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Abstract

This study analyzes rhizosphere conditions that enhance the effective aerobic
degradation of TCE in wetland bioremediation systems. A plant model was built using
Stella 9.0 modeling software and uses numerical integration evaluation; it addresses
movement of oxygen through plant vascular and aerenchymal systems, and into the
rhizosphere where oxygen and other substrates influence bacteria. Methanotrophs and
heterotrophs are assumed to be influential bacteria groups. Variations of humidity-
induced-convection, methane, soil carbon, and copper concentrations are evaluated.
Varying concentrations and hydraulic loadings of TCE are assessed with respect to TCE

consumption rate and TCE treatment efficiency.

Soil conditions most directly affected TCE consumption, and hydraulic conditions
most directly influenced treatment efficiencies. The research identified low carbon, low
copper, high oxygen, and high methane concentrations as most conducive conditions for
remediation. Variationsin soil carbon had the highest impact on consumption rates;
minimizing organic carbon concentrations of the influent may enhance remediation rates.
It is recommended to first optimize soil conditionsin awetland treatment system, and
then adjust hydraulic loading to achieve optimal treatment efficiencies. The model
developed can be used to determine likely remediation rates and to then optimize

efficiency by adjusting flow rates for a wetland bioremediation system.
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OXYGENATION OF THE ROOT ZONE AND TCE REMEDIATION:

A PLANT MODEL OF RHIZOSPHERE DYNAMICS

|. Introduction

Plants are amazing creations. Our lives depend upon them, yet thereis still much
we do not understand about them. The ability of plantsto move oxygen and other
exudates into the soil surrounding the root zone is a subject of specia interest; these
processes play important roles in supporting the symbiotic relationship between plants
and microbial populationsin the soil. Wetland environments, specifically, provide a
significant obstacle to many plants; the reducing conditions associated with saturated
soils limit oxygen availability in the soil. Wetland plants, termed hydrophytes, are
specialy suited to wetland soil conditions. They rely upon radial oxygen loss from their
roots to aid in nutrient uptake for the plant, detoxify reduced elementsin the soil, and to
support beneficial microbia populations associated with the root zone. In these
conditions, oxygen is used up quickly and plant rhizospheres are correspondingly thin;
this complicates our ability to measure oxygen and other nutrient levelsin the
rhizosphere. Computer modeling of rhizosphere characteristics can help give important
insight into oxygen concentrations, nutrient levels, and likely microbial interactionsin the
soil.

Rhizosphere dynamics are important to bioremediation. Chlorinated compounds
like trichloroethylene (TCE) are a significant source of pollution in many groundwater

systems. Bioremediation offers a cost-effective method of treating them. Since



hydrophytes are able to move oxygen and other exudates into the soil by diffusion from
their roots, the rhizosphere helps to sustain communities of aerobic bacteria. These
bacterial populations play important roles in the breakdown of halogenated organic
compounds. Aerobic methanotrophs consume oxygen and methane available in the
rhizosphere and produce harmless CO, and water. It islikely that the same mono-
oxygenases used by the methanotrophs to digest methane also cometabolize TCE and
other halogenated organic compounds. Consequently, constructed wetlands offer aviable
way to remediate TCE and its associated byproducts in contaminated groundwater; a
healthy population of methanotrophsis essentia to the remediation process. Heterotroph
popul ations also compete for oxygen in the rhizosphere; however, they do not have a
known role in the remediation process. In order to create an optimum balance for
bioremediation, better insight is needed into the movement of oxygen into the
rhizosphere and its effect on associated microbia populations.

This study will use amodeling approach in order to calculate oxygen and other
nutrient levelsin the soils surrounding wetland plants. There are currently many
unknowns in addressing rhizosphere dynamics; some assumptions are made in order to
model the system. From a system dynamics perspective, the behavior of asystemisa
result of its causal structure. Precise variables are far less important in the modeling
process than the structure that arises from the relationship between the model’ s el ements.
By accurately depicting the relationships of real-world components in the model with
current knowledge, intuition can be gained on the behavior of the system. The model’s
system boundary includes the plant, its root structure, the plant’ s rhizosphere, and the

microbial populations that exist near the oxygenated zones of the soil.



Oxygen levelsin the soil quickly approach zero in the rhizosphere; this makes
oxygen alimiting nutrient in wetland soils. This model will address the ability of plants
to move oxygen from the leaves into the root zones. There are two likely ways that
plants are achieving thisend. Thefirst process takes place in the bulk flow of solute
inside the plant vascular structures, the phloem and xylem. Mature plant leaves use the
process of photosynthesisto fix CO, and H,O into carbohydrates for plant energy needs.
These sugars are mostly converted to sucrose for transport inside the phloem. The high
concentration of sugar creates an osmotic potential inside the phloem that drives the flow
of the solute towards the plant roots. High osmotic potentials (two to three mega-pascals)
are common inside the sieve tubes, and transport velocities of .5 to 1.5 meters per hour
are common in most plant species. (Salisbury, 1992:171-176) High levels of oxygen
from photosynthesis diffuse into this solution and are transported by high pressure bulk
solute flow down the stem to the roots.

Wetland plants have an additional source of oxygen that must also be modeled.
While all plants have the ability to increase air channelsin their tissue (known as
aerenchyma) under conditions of oxygen stress, wetland plants have much higher
concentrations of these air channelsin their shoots, up to 45 percent by volume, than
other plants. (Crawford, 1982; Salisbury, 1992) The volume lost to this tissue represents
asignificant sacrifice by the plant, but it plays avery critical rolein plant survival. The
opening of interior spaces provides a pathway for air inside the plant, a ventilation system
that can be used to move oxygen and nitrogen down to the roots and to expel waste gases
like methane and carbon dioxide from roots to the atmosphere. Though diffusion can

play arolein the movement of air through these air passages, bulk air flow is the primary



method of transport in these channels. Two processes, bulk solute flow and bulk air flow,
are important in delivering oxygen to the rhizome and both need to be modeled to
accurately assess oxygen levelsin the root zone.

Once in the plant rhizome, the roots permit delivery of oxygen into the
rhizosphere primarily through diffusion processes. Concentration gradients provide the
motive force for most exchanges between the roots and the soil, and diffusion allows a
two way exchange between the plant roots and the soil around it. There are other factors,
though, that affect the permeability of the roots and their exchange of water, oxygen, and
other nutrients with the rhizosphere. Plant structures, tissue differences, and low
permeability membranes give the plant a degree of control on the amount of oxygen that
is exuded to the rhizosphere.

Nutrients in the soil provide a source of nourishment for microbia populationsin
the soil, and the consumption of these primary substratesis limited by oxygen. The
heterotroph popul ations compete for carbon sources, consuming oxygen that is also
required by the methanotroph populations who are valuable to remediation processes.
Correspondingly, the movement of carbon sources into the root zone plays an important
factor in determining microbial populations in the root zone. Modeling may provide a
source of insight to better characterize the growth of bacteriaresident in the rhizosphere.

Aerobic bioremediation is dependent upon methanotrophic bacteria, and those
bacteria are primarily dependent upon the metabolism of methane. One additional area of
concern in this study, then, is the concentration and influence of methane in the
rhizosphere. Anaerobic processes in nearby wetland soil provide methane that is used by

the methanotroph populations in the rhizosphere for energy. Roots create a matrix in the



soil through which the methane diffuses. The extent of oxygen’sradial diffusion limits
the ability of methanotrophs to utilize the methane existing in the nearby soil. Methane
flux into the rhizosphere where oxygen levels support methanotroph growth could be a
limiting factor to methanotroph populations. Root architecture could also play arolein
determining the availability of methane to the methanotrophs that rely upon it; dense
roots may preclude the flux of methane into the central portions of the root and limit
methanotrophs to outer portions of the root zone. It also remainsto be seen if alarge
population of methanotrophsis critically important for remediation purposes; asmall
population of these bacteria may be sufficient to metabolize the small amounts of
compound that are available in the soil for remediation. It isalso unknown to what extent
the compounds that we are trying to remediate have atoxic effect on the microbes that
are digesting them.

The model isan important tool. It will allow the manipulation of numerous
variables that may not be available for manipulation in another setting such asa
laboratory of field test. This givesthe model a great amount of flexibility. Data can be
generated quickly in response to changes in variables.

Modeling aso has a great number of limitations. A number of assumptions will
need to be made in the modeling process that will account for unknowns. It isimportant
that all components of the model complement their function and behavior in the living
system; thiswill allow comparisons of the model to empirical knowledge about plant
systems. The model’ s output will also need to be scaled against measurements obtained
in real systems; required data sets may not be available to scale the model and some

assumptions need to be made in order to achieve characteristic results.



In this model, limited knowledge on plant oxygen movement necessitates the
modeling of oxygen flow by bulk flow in both the solute and the air in the air spaces
(aerenchymal tissue). The capacity of various parts of the root to transport oxygen is
uncertain, and the root processes are divided to better account for the oxygen flow from
the roots to the rhizosphere. Root permeability changes along the length of the root, and
transfer coefficients are used for root segments since diffusion constants for the entire
root are unknown. Plant species characteristics to include size, root structure, and
respiration rates are al so accounted so that they can be varied. Diurna and seasond
variations are not inherent in the model, but constants can be varied to account for plant
responses to changing externa conditions.

