?C compared to "°C.
For example, inorganic carbon from carbonate minerals or the dissolution of atmospheric
CO, contains more 1C than carbon derived from most organic contaminants. Thus, if the
inorganic C from the site has a more negative 8'°C value than the inorganic carbon from
mineral sources, then it is concluded that the C comes from biodegradation (NRC, 1993).
3.2.2.8 Ratio of degradable to non-degradable substrates

Normally, contaminated sites contain a mixture of many contaminants. Some of
these compounds may be completely resistant to biodegradation and thus can serve as
biomarkers of the biodegradation of other compounds in the mixture. Thus, the ratio of

biodegradable to non-biodegradable organic compounds should decrease with time as the
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amount of biodegradable substances is transformed or mineralized (NRC, 1993) and
could serve as an indicator of bioremediation. Ideal biomarker compounds are not only
non-biodegradable, but also have similar physical/chemical properties to the degradable
compound of interest.
3.2.3 Summary

Clearly, there are potentially several footprints of microbial processes that could
be used for assessing in situ bioremediation at a given site. However, as indicated above
and reviewed by Seagren and Becker (2002), measuring footprints as quantitative
indicators to establish the link between microbial activity and contaminant removal in
bioremediation can be challenging, particularly for CO, and alkalinity. Thus, it is
necessary to measure several footprints to establish a weight-of-evidence that can be used
to demonstrate successful bioremediation (NRC, 2000). Of the microbial footprints
reviewed above, one of the most important and commonly applied for petroleum
contaminated plumes, and the focus of this research, is demonstrating that a shift occurs
in the predominant TEAP of a contaminated environment. Therefore, indicators of the
dominant TEAPs are reviewed in more detail in the next section.
3.3 Terminal Electron Acceptors

Microbially-mediated electron-accepting processes play a major role in the
bioremediation of petroleum hydrocarbon contaminated sites. Specifically, the petroleum
hydrocarbons typically serve as an electron donor by bacteria native to a site. Generally,
this hydrocarbon oxidation is initially coupled to the reduction of the available oxygen.
This is because, if possible, these microbial communities typically utilize the most highly

oxidized electron acceptor, which yields the most energy. A variety of terminal electron
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acceptors used in respiring processes is listed in reverse order of energy yield in Table
3.1. Typically, the mass of electron donors supplied by the spilled petroleum
hydrocarbons greatly exceeds the oxygen available to be used as an electron acceptor,
and the aerobic bacteria quickly deplete the available oxygen, creating anaerobic
conditions. Theoretically, in environments where oxygen has been depleted, the
remaining available electron acceptors are depleted by anaerobic hydrocarbon-oxidizing
bacteria in the order of decreasing free energy change for the electron acceptor half
reactions. In the process of anaerobic respiration process, inorganic compounds like
nitrate (NOj3"), ferric iron (Fe(IIl)), sulfate (SO4>), and carbon dioxide (CO,) become the
electron acceptors. Important byproducts of these anaerobic respiratory processes are
nitrogen gas or ammonium, reduced forms of metals, hydrogen sulfide, and methane,

respectively (NRC, 1993).

Table 3.1. Redox pairs in aerobic and anaerobic environments. (Baker and Herson, 1994)

Redox En Microbial
Pair pE (volts) Process Soil Type
CO,/CHy -7 -0.42 Methanogenesis Highly reduced
COy/acetate -5 -0.28  Homoacetogenesis  Highly reduced
SO42'/H28 -4 -0.22 Sulfate Reduction Highly reduced
Moderately
NO3;/NO, 7.1 042 Nitrate Reduction reduced
NO57/N, 12 0.74 Denitrification Anoxic/oxidized
Fe’'/Fe*™ 13 0.76 Iron Reduction  Anoxic/oxidized
Aecrobic
0,/H,0O 14 0.82 Respiration Oxidized
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As aresult of these trends, it is generally expected that shifts in the predominant
TEAP will occur over time and distance from the source zone, as biodegradation
proceeds in petroleum hydrocarbon contaminated plumes and consumes the most
preferential TEA. Thus, demonstrating a shift from aerobic to anaerobic TEAPs is key to
demonstrating that hydrocarbon contaminant biodegradation is occurring. In addition,
knowing the predominant TEAP is also helpful for predicting the potential
biotransformations that may occur.

Ground water systems can be monitored to determine the predominant TEAPs
within each system by measuring removal of the oxidized form of the electron acceptor
or the production of the reduced form of the electron acceptor (Chapelle et al., 1996;
McGuire et al., 2000; Smith, 2002). Lovley et al. (1994c¢) noted that there are several
ways to monitor TEA loss and the accumulation of by-products that can aid in properly
determining TEAP spatial zones. For example, the loss of Fe(IlI) and the lack of sulfide
accumulation or methanogenesis can reasonably reveal that a site is dominated by iron
reducers that out compete sulfate-reducers and methanogens for electron donors.

Nevertheless, obtaining such evidence of electron acceptor consumption can be
challenging for subsurface samples, especially when the entire suite of potential oxidized
and reduced forms of electron acceptors is considered. For example, difficulties arise
because monitoring the presence or absence of end products may or may not identify all
microbiological reactions that are occurring. Redox reactions and their products are a
function of one-dimensional analysis and do not always clearly define the entire system
(McGuire et al., 2000). For instance, sulfate reducing zones may not be easily definable

by monitoring the decrease in sulfate concentration and/or production of sulfide . Sulfate
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is replenished from existing mineral sources (Plummer et al., 1990) and likewise
dissolved sulfides are easily precipitated in the presence of metals; therefore, sulfide is
not a quantifiable indicator of sulfate reduction (Chapelle et al., 1995). Another
complication is that TEAPs occur on extremely small spatial scales at the microbial level
in comparison with the regional scale of contamination. Thus, measurement of these
processes is a challenging but necessary task in documenting in situ bioremediation.
3.4 Redox potential

An alternative approach for demonstrating a shift in TEAPs, instead of monitoring
removal of the oxidized form of the electron acceptor or the reduced product, is to
monitor for shifts in the redox potential. The classic technique for monitoring is a redox
potential is using platinum electrode measurements (Table 3.1). However, such
measurements in environmental samples have been widely questioned for their reliability
because of the redox disequilibrium (Keating and Bahr, 1998) and also due to the
overlapping redox potentials for varying reactions (Lovley and Goodwin, 1988). For
example, platinum electrode measurements require the redox pairs to be in equilibrium,
but natural aquatic environments are seldom in total equilibrium. One main reason for
the lack of equilibrium is how the speciation or complexation of metals affects the redox
potential. Most importantly, the complexing of iron is extremely prevalent in natural
aquatic environments, and the redox potential for iron decreases in the presence of
complex formers or chelates such as citrate and silicate. These chelators are known to
form stronger bonds with Fe(IIl) than Fe(Il) (Stumm and Morgan, 1996). Nevertheless,
despite the shortcomings of this method, it continues to be widely used, simply because

these measurements are easily obtained in a field environment.
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As noted above, one potential alternative to using a platinum electrode is to use
H, and organic acid concentrations as indicators of the redox potential. Competitive
interactions between different electron accepting processes have been modeled for both
H,-consuming and acetotrophic environments as a means for defining site characteristics
and degradation potential (Lovley, 1985; Lovley and Goodwin, 1988; Conrad, 1996; He
and Sanford, 2004). In particular, aqueous hydrogen concentrations may be a
microbially-controlled, nonequilibrium alternative to the master variable pe as an
indicator of the redox reactions that take place in contaminated sediments (Lovley et al.,
1994c). In fact, measuring H, has proven to be a successful approach for monitoring the
redox potential (Chapelle et al., 1995; McGuire et al., 2000). H,is applicable to a range
of redox reactions and is dynamic enough to be applied across an entire system (Lovley
and Goodwin, 1988).

The rationale for this approach can be explained as follows. Organic molecules,
through the process of sequential hydrolysis and fermentation produce H,, acetate, and
COg; therefore, H, and acetate are known to be key intermediates in organic
mineralization processes (Novelli et al., 1988). During anaerobic metabolism under
electron acceptor-depleted conditions, fermentation of organic matter produces hydrogen
H:

(CH,0), +nH,0 — NCO, + 2nH, (3.1)

where (CH,0), is a carbohydrate-like organic compound (Hoehler et al., 1998).
In contaminated plumes and other complex environments, as H; is produced, it is

quickly consumed by and limits, respiratory microorganisms as an electron donor for
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various TEAPs, e.g. using compounds like nitrate, sulfate and carbon dioxide as terminal

electron acceptors:

2nH, + mX,, »> mX , +zH,0, (3.2)

where Xox and X;eq are the oxidized and reduced forms of the inorganic electron
acceptor, e.g. SO4* and H,S, or Fe(III) and Fe(I) (Hoehler et al., 1998). The coupling of
anaerobic fermentation and respiration processes via H, was first termed interspecies
hydrogen transfer by lannotti and Kafkewit (1973).

Lovley and Goodwin (1988) showed that with pure cultures of hydrogen-
consuming organisms, for each electron acceptor, there existed a hydrogen threshold
concentration below which hydrogen could no longer be utilized by the cells. Based on
these results, they proposed that dissolved H, concentrations could be used as a universal
indicator of the predominant TEAP in sediment systems. They used the concept of Spin
to explain the relationship between H, and dominant TEAPs in anaerobic systems.

Based on Monod kinetics, S, can be defined as the substrate concentration
below which steady-state biomass cannot be supported. Thus, for suspended growth
microbial cultures, this concentration, Sy, represents steady-state threshold below which
biomass washout occurs and for a steady-state biofilm it represents the steady-state
threshold concentrations below which net biomass decay occurs. Sy, can be calculated

as:

" (33)
Yq,. —Db

where Kj is the half saturation constant describing the affinity of cells for the substrate

(S), b is the cell decay coefficient, qmax 1s the maximum specific substrate utilization rate,

and Y is the cell yield coefficient (Rittmann et al., 1994; Becker et al., 2005). Based on
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equation 3.3, Sy, is a function of Y, which is controlled by the thermodynamics and
stoichiometry of the electron donor, electron acceptor, and synthesis half reactions
(McCarty, 1972), and kinetic factors such as K. Thus, according to equation 3.3,
assuming Hy is the limiting substrate, and K does not vary significantly among the
TEAPs, as the predominant TEAP becomes less energetically favorable (i.e. AG*”
decreases), the yield is reduced and S,,;, threshold will increase.

It has been well documented that hydrogen threshold concentration levels do tend
to be inversely related to changes in the Gibbs free energy (AG®”) of the TEAPs (Table
3.2). That is, in the order of decreasing available free energy, microorganisms uptake
decreasing amounts of H, (Vroblesky et al., 1997). Thus hydrogen threshold
concentrations decrease in order from least to most energetically favorable TEAP:
acetogenesis > methanogenesis > sulfate reduction (sulfidogenesis) > Fe(III) reduction >
Mn(IV) reduction > denitrification (Loffler et al., 1999). For instance, because nitrate is
the most efficient metabolic process listed above, microbes in the denitrification zone
will be able to maintain H, concentration levels at a threshold well below the rest of the
other processes. Similarly, if Fe(IlI) is available in a system, then hydrogen
concentrations will be maintained at a concentration below the thresholds at which sulfate
reduction or methanogenesis are not possible (Chapelle et al., 1995).

As a result of such trends, dissolved hydrogen is often described as a potential
bioremediation monitoring tool as potential indicators of dominant TEAPs. Nevertheless,
there are some shortcomings associated with using dissolved H,-levels in this way. One,
highly sensitive and specialize reduction gas detectors are required to quantify H, at low

(nM) concentrations representative of these thresholds. Two, H, threshold concentrations
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can be affected by a variety of non-redox factors, such as solute concentrations and

temperature (Postma et al., 1996).

Table 3.2. Hydrogen concentrations measured in sediments dominated by different
TEAPs.

Aqueous Hydrogen Concentration Study

Sediment Lovley and Vroblesky etal, Lu, Taoetal,
TEAP Goodwin, 1988 1997 2001
Methanogenic Range 7-10 nM Range 5-25nM  Range 5-30 nM
Sulfate-
Reducing Range 1-1.5 nM Range 1-4 nM Range 1-4 nM
Fe(l1)- Range 0.2-0.8 Range 0.2-0.8
Reducing 0.2 nM nM nM
Mn(1V)-
and/or Nitrate-
Reducing <0.05 nM not studied <0.1 nM

3.5 Use of acetate as an indicator of shifts in predominant TEAPS

Based on Figure 2.1, it is clear that acetate similar to H, is a key intermediate
substrate in anaerobic environments. Specifically, in the presence of excess electron
donors, organic compound fermentation produces both H, and acetate. The products of
fermentation serve as electron donors for inorganic TEAP(s). Acetate plays a key role as
a primary substrate for terminal electron accepting processes for nitrate reducing, sulfate
reducing, iron reducing and methanogenic bacteria (Shaw and MclIntosh, 1990). Other
low molecular weight carboxylic acids studied have been determined to have a minor role
in comparison with acetate (Reeburgh, 1983). Therefore, in a contaminant plume, acetate
behavior could be conceptually modeled as follows (Becker et al., 2005): (1) near the
contaminant source, the respiratory terminal electron acceptors are depleted, and

fermentation of hydrocarbons leads to accumulation of aromatic and aliphatic acids such
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as acetate; (2) moving down gradient of the hydrocarbon source zone, the demand for
TEAs decreases as does the concentration of acetate is used as an electron donor in a
series of sequentially more favorable TEAPs. Using the Sy, concept in equation 3.3, the
acetate threshold is expected to increase as the free energy of each TEAP decreases, or
more importantly, the dominant TEAP becomes less favorable and the cell yield is
reduced (Becker et al., 2005).

Consistent with the conceptual model outlined above, several laboratory studies,
as well as field studies of sites with both contaminated and uncontaminated aquifers have
shown positive correlations between acetate concentrations and the dominant TEAPs in
sediment. The potential for a relationship between the thermodynamics of the electron
acceptor half reaction and the acetate concentration in anaerobic sediments was probably
first demonstrated in the laboratory by Lovley and Phillips (1987b). By measuring
acetate concentrations in sediments in which CO,-, SO4*-, or Fe(Ill)- reduction was the
predominant TEAP, they documented that the acetate concentration in the sediment
increased as the redox potential of the terminal electron acceptor half reaction decreased
(Lovley and Phillips, 1987b) (Table 3.3). More recently, He and Sanford (2004), in
studies conducted with the iron- and 2-chlorophenol respiring isolate Anaeromyxobacter
dehalogens strain 2CP-C, acetate thresholds of 69 (£4), 19(£8) and <1 nM were
measured during respiration of 2-chlorophenol, amorphous Fe(IlI)-reduction and Fe(III)-
citrate reduction, respectively. He and Sanford (2004) suggested that 2-chlorophenol
cells need to exclude toxic substances from within the cell. Thus, more energy is
required to maintain a low concentration gradient of toxic by-products like 2-

chlorophenol and this might explain why the acetate threshold is higher under 2-
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chlorophenol respiring conditions compared to iron-reducing conditions. In comparison,
Jetten et al. (1992) measured acetate threshold concentrations for Methanothrix and

Methanosarcina of 70 uM and 1.2 mM, respectively.

Table 3.3. Acetate concentrations under various TEAPs (Lovley and Phillips, 1987).

Redox Acetate
Sediment Type Couple E° (V) (UM)
Fe(I1I)-
Reducing Fe(Ill)/Fe(1l)  +0.77 0.5%0.1
Sulfate-
Reducing SO42'/HS' -0.217 2.2+0.2
CO,-Reducing CO,/CHy4 -0.24 5.2+0.8

The concentrations of acetate in two uncontaminated locations of the Middendorf
aquifer (South Carolina) were studied by Chapelle and Lovley (1992). They found that
in a zone of the aquifer with a low concentration of Fe(III) that was dominated by SO4> -
reduction, the acetate concentrations were higher than in a high Fe(III) concentration
zone of the aquifer. In another uncontaminated field site study, Barcelona (1980)
examined volatile fatty acid concentrations in coastal sediments and found that aliphatic
acid concentrations (principally formate, acetate, and butyrate) in anoxic sulfate reducing
zones contained up to 5 times higher than in oxic zones within the study site.

Data from petroleum contaminated sites is of particular interest to this research
and the available data also support the trend of increasing organic acid concentrations as
the terminal electron acceptor becomes more reduced. For example, Cozzarelli et al.
(1990) evaluated organic acid concentrations from the Bemidji, MN site contaminated by

crude-oil. They found that organic acid concentrations in the methanogenic to iron-
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reducing zone (DO = 0 mg/L) near the oil lens were higher than in the down gradient
transitional (DO < 1.0 mg/L) and aerobic zones. Near the oil source, acetate was the
most prevalent aliphatic acid, although it disappeared rapidly in the anoxic zone. No
organic acids were detected in the oxygenated water outside the plume.

Cozzarelli et al. (1995) concluded, based on a study at the gasoline-impacted
Galloway, NI site, that understanding the biogeochemical fate of organic acids is
essential to predicting the evolution of degradable organic compounds in contaminated
aquifers. Low molecular weight organic acids pools within that study aquifer changed
composition and concentration over time as the available electron acceptors changed. For
example, in well VWO at the Galloway site, which was a predominantly Fe(III)- to
sulfate-reducing location, the ratio of acetate to benzoate concentrations was significantly
lower compared to the ratio of these organic acids observed at well locations that were
predominantly methanogenic: well 421 at the Bemidji site (Cozzarelli et al., 1990), and

well 3 at a creosote contaminated site in Pensacola, FL (Cozzarelli et al., 1994).
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CHAPTER 4

MATERIALS AND METHODS

The following chapter outlines in detail the materials and analytical methods used
during the characterization and threshold experiments. First, the source of sediment and
groundwater used in this research site and other materials used for the experiments are
described. This is followed by a description of the design of the characterization and
threshold experiments. Lastly, the analytical methods used during the project are
described.

4.1 Experimental Materials
4.1.1 Sediment and Groundwater Collection

Sediment samples were collected on January 9, 2006 from the riparian perimeter
of the estuarine West Branch Creek, at site WB23, of the Aberdeen Proving Grounds,
Edgewood Area, Aberdeen, Maryland (Figure 4.1) with the assistance of Mr. Masten
Mount, of the United States Geological Survey. The grab samples were collected by
hand, 12-18 inches below the sediment surface, during a period of low tide and
subsequently placed into canning jars without headspace. Afterwards, the sediment
samples were stored at 19°C, the average site groundwater temperature (Lorah et al.,
1997), until used.

Groundwater was collected January 8, 2006 by pumping a well at site WB24 of
the aforementioned area using a screened, peristaltic pump. As it was pumped, the
groundwater was collected into a clean, 5-gallon bucket, which was then capped and

transported back to the laboratory. Within 48 hours of groundwater collection, the 5-
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gallon bucket was placed into an anaerobic glove bag under N, and transferred to canning
jars that were sealed and stored without a headspace at 19°C until used.
4.1.2 Sediment Slurry and Microcosm Preparation

The experiments in this study were performed using a 10% (by volume)
sediment/groundwater slurry batch microcosm reactors. The batch reactors used included
72-ml serum bottles (Wheaton) used in the characterization study, as well as 160 ml
bottles (Wheaton) and 2-1 reactor bottles used in the acetate threshold experiments. The
2-1 bottles were specifically designed with a sampling port for slurry or headspace
sampling (Becker, 1998).

In all cases, the same sediment slurry preparation protocol was followed. First,
before initiating the slurry preparation, all of the equipment described below was washed
with Alconox Detergent, triple rinsed with deionized water, allowed to air-dry, and then
placed inside an anaerobic glovebox (Coy Laboratories, Model A). The glassware (72-ml
and 160-ml) used for the sediment slurry microcosms were cleaned and baked at 380 °C
for three hours. The 2-1 reactor bottles were cleaned as mentioned above, openings
covered with aluminum foil, and autoclaved (MarketForge Sterilmatic) at 250°C for 40
minutes. The butyl rubber septa (Geo-Microbial Technologies, Inc., No. 1313) were
cleaned, triple rinsed with deionized water, wrapped in aluminum foil and autoclaved at
250°C for 20 minutes. Subsequently, a sufficient volume of previously collected
groundwater was placed in the anaerobic chamber under H, and allowed to equilibrate
with the anaerobic atmosphere for 24 hours to aid in deoxygenation of the groundwater.
The site sediment was removed from storage and placed in the anaerobic chamber,

immediately before preparing the slurries.
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Figure 4.1. A cross section of the subsurface showing locations where groundwater and sediment were collected. Sediment samples
were collected by hand 12-18 inches below the sediment surface at site WB23 and groundwater was collected using a peristaltic pump
at pumping well, WB24.
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All subsequent steps in the slurry preparation were performed in the anaerobic
chamber and followed the same basic procedure. For example, in setting up the 72-ml
serum bottles for the characterization study, a 500 ml slurry was created by placing
approximately 50 ml of sediment in a 50-ml beaker and approximately 450 ml of
groundwater in a 500-ml graduated cylinder. Half of the groundwater was then poured
into a 1000-ml beaker and the sediment was transferred from the 50-ml beaker into the
1000-ml beaker with the groundwater. The remaining groundwater was used to rinse the
50-ml sediment beaker to ensure that an approximate 10% by volume slurry was obtained
in each batch. This mixture was then passed through a sieve (U.S. Standard Series Sieve,
No. 3, W.S. Tyler Company) with a 4.76 mm opening into a second 1000-ml beaker to
remove large rocks and roots.

Sediment slurry microcosms were prepared either without headspace or with
headspace. In both cases, before filling each serum bottle, the slurry mixture was stirred
to avoid sediment settling and uneven solids distribution in the serum bottles. The no-
headspace slurries were used during the characterization study. In that case, the 72-ml
serum bottles were filled completely with sediment slurry and sealed while inserting a
venting needle through the butyl rubber septa to allow excess liquid to escape when
capping the serum bottles. At the same time, 72-ml headspace slurries were set up for
use in the characterization study by adding 50 ml of the sediment slurry mixture to each
serum bottle which were capped with butyl rubber septa and crimp caps. The same
procedure was used for the 160-ml and 2-1 headspace bottles used in the threshold
experiments, except that 125 ml and 1250 ml, respectively, of sediment slurry were used

to maintain the same ratio of headspace slurry in the 72-ml headspace bottles. Once set
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up, all sediment slurry bottles were incubated at 19°C without shaking until used in the
characterization and threshold experiments described below.