With respect to modeling of microbial populations, Monod growth is assumed.
Carbon sources are assumed to be alimiting nutrient for the heterotroph populations, and
methane alimiting nutrient for methanotrophs. Oxygen limits the consumption of both
these substrates, and has an effect on the enzymes produced by the bacteria. Space
consideration for microbial cohabitation is not modeled; it is assumed that oxygen and
nutrient levels are the limiting factors of growth. Basic inputs concerning soil conditions
(saturation, porosity, hydraulic flow rates, and TCE concentration) and other potentially
limiting nutrients (methane, carbon, and copper) are entered as constants. Inhibition of
the bacteria by toxic compounds is accounted by the Andrews model, a modification of
the Monod expression, and by degrading effects caused by toxic intermediates during

TCE transformation



Model Assumptions

10.

11.

The following assumptions apply to this model and its results:

Humidity induced convection (HIC) and plant photosynthesis are the main
contributors to rhizosphere oxygen.

Nearly all rhizosphere oxygen is contributed through the plant’s root hair zones.
The plant efficiently minimizes overlap of rhizosphere zones.

Mature and homogenous plant stand of Phragmites australis that ignores diurnal
cycles (constant phloem/xylem flow and humidity/temperature/light levels).
Heterotrophs and methanotrophs are the only bacteria of treatment significancein
the rhizosphere.

Primary carbon flow isfrom BOD in treatment water, and organic carbon is the
primary substrate for heterotrophic bacteria

Methane is generated in anaerobic zones of the wetland treatment area and is the
primary substrate for methanotrophic bacteria.

TCE isthe only contaminant in the treatment water, and is consumed aerobically
only.

Bacterial activity isthe most significant sink of oxygen in the rhizosphere
(ignores chemical oxidation, fungi, predation).

Copper availability, determined by total copper concentration and redox
conditions, determines MM O expression.

sSMMO and pMMO have greatly different transformation rates for TCE (ktcg) but
have roughly equiva ent affinities for methane and TCE (K, Ks tcg) and TCE

inhibition rates (k;, tcg).



12. A subsurface flow wetland treatment system with uniform flow and continuously-

stirred-reactor assumption outside the rhizosphere.

Problem Statement

The impact of radial oxygen loss and exudates in the rhizosphere of wetland
plantsis poorly understood. This knowledge gap limits the optimization of wetland
bioremediation processes for halogenated organic compounds and other environmental

contaminants.

Purpose Statement

The purpose of this study isto mechanistically examine oxygen transfer into the
soil in order to optimize aerobic remediation conditions for aiphatic compounds such as
trichloroethylene (TCE). Increased intuition regarding the flow of oxygen and other key
root exudates into the rhizosphere of wetland plants will aid in determining effects on
microbia populationsin the soil. This knowledge can be used to guide further research
into radial oxygen loss by plant roots and to optimize conditions of constructed wetlands

to support microbial populations that are critical in bioremediation processes.

Resear ch Questions
1. What isthe nature of the oxygen dynamic in the rhizosphere?
2. What are the most influential factorsto microbial community populationsin

the root zone?



3. How can methanotroph populations be optimized to support aerobic
remediation requirements for halogenated organics like TCE, TCA, DCE, and
VC?

4. What are the influential factors of oxygen transport in awetland plant?

5. How is oxygen level in the root zone affected seasonally?



Il. Literature Review

Trichloroethylene and other organic halogenated organics are significant sources
of pollution in the environment. Bioremediation can be a cost effective and efficient way
to mitigate the hazards posed by many of these chemicals. In order to optimize wetland
bioremediation techniques, an understanding of the microbial populations responsible for
the remediation processesisrequired. Different bacteria exist in aerobic and anaerobic
environments, both of which are present in awetland. In awetland, aerobic zones exist
in the rhizosphere, the area around plant roots where oxygen diffuses into the soil.
Scientific understanding of rhizosphere dynamicsislimited. Three key components of
understanding this dynamic are: 1) the plant processes that move oxygen and other
exudates in and out of the soil; 2) the movement of oxygen in the soil surrounding the
roots; and 3) the behavior of microbial populations living in the soil surrounding the
rhizosphere. Thisliterature review was conducted in order to develop alarge scale view
of rhizosphere activity and to focus that vision towards an accurate model of the

rhizosphere dynamic.

Halogenated Aliphatic Compounds

Trichloroethylene (TCE) isin aclass of liquid organics known as chlorinated
hydrocarbons. This class includes other compounds such as perchloroethylene (PCE),
vinyl chloride (VC), carbon tetrachloride, and trichloroethane (TCA). The physical and
chemical properties of TCE, TCA, and PCE, in particular, alow small amounts of these

compounds to contaminate large supplies of groundwater. (Cheremisinoff, 2001:22)
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Chlorinated hydrocarbons are dso in alarger class of chemicals collectively grouped as
solvents. Solvents have variable lipophilicity and volatility, a small molecular size, and
lack charge. These characteristics alow them to be readily absorbed by the skin, gastro-
intestinal tract, and, most significantly, the lungs. Most of these solvents produce some
degree of central nervous system depression. (Klaasen, 2003:361)

Chlorinated ethenes and ethanes are also produced by natural processesin the
environment. PCE and TCE, for example, are produced by marine algae. (Field, 2004 5;
Abrahamsson, 1995) Vinyl chloride and other halogenated organics are generated during
the production of humusin soil. (Field, 2004: 5; Hoekstra, 2003, 1998; Keppler, 2002,
2000; Laturnus, 2002) Concentrations of these chemicalsin nature, however, are
relatively low. Production of chlorinated ethenes and ethanes industrially is
approximately 8000 kt per year in the United States alone. Though a substantial decrease
in inadvertent rel ease has been made in recent years, releases of chlorinated solvents
worldwide remains high. (Field, 2004: 5; Fetzner, 1998; Lecloux, 2003)

When these solvents are not disposed properly, they are able to volatize into the
atmosphere or to leak into the ground. Atmospheric vaporsin an unconfined area
typically are diluted and dispersed rapidly. Solvents that move into the ground, however,
are extremely persistent and represent a significant threat to water sources. Spilled
solvents percolate through the soil and enter the groundwater. Many volatile organic
compounds, like TCE, are heavier than water. This causes them to sink to the bottom of
aquifers and makes them very difficult to remove from the environment. (Klaasen,
2003:362) Since al solvents are somewhat soluble in water, they diffuse into the

groundwater. This often causes unhealthy concentrations in water that is pumped to the
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surface and impacts indoor air quality in areas with high water table fluctuations.
(Cheremisinoff, 2001:22)

Ingestion, absorption through the skin, and inhalation are normal routes of
contaminant exposure. Gasesin the air enter the lungs; blood levels equilibrate almost
instantaneously and result in rapid uptake of chemicalsinto systemic circulation.
Solvents also easily permeate the digestive tract; one hundred percent of an oral doseis
assumed to be absorbed by the body. Dermal exposure can have varying degrees of
penetration by passive diffusion that depend on concentration, surface area exposed,
duration, nature of the skin, and nature of the solvent. Once in the body, the lipophilic
compounds partition into hydrophobic sites such as the phospholipidsin cell walls,
lipoproteins, and cholesterol that is present in blood. Though many compounds partition
back to the air during normal respiration after the individual is removed from the source
of exposure, concentrations in fatty tissues remain in the body for prolonged periods. In
order to minimize the threats posed by solvents, the Occupational Safety and Health
Administration has established a set of legally enforceable Permissible Exposure Limits
(PELSs). Theselimits are designed around an 8 hour workday/ 40-hour workweek in
order to ensure the safety of exposed individuals through any likely metabolic pathway.
(Klaasen, 2003:362)

Trichloroethylene is a solvent of significant concern in the environment. Itisa
colorless, volatile liquid that is nonflammable under standard conditions. It istypically
used for industrial and commercia degreasing; it is aso used in the manufacture of PCE
and plastic cement, and is used to process commodities such as coffee beans, cotton, and

wool. Though current laws and safeguards limit the amount of contamination placed into
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the environment today, large amounts of TCE have leaked into the soil in years past.
This has led to high TCE concentrations in groundwater at many locations. The U. S.
Environmental Protection Agency (US EPA) has classified TCE as a priority pollutant
due to its widespread contamination, possible carcinogenicity, and its anaerobic
conversion to the more potent VC. (Cheremisinoff, 2001:25) TCE and other volatile
organic compounds are regulated as air pollutants subject to the Clean Air Act

Amendments Title l1l.

Physiologica Effects.