4.2 Experimental Design and Methods

4.2.1 Characterization Experiment

A preliminary, characterization study was performed prior to the acetate threshold
experiments to determine the dominant TEAP(s) occurring within the source sediment
and groundwater. Specifically, the characterization study was designed to systematically
test for aerobic respiration, PCE-reduction, nitrate-reduction, Fe(III)-reduction, sulfate-
reduction and methanogenesis. In addition, by monitoring acetate in the characterization
study, initial information could be obtained on the acetate levels associated with the
dominant TEAPs.

The first planned step in the systematic characterization was to measure the in situ
DO levels at the site. If groundwater DO is greater than 50 pM, it can be presumed that
the groundwater is dominated by aerobic processes (Smith, 2002). A number of
complications prevented the DO measurement from being made, but based on historical
data at the site (Lorah et al., 1997), which have shown that the wetland groundwater has
not contained measurable amounts of DO in recent years, it was assumed that the site
sediment and groundwater samples were not aerobic.

The characterization of the remaining TEAPs of interest in the sediment slurry
was based on: (1) measurement of oxidized electron acceptors (e.g., Fe(Ill), NOj',
tetrachloroethene (PCE)) and/or their reduced products (e.g., Fe(Il), and dichloroethene
(DCE)), (2) measurement of global indicators of TEAPs (i.e., H, and acetate), and (3) by

evaluating the effects of the addition of acetate or molybdate on methane production and
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threshold H; and acetate concentrations. These measurements and comparisons were

made in sediment slurry serum bottles that were treated in one of four ways (Table 4.1).

Table 4.1. Sediment/groundwater slurry treatments used in the characterization study for
identifying dominant TEAPs.

Treatment Purpose
To determine natural processes
without the addition of

T Control electron donors or electron
acceptors
T2 Spike with 2 mM Sodium Acetate functions as an
Acetate electron donor
T3 Spike with 2 mM Sodium Molybdate functions as an
Molybdate inhibitor of sulfate reduction
T4 Spike with both 2 mM Acetate functions as an
Sodium Acetate and 2 mM  electron donor and molybdate
Sodium Molybdate as a sulfate reduction inhibitor

As explained further below, the four treatments were designed following the general
strategy of Lovley et al. (1994c). Treatment 1 (T1) microcosms received no additions
and represented the background controls for the characterization experiment. Treatment
2 (T2) microcosms received a one-time addition of 2 mM (nominal concentration) of
sodium acetate trihydrate (Fisher-Scientific, 99.8%). Treatment 3 (T3) microcosms
received a one-time addition of 2 mM of sodium molybdate dihydrate, (Sigma-Aldrich,
99%) to inhibit sulfate reduction (Patidar and Tare, 2004) and treatment 4 (T4)
microcosms received a one-time addition of both 2 mM sodium acetate trihydrate and 2

mM (nominal concentration) of sodium molybdate dihydrate. The amount of acetate
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added to the T2 and T4 microcosms was (1) within the range of acetate concentrations
measured in similar environmental samples (0.5-5 mM) (Lovley et al., 1994c¢), and (2) if
exceeded the background acetate concentration measured on day 1 of the characterization
experiment as recommended by Jetten et al. (1992).

Each treatment was set up using 72-ml serum bottles with two headspace serum
bottles containing 50 ml of sediment slurry, and twelve non-headspace bottles containing
72-ml of sediment slurry. The headspace bottles were used for repeated monitoring of
PCE, DCE, methane, and hydrogen levels (using 0.5 ml headspace samples for each) as
well as the total headspace pressure in triplicate bottles for the duration of the
experiment. The non-headspace bottles, which were sacrificed in duplicate at each
sampling interval, were used to monitor for Fe(Il) and Fe(III) in the slurry and aqueous
nitrate and acetate levels.

In addition to monitoring the oxidized electron acceptors and/or their reduced
products, as well as the global TEAP indicators, as described above, the four treatments
were also designed so that they could be used to evaluate the importance of sulfate-
reduction, methanogenesis and Fe(III) reduction (Lovley et al., 1994c). First, if methane
was produced in the T1 and T2 microcosms, then the sediments were methanogenic.
Two, if the methane production was higher in the T4 microcosms than in the T2
microcosms, and higher in the T3 microcosms than in the T1 microcosms, then sulfate-
reduction was inhibited in the T4 and T3 microcosms and may have also been important.
Thus, if acetate was removed in the T2 and T4 microcosms with no methane production

and there was no indicator of sulfate reduction, then Fe(III) reduction was also important.
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The characterization experiment was conducted over a 23 day period. All no
headspace microcosms were sacrificed in duplicate at regular sampling intervals. On day
1, the first pairs of sacrificed no-headspace bottles were analyzed to obtain the
concentrations for acetate, NOs', Fe(Il), Fe(IIl), and the headspace bottles were analyzed
to obtain PCE, DCE, CH4 and H; for all of the treatments. Then, on day 2, T2, T3, and
T4 treatments received the chemical additions summarized in Table 4.1. The headspace
bottles were next sampled on day 6 and on every 4™ day thereafter. The no headspace
bottles were next sampled on day 7, and then on subsequent 4 day intervals. The non-
headspace bottles were sacrificed and sampled until day 23; however, the headspace
bottle monitoring continued an additional 26 days with sampling every 7 days, to confirm
the final methane and hydrogen threshold levels. The duration of the entire headspace
experiment was 49 days.

4.2.2 Contaminated Sediment Acetate Threshold Determination
4.2.2.1 TEAP 1: Methanogenic Acetate Threshold Design

The goal of this experiment was designed to obtain the acetate threshold values
for the sediment slurry under methanogenic conditions. This TEAP was selected for
threshold analysis first because, as discussed in Chapter 5, the characterization study
suggested that methanogenesis was one of the major TEAPs active in the sediments. To
ensure that the threshold was measured under methanogenic conditions an excess
electron donor in the form of acetate was added. In this way, any other remaining TEAs
(e.g., iron, sulfate), would be consumed such that the ultimate threshold would be

measured under methanogenic conditions.
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To eliminate the variability in data associated with sacrificing numerous serum
bottles at each sampling interval, as done in the characterization study, the acetate
threshold study was conducted using duplicate 2000-ml reactor bottles.

At each sampling interval of the experiment, the bottles were sampled for total
pressure, CHy, and H; in the headspace, and aqueous acetate levels. First, the total
headspace pressure was monitored, followed by removal of headspace samples (0.5 ml
each) for analysis of CH4 and H,. Next a sample was taken for acetate analysis by
removing 2 ml of sediment slurry using a 3 ml syringe (Becton, Dickinson and Company)
while purging each reactor with N»/CO; (80%/20%) to prevent air from entering the
bottles and/or creating a negative pressure during sampling of the slurry phase. This 2 ml
sample was then used for acetate analysis as described below. Then, after the slurry
sample was removed for the aqueous acetate analysis, a second headspace sample for
analysis of CH4 and H, was taken and a second total pressure measurement was made.
The latter was necessary because the process of flushing the headspace with N,/CO,
(80%/20%) gas during removal of a slurry sample strips out CH4 and H,. Therefore,
cumulative concentrations of methane and hydrogen were calculated by taking into
account the total headspace volume and the amount that was stripped by this procedure.

The sediment and groundwater was combined to form the 10% slurry and placed
into the reactors on day 0 of this experiment as described in section 4.1. Once the
reactors were sealed and removed from the anaerobic chamber, they were purged with a
gas mix of N,/CO, (80%/20%) for 30 minutes to remove excess H, that may have been
acquired from the inside of the anaerobic chamber. Subsequently, on day 1, initial

measurements were made for total pressure, CHy, H, and acetate.

33



Next, on day 2, each reactor was spiked with 2 mM sodium acetate (nominal
aqueous concentration). Then, on day 3 the bottles were sampled again for headspace
total pressure CHa4, H; and aqueous acetate concentration. This sampling procedure was
repeated every second day. This sampling interval was selected based on Madsen (1997),
which recommends that samples be obtained at intervals equal to or less than 1/3 or 1/4
of the active period of biological activity. In this case, the active period was assumed to
be 12 days based on the characterization study in which acetate thresholds were achieved
between day 10 and 13. Sampling was continued until 5 acetate concentrations were
measured that could be fitted by a line with a slope that was not statistically different fro
zero. This was done by obtaining five data points at the assumed threshold concentration
and drawing a line through these data points and comparing the slope of this line with
zero. If the slope of the line from the data points was not statistically different from zero
than the y-intercept, or average of the five data points was the calculated acetate
threshold concentration. Each reactor was then spiked again with 0.89 mM sodium
acetate (nominal aqueous concentration) to obtain a duplicate data set for demonstrating
the reproducibility of the acetate threshold.
4.2.2.4 TEAP 2: Dehalorespiration-Acetate Threshold Conditions

The goal of this experiment was to obtain acetate threshold values for the
sediment slurry under conditions that were presumably dehalorespiring. Two approaches
were used to assess acetate thresholds under dehalorespiring conditions. The first
approach involved conducting an experiment analogous to that used for methanogenic
conditions and involved adding acetate and PCE to the wetland sediment collected from

site WB23. When it became clear that PCE respiration was not going to occur at a rate
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fast enough given the time constraints for the project, a second approach for measuring
acetate thresholds under dehalorespiring conditions was tested. This involved measuring
acetate concentrations in wetland sediments that were collected from site WB35, and had
been amended with PCE and/or carbon tetrachloride (CT) one or more times but did not
receive any exogenous electron donors.

First, the experiment using site WB35 will be explained but due to the
aforementioned time constraints, will not be fully analyzed in detail. The dehalorespiring
threshold experiment was conducted over 11 days in duplicate. It contained four
treatments as summarized in Table 4.2. Each treatment was prepared in duplicate 160-
ml serum bottles. Each bottle contained 125 ml of the 10% (by volume)
sediment/groundwater slurry mixture and approximately 33.8 ml of headspace.

At each sampling interval of the experiment, bottles were sampled for total
pressure, CHy, H, and PCE, daughter products of PCE (i.e. TCE, DCE, vinyl chloride
(VC), ethene), and aqueous acetate levels. First, the total headspace was monitored,
followed by headspace sampling (0.5 ml each) for H,, as well as for CH4 and PCE, which
were monitored with one sample on the GC. Next a sample was taken for acetate
analysis by removing 2 ml of sediment slurry using a 3 ml syringe. Prior to removing the
slurry, each bottle was injected with 2.5 ml of sterile N,/CO, gas mix (80%/20%) to
maintain positive pressure, thereby making it easier to remove the 2 ml slurry sample and
preventing introduction of air. This sample was then used for acetate analysis as
described below. Hydrogen, CH4, and PCE and total pressure were measured a second
time. After day 5, the practice of analyzing H,, CH4, PCE and total pressure a second

time was discontinued because losses were not significant.
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The sediment and groundwater was combined to form the 10% slurry and placed
into the 160-ml serum bottles on day 0 of this experiment as described in section 4.1.
Once the reactors were sealed and removed from the anaerobic chamber, they were
purged with a gas mix of N,/CO; (80%/20%) for 30 minutes to remove excess H; that
may have been acquired from the inside of the anaerobic chamber. Subsequently, on day
1, initial measurements were made for total pressure, CHy4, H,, PCE and acetate. Next on
day 2, each reactor was spiked with the nominal concentrations of substrates as noted in
Table 4.2. Then, on day 3 the bottles were sampled again for headspace total pressure,
CH,, H,, PCE, and aqueous acetate concentration and every second day until day 11.
Subsequently, the bottles were sampled every second day as on day 3 and continued until

day 11.

Table 4.2. Treatments used in the first dehalorespiring condition experiment.
Microcosms were prepared in duplicate.

Microcosm Treatment Purpose
To determine natural
processes without the

C1 Control addition of electron donors
or electron acceptors
) Spike with 80 uM Acetate functions as an
Ac’l
Acetate electron donor

PCE controls to compare
PCE1 Spike with 40 uM PCE  natural degrading conditions
in the sediment

Acetate functions as an
electron donor and PCE as
the electron acceptor

Spike with both 80 uM

Mix1 acetate and 40 uM PCE
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Analysis of acetate thresholds under presumptive dehalorespiring conditions was
also performed using samples provided by Ms. Emily Devillier. A summary of key
information relevant to this experiment follows. The groundwater came from the same
site, WB24, used in the characterization and methanogenic threshold experiments;
however, the sediment for this experiment came from a different location, one known to
have high levels of chlorinated compounds (WB35).

The sediment slurries used in this evaluation by Emily Devillier were prepared as
summarized in Table 4.3. The protocols used in the set up of the sediment slurry cultures

is similar to the protocols used in the characterization experiment.

Table 4.3. Key characteristics of the sediment slurry cultures prepared and maintained by
Ms. Emily Devillier and used to monitor acetate thresholds under presumptive
dehalorespiring conditions.

PCE CT
sediment:groundwater 1.5:1 1.5:1
volume of slurry 45 ml 45 ml
storage time on day of sampling
(days) 62 59
number of spikes of chlorinated
solvent 3 4
concentration of spike (mg
VOC/L) range 4.3-11 range 7.0-9.2

A 2 ml slurry sample was removed from the 72-ml serum bottle once the
characteristic VOC had been depleted within the microcosm. This 2 ml sample was then

used for acetate analysis as described below.
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4.3 Analytical Methods
4.3.1 Oxidized Electron Acceptors and Reduced Products
4.3.1.1 Iron Analysis

Analysis of iron reduction in the sediment slurry cultures was performed using an
HCl-extractable Fe(II) and microbially-reducible Fe(Ill) method described by Lovley and
Phillips (1987a). Application of this method required the preparation of three reagents:
(1) the ferrozine reagent, (2) the hydroxylamine reagent, and (3) 0.5 M hydrochloric acid
(HCl). The ferrozine reagent (Acros, 98%) solution was made at a concentration of 1 g/L
in a 50 mM HEPES buffer (J.T. Baker, 100%) at pH 7. The HEPES buffer is necessary
because the ferrozine reaction with the Fe(ligand)32+ can only occur between pH values
of 4 and 9. During this study, ferrrozine reagent was found to react with the magenta
Fe(ligand)fr if the mixture was made in deionized water and stored at room temperature.
Therefore, the ferrozine reagent in 50 mM HEPES buffer was always made immediately
before each sampling interval. In addition, a 0.25 M hydroxylamine hydrochloride
reagent (Fisher Scientific, 98.5%) mixture was made in 0.25 M HCI (Fisher-Scientific)
along with a 0.5 M HCI (Fisher-Scientific) solution. Sufficient volumes of both of these
solutions were made to last the entire sampling period for each experiment.

Measuring Fe(II) production and microbially-reducible Fe(III) using this method
requires a two step process. First, to measure the Fe(Il) in each sacrificed, 72-ml serum
bottle culture, the sediment slurry was initially mixed well by vigorously shaking the
serum bottle by hand and then opening the bottle to remove a 0.1 ml sediment slurry
sample with a 100-pL micro-pipette (Rainin). This sample was added to a previously

weighed 7-ml scintillation vial containing 5 ml of 0.5 M HCI.  Next, the vial was mixed
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by hand for 15 s, after which it was allowed to stand at ambient room temperature for 1
hour. The weight of the added slurry sample was then determined gravimetrically.
Subsequently, a 0.1 ml sample of this mixture was added to another 7-ml scintillation vial
containing the 5 ml ferrozine reagent and swirled by hand for 30 s. The ferrozine mixture
was then immediately passed through a 0.2 pm membrane filter (Nucleopore) into a 1 cm
diameter sample cuvette, which was then transferred to the Hach spectrophotometer
(Hach DR/2400) and the Asg, of the filtrate determined.

In the second step, the microbially-reducible Fe(III) was reduced to Fe(Il) and the
total Fe(Il) determined. To do this, another 0.1 mL sample was withdrawn from the
sacrificed serum bottle after mixing and was added to a previously weighed 7 ml
scintillation vial containing 5 ml of the 0.25 M hydroxylamine hydrochloride in 0.25 N
HCl reagent. Subsequently, the sample was treated and analyzed as described for the
Fe(Il) measurement. The microbially reducible Fe(IIl) was calculated by subtracting the
initial Fe(Il) from the total Fe(II).

The calibration curve was prepared with eight standards of Fe(II) at
concentrations of 0.1, 0.5, 1, 5, 10, 30, 50, and 100 mg of Fe(II)/L using a ferrous
ethylene diammonium sulfate tetrahydrate (Sigma-Aldrich, 98%) solution in prepared
with deionized water. A linear plot of Ase, absorbance vs. Fe(Il) yielded an R? value of
0.9884. This plot was used to determine the actual concentrations measured in mg of
Fe(IT)/L and subsequently converted to and reported as pmol of Fe(II), for all sediment

slurry samples.
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The lower detection limit for the ferrozine reaction has previously been reported
to be 4 mg Fe(II)/L (Stookey, 1970). During this study, using Standard Methods 1030E,
(APHA, 1989) the method detection limit of this method was determined to be
10 mg Fe(II) /L.
4.3.1.2 Methane

Analysis of methane in the headspace of sediment slurry cultures was performed
by gas chromatography using a Hewlett Packard 5890 Series II Plus gas chromatograph
(GC) with a flame ionization detector (FID) and a 1% SP-1000 on a 60/80 Carbopak-B
(Supelco) packed column (2.44 m x 3.2 mm with a film thickness of 3 um). A summary
of the GC operating conditions is provided in Table 4.4. With these conditions, the run
time for each injection was 15.7 minutes, with retention time of 0.45 minutes for
methane. The software, HP GC Chemstation (Rev.A.10.02, Agilent Technologies) was
used for analysis and integration of the output signal from the GC.

To initiate the analysis, 0.5 ml headspace samples were withdrawn from each
headspace bottle using a 1000 pl, gas tight syringe (Hamilton, Series A-2) and manually
injected into the GC. After each injection, the syringe was purged five times with
ambient air and opened to equilibrate. Injections were made in duplicate for each sample
to ensure reproducibility.

An external methane calibration curve was obtained using a methane standard
(Supelco, 99%). The methane bottle was connected to a 0.5 cm diameter rubber tubing
approximately 24 inches in length. The open end of the tubing was first submerged into a
500-ml beaker of tap water, and the methane tank was opened sufficiently to produce

methane gas bubbles in the tap water beaker.
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Table 4.4 GC operating conditions for analysis of methane and chlorinated VOCs.

Mechanism Parameter Condition
Helium (Ultra
Carrier Gas Pure Carrier
(Helium) Grade) 60 ml/min
Septum Purge 60 ml/min
Gas Flow Rates Column Flowrate 6.7 ml/min
Air (Ultra Pure
Flame Oxidant Carrier Grade) 400 ml/min
Hydrogen (Ultra
Pure Carrier
Flame Combustible Grade) 40 ml/min
Initial Temperature 60°C
Initial Hold Time 2 min
Temperature 10°C/min to
Oven Gradient 200°C
Hold Time 4.2 min
Final Temperature 200°C
Injector Temperature 200°C
Detector Temperature 250°C

The gas tight syringe was then inserted through the tubing and methane was withdrawn in

varying volumes. This procedure ensured that the gas pressure remained at 1 atm to

facilitate calculation of the number of moles of H, gas injected into the GC, using the

ideal gas law:

PV
RT
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where P = 1 atm, V = volume of injection (L), R =0.0821 L-atm-mol™'-K™' T =293
K. To achieve different molar amounts of methane, the following volumes of methane
were injected: 0.5 ml, 0.1 ml, 600 pl, 250 pl, 100ul, and 25ul. A linear regression of
mass (umol) versus peak area was then obtained. Each standard was injected one time
with standard curves were produced on two occasions yielding an R? value = 0.9976 and
0.9988. Results are reported as umol in the gas phase.
4.3.1.3 PCE, TCE and DCE Analysis

PCE, TCE, and DCE concentrations in the headspace of sediment slurry
microcosms were analyzed by gas chromatography using the method described above for
methane. The retention times for PCE, TCE, and DCE are 14.7, 9.9 and 7.5 minutes,
respectively. The headspace PCE, TCE and DCE concentrations were determined by
injecting headspace samples obtained from ten aqueous PCE, TCE, and DCE solutions of
known concentrations from a methanol stock solution of PCE, TCE, and DCE (Gossett,
1987). Specifically, the calibration standard concentrations for PCE were 4, 7, 23, 36,
49, 76, 142, 290, 434 and 588 uM, and the concentrations for TCE were 2, 3, 9, 15, 20,
30, 55, 112,167 and 227 uM. The DCE standard concentrations were 0.9, 3, 6, 9, 13, 28,
53,107,160, and 216 uM. The linear calibration curves of peak area as a function of
standard concentration yielded R? values of 0.99 for all calibration curves. The results
are reported as M aqueous concentrations of the respective chlorinated compounds.
4.3.1.4 Nitrate

Analysis of nitrate concentrations in the sediment slurry cultures was perfumed by

spectrophotometry and the Hach, cadmium reduction Method Number 8192. This
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method requires a 15 ml sample, NitraVer 6, and NitriVer 3 Nitrite Reagent Powder
Pillows and a 10 ml sample cell fitted for the Hach spectrophotometer.

To obtain an aqueous sample for analysis, 20 ml of sediment slurry sample was
vacuum filtered through a 0.22 um-pore size Acrodiscs filter (Gelman Scientific, 0.47
mm) using a polypropylene membrane filter apparatus (Life Sciences). Then 15 ml of
the filtrate was poured into a clean 25 ml graduated cylinder. The contents of one
NitraVer 6 Reagent Powder Pillow was added to the graduated cylinder, which was then
stoppered and shaken vigorously for 3 minutes, after which the graduated cylinder was
placed on the bench for a two minute reaction period. Ten ml of this reactant was then
carefully poured into a clean, 10 ml Hach sample cell. One NitriVer 3 Nitrite Reagent
Powder Pillow was added to the sample cell, and the cell contents shaken gently for 30
seconds. The sample cell was then placed on the bench for a 15 minute reaction period.
Subsequently, the sample cell was placed into the Hach DR/2400 spectrophotometer, and
measured at a wavelength of 507 nm.