Though dermal absorption is not considered to be amajor factor in risk
assessments, TCE is considered to be an eye and skin irritant. It is readily absorbed
across biological membranes, however, so inhalation and gastrointestinal absorption of
TCE are very significant. (Lash, 2000:178) TCE is associated with Hodgkin’s disease,
multiple myeloma, and numerous cancers. Most of the toxicities due to TCE result from
metabolites produced during reactions inside the body. (Chiu, 2006: 1450) The
metabolites of TCE follow two major metabolic pathways, each of which has acute and
chronic toxic effectsin the body. The products of both pathways are depicted in Figure 1
below. The metabolic flux resulting from glutathione (GSH) and oxidative pathways
differs for each tissue, and effects on each target organ differ correspondingly. (Lash,

2000:177) The metabolism of TCE and its effects on organsis fairly complex.
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Figure 1. Metabolism of TCE in Human. (Lash, 2001:178)

The major pathway for breakdown of PCE is an oxidation process facilitated by
four different P450 cytochromes (right side of Figure 1). CY P2E1 appears to be the most
active of the P450 isoforms. The mgjority of TCE likely undergoes chlorine migration to
oxygenated TCE-P450 prior to transitioning to chloral hydrate. Chloral hydrate is rapidly
transformed in the liver, but Clara cell injury in the lungs has been associated with the
accumulation of chlora hydrate. (Lash, 2000:180) Specifically, TCE has been shown to
cause lung cancer in the mouse, but not in the rat. (Klaasen, 2003:365) The liver hasthe
highest P450 activity levels of any tissue, and P-450 metabolites have been directly
linked to liver damage. Chlora hydrate subsequently breaks down to trichloroacetate or

trichloroethanol. Trichloroacetate is the primary candidate of liver injury and cell
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proliferation, and it is also the major metabolite of TCE in the circulatory system dueto a
high affinity for binding to blood plasma. (Lash, 2000:182) Trichloroacetate is broken
down to dichloroacetate, also linked to liver damage. Dichloroacetate further breaks
down in the body, but trichloroacetate and trichloroethanol are the mgjor TCE
metabolites that are recovered from urine. P-450 activity is aso present in the kidneys,
but nephrotoxicity and nephro-carcinogenic effects have only been linked to the GSH
metabolic pathway. (Lash, 2000:177)

The second metabolic pathway (left side of Figure 1) breaks TCE down by
glutathione (GSH). Far lessis known about this pathway than the oxidative pathway. It
is known that reactive metabolites from the GSH pathway are potent renal toxicants both
invitro and in vivo. (Chiu, 2006:1452) Kidney tumors are likely caused by reactions of
GSH metabolites that alkylate cellular nucleophiles such as DNA. (Klaasen, 2003:36)
TCE is broken down to S-dichlorovinyl glutathione (DCV G) which is subsequently
broken down to S-dichlorovinyl-L-cysteine (DCVC). Bioactivation of DCVC may occur
through the renal f—yase metabolism, producing the reactive metabolites that are toxic to
the kidneys. (Chiu, 2006:1453) Thisevidence asit applies to humans, however, is
debatable since male rats are especially prone to the effects, while female rats and mice
display lesser associations. It is hypothesized that the reactive metabolites of the GSH
pathway may have a genotoxic effect on the proximal tubule of the human kidney.
(Klaasen, 2003:365) The problem, then, is not asimple one and is a high priority issue
for the field of toxicology. Modeling focusis placed on TCE and its major oxidative

metabolites trichloroacetic acid and trichloroethanol. (Chiu, 2006:1450)
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Bioremediation

Removal of chlorinated contaminants in the environment can be alengthy,
difficult, and costly undertaking. Since PCE, TCE, and TCA al sink to the bottom of
aquifers, they have been termed as “ Dense Nonagueous-Phase Liquids’ or “DNAPLS’.
Depending on subsurface conditions, the contamination can persist for years and most
DNAPL sites are not fully remediable without extracting the entire contamination source
by pumping. It isespecialy important in the case of DNAPLS, then, to determine the
position, size, and hydrogeol ogical situation of underground sources prior to any
remediation effort. (Cheremisinoff, 2001:26) Once the site is characterized,
bioremediation may offer an effective and cost efficient means to remove these
contaminants from the environment. Bakst (1991) showed that bioremediation is one of
the least expensive remediation techniques when its application is feasible. Monitored
natural attenuation of TCE is also possible when the correct conditions are present.
(Brigmon, 2001: 5-8)

Bioremediation is the use of naturally occurring organisms to effect remediation
of a contaminant by reducing its concentration in the environment. Bioremediation is
usually accomplished by microbial consortiathat live in the soil and water. Microbes can
often benefit from the contaminant directly by using it as afood source. The contaminant
can act as an electron donor or carbon source that supports the growth of the microbe,
and is chemically atered during the process. The successful application of
bioremediation depends upon the ability to stimulate and enhance the desired microbial
activity and bring the contaminant into contact with the microbial community performing

the remediation function. (Brigmon, 2001: 3)
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Actual change of the contaminant can be effected by a variety of biochemical
reactions. During redox reactions, electrons flow from the contaminant to an electron
donor. In aerobic conditions, oxygen is the normal electron acceptor. Asthe microbial
population grows, the rate of biodegradation can also increase until the supply of

contaminant is depleted.

Anaerobic Bioremediation.

Remediation of chlorinated compounds can also be performed anaerobically,
without oxygen. In the absence of oxygen, other electron acceptors can be used for
respiration. In nature, nitrates, iron, sulfates, and CO, are common alternate acceptors.
Chlorinated compounds can also serve as el ectron acceptors in a process known as
halorespiration. During halorespiration, microbes use the chlorine in the compounds as
an electron acceptor to process another substrate; thisis an energetically favorable
reaction that results in the reductive dehal ogenation of the contaminant (Field, 2004: 6;

McCarty, 1997), normally resulting in aless toxic product.

Co-metabolism.

Microbes can aso be used to remediate contaminants indirectly. Enzymes that
are typically used to digest a primary substrate may aso chemically alter the contaminant
of concern. Thisisreferred to as co-metabolism. Co-metabolism can occur both
aerobically and anaerobically. The consumption of the contaminant, however, is not
linked to the growth of the micro-organism, and the microbes in these systems rely upon

other primary substrates and electron acceptors for growth. The degradation of the
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contaminant is a fortuitous circumstance that can be amplified by supplying the microbes
with the primary substrates and el ectron acceptors they require. In the case of chlorinated
compounds, methane monooxygenases expressed by methanotrophi c/methyl otrophic
bacteria to oxidize methane are also used to cooxidize the chlorinated compound of
interest. (Field 2004:6; Wackett, 1995) Methanotrophs are physiologically versatile,
living in adiverse range of hostile environments, and while other microbes are aso
capable of degrading chlorinated aliphatic compounds, methanotrophs are optimal in
bioremediation when TCE is the primary concern. (Brigmon, 2001: 4) In this case of

aerobic co-metabolism, the methanotrophs are dependent upon methane and oxygen.

Aerobic Bioremediation.

Aerobic bioremediation of TCE is dependent upon a co-metabolic process by
methanotrophic bacteria, so a healthy population of methanotrophsis essential to the
remediation process. The methanotrophs are a group of aerobic, gram-negative bacteria
that use methane as their sole source of carbon and energy. It islikely that the same
mono-oxygenases used by the methanotrophs to digest methane also metabolize TCE and
other halogenated organic compounds. An advantage of methanotrophsin aerobic
conditions limits the accumulation of undesirable metabolites. (Brigmon, 2001 4)

Soil oxygen is also alimiting factor in bioremediation; the extent of oxygen's
radia diffusion limits the ability of methanotrophs to utilize the methane existing in the
nearby soil. Heterotrophic bacteria populations also compete for the oxygen in the
rhizosphere; however, they do not have a known role in the remediation process and their

presence may limit the oxygen available to methanotrophs. Oxygen is alimiting nutrient
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in wetland soils and oxygen release by wetland plants accounts for as much as 90 percent
of the oxygen entering the substrate. (Reddy and others, 1989; Allen and others,
2002:1010) The fine roots of wetland plants have a large surface to volume ratio and are
especially conducive to growing the bacteria populations needed for aerobic degradation
of TCE (Amon et al., 2007: 64; Brigmon, 2001: 8), creating a biofilm matrix through

which oxygen and methane diffuse.

Chlorinated Ethene Characterization.

For discussion purposes, chlorinated ethenes are often divided into two categories,
lower and higher chlorinated compounds, due to differencesin their behavior with
respect to remediation. The lower chlorinated ethenes include vinyl chloride (VC), and
the dichloroethenes (1-1-DCE, tDCE, cDCE). The higher category includes TCE and
PCE. Asagenera rule, the higher chlorinated ethenes are more prone to anaerobic
biodegradation and the lower ethenes are more prone to aerobic degradation. Thereis
overlap in both categories with exception of PCE that typically only degrades
anaerobically. A large number of reports show that TCE and PCE are naturally
attenuated in the environment. The degradation of PCE and TCE was observed to
proceed anaerobically to cDCE or to ethane and/or VC. (Field, 2004:27; Loffler, 2000;
Pavlostathis, 1993; Fennel, 2001)

One unfortunate complication of remediation is the transition of TCE to
dichloroethylene (DCE), and then to vinyl chloride (VC). VC isone of the most
dangerous compounds in the group of halogenated organics and isaclass A carcinogen.

High CNS depression and death have been associated with acute exposure to VC.
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(Vaccari, 2006:820) Any remediation process must also address the resulting formation
of VC and further reduce it to aless harmful compound. In microbial remediation, VCis

remediated by the same bacteria that also aerobically metabolize TCE, and DCE.

Treatment Methods.

The limitations of in-situ remediation are recognized; pump-and-treat methods are
the default choice for extracting chlorinated organics from soil and groundwater, but
those methods are normally expensive, involving energy-intensive thermal or controlled
biological processes, often costing millions of dollars for treatment alone. Additionaly,
adsorption and desorption of the chlorinated organics leads to extended treatment times
and years or decades of pumping. Large volumes of water must be pumped with very
low concentrations of contaminant to accomplish remediation. (Shelley et al., 2002:6) A
few aternative treatment methods have been recommended by Shelley et al. in order to
maximize water treatment volume and to drastically reduce costs. One method involves
introducing hydrogen and zero-valent metals into groundwater circulation wells (GCWS)
in order to facilitate a reductive dechlorination of the ethenes. A second method is the
use of a constructed wetland with an upward flow of water that will treat the
contaminants by anaerobic and aerobic microbial processes. Sequentia treatment in
anaerobic and aerobic zones |eads to the compl ete destruction of chlorinated ethenes.
Plant roots are the primary contributor of oxygen in the root zone. The upward flow

wetland is briefly described here and illustrated in Figure 2.
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Figure 2. Upward Flow Constructed Wetland Remediation Sequence. (Shelley, 2002:14)

Water is pumped from the contaminated source and fed through pipes to the lower
level of the constructed wetland. This region is dominated by anaerobic conditions due
to the saturation of the soil. Anaerobic bacteria are able to convert chlorinated ethenes to
progressively less chlorinated forms by reductive chlorination, using the chlorine from
PCE, TCE, DCE, and VC as electron receptors. (Amon et al., 2007: 52) PCE must be
degraded anaerobically. Additionally, aerobic zones that exist around the roots
(rhizosphere) of the wetland plants enable aerobic bacteriato co-metabolically consume
the TCE, DCE, VC using the same mono-oxygenases used to digest methane in order to
produce CO, and water.

The maximum contaminant level for TCE allowed by the EPA is 5 parts per
billion. Inlack of definitive knowledge on the effects of TCE, thisis a health protective

measure. (Cheremisinoff, 2001:26) PCE isregulated by areference dose of .01
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mg/kg/day, the equivalent of 350 parts per billion in drinking water. The constructed
wetlands at Wright Patterson Air Force Base effectively reduced PCE and TCE well
below EPA limits while eliminating all VC generated during the remediation process. It
islikely that this system can successfully remediate contaminant levels 100 times the
EPA standards. (Amon et al., 2007: 63) Plant mixes that optimize the flow of oxygen
and other nutrients to the microbial populationsin the soil that are responsible for the
remediation effects could help to improve the degradation process (Amon €t al., 2007:
61), and are an important consideration in the engineering design of any constructed
treatment wetland system. (Gersberg et al., 1991; Bezbaruah and Zhang, 2004: 69) An
additional possibility for remediation described by Amon et al. isto divert contaminants
to the subsurface of natural wetlands, but this technique may depend upon EPA

concessions to be permitted.

Wetland Characteristics

Wetlands play important rolesin nature. Numerous aspects associated with
wetlands give them the ability to mitigate and remediate problems caused by pollutantsin
the environment. This section will describe wetlands, and the characteristics of the soil,
water, and plants that contribute to wetland bioremediation capabilities.

Wetlands are ecosystems where land transitions to water; they can be found in
every region of the United States and throughout most of the world. It is estimated that
wetlands cover 4-6 percent of the Earth’sland surface. (McGraw-Hill, 2007) As
transitional zones between land and water; mixing environmental conditions contribute to

their diversity and high productivity. Wetlands have one or more of the following
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attributes: 1) at least periodically, the land supports predominantly hydrophyte
vegetation; 2) the substrate is predominantly undrained hydric soil, and; 3) the substrate
isnonsoil and is saturated with water or covered by shallow water for at least some
portion of the growing season annually. (Hammer, 1992:5)

Wetlands play important environmental roles by stabilizing shorelines, controlling
flooding, improving water quality, and acting as groundwater recharge areas. Like
kidneys for the landscape, they provide natural filtration, sedimentation, control of
organic matter, carbon sequestration, and decomposition of pollutants. (Hammer, 1992:5)
“Assimilative capacity” isthe ability to retain, process, or transform nutrients, organic
matter, and contaminants; wetland soils and vegetation strongly influence this capacity.
(AccessScience, 2007) These characteristics have been harnessed in many industrial
remediation processes.

Wetlands are recognized as important natural resources. The Clean Water Act
Section 404 is the principal tool for wetland protection in the United States. For
regulatory purposes under the Clean Water Act, the term wetlands means "those areas
that are inundated or saturated by surface or ground water at a frequency and duration
sufficient to support, and that under normal circumstances do support, a prevaence of
vegetation typically adapted for life in saturated soil conditions. Wetlands generally
include swamps, marshes, bogs and similar areas." (EPA, 2007) Water saturation
(hydrology) largely determines how the soil develops and the types of plant and animal
communities living in and on the soil. (EPA, 2007) To understand the wetland

ecosystem, the interaction between the water, soil, and vegetation must be understood.
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Water.

The defining characteristic of awetland is the presence of water. Wetlands are
areas where water covers the soil, or is present either at or near the surface of the soil all
year or for varying periods of time during the year, including during the growing season.
The prolonged presence of water significantly impairs the growth of any plants not suited
for saturated conditions and creates conditions that favor the growth of specially adapted
plants (hydrophytes).

Numerous variables impact the nature of the water chemistry. Clarity, pH,
dissolved nutrients, ion concentration, salt concentration, flow velocity, dissolved
oxygen, and temperature are a few factors influential in wetland conditions (Hammer,
1992:195). Theinfluence of organic compounds can be a significant factor in the
hydrogeochemistry. (Hite and Cheng, 1996:423) The anaerobic and reducing conditions
created by water are also important in promoting the development of characteristic

wetland (hydric) soils. (EPA, 2007)

Sail.

The primary difference between most terrestrial and wetland soils occurs due to
the anaerobic conditions that are present in a saturated environment. The saturation of
the soil makes wetlands one of the major reducing ecosystems in nature, and is the
dominant factor determining the nature of soil development. (Hammer, 1992:30; Dahl,
2006: 101)

Initial soil pH and buffering capacity are the most important factors that regulate

the direction and magnitude of pH shiftsin the rhizosphere. (Jones and others, 2004:467)
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Buffering capacity is highest in calcareous soils where calcium carbonate acts as a
storage sink for the bicarbonate system.

Depending on the saturation and clay content, wetland soils are classified as: 1)
mineral soils < 12-20 percent organic matter, and 2) organic soils >12-20 percent organic
matter. Mineral soils have approximately fifty percent pore space. Ca?*, Mg®*, and Na'
are the dominant cations. Organic soils have lower density, >80 percent pore space, have
greater cation exchange capacity, are H* dominant, and more significantly limit water
movement. Redox potential in the soilsistypically -300 to 300 mV. (Hammer, 1992:30)
The fine particle sizes of organic soils provide alarger surface areafor the formation of
biofilms, an important factor in any bioremediation process. (Amon et al., 2007: 64)

Microbia populations living in the soils also exert a significant influence on soil
characteristics (nutrient availability, metal speciation, pH). Populations include bacteria,
fungi, and the protozoa that graze upon them. Most bacterial colonization of plant roots
occurs in areas with the highest exudation levels, the root tips and root nodes. Beneficia
bacteria in the rhizosphere have a complex symbiotic relationship with the plant and the
other bacteriain the rhizosphere, accepting nourishment from plant exudates and
sloughed off cells, and in return limiting the growth of harmful bacteria and providing
nutrients in a useable form for the plant. (Kapulnik: 1996: 773) Even though
microorganisms in wetlands have been classified using a variety of approaches, studies of
wetland soil microbiology are limited and focused on bacterial groups engaged in key
processes of interest. (Gutknecht, 2006: 24) A more specific discussion of bacteria and

arbuscular mychorhizal fungi (AMF) isincluded below in the section on microbial
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communities. Therelative impact of bacteria and AMF as they relate to wetland plants

and their root zones, specifically, isunclear.

Plants.

Plants have a dynamic relationship with the water and soil around them. Water
depth, frequency and duration of flooding, and water chemistry are the three most
significant factors affecting wetland plants. (Hammer, 1992:195) The water influences
the nature of the soil and creates anaerobic/reducing conditions. One important exception
to the anaerobic characteristic of wetlands, however, is the presence of aerobic zones
around the root zones of wetland plants. This originates from oxygen diffusion into the
soil from rhizomes, roots, and rootlets. (Hammer, 1992:30) Since the soils of wetlands
are often saturated, it is necessary for plants in aguatic, wetland, or flood-prone
environments to supply oxygen into their root systems that lie below the water. (Colmer,
2003:17) It iswidey accepted that wetland plants can transport oxygen into their roots,
supporting aerobic respiration of bacteria and oxidizing phytotoxic compounds in the
rhizosphere. Wetland observation has shown that roots typically extend to at least 100
cm below ground. (Amon et al, 2007: 54) The plant systems responsible for air
movement will be covered in the subsequent section on plant physiology.