This method was calibrated using four standard solutions with 0.01, 0.05, 0.1, and
0.5 mg/L of NOs;™ made using potassium nitrate (Fisher, 98%) and deionized water. A
reagent blank for NitraVer 6 Reagent and NitriVer 3 Reagent Powder Pillows was
determined for each new lot of reagents and this blank value was subtracted from the
absorbance final results. A standard curve was obtained by plotting absorbance versus
NOs™-N mg/L with an R? value of 0.9958. Results are reported as mg/L of NO5™-N in the

aqueous phase.
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4.3.2 Global TEAP Indicators
4.3.2.1 Hydrogen Analysis

Concentrations of H, partial pressures in the headspace of microcosm serum
bottles were measured using a Peak Laboratories, Peak Performer 1 (PP1) gas analyzer
with a reducing compound photometer (RCP) and 1/8 column. The detector and column
temperatures were set at 265°C and 105°C, respectively. Nitrogen (Ultra Pure Carrier
Grade, Air Gas) was used as the carrier gas at a flow rate of 75 ml/min. With the given
conditions, the retention time for H, was 48 seconds. The total run time for each
injection was 3.5 minutes.

To initiate the analysis, 0.5 ml headspace samples were withdrawn from each
headspace serum bottle using a 1000 pL gas tight syringe (Hamilton), after which the
entire sample was manually injected into the PP1. Following each injection, the syringe
was purged five times with ambient air. Injections were made in duplicate for each
sample to ensure reproducibility.

A H; calibration curve was generated using an 18.7 ppm H; (balance N,) standard
(Ultra Pure Carrier Grade, Air Gas). This standard gas was used to flush 72-ml serum
bottles (Wheaton) sealed with a butyl rubber septa (Geo-Microbial Technologies, Inc.)
before withdrawing calibration standards. A 1000 uL gas tight syringe was inserted
through the septum, and the desired volumes of H, were withdrawn. To create the
standard curve, four different volumes (50 uL, 0.1 ml, 0.3 ml, and 0.5 ml) of the 18.7
ppm standard gas were injected on the PP1 and used to create a linear plot of H, mass
(umol) versus peak area. Each standard volume was injected one time and standard

curves were produced twice yielding an R? value = 0.9823. Based on the information
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provided by the manufacturer, the PP1 gas analyzer is capable of detecting parts per
trillion concentration of reducing gases.

The H, umol values obtained using the standard curve were converted using the
sample injection volume to concentrations expressed in terms of parts per million by
volume (ppmv) in the serum bottle headspace. The ppmv values were subsequently
converted to aqueous concentrations in nM using the following relationship from Loffler
et al., (1999) following the convention of Conrad (1996):

) LP
H . (dissolved) = — 4.2
2 ( ) RT (4.2)

where L is the Ostwald coefficient for H, solubility (0.01941 at 20°C), R is the universal
gas constant (0.0821L-atm-K ™" -mol™"), T is the temperature in Kelvin (293 K), and P
is the H; partial pressure in atmospheres (Wilhelm et al., 1977; Loffler et al., 1999).
4.3.2.2 Acetate Analysis

Aqueous acetate concentrations in the sediment slurries were analyzed using the
protocol in King (1991). This method uses an enzymatic assay to determine acetate

concentration through a reaction mediated by acetyl coenzyme A (CoA) that forms AMP:

acetate + ATP + CoA —=WCAYIae - geetylCoA + AMP + PP; (4.3)
The AMP produced was assayed using high pressure liquid chromatography (HPLC) as
discussed further below.

The acetate analysis required the following stock solutions, which were prepared
using deionized water: 10 mM adenosine triphospate (ATP) (Sigma-Aldrich), 200 png/ml
bovine serum albumin (Sigma-Aldrich), 10 mM Coenzyme A disodium salt (Fluka,
27593), and 20 U/ml Acetyl CoA synthase (Sigma, A1765). ATP and BSA were stored

in 15 ml centrifuge tubes (Becton,Dickinson and Company), acetyl CoA synthase was
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stored in the original container obtained from the manufacturer, and CoA was stored in a
1.7 ml centrifuge tube. All stock solutions were frozen for several months without any
apparent loss of activity.

Sample preparation required several steps. First, 2 ml slurry samples were
vacuum filtered through a 0.22 um-pore size acrodiscs filter (Gelman Scientific, 0.47
mm) using a polypropylene membrane filter apparatus (Life Sciences) and 1 ml of the
filtrate was placed into a 1.7 ml polypropylene centrifuge tube (Para-Scientific
Company). Subsequently, 10 uL of each stock solution was added to the centrifuge tube
using a 100 pL Rainin pipette. This resulted in final concentrations of 100 pM of CoA
and 50 uM of ATP in the centrifuge tube. Prior to day 15 of the characterization
experiment, 100 uM of ATP was used.

Each sample vial was then vigorously shaken for approximately two minutes
followed by incubation in a 35°C water bath (Brookfield TC 500) for 12 hours. At the
conclusion of the incubation period, the reaction was stopped by placing the sample
centrifuge tubes into a boiling water bath for 2 minutes. The samples were then cooled
for one hour and subsequently centrifuged on a table top centrifuge (Eppendorf, 5415C)
for 10 minutes at 10,000 rpm. Afterwards, a 1000 pL pipette (Rainin) was used to
carefully remove 800 uL of the supernatant and transferred into a 1 ml HPLC vial
(Fisher-Scientific), which was capped and placed into the HPLC sample tray for analysis.

Analysis of the AMP produced by the reaction in equation 4.3 was performed by
HPLC using a Waters system (Waters 600E Multisolvent Controller, Waters 717
Autosampler, and Waters 996 Photodiode Array Detector) equipped with a silica C18

silica reverse phase column (Supelcosil LC-18, 25cm x 4.6mm with Spm silica particles).
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Prior to day 15 of the characterization experiment, a different column (YMC-Pack ODS-
AQ, 150 x 4.6 mm with 5 pM silica particles) was used. For all injections, a sample
volume of 200 uL was used. Initially, the mobile phase (1.3 ml/min) consisted
exclusively of mobile phase A (0.1M KH,PO,). Mobile phase B (90% Mobile A:10%
methanol v/v) was provided according to the gradient outlined in Table 4.5. Adenosine
monophosphate (AMP) eluted at approximately 13.7 minutes. This gradient run was
continued for a total of 25 minutes to elute any additional proteins produced by the
enzymatic reaction or present in the sample. Prior to day 15 of the characterization
experiment, an isocratic elution method using 0.05 M potassium phosphate (pH=4.5)
buffer with 10% methanol was used. At the conclusion of each injection, an 18 minute
stabilization period was maintained with filtered deionized water prior to subsequent
injections to avoid ghost peaks in subsequent injections. AMP was detected by
monitoring UV absorbance at 254 nm using the Waters 996 Photodiode Array Detector.
Empower Software (Waters Corporation, 2000) was used for analysis and integration of

the output signal from the HPLC.

Table 4.5. Gradient Elution used in HPLC method used to quantify AMP.

Time
(min) Mobile Phase B
0 0
9 0
15 25
17.5 90
19 100
23 100
24 0

The detector response was calibrated by the addition of known concentrations of

acetate to the enzyme reaction mixture. Specifically, the calibration curve was prepared
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with up to eight acetate standards (concentrations ranging from 0.1 to 100 pM) using
sodium acetate trihydrate (Fisher, 99.8%) in HEPES buffer solution at pH=7.8. Prior to
day 15 of the characterization experiment, the acetate standards were made at pH=4.8,
that of the laboratory deionized water. Duplicate injections of each standard and sample
were performed due to variations that occurred with the HPLC. King (1991) reports a
detection limit for acetate using this method of approximately 0.1 uM acetate, however,
in this study, detection limits were in the uM range. Results are reported as uM of
acetate in the aqueous phase.
4.3.3 Aggregate Measurements
4.3.3.1 Total Pressure

Analysis of total pressure in sediment slurry cultures containing headspace was
performed using a pressure gauge (Ashcroft, 316). The pressure gauge was fitted with a
22 gage needle (Fisher Scientific, 1) and inserted through the butyl rubber septa of each
headspace bottle. Pressure measurements were taken before and after all headspace
sampling events to obtain accurate readings of overall pressure and pressure changes
within the slurry cultures. Results are reported in psi.
4.3.3.2 Total Suspended Solids

Analysis of total suspended solids of the sediment slurry mixtures was adapted
from Standard Methods, 2540D (APHA, 1989). Prior to sample analysis, a glass
fiber filter (Whatman, 4.7 cm) was placed into the polypropylene membrane filter
apparatus (Life Sciences), connected to the vacuum system, and washed with three-5 ml
volumes of deionized water. The filter was then removed from the filter assembly, and

placed onto a marked aluminum weigh dish of known weight. The glass filter and dish
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along with two additional, empty aluminum weigh dishes were dried in the 105°C oven
for one hour, after which all three items were cooled for at least 10 minutes in a
desiccator. Before use in the next step, the initial weight of the dry baked filter and dish
was measured to the nearest 0.1 mg.

The dry glass filter was placed on a clean, polypropylene membrane filter
apparatus (Life Sciences) and transferred into a 10 ml graduated cylinder, covered with
parafilm, shaken, and then poured onto the filter and vacuum filtered through the device.
The graduated cylinder was rinsed with a small amount of deionized water and poured
onto the filter. The filter apparatus and the sides of the filter were also rinsed with a
small amount of deionized water under vacuum until the filter appeared to be dry. The
filter was then removed from the filter apparatus, and placed into a second, baked
aluminum dish of known weight. This filter and dish were then placed into the 105°C
oven and dried for one hour, after which they were placed into a dessicator for 10
minutes before weighing to the nearest 0.1 mg. This process of drying, desiccating and
weighing was repeated until a constant weight was obtained or until the weight change
was less than 4% of the previous weight. In this experiment, only two cycles were
needed to achieve a constant weight. The test was completed in duplicate and results are

reported in g/L.
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CHAPTER 5

RESULTS AND DISCUSSION

In this chapter, the results of the sediment characterization experiment are first
presented and discussed in terms of their implications with respect to the dominant
TEAPs in the wetland sediment. Next, the rationale for selecting the TEAP used in the
acetate threshold experiment is discussed. Finally, the results of the acetate threshold
experiments are reported and discussed.

5.1 Characterization Experiment

As previously mentioned, wetland sediment and groundwater were collected from
two locations at Aberdeen Proving Ground that receive discharge from groundwater that
is contaminated with chlorinated solvents (Lorah et al., 1997). Dissolved oxygen has not
been detected in previous studies involving this groundwater and sediment. Therefore,
aerobic respiration was assumed to be unimportant at the sites, and the analyses and
microcosm treatments focused instead on evaluating the importance of nitrate reduction,
dehalorespiration, iron reduction, sulfate reduction and methanogenesis. The results of
these analyses and treatments are presented and discussed below.