Air movement inside plant aerenchymal tissue, a combination of advection and
diffusion, is one source of oxygen to the root zone. Additionally, water moving inside
plant vascular tissue not only carries important sugars, amino acids, and organic acids,
but also provides high concentrations of oxygen to theroots. Oxygen is delivered to the

roots in two ways:. bulk flow of air through the aerenchymal tissue, and bulk flow of
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dissolved oxygen in the phloem sap. The effects of plant radial oxygen loss into the soil
and the microbial activity associated with it have significant impacts on alkalinity, eH,
and dissolved inorganic solutes in the soil. (Hite and Cheng, 1996:423) Figure 3 below
demonstrates flow pathways in a generic wetland plant and shows how aerobic areas
around the root can greatly increase the amount of oxygen moving into the saturated

wetland soil.

Plant community

-

i Aerobic

SoiliSediment

Anaerobic

Oxic to anoxic gradient at root surface

Figure 3. Wetland Oxygen Gradients. Numerous factors contribute to oxic and anoxic
conditions in wetland soil, permitting a wide range of chemical and biological processes
to exist. (Gutknecht, 2006: 18)
Plant Physiology

In order to generate aworking plant model, adiscussion of plant physiology is
essential. Though the topic indeed spans volumesin literature, processes that are
reflected in the plant model will be discussed in abbreviated form. Plants are

multicellular, photosynthetic, and eukaryotic organisms. There are four main plant

groups: bryophytes, seedless vascular plants, gymnosperms, and angiosperms. The
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angiosperms, or flowering plants, are the dominant group of plantson land, and are
divided into two classes: the monocotyledons (monocots), and dicotyledones (dicots).
The two differ substantially in the way that their vascular systems are arranged. (V accari,
2006: 146) Most plants adapted for wetland conditions are monocots that display
lysigenous (vice schizogenous) aerenchyma, and monocot physiology isthe primary
focus of thisreview. (Visser et al., 2000: 1237)

Being autotrophs, plants can generate all the amino acids and vitamins they
require. The only nutritional requirements they have are inorganic nutrients. Carbonis
mostly absorbed as CO,. Oxygen is absorbed as water or O,. Hydrogen is absorbed
through water. Nitrogen is absorbed as either nitrate or ammonia. When nitrateis
absorbed, it is converted to ammonium by the plant in a process known as amination.
Most other nutrients are used as enzyme cofactors, intermediates in electron transfer
reactions, and regulation of plant processes. (Vaccari, 2006: 153) In awetland
environment where reducing conditions exist, many critical nutrients may not be present
in the form which they are absorbed by the plant; the influence of plant exudates and
radial oxygen lossisasurviva mechanism that alows hydrophytes to obtain plant

nutritional requirements.

Plant Cells.
The cells of aplant vary significantly by location and function. All cellsplay a
role in the oxygen and nutrient cycle by consumption, respiration, excretion, and
transport of molecules. Movement of solute through individual cellsis primarily via

diffusion. Since diffusion time increases by the square of the distance, diffusion also
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plays arolein limiting the size of the cell. Membranes, specifically, provide the most
restrictive barriersto diffusion in the cells. The outer covering of atypical cell, the cell
wall, is composed of polysaccharides like cellulose that provide rigid structure for the cell
aswell asthe entire plant. All solutes and water moving in and out of the protoplast must
crossthe cell wall. The cell wall has alarge negative charge and acts differently with
cations and anions. (Nobel, 1991: 33) Cell walls, however, are relatively porous and do
not serve as the main barrier to the passage of water and small solutes like oxygen

moving into the cells. Figure 4 shows atypical leaf cell.

Plasmalemma

Cell wall

Mitochondria

Tonoplast Cytosol Nucleus

Figure 4. Typical Leaf Mesophyll Cell (Nobel, 1991: 2)

The plasma membrane, or plasmalemma, just inside the cell wall, isthe primary
cell barrier for the diffusion of solutes. The permeability of the plasmaemma varies with
the particular solute, giving the plant cell a degree of regulation over flux into and out of
the cell. (Nobel, 1991: 1) Permeability coefficients for small solutes moving across the
plasmalemma typically range from 10%° to 10° m’s*, a greater resistance to diffusion
than the cell wall. (Nobel, 1991: 37) In addition to the outer membranes, plant cells aso
have numerous membranes within the cell that separate components within the cytoplasm

and further restrict the movement of solutes to plant organelles.
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Many plant cells are linked to each other through a series of openingsin the cell
walls termed plasmodesmata. Plasmodesmata typically occupy .1 to .5% of acell’s
surface area. The passages themselves range from 20 to 200 nm and contain some
constrictions that may control flow between the cells. These connections create a
continuous cytoplasm, or symplasm, that speeds solute movement between cells. The
symplasm is an effective transport pathway and can increase flux between cells more
than a hundred times that of diffusion across the cell walls, a significant consideration in
any plant transport calculation. (Nobel, 1991: 39) Solutes flowing outside cell walls
follow an apoplastic pathway. Flow of solutes between adjacent cellsiscalled a

symplastic pathway. Both flow pathways are shown in Figure 5 below.

Figure 7-7  Anatomical aspects of
symplastic and apoplastic pathways
. of ion absorption in the root-hair re-
gion. The symplastic pathway in-

\ volves transport through the cytoso
\ (stippled) of each cell all the way to
nonliving xylem. The apoplastic path-
way involves movement through the
cell wall network as far as the Caspar-
ian strip, then movement through the
symplasm. Casparian strip of endo-
dermis is shown only as it would ap-
pear in end walls (the walls above or
below the plane of the section).
(Redrawn from K. Esau, 1977.)

Casparian strip |
pericycle

apoplastic

(Salisbury, 1992: 140)

Figure 5. Symplastic/Apoplastic Pathways in a Root-Hair Region. (Salisbury, 1992: 140)

Plant Vascular System.

Like human arteries, capillaries, and veins, plants also have a circulation system.
In the plant, the xylem and phloem constitute the means to circul ate water and solutes.

“Thus, the xylem and phloem serve as the plumbing that connects the two types of plant
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organs functionally interacting with the environment”, the leaves and the roots. (Nobdl,
1991: 9) Both xylem and phloem originate from avascular cambium and remain in close
proximity to each other throughout the plant. The vascular bundle forms numerous
branches throughout the plant in order to optimize the movement of water and nutrients.

Figure 6 shows alongitudinal section of vascular tissuesin a plant stem.

Fiber Sieve
Vessel cell tube

iccel Sieve-tube
Wbt member
\\
Sieve
plate
Perforation
plate
\

Companion
cell

Cambium
Xylem Phloem

Figure 6. Longitudinal Section of Plant Stem Vascular Bundle. (Nobel, 1991: 5)

Xylem. Movement of water and nutrients from the soil up to the plant occurs
primarily in the xylem. Xylem tissue is comprised of vessel members, parenchyma cells,
and fibers. The vessel members are the conducting el ements of the xylem and they
typically have thick, lignified cell walls and no protoplast. The vessel cells are hollow,

dead cells that form the low resistance pathway for solute movement. They are arranged
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end to end with other vessel membersin order to form axylem vessel. Thecellsare
separated on their ends by a perforation plate, a cell wall with small openings, which
permit movement of solute. Xylem elements can vary in width from 8-500 um. (Nobel,
1991:507)

Fiber cells arelong and thin, have lignified cell walls, and contribute to the
structural support of the plant. Parenchymal cells serve an important role in storing
carbohydrates and permit lateral movement of the solutes in and out of the conducting
cells. The xylem flow is powered by hydrostatic pressure and will be examined in greater
detail below in “Plant Circulation”. Typically, xylem sap contains 10 millimolar of
inorganic nutrients and smaller amounts of organic molecules such as sugars and amino
acids. (Nobel, 1991:6) Itislikely that organic molecules are readsorbed from the soil or
diffuse from the phloem.

Phloem. The movement of photosynthetic products, mostly in the form of
sucrose, is predominantly moved throughout the plant in the phloem. The phloem
consists of sieve elements and companion cells. Unlike xylem vessel members, the
phloem sieve cells are living cells that are filled with cytoplasm. The sieve cellsare
typically one to three mm long and are attached end to end in order to form a continuous
sievetube. The ends of sequential sieve elements are linked by sieve plates, a section of
cell wall with numerous pores typically one to five um in diameter. The sieve plates
permit flow between the sieve elements and likely serve a clotting function during plant
injury.

The companion cells have an important function in supporting the sieve elements.

The companion cells typically have many mitochondriathat produce ATP, an important
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energy source for the cells. They also accumulate sugars and other solutes that could
play arole in phloem loading (see “Plant Circulation” below). They are connected to the
sieve e ements by numerous plasmodesmata, permitting low resistance diffusion of cell
contents, and may also actively transport contents between cells. (Nobel, 1991: 513)

Phloem solute typically contains 90% carbohydrates, mostly in the form of
sucrose. Sucrose concentration ranges from 0.2- 0.7 M. Additionally, amino acids
typically measure 0.05 M. Solutestypically move by bulk flow in the phloem at speeds
of 0.2-2 meters/hour. Flow istowards the region of lowest osmotic gradient. (Nobel,

1991: 515)

Leaves.

Leaves are the solar cells and industrial work centers of aplant. The large surface
area of leavesis used to capture solar energy. Photosynthesisin the leaves provides a
source of oxygen required for aerobic respiration and valuable sugars that are used by the
plant for energy. A typical leaf cross sectionisshownin Figure 7. Individual leaves are
typically only four to ten cellsthick. The outer layer of the leaf, the epidermis, is
typically asingle cell thick and is covered by a cuticle comprised of cutin, awaxy
materia that helps to minimize water loss from the plant. Mesophyll cells make up most
of theleaf. The layer of mesophyll below the upper epidermis, the palisade parenchyma,
comprises approximately 70 percent of the mesophyll and is the main site for
photosynthesis. The other mesophyll cells are termed spongy parenchyma, and have
significant void volumes (15-40%) that facilitate the exchange of carbon dioxide, oxygen,

and water vapor. (Vaccari, 2006: 148) Most of the individual cells are exposed to air in
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the intercellular spaces, optimizing transfer of gasesinto leaf spaces. Additionally,
individual mesophyll cellsin the leaf are seldom more than afew cells from vascular
tissue. (Nobel, 1991: 506) This optimizes the transfer of photosynthates from the |eaf
cells to the plant phloem, an important component of phloem loading that drives the
circulation of solutes towards theroots. This process will be described in Plant

Circulation.
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Figure 7. Leaf Cross-Section. Approximately thirty percent of aleaf is comprised of air
space. (Nobel, 1991:3)

The leaves also act as an air valve for the rest of the plant, helping to control the
flow of gasesin and out of the plant. The entry and exit point for gasesin and out of the
leaf isthrough numerous poresin the leaf termed stomata. They size of the stomata can
be varied by water pressure in aset of guard cells that surround the opening of each
stoma. When the guard cells are filled with water they bow outward and cause the pore
to open. The stomata, then, act as a vent control for airflow in and out of the leaves and

to therest of the plant. They can be used to regul ate the amount of CO, entering the cells



for photosynthesis, and limit the amount of water vapor lost by the plant through
transpiration, the evaporation of water from the plant into the atmosphere. (Nobel, 1991:
4) Their small size and variability is an important factor in the process of humidity
induced convection, a process that forces convective currents of air to flow inside the
plant. Humidity induced convection is covered in the section on plant ventilation.

Photosynthesis. Almost al plants are autotrophs, able to grow on inorganic
carbon sources, and phototrophs, able to use light as an energy source through
photosynthesis. Photosynthesisis a process of light-driven electron transport that
converts CO, and water to a useable source of energy in the form of organic sugars. Itis
the primary source of energy fixation in the world, using solar energy to power the
oxidation of water and the reduction of C O, to yield carbohydrates. Net production of
glucose is summarized in the following expression:

nCO; + nH,0 + light 2 (CH,0), + nO;

The chloroplastsin leaves, filled with various chlorophyll molecules and beta
carotene, are the sites of photosynthesis. They are especially sensitiveto light in the
blue/violet spectrum (400-500 nm) and red spectrum (620-690 nm). Light plays two
essential functionsin this process. It drives electrons from water to reduce NADP+ to
NADPH (Nicotinamide adenine dinucleotide phosphate), and it provides energy to form
ATP from ADP and Phosphorous. As photons hit the chlorophyll molecules and beta
carotene they are excited, and this excitation energy is transferred by inductive resonance
to reaction centersin the leaf for the conversion of NADP+. NADPH is subsequently
used in the reduction of C O, and acts as an energy conduit for the reaction. Thereisalso

an important balance between the absorption spectrum and the response of various
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chlorophyll molecules known as the Emerson enhancement effect. Two separate groups
of pigments termed Photosystem | and |1 cooperatively make use of multiple bands of
light in order to synergistically enhance rates of energy adsorption and reaction rates.
(Salisbury, 1992: 207-224)

Ultimately, the carbohydrates formed by photosynthesis are mostly transformed to
sucrose in the cytosol of the leaves. (Salisbury, 1992: 244) The sucroseisacritical
molecule both for its energy content, for its conversion to starch for storage, and because
sucrose loading into the plant’s phloem creates an osmotic gradient that resultsin sap
movement. Starch also accumulatesin leaves whereit isformed directly from
photosynthesis. It forms during the daylight hours when photosynthesis is occurring, and
is consumed by respiration or translocation at night. (Salisbury, 1992: 245)

Rates of photosynthesis are governed by avariety of factors. These include water
availability, CO, concentrations, light intensity, nutrient, temperature, plant age, and
genetics. In most wetlands, water is normally not alimiting factor. Leaf photosynthetic
capacity, the photosynthesis rate under optimal conditions, varies widely between
different plant species. Species using the C-4 photosynthetic pathway, like some wetland
plants, typically have the highest photosynthetic rates. (Salisbury, 1992: 253-254)

Two important quantifications of light intensity are the light compensation point,
at which photosynthesis balances the rate of respiration, and the light saturation point at
which increasing light intensity no longer increases photosynthesis. These points vary
with species, temperature, and CO, concentration. Most leaves hit their light
compensation point around two percent of full sunlight. (Salisbury, 1992: 255) The total

amount of sunlight absorbed by a plant is also dependent upon the area of its leaves
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exposed to light in relation to its footprint on the ground, a quantity termed the leaf area
index (LAI). The grazing angle of the light can also reduce light adsorption, asisthe
case with leaves that are nearly vertical such as grasses and sedges commonly found in
wetlands. (Salisbury, 1992: 260)

CO, saturation can be a significant effect in photosynthesis, and photosynthesis
isusually limited by the amount of CO, diffusing into the chloroplastsin the leaf cells.
(Nobel, 1991: 20) For most plants, thisincrease is noticeable during drought conditions
when stomates are partly closed to minimize water vapor loss. CO, concentration also
influences the light saturation point for many plants, only to a much lesser extent in C-4
plants. Even dlight breezes can increase the effects of photosynthesis by reducing the
depth of the air boundary layer around the leaf and making it easier for CO; to diffuse
across the layer. (Salisbury, 1992: 260-261) Ventilation, then, can be an important factor
in photosynthesis. CO; levelsin plants can be significantly influenced by plant
respiration and the by-products of the Krebs cycle. Respiration, in turn, isinfluenced by
oxygen levels, substrate (sugar) availability, temperature, age, species of plant, and life
cycle. (Salisbury, 1992: 275-288)

Plants can continue to photosynthesize over a broad temperature range which is
largely species dependent. C-4 plants generally have higher temperature optima than C-3
plants. Increases in temperature usualy result in an increase in photosynthetic ability
until a point where plant molecules begin to denature. C-4 plants normally have

temperature optima between 30 and 40 degrees Celsius. (Salisbury, 1992: 262)
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Stem.
The plant stem (Figure 8) functions as a support structure for the plant. It houses
the main features of the plant vascular system, the xylem and phloem, which permit
solute movement of food, nutrients, water, and oxygen throughout the plant. The xylem

contains fiber cells that help to provide structural support to the plant. (Nobel, 1991:6)

z;"“m'

Figure 8. Cross-Section Through a Monocot Stem. (Salisbury, 1992: 97)

Roots.

Rhiz- Greek - root

Roots provide anchorage for the plant, and provide for the uptake of nutrients and
water from the soil. Secondary functions include storage of energy, chemical synthesis,
propagation, and dispersal. Roots act as an osmotic sink by turning sugars into starch,
transforming other compounds like amino acids and organic acids, and exudating them
through the roots into the rhizosphere. Roots represent a capital investment for the
plants, with both construction and maintenance costs that are usually constrained by
carbon availability. (Fitter, 1996: 1) Accordingly, plants attempt to achieve abaance

between root growth and their requirements for nutrients and water. Many root processes
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vary along roots as a function of age, tissue structure, and anatomical differences.
(Doussan, 2003: 427) This section will describe the various components of the root, and
root processes used in oxygen transport.