5.1.1 Nitrate Reduction

Dissolved nitrate concentrations were measured in filtered sediment slurries on
day 1 of the sediment characterization experiment. No measurable nitrate was detected in
any of the four treatments tested using the cadmium reduction method, which has a lower
detection limit of 0.01 mg NOs™-N/L. Therefore, nitrate reduction was ruled out as an

important TEAP at these sites. The results of the nitrate analyses were expected because
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nitrate reduction in groundwater is feasible only when high concentrations of nitrate arise
due to agricultural impacts or contamination from septic systems, neither of which is
thought to be important at Aberdeen Proving Ground.
5.1.2 Dehalorespiration

On day 1 of the characterization experiment, the gas phases of the four headspace
microcosms were analyzed for the presence of several chlorinated VOCs, including CT,
chloroform, dichloromethane, PCE, TCE, DCE. Previous studies have shown that
biodegradation of chlorinated VOCs occurs in the sediment at the source site and, along
with other natural attenuation processes, reduces the concentrations of chlorinated VOCs
below detectable levels in surface waters (Lorah et al., 1997). In this study, no
chlorinated VOCs were detected in any of the treatments. Ethene and ethane were
detected in the microcosms in low concentrations, along with high levels of methane, as
discussed in section 5.1.4. Thus, it seems likely that reductive dehalogenation of
chlorinated ethenes and/or ethanes in the groundwater or deeper sediment layers led to
the formation of ethene and ethane, but dehalorespiration was not an ongoing process in
the sediment microcosms used in this study.
5.1.3 Iron Reduction

After ruling out the importance of aerobic respiration, nitrate reduction, and
dehalorespiration in the collected groundwater and sediment based on historical evidence
and experimental evaluations, the remaining sediment/groundwater microcosms were
subjected to four treatments (Table 4.1) to evaluate the importance of iron and sulfate

reduction and methanogenesis. Concentrations of HCl-extractable Fe(IIl) and Fe(II)
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were analyzed to evaluate whether iron reduction was occurring in the various
microcosms. The results are presented in Figure 5.1.

It was expected that if active iron reduction were occurring in the sediment
microcosms, then Fe(II) would accumulate as the Fe(I1l) levels decreased with time.
However, as demonstrated in Figure 5.1 this trend was not obvious in any of the four
treatments. Nevertheless, Fe(Il) was present in all four treatments, which may be an
indicator that iron reduction has occurred, or possibly that iron reduction is ongoing. In
the T2 and T3 microcosms there is a slight trend indicating a reduction in the Fe(III)
concentration that may be an indicator of active iron reduction as well. It is also
noticeable in Figure 5.1 that Fe(II) increased in all microcosms on day 11 of the
experiment and is more likely the result of experimental error and/or ferrozine
interference as explained below.

Several factors undoubtedly contributed to the ambiguous iron data. First, the
laboratory deionized water apparently interfered with the ferrozine colorimetric reagent
when left as a solution at room temperature and may have made the Fe(Il) data
unreliable. Second, the iron concentrations were measured in samples obtained from
different microcosms sacrificed and sampled at various intervals and this sampling
technique may have contributed to the variability observed in the Fe(III) and Fe(II)
measurements. Specifically, it is possible that solid phase Fe species were not equally
distributed among the microcosms during their preparation due to the heterogeneous
nature of the sediment. These heterogeneities would not be expected to have as much of

an effect on the measurement of dissolved chemical species such as acetate. Finally, it is
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possible that the conversion of dissolved or HCl-extractable forms of iron to precipitates
that are not extractable with HCI obscured trends in the Fe(IIl) and Fe(II) data.

Nevertheless, as discussed above, the detection of Fe(II) in the sediment
microcosms could suggest that reduction of bioavailable Fe(IIl) occurred previously in
the surface sediment used to prepare the microcosms. Or alternatively, it could indicate
that Fe(III) reduction may have been an important TEAP in lower sediment layers and
Fe(II) was either transported to the surface sediment or present in the groundwater. A
previous study of the wetland site by Lorah (1997) supports the latter explanation. Redox
conditions were increasingly reduced along the upward flowpath of groundwater (from
the aquifer) and iron-reducing conditions were observed in a lower, clayey sediment layer
(Figure 4.1).

5.1.4 Sulfate Reduction and Methanogenesis

As previously described, the importance of methanogenesis as a TEAP in the
wetland sediment was evaluated by monitoring CH4 production in sediment slurries to
which no substrates were added and acetate-amended slurries. Comparison of CHy
production in these two microcosm treatments with methanogenesis in microcosms that
were amended with molybdate, a specific inhibitor of sulfate-reducing bacteria, with or
without acetate was used to test for sulfate reduction.

Methane concentrations in the four microcosm treatments through day 50 are
presented in Figure 5.2. Little CH4 production was observed in the microcosms that were
not amended with acetate and reached maximum values of approximately 12 pmol.
Headspace methane levels gradually decreased after reaching a maximum in all four sets

of microcosms, presumably due to the depletion of endogenous electron donors and/or
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Figure 5.1. Fe(Il) (diamonds) and Fe(III) (circles) concentrations in the sediment characterization experiment. Data
points represent the average of duplicate samples and the error bars represent +one standard deviation: (a) T1 =no
substrate controls, (b) T2 = acetate added, (¢) T3 = molybdate added, (d) T4 = acetate and molybdate added.
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acetate, which caused CH4 production to cease while the repeated sampling of the
headspace gradually depleted the methane in the bottles.

It is conceivable that sulfate reduction acted as a sink for acetate and other
electron donors in the T1 microcosms and diverted reducing equivalents away from
methanogens. In that case, higher methane production would be expected in the
molybdate-treated T3 microcosms. However, comparison of the mean methane
concentrations in the T1 and T3 microcosms between days 6 and 49 using Students t-test
(/2=0.025) showed no statistically significant difference, which suggests sulfate-
reduction was not important.

The low methane concentrations in the T1 and T3 treatments also suggest that the
site from which the sediment was collected may be electron donor-limited. It is possible
that endogenous electron donors were depleted during the reduction of preferable
electron acceptors such as Fe(Ill) or sulfate. An alternative explanation is that reduction
of preferable electron acceptors in the T1 and T2 microcosms was not observed because
of a lack of bioavailable electron donor.

Not surprisingly, substantially more methane was produced in the T2 and T4
microcosms, which were amended with acetate, as shown in Figure 5.2. Comparison of
the mean methane levels in the two treatments between days 22 and 42 using Students t-
test (/2=0.025) indicates that the T4 microcosms produced slightly more methane
(average = 63 umol) compared with the T2 microcosms (average = 52 pmol), suggesting
that sulfate reduction was occurring in the acetate-amended T2 microcosms. This
supports the idea that electron donor availability may have limited the reduction of at

least some preferable electron acceptors in the T1 and T3 microcosms. In fact, it seems
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Figure 5.2. Headspace methane levels in four microcosm treatments. T1= no substrate
controls, T2 = acetate added, T3 = molybdate added, T4 = acetate and molybdate added.
Sediment and groundwater were added to microcosms on day 0. Acetate (2mM) was
added to the T2 and T4 microcosms on day 2, and molybdate (2mM) was added to the T3
and T4 microcosms on day 2. Data points represent the average of duplicate values.

likely that the addition of acetate stimulated TEAPs other than methanogenesis, because
only a small percentage of the 2 mM of acetate added to each of the T2 and T4
microcosms was apparently converted to methane.

It is interesting to note that, judging by the slope of methane production between
days 1 and 6, methane production began with little or no lag period in the T2 and T4
microcosms. This could be interpreted, as evidence that other TEAPs like sulfate-
reduction was not occurring in these treatments. However, under some conditions,
multiple TEAPs may occur simultaneously, for example, within micro-niches in the
sediment. The immediate production of methane in the T2 and T4 microcosms is also
significant because it supports the idea that acetate and other substrates had largely been
depleted in the surface sediments, which led to low methanogenic activity in the T1 and

T3 microcosms.
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5.1.5 Acetate Concentrations

Acetate results are displayed in Figure 5.3. Acetate concentrations were
measured on day 1 of the experiment to determine the initial amounts of acetate present
in the sediment slurries. Initial acetate levels in the four treatments ranged from 70 to
276 uM. Additional acetate (2mM) was added to the T2 and T4 microcosms on day 2
(this value is shown in Figure 5.2 but it is an assumed value, as no acetate measurements
were made on day 2). It is also possible that the acetate levels in these microcosms on
day 7 reflect the effect of some endogenous acetate production during this period. This is
demonstrated by the observation that acetate concentrations also increased between days
2 and 7 in the T1 microcosm, which was not amended with acetate or molybdate. Thus,
there must have been some endogenous acetate production in the T1 microcosms during
this period. This endogenous acetate production could have been the result of
fermentation and/or homoacetogenic processes. Acetate concentrations in the T1 and T3
microcosms leveled off between days 11 and 23 and appeared to reach threshold
concentrations of 5.7 and 10.2 uM, respectively, based on the day 23 values.

Methane production is plotted along with acetate and hydrogen levels in T1
(Figure 5.4) to show that the most of the methane in the T1 microcosm was probably
derived from hydrogen rather than acetate because once hydrogen was depleted, methane
production stabilized. Compared with methanogenesis, sulfate-reduction generates a
little more free energy (Table 3.1). Thus, according to the central hypothesis of this
research, if sulfate reduction was contributing to acetate oxidation in the T1 microcosms,
rather than methanogenesis, then a higher acetate threshold should have been detected in

the T3 microcosms in which sulfate reduction was inhibited. In fact, the threshold acetate
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Figure 5.3. Aqueous acetate results in the four characterization study microcosm: T1= no
substrate controls, T2 = acetate added, T3 = molybdate added , T4 = acetate and
molybdate added. (a) average concentrations in duplicate microcosms (days 1 through
23), and (b) average acetate concentrations measured on day 23. Acetate (2 mM) was
added to the T2 and T4 microcosms on day 2, and molybdate (2 mM) was added to the
T3 and T4 microcosms on day 2. Data points represents the average of duplicate values,
except for the 2 mM values in T2 and T4 on day 2, which were assumed. Error bars
represent + one standard deviation.
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concentration measured in the T3 microcosms (10.2 pM) was nearly double the
concentration measured in the T1 microcosms (5.7 uM). Based on the Student’s t-test
(0/2=0.025), this difference was statistically significant. Therefore, acetotrophic sulfate-
reduction could explain why methane production in the T1 microcosms appeared to be
primarily the result of hydrogen, rather than acetate oxidation (Figure 5.4).

As previously discussed, substantially more methane was produced in the T2 and
T4 microcosms compared with T1 and T3 microcosms, presumably because the addition
of acetate to the T2 and T4 microcosms stimulated aceticlastic methanogenesis.
However, it is somewhat surprising that the greatest amount of methane production in the
T2 microcosms occurred after the large decrease in acetate concentration was observed
(Figure 5.5).