Root Components. Generally, roots can be classified into three main categories:
primary, nodal, and lateral roots. Primary roots leads to a single-axis root (taproot)
system with dominant vertical growth. Nodal roots, or adventitious roots, grow at
specific locations and are usually a response to a environmental condition. The ability to
produce adventitious roots is species specific. Lateral roots are the result of branching
from aparent root axis. The formation of lateral roots results in acropetal branching, a
pattern that generally follows the parent root axis outward. Lateral roots decreasein size
as they go outward, but are limited by a minimum effective root diameter, and genetically
by maximum branching orders. (Doussan, 2003: 421) At lower nutrient levels, fine roots
approach a minimum diameter <100um, and coarse terminals (0.5-1 mm) develop in
higher nutrient conditions. Roots are constantly growing and decaying, with half lives as

short as 10 days. Theterminal section of aroot is shown in Figure 9.
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Figure9. Longitudinal and Cross-Sectional View of Root. Roots have various zones that
perform different functions. Cell arrangement plays an important role in movement of
oxygen and other nutrients throughout the root structure. (Nobel, 1991: 7)

Root Cap. At thetip of every root, the root cap is an important part of a growing
root. The main function of the root cap is to protect the apical meristem as the root grows
through the soil and open a passage for the growing roots by sloughing off to produce
root cap mucilage. (Sievers: 1996: 31)

Apical Meristem. Inside the root cap, the apical meristem is an area where cells
rapidly divide. It existsin the termina 1-2mm of roots. (Webster: 1996: 51)

Region of Cell Elongation. In thisregion, the cells elongate in the direction of the
root axis. This pushes the root cap through the soil and causes cells to slough off.
Interestingly, the cylindrical shape of roots is a plant optimization. (Nobel, 1991: 8)

Since acylinder has greater strength per unit cross-sectional areathan other shapes, the
shape of roots, along with the protective root cap, helps roots to grow and explore the soil

most efficiently.
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Hair Zone. Situated just behind the zone of active root elongation, the hair zone
of most plantsisoneto four cm long. (Hofer, 1996: 116) A root hair isamodified
epidermal cell with afilamentous extension that projects radially from the root up to 1.5
mm. (Salisbury, 1992: 137) Formation of numerous root hairs greatly increases the
root’ s surface area for adsorption of water and nutrients. Root hairs form closest to the
root tip, and new hairs do not develop among pre-existing ones. Older hairs tend to be
longer, but epidermal cells ceaseto create root hairs as they become older. (Hofer, 1996:
116; Cormack, 1962) Consequently, the older roots towards the base root tend to have
few or no root hairs. The presence of root hairs depends on the species of plant, but itis
often minimized by soil conditions and microbial activity. (Salisbury, 1992: 138) In
aqueous medium, root hair production can be increased by increasing oxygen content.
(Hofer, 1996: 118)

Region of Cell-Differentiation. Cells here assume more functional roles. Cell
walls thicken and cells cease to elongate. The epidermis becomes less permeable to
water and other molecul es closer to the main root. Root hairs can grow from the
epidermis, further increasing root permeability. Inside the epidermis, the cortex isan
area of tissue with numerous air spaces, facilitating diffusion of CO, and O,. Inside the
cortex, the endodermis acts as a membrane that restricts movement of solute and water
into plant vascular tissue. The cells of the endodermis are lined with awaxy material
consisting of suberin, and form a barrier known as the casparian strip. In order for water
or solutesto passinto the root, they must enter the cytoplasm of the endodermal cells.
(Nobel, 1991: 8) The casparian strip acts as alow permeability hydraulic control

between the cortex and the vascular tissues.
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Inside the epidermis, the pericycle is a meristematic region that can produce cells
for additional lateral roots. These form at nodes proximal to the root hair zone (towards
tap root). Inside the pericycle, the vascular tissue, the xylem and phloem, are
geometrically arranged to allow direct flow to either set of vascular tissue. The vascular
cambium, that produces the xylem and phloem cells, is between the vascul ar tissues.

(Nobel, 1991: 9)

Hydrophyte Adaptations.

The aerenchymal developments of hydrophytes constitute one plant defense
against anoxia. Additionally, the roots grow more impermeable to diffusive forces
towards the basal side of the root, especially in stagnant and highly reducing soils.
(Visser, 2000: 1243) As aresult, the flux of oxygen, water, and other nutrients increases
closer to the apex of the root. Oxygen losses from root tips helps to detoxify the soil
around growing plant root tips, and nutrient exudation encourages beneficial microbial
growth. Together, barriersto radial O, loss (ROL) in the basal zones and presence of
aerenchymain the roots enabl e the devel opment of an aerobic rhizosphere around the
root tip and enhance penetration of the root into anaerobic substrates. (Colmer, 2003:17)

Monocotyledonous species like Phragmites australis, specificaly, tend to develop
astrong barrier to radial oxygen lossin basal root zones while dicotyledonous species
have a much weaker resistance to ROL. (Visser, 2000: 1237) Plants grown in highly
reducing soils demonstrate a much greater ROL than those grown in oxic soils, and plants
display a ROL saturation that is likely limited by root surface area; larger roots have a

greater surface area and can potentially exude greater amounts of oxygen than small
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roots. (Sorrell, 1999: 1591) Figure 10 shows a side profile of oxygen flux along a
Phragmites australisroot. The final 3 centimeters of the root, coincident with the root
hair zone, is clearly responsible for the mgjority of oxygen flux from the root. Root
aerenchymafacilitate diffusion of oxygen into the roots and low root permeability

towards the base of the root assists in maintaining high cortex oxygen levels.
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Figure 10. Oxygen Partial Pressuresin Cortex and Root Surface. Theroot isa110-mm
long Phragmites australis root with a 1 mm diameter. (Armstrong et al., 2000: 692)

Seasond Variation and Photoperiodism.

Plants are closely tuned to light and change their growth patterns in response to it.
For example, plants will turn towards a light source, a characteristic called phototropism.
Another light-driven behavior is called photo-periodism. Photoperiodism directs the

flowering cycle of the plant, and is controlled by a protein complex known as
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phytochrome. Phytochrome acts as a detector for light and can induce phototropism or
stem growth in order to seek the sunlight if the plant is shaded. Plants generally follow a
24 hour cyclein response to light conditions. In the absence of light, plants continue to
show acyclethat isless precise, known as circadian rhythm. (Vaccari, 2006: 153)
Oxygen consumption by root respiration, which varies seasonally with temperature and
plant growth, appears to be the major variable influencing root zone oxygen supply.

(Allen, 2002:1014) See also Salisbury (1992: 504-530).

Circadian Rhythms and Diurna Cycles.

Just as humans have a rhythmic response to the environment, plants a'so have a
periodic cycle governed by light, temperature, and time clocks. These factors influence

growth, respiration, and other chemical processes in the plants. (Salisbury, 192:471-484)

Plant Circulation

Many wetland plants can have two circulation systems, a pressurized vascular
system comprised of the phloem and xylem that moves solutesin water, and an air/gas
circulatory system comprised of aerenchymal tissue. The latter will be covered in the
following section. This section will focus on bulk flow and diffusion of solutesin the
vascular tissues.

The contents of plant vascular systems are under substantial pressure, often near
0.4 to 0.5 megapascals (MPa). Flow in response to pressure differences is termed bulk
flow, while movement due to the random movement of molecules down a concentration

gradient istermed diffusion. Advection is the predominant long distance transport



process in plants, while diffusion plays a significant role over short distances only.
Diffusion flux rates are calculated from Fick’s First Law:
J =Dj (Cj1-Cjy) (Salisbury, 1992: 42)
X

where Jj isflux (M/L?/T), Dj is the diffusion coefficient, C is the concentration,

and x is the distance

Advection rates are influenced by gravitational forces and potentials resultant
from water or chemical potential. Water potentia (%) isthe chemical potential of water
in asystem and is expressed as units of pressure. Water diffusesin response to chemical
potential in order to minimize the Gibbs free energy in the system. Aswater diffuses
from areas of high potential to low potential, energy is released and has the potential to

perform work such as moving water in the stem. In plant vascular tissue, thisis known as

root pressure.

Phloem Loading.

Rates of phloem transport are 500-1500 mm/hr for most plant species. The
transported solute consists of approximately 90 percent carbohydrates, mostly sucrose.
Sugars are raised to high levelsin phloem cells by a process called phloem loading that
utilizes selective recognition of sugar carriers in the plasmalemma transporting sugars
into the cytoplasm. The high concentration of sugar creates an osmotic potential that
draws water into the phloem cells, increasing the hydraulic pressure and causing
advection of the solution. Many other substances, such as O, and CO,, enter the phloem
by diffusing in aong their concentration gradients and are cotransported in the sap of the

plant. (Salisbury, 1992)
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Plant Ventilation

A number of factors are influential in oxygen movement within plants. In
wetland plants, aerenchymal tissue is a high volume conduit for gaseous oxygen.
Humidity induced convection provides a motive force and helps to raise oxygen levelsin
the rhizomes, permitting greater diffusion of oxygen through plant roots. The roots
themselves develop barriersto radial oxygen loss that increase the flow of oxygen

through permeabl e areas of the root near the root tip.

Aerenchymal Tissue.

Aerenchymal tissue plays a centra rolein the survival of wetland plants by
assisting in the delivery of oxygen to the roots. Aerenchymal tissue forms when mature
cells collapse and lyse, creating lysigenous aerenchyma. This creates large air corridors
for gas exchange that begin in the leaf stomata, flow throughout the entire plant, and
allow faster air movement (advection and diffusion) from the shoots to roots. The
collapse is often signaled by ethylene formation, a product that frequently accompanies
plant stress. (Salisbury and Ross, 1992:285) This permits the distribution of air entering
through leaves and other portions above the water into the plant roots. Other gases from
the plant roots, some of which may originate in the substrate, are also vented to the
atmosphere in this manner. (Hammer, 1992:40) Whileterrestrial plants may create
aerenchymal tissuein times of stress, wetland plants can routinely have large stem
volumes occupied by aerenchymal tissue. Most hydrophytes have a devel oped system of
air passages, or lacunae, which can occupy up to sixty percent of plant volume. This

represents alarge plant investment in a ventilation system. Table 1 demonstrates the
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difference in root porosity of non-wetland and wetland species and shows the increase in

aerenchymathat occurs in oxygen-deficient conditions.