In the microcosms that were not amended with acetate, the addition of molybdate
may have increased acetate levels by inhibiting sulfate reduction, as noted above. This
trend continued in the acetate amended bottles. The apparent acetate threshold in the
molybdate-treated T4 microcosms was slightly higher (6.5 pM) than that detected in the
T2 microcosms (5.8 uM), which were not amended with molybdate. However, this slight
difference in acetate threshold was not statistically significant (a/2 = 0.025).

All four treatments yielded acetate threshold concentrations of approximately 6
UM or higher. In comparison, acetate thresholds of 5.2 uM were measured by Lovley
and Phillips (1987b) in methanogenic sediments which supports the idea that the acetate
threshold in the wetland sediment and groundwater evaluated in this study was

controlled, at least in part, by methanogens.
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Figure 5.4. Concentrations in the T1 microcosms of methane and (a) acetate and (b)
hydrogen. All data points represent the average of duplicate samples.
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Figure 5.5. Acetate and methane concentrations in the T2 microcosms. Acetate (2mM)
was added on day 2. Acetate and methane data points represent the average of duplicate
samples.

5.1.6 Hydrogen Concentrations

Aqueous hydrogen concentrations in the four sets of microcosms were monitored
because they are frequently used as indicators of the dominant TEAPs in sediment or
groundwater and, thus, a significant amount of H; data is available in the literature for
comparison. The H; data are shown in Figure 5.6. Initially, relatively high
concentrations of hydrogen (> 25 nM) were noted in all four sets of microcosms. At least
two potential explanations for these data exist. First, it is possible that slow-growing H,
utilizers like the methanogens were temporarily inhibited during microcosm preparation.
For example, small amounts of air could have been introduced and inhibited
methanogens. If H,- producing organisms continued to be active immediately following
microcosm preparation, then H, would accumulate until the hydrogenotrophs recovered

and started growing again. In addition, the anaerobic chamber in which the microcosms
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were prepared contained approximately 5% H,. Therefore, the initial atmosphere in the
microcosms contained a similar amount of H,, and no attempt was made to flush it out.
However, had hydrogenotrophic populations in the microcosms been active immediately
following their preparation in the anaerobic chamber, H, concentrations would
presumably have decreased very rapidly because the H, turnover rate in active anaerobic
environments has been calculated to be 176 umol/L-h (Goodwin et al., 1988). Thus, it is
quite likely that a combination of factors (the H,-containing atmosphere used in
preparation of the cultures and perturbed hydrogen-consuming populations) contributed

to the initially high H,-levels.
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Figure 5.6 Headspace hydrogen levels in the four characterization study microcosm
treatments: T1 = controls, T2 = acetate, T3 = molybdate, T4 = acetate + molybdate.
Acetate (2mM) was added to T2 and T4 on day 2 and molybdate (2mM) was added to T3
and T4 on day 2. Data represents the average of duplicate samples.

H; began declining in all of the microcosms by day 3. Aqueous hydrogen
concentrations in the T1 and T3 microcosms decreased particularly quickly and reached

apparent thresholds (4.5 nM) by day 10. Presumably, the utilization of hydrogen by
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hydrogenotrophic methanogens to produce methane (Figure 5.4) in the T1 and T3
microcosms explains why the hydrogen threshold was rapidly achieved in these
treatments. The aqueous hydrogen concentrations in the T2 and T4 microcosms
decreased at a slightly slower rate, compared with the T1 and T3 microcosms. This could
theoretically be attributed to the addition of acetate to the T2 and T4 microcosms. That
is, it makes sense that in the presence of an alternative electron donor, the demand for H,
would not be as high as in microcosms that were not amended with acetate. The final
threshold H, concentrations measured in the T2 and T4 microcosms were approximately
6.5 nM. Similar H, thresholds concentrations were measured in previous studies
involving methanogenic sediments (Lovley et al., 1994c¢), as discussed in Chapter 3.

Thus, the converging lines of evidence provided by measurement of TEAs and/or
their reduction products, along with acetate and hydrogen thresholds, all lead to the same
conclusion about the dominant TEAPs in the wetland sediment. That is, the wetland
source sediment used in this study appears to be slightly sulfate-reducing, but
methanogenesis appears to occur to a greater extent. The results of this experiment agree
with previous characterization of the Aberdeen Proving Ground sites WB23 and WB24,
which as illustrated in Figure 4.1, found that in the layers just below the ground surface,
methanogenesis was the dominant TEAP (Lorah et al., 1997).
5.2 Methanogenic Acetate Threshold Experiment

Because methanogenesis was found to be the dominant naturally-occurring TEAP
in the sediment in this and previous studies, it made sense to carefully measure the
acetate threshold under methanogenic conditions in the wetland sediment. Therefore, this

was the focus of the first acetate threshold experiment. This was convenient because it
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was expected that the acetate thresholds under methanogenic conditions would be in the
UM range and higher than the thresholds measured under more favorable TEAPs. This
was important because acetate thresholds of less than 1uM could not be reliably
quantified using the enzymatic-HPLC method and may have occurred under Fe(III)-
reducing or dehalorespiring conditions (Sung et al., 2006). The following paragraphs
summarize the results of the experiment designed to determine the acetate threshold when
methanogenesis was the dominant TEAP.

The methane threshold experiment was conducted over 60 days in duplicate 2000
ml reactors (R1 and R2). The initial conditions measured in each reactor, on day 1 of the
experiment are summarized in Table 5.1. Acetate was added to both reactors on day 2 to

yield 2 mM.

Table 5.1. Background levels measured on day 1 of the methanogenic threshold
experiment.

R1 R2

Total Pressure (psi) 1 1
Acetate (LM) 80 106
CHy (umol) 1057 975

H, (M) 12 8

Figure 5.7 displays methane and acetate levels in the duplicate reactors. Acetate
concentrations of 4259 uM and 3644 pM were measured in the reactors on day 7. Thus,
it seems likely that there was some fermentative or homoacetogenic production of acetate
in the reactors, in addition to the 2mM acetate amendment made on day 2 of the

experiment.

64



Methane production was consistent through day 27 based on Figure 5.7. At least
some of this methane was the result of metabolism of acetate, which decreased between
day 8 and day 27. Acetate levels then appeared to level off after 27 days. Methane
production also leveled off during this period. To evaluate whether acetate
concentrations had reached a threshold concentration, a straight line was fitted to the five
data points obtained between days 27 and 36 and the slope of this line was compared
statistically to zero. The p value of the statistical slope analysis (0/2=0.025) was
determined to be 0.389. Therefore, the slope of the line did not appear to be statistically
different from zero, and the average acetate concentration from day 27 through day 36
(40 uM) was assumed to reflect the acetate threshold. However, this concentration was
substantially higher than the final acetate concentration measured under methanogenic
conditions in the characterization study.

Therefore, to evaluate whether 40 pM represented the true acetate threshold, a
second dose of acetate (0.89 mM) was added to the two reactors on day 36.
Subsequently, acetate concentrations began declining and actually decreased below the
presumptive threshold concentration observed between days 27 and 36. By day 46, the
acetate concentration appeared to be at a threshold concentration. The threshold
concentration was determined in the same way as for the first acetate spike, using the
acetate data for days 46 to 56, and giving an average value of 10 uM in this case. The
methane increased slightly after day 42, presumptively due to acetate metabolism.

After spiking the reactors a second time with acetate, there was a slight spike in
the hydrogen concentration (Figure 5.8) was observed. It is possible that reverse

homoacetogenesis, which converts acetate to H, and CO; contributed to this H; spike.
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Figure 5.7. Acetate and methane data from the methanogenic acetate threshold
experiments(a) Average acetate and methane levels for the duplicate reactors (R1 and
R2). The acetate concentration on day 2 is an assumed value equal to the acetate spike of
2 mM. (b) Average acetate threshold concentrations for each threshold determined.

Error bars represent + one standard deviation.
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Reverse homoacetogenesis becomes thermodynamically feasible when H, concentrations
are very low. For example, Lee and Zinder (1988) calculated that at standard
temperature, oxidation of acetate to H, and CO; is thermodynamically favorable when H,
<24 uM. Thus, it is conceivable that this process was at least temporarily stimulated by
the combination of high acetate and low H; levels. It is also be possible that the acetate
spike on day 36 caused a shift in the fermentative processes by temporarily increasing the

flow of electrons from organic products like acetate to Hy.
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Figure 5.8. Methane and hydrogen levels in the methanogenic acetate threshold

experiment. Data plotted is the average in duplicate reactors (R1 and R2) and error bars
represent one standard deviation.

The acetate thresholds for methanogenic zones of contaminated sediment found in
this study (40 uM and 10 uM) are lower than the acetate threshold concentrations
measured in previous studies involving pure cultures of aceticlastic methanogens, which

ranged from approximately 70uM up to 1.2 mM (Westermann et al., 1989; Jetten et al.,
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1992). However, the experimental approach used in some of these investigations was
quite different then that used in the current study. For example, in some cases, the
thresholds were measured in non-growing cells. Presumably, differences in the
experimental methods used and/or kinetic characteristics of the organisms studies explain
the differences in the thresholds measured in the pure cultures and current studies. A
better point of comparison may be the previously mentioned study of methanogenic
sediment conducted Lovley and Phillips (1987b) in which the measured acetate
thresholds (5.8 pM) were very similar to those determined in this study.
5.3 Dehalorespiration Acetate Threshold Experiment

Although no evidence of ongoing dehalorespiration was obtained in the
characterization experiment, other studies had shown that organisms capable of
dehalorespiration were present in at least some regions of the wetland sediment.
Therefore, it seemed reasonable to expect that the addition of chlorinated VOCs to the
wetland sediment microcosms would stimulate dehalorespiring populations and allow
assessment of acetate thresholds controlled by dehalorespiration. The following
paragraphs summarize the results of the two-part experiments designed to determine the
acetate thresholds in wetland sediment under dehalorespiring conditions. The
dehalorespiring experiments were conducted as described in Section 4.2.2.4.
The experiment that did not go to completion is analyzed first, followed by the
dehalorespiring threshold experiment completed with sediments from site WB35.

The first dehalorespiring threshold experiment was conducted over 11 days using
duplicate 160-ml microcosms. The initial samples were taken on day 1, as noted in

section 4.2.2.4. However, the acetate analyses for those samples was not completed until
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day 6 of the experiment due to complications with the HPLC. In the meantime, all of the
amendments described in Table 4.2 were added on day 2 when the initial, background
levels were still unknown. The microcosms were then sampled again on day 3, and the
results of those analyses are presented in Table 5.2. As can be seen in Table 5.2, there
were apparently high levels of endogenous acetate in the microcosms (see C1 and PCE1).
As a result, the desired conditions, which were to limit acetate and force the thresholds to
occur were not attained, precluding this experiment from occurring as planned. One
option for re-creating acetate-limiting conditions would have been to add more PCE.
However, previous experience with these sediments indicated that the PCE levels that
would have been necessary were above what had been shown to be toxic to the
indigenous microorganisms. Therefore, to avoid toxicity to the microcosms, PCE could
not be re-amended to excess concentrations, and the PCE and acetate had to be
completely degraded prior to amending the microcosms again. Unfortunately, the time
available for this study was not sufficient to allow that to occur.

Representative PCE and TCE data for this experiment are presented in Figure 5.9
for the Mix microcosms which were amended with both acetate (80 uM, nominal
concentration) and PCE (40 uM, nominal concentration). As illustrated in Figure 5.9,
PCE removal was occurring, as demonstrated by the declining PCE and TCE production.
However, the PCE removal was proceeding at an extremely slow rate, even in the
presence of excess amounts of acetate. For future studies, this experiment will be
continued once the PCE and acetate have sufficiently degraded that the microcosms can

be re-spiked with PCE and acetate to meet the desired experimental ratio.
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Table 5.2. Average acetate, CH4, H,, PCE and TCE for the duplicate microcosms in
samples taken on day 3 of the experiment. C1 are the controls, with the other
microcosms amended on day 2 as follows; Ac-1 with 80 uM acetate, PCE1 with 40 uM
PCE and Mix1 with both 80 uM acetate and 40 uM PCE

Cl Ac’l PCE1 Mix1
Acetate (UM) 687 780 703 778
CHy (umol) 51 55 57 56
H2 (nM) 5 4 5 5
PCE (umol) 0 0 40 239
TCE (umol) 0 0 0 0

Figure 5.9. PCE removal and TCE production data for the Mix1 microcosms, in the
presence of excess amounts of acetate (~10 fold). Data plotted is the average of duplicate
samples and error bars represent one standard deviation.

The second set of dehalorespiring experiments was conducted using sediment
slurry microcosm prepared with sediment from site WB35 and groundwater from site
WB24. Once no measurable level of a given chlorinated solvent was present, single
headspace and slurry samples were collected from the 160-ml microcosms for analysis of
H,, CH4 and aqueous acetate levels. A summary of these data is represented in Table 5.3.

Sung et al. (2006) reported an acetate threshold of 3.0 + 2.1 nM under PCE-
respiring conditions of a bacterial isolate, Geobacter lovleyi sp. strain SZ. Based on this

information, acetate levels were expected to go below the lowest concentration (1 uM)
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that could reliably be quantified in this study using the enzymatic-HPLC method (King,

1991).

Table 5.3. Acetate, H, and CH,4 levels measured in wetland sediments collected from site
WB35 following the dechlorination of PCE and CT in the absence of any added electron
donors.

Chlorinated VOC Added
Parameter PCE CT
Acetate (UM) 8.6 12
H, (nM) 6.9 16.9
CHy (umol) 0.812 0.34

However, the acetate concentrations measured to date in the microcosms amended with
chlorinated compounds fell within the range of the enzymatic-HPLC method and, in fact,
were similar to the threshold concentrations detected in the methanogenic sediment
during the characterization (10 uM ) and threshold experiments (10 uM). In contrast, the
thermodynamic framework outlined in Chapter 3, predicts instead higher thresholds
under methanogenic conditions than under dehalorespiring conditions. There are several
potential explanations for the relatively high acetate thresholds detected in the
microcosms amended with chlorinated VOCs. One possibility is that kinetic constants
like K (e.g., equation 3.3) were more important than reaction thermodynamics in
controlling the acetate thresholds in the sediment microcosms. K values in particular
vary significantly among different bacterial strains and are not related to the TEAP. It is
also possible that the chlorinated VOCs were not transformed by metabolic TEAPs, in
which case, the concept of thresholds may not be applicable. In particular, organisms

that respire CT, have not been identified, so it is not known whether or not this compound
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can serve as TEA. In fact, CT was converted at similar rates in viable and sterile
sediment controls (Devillier, personal communication), which suggests that CT
transformation occurred abiotically. Further, lesser chlorinated methanes did not
accumulate to a significant extent, implying that reductive dehalogenation processes did
not play a major role in CT removal. On the other hand, dehalorespiration using PCE has
been observed in several bacterial strains and presumably was feasible in the wetland
sediment. However, it is possible that acetate did not serve as the electron donor for
dehalorespiration of PCE (or other chlorinated VOCs). For example, several PCE-
respiring bacteria can use H; as an electron donor. In this case, the acetate concentration
in the chlorinated VOC-amended microcosms would not have been determined by
dehalorespiration and instead may have been controlled by the dominant acetotrophic

TEAP, which could have been methanogenesis or sulfate reduction.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

This research project examined the effectiveness of using acetate concentrations
as a global indicator of the dominant TEAPs in contaminated sediment. The overall goal
of this study was to evaluate if characteristic acetate threshold concentrations exist for
various TEAPs and, therefore, changes in in situ acetate can provide an additional piece
of evidence that contaminant biodegradation is occurring in the subsurface.

This evaluation was performed using contaminated sediment and groundwater
microcosms and reactors. In general, the results of these experiments demonstrated that
characteristic acetate thresholds do exist for methanogenic and dehalorespiring
conditions. However, for the experimental condition studied here the methanogenic
conditions exhibited similar acetate threshold levels to that of dehalorespiring conditions.
Thus, the results obtained under dehalorespiring conditions point out that a complication
of interpreting acetate thresholds may arise if acetate is not the primary electron donors
sustaining a given TEAP.

The results of this study provide some additional insight into the potential for
using acetate thresholds as a TEAP indicator for in Situ bioremediation applications.
However, it is apparent that the use of acetate as a microbial footprint is subject to
challenges of interpretation and application as noted for the other footprints currently
used in the field. For example, interpretation of acetate thresholds may be complicated
by TEAPs in which acetate is not the primary electron donor as noted above. With

regard to application, difficulties were encountered in terms of acetate quantification,
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similar to the application of H, measurements used for the same purpose. Specifically, in
this study, the enzymatic-HPLC analytical method described by King (1991) proved to be
challenging to perform with respect to selection of appropriate conditions for variables
such as reaction pH, elution phase and gradients, and reagent concentrations.
Nonetheless, the overall results of this research suggest that characteristic acetate
thresholds may potentially be useful for defining predominant TEAPs in contaminated
sediments and it is suggested that further research be performed with such sediments to
identify the acetate thresholds under other TEAPs and provide a more complete

assessment of the technique.
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Appendix A.1

Characterization Experimental Results

Methane-Average of duplicates in (umol)

Agueous Hydrogen-Average of duplicates (nM)

Time Time

(days) T1 T2 T3 T4 (days) T1 T2 T3 T4
1 0.0 0.0 0.0 0.0 1 25.2 25.1 25.1 25.2
6 10.7 12.4 11.2 13.2 6 21.2 25.6 27.6 25.2
10 12.0 17.4 13.0 18.9 10 4.4 10.0 5.2 23.3
14 12.3 30.0 12.9 36.6 14 4.0 8.0 4.6 13.8
18 11.7 43.7 11.8 52.8 18 3.4 7.2 3.9 7.5
22 11.5 59.6 17.1 66.3 22 4.6 6.5 4.5 6.7
29 11.2 59.7 11.7 64.3 29 2.7 5.4 45 6.9
35 10.8 48.5 12.0 58.7 35 5.0 8.5 5.2 9.9
42 10.3 51.9 12.7 61.5 42 4.8 5.1 5.7 4.1
49 10.2 37.0 10.9 60.4 49 1.7 3.6 4.2 4.9

Appendix A.1. Methane production and hydrogen consumption during the characterization experiment. Data shown is the average of

duplicate samples.




Appendix A.2

Characterization Experimental Results

@)

Bioavailable Ferrous and Ferric Iron-Average of duplicates (umol)
T1 T2 T3 T4
Time
(days) Fe(ll) Fe(lll) Fe(ll) Fe(lll) Fe(ll) Fe(lll) Fe(ll) Fe(lll)
1 245 200 170 150 79.75 665.25 97.5 322.5
7 1475 72.5 22.5 172.5 72.5 947.5 0 0
11 320 150 295 125 287.25 257.75 270 50
15 47.5 197.5 72.5 97.5 47.5 72.5 0 170
19 0 70 22.5 72.5 159.75 485.25 147.5 197.5
23 0 0 0 0 0 0 0 0
(b)
Agueous Acetate-Average of duplicates (UM)
Time
(days) T1 T2 T3 T4
1 100 117 276 76
7 256 1011 44 647
11 49 68 29 61
19 72 490 107 61
23 6 6 10 7

Appendix A.2. (a) The bioavailable ferrous and ferric iron levels measured during the characterization experiment. Data shown is the

average of duplicate samples. (b) Represents the aqueous acetate levels measured during the experiment. Data shown is the average
of duplicate samples.
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Appendix B.1

Methane Threshold Experimental Data

Cumulative Methane Aqueous Hydrogen
(umol/volume headspace) nM) Aqueous Acetate (UM)

Day R1 R2 Average R1 | R2 | Average R1 R2 Average

0 0 0 0 01]0 0

1 1058 975 1017 12| 8 10 76 150 113

2 76 150 113

3 1305 1148 1227 10 | 8 9 2000 | 2000 2000

5 1381 1134 1258 8 | 8 8 2076 | 2875 2475.5

7 1654 1360 1507 8 | 8 8 4259 | 3644 3951.5

9 1759 1452 1606 6 | 6 6 930 | 2012 1471
11 1965 1741 1853 6 | 7 6 740 633 686.5
13 2132 1862 1997 6 | 6 6 451 637 544
16 2191 1919 2055 515 5 122 273 197.5
20 2276 2046 2161 8 | 8 8 42 35 38.5
24 2307 2058 2182 11 | 11 11 76 71 73.5
27 2527 2297 2412 10| 7 8 31 24 27.5
29 2527 2297 2412 8 | 7 8 31 25 28
31 2553 2333 2443 717 7 44 31 37.5
33 2418 2388 2403 516 6 25 34 29.5
35 2351 2774 2563 4 | 6 5 25 34 29.5
37 2775 2774 2775 31| 14 23 890 890 890
40 2679 2735 2707 15 | 11 13 224 980 602
42 2730 2779 2755 111 9 10 106 293 199.5
44 3015 3131 3073 9 | 8 9 147 86 116.5
46 3021 3057 3039 8 | 7 8 5 8 6.5
48 3156 3198 3177 8 | 8 8 13 14 13.5
50 3137 3274 3206 8 |9 9 4 4 4
52 3208 3366 3287 6 | 7 6.5 5 24 14.5
54 3306 3502 3404 4 | 6 5 12 18 15
56 3369 3623 3496 6 | 7 6.5 7 8 7.5

Figure B.1. Data from methanogenic acetate threshold experiment.
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Appendix B.2

Total Pressure

Total Suspended
Solids Day R1 R2

Total Solids
Reactor (g/L) 3 1 1
R1 38 5 1.5 1.2
R2 32 7 2 2
9 4 4
11 3 2
13 2 1
16 2 1
20 4 3.9
27 4 4
29 35 3.8
33 3.8 3.5
35 3.6 3.6
37 3.5 3.2
40 3.8 3.2
42 4 3.8
44 4.2 4
50 4 4
52 3.8 4.1
54 4 3.8

Figure B.1. Data from methanogenic acetate threshold experiment. (a) Represents total
suspended solids in each reactor. (b) Represents the total pressure monitored at the beginning of
each sampling event. This table is not all inclusive of each sampling event, rather a partial table
of various pressures monitored throughout the experiment.
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