Table 1. Porosity of Wetland and Non-wetland Species Grown in Drained and Saturated
Medium. (Colmer, 2003: 19)

Specics Contral ~ Oj-deficient  Reference no.
Selected monocotyledonous non-wetland species

Triticum aestivim adventitious roots -6 13-22 1,23
Hordeuwm vulgare adventitious roots T 16 1

Zea mays adventitions roots 4 13 4
Festuca rubra entire root system 1 2 5
Selected dicotyledonous non-wetland species

Vicia faba entire root system 2 4 3
Pisum sativum entire root system 1 4 ]
Brasica napus entire oot system 3 3 f
Trifolium tomeniosum entire root system T 11 7
Selected monocotyledonous wetland species

Oryza sativa adventitious roots 15-30 3245 58,010
Tvpha demingensis adventitious roots 10-12 2834 11,12
FPhragmites australis adventitious roots 43 52 K]
Juncurs effusus adventitious roots 3140 3645 513
Carex acuita adventitious roots 10 22 13
Selected dicotyledonous wetland species

Rumex palustris adventitious roots 15-30 3245 513
Plantago maritina cntire oot system 8 22 5
Ranunculus flammula entire root system a1l A-3T 514
Selected aguatic species (collected from natural habitats)

Zaostera marina adventitious roots & rhizome 22-32 15
Halophila ovalis adventitious roots 5 16

Humidity Induced Convection.

While aerenchyma can permit diffusion of gasesin the plant, a more significant
movement of gases occurs by advection. The small aperture of leaf sheath stomata
creates a partition that resists advective outflow more than it resists diffusive inflow.
Constant humidification inside the leaves reduces the partial pressures of nitrogen,
oxygen, argon, and CO,, creating a concentration gradient for diffusion. The inward
diffusion of outside gases and constant humidification of the leaves creates | eaf
pressurization. The pressure drives the flow of gases along the conduit of least
resistance, the plant aerenchyma. This creates significant movement of air inside the

plant and helps to ventilate plant gases from the rhizome. This phenomenais termed
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humidity-induced-convection (HIC). (Beckett, 2001: 270; Armstrong et al., 1996; Dacey,
1981)

As demonstrated by Dacey, sunlight that warms plant leaves (or any other source
of heat) isasignificant factor in leaf humidification and explains the loss of HIC during
darkness. He further showed that leaf pore sizes, transitional between Knudsen and
Poiseuille flow, help to facilitate HIC. (Dacey, 1987) The pressure differentialsin
waterlilies facilitated airflow at 50 cm/min and flow of 22 liters of air per day entering a
single leaf, ademonstration of the substantial thoroughflow possible by HIC. (Dacey,
1982) For most wetland species, mathematical models indicate that pressurization from
humidity is the dominant factor in HIC. (Colmer, 2003: 35) Armstrong demonstrated
HIC with alaboratory model, using micro-partition membranes to help quantify the

effect. Figure 11 depicts the model used to physically demonstrate the phenomena.
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Figure 11. Demonstration Model for Humidity Induced Convection. Armstrong’s model
demonstrated how humidity inside a micro-partition membrane contributes to elevated
gas pressures and advective gas movement. (Armstrong et al., 1996: 123)
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Oxygen Movement in the Roots.

Roots of many wetland species contain large volumes of aerenchyma (root
porosity can reach 55%), while barriers to oxygen loss often develop in basal zones.
These barriers combine to raise cortex oxygen levelsin the root and restrict radial oxygen
loss to apical root sections. Diffusion is the mechanism that moves gases inside the roots
of al plant species, but HIC through-flows in the stem and rhizomes can raise O,
concentrations in the rhizomes close to ambient oxygen levels. (Colmer, 2003: 17)
Oxygen levelsin the soils are much greater in the day due to the influence of this
advection. At night, thereislittle HIC in the plant stems, however plant rhizospheres still
remain aerobic; this may result from a combination of gaseous diffusion in the
aerenchyma, venturi-induced air currents, and oxygen saturation of plant tissue during the
daylight hours that continues to supply oxygen in darkness hours (similar pattern to

sucrose saturation in the leaves that maintains phloem loading during darkness).

Oxygen Movement in the Rhizosphere

Thetop layer of soil/water in wetlands is oxidized by simple diffusion from the
atmosphere. Air currents and thermal circulation affect the mixing conditions at the
surface. Oxygen release by wetland plants, though, may account for as much as 90
percent of the oxygen entering a wetland substrate. (Reddy and others, 1989; Allen and
others, 2002:1010) Flux of oxygen into the soil from root systemsis termed radial
oxygen loss (ROL). (Armstrong, 1979; Beckett, 1988; Colmer, 2003:21) Knowledge on
the anatomical basis of radial oxygen lossin various speciesis scant (Colmer, 2003:17),

though some studies have characterized roots of certain wetland species.
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The plant’s release of oxygen into the rhizosphere is not without justification; the
efflux of oxygen across root membranes into the saturated soil provides oxygen to the
rhizosphere and has numerous benefits to the plant:

Reduces high redox potential around the roots
Enhances nutrient availability

Limits the amount of toxic ions around the roots
Supplies oxygen for symbiotic microbia populations
Allows venting of gases from the soil

Enhances root penetration into anaerobic sediments

Under oxic conditions, consumption of O, in root and microbial respiration decreases
redox potential and increases pH. (Jones and others, 2004.:467) In anoxic waterlogged
soils, minerals like Fe** and Mn®** can cause rhizotoxicity (Armstrong and others, 1992);
roots have been shown either directly or indirectly to induce the oxidation of Fe and Mn
leading to their precipitation as plaques around the root. Recent studies have
demonstrated that the presence of other phytotoxins in the rhizosphere can induce
substantial cell wall lignification in the epidermal-hypodermal cylinder and reduce the

permeability of the root. (Armstrong et al., 2000: 697)

Oxygen Measurement.

M easuring the oxygen released from root zones, however, isdifficult. The
guantification of oxygen flux from the root systemsis also complicated by species and
seasonal differences, spatial heterogeneity, and measurement issues. (Bedford and others,
1991; Sorrell and Armstrong, 1994; Allen and others, 2002:1010) Plant capacity for O,
diffusion is determined by anatomical, morphological, and physiological characteristics,
aswell as environmental conditions like temperature and demand for oxygen in the

rhizosphere from biological or chemical processes. (Colmer, 2003: 21; Gersberg and
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others, 1986; Steinberg and Coorod, 1994, Jackson and Armstrong, 1999; Allen and
others, 2002) Rhizospheres are characteristically thin; the oxic shell surrounding the
roots varies from about .5 to 5 mm in thickness. Measurement of oxidation around the
root tips is aso affected by the reducing capacity of the soil; an increase in eH cannot be
measured if there is an oxygen sink such as areduced minera (like Fe**) or the organic
compounds that typically surround most root systems. (Allen, 2002:1014) Oxygen flux is
a saturating function that depends upon the incident intensity of light on the leaves
(Christensen, 1994:847) The plant’s capacity for diffusion also increases in time; as roots
grow, their higher densities and oxygen releasing capacity increases the oxygen available
in the soil (Van Bodegom, 2001: 3591), while senescence can reduce the plant’s capacity
for oxygen efflux. (Christensen, 1994:847)

Since plants consume less oxygen during cold weather than warm weather, it is
possible that the release of oxygen into the rhizosphere actually increases during cold
weather. Allen and others demonstrated that temperature played a significant role in
chemical oxygen demand (COD), dissolved organic carbon (DOC) removal, and root
zone oxidation status of some wetland plant species. (Allen and others, 2002:1010)

The most successful rhizosphere studies have been conducted with
microelectrodes. While test conditions for microel ectrode measurements mimicked
oxygen demand of awetland to an extent, they may not be an accurate representation of
conditions that would exist in a constructed treatment wetland. (Bezbaruah and Zhang,
2004: 68) Nonetheless, they offer the most accurate picture available regarding radial
oxygen loss profiles. In contrast to most terrestrial plants, wetland plants usually exude

oxygen from the root zone vice consuming it. Christensen et al. used microsensors to
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analyze the dynamic between radial oxygen loss of the freshwater plant Littorella
uniflora and the incident light intensity upon its leaves, mathematically modeling the
profile obtained with a computer implementation of Fick’s second law of diffusion.
Results showed: 1.) oxygen continues to be released in the dark, though at rates tenfold
less than during the light; 2.) light saturation occurred at 60-70 umol/m2/s; 3.) young
roots had rates of exudation double those of older roots; and 4.) the major oxygen
consumption in the agar medium occurred at the oxic/anoxic interface. (Christensen et
al., 1994; 847-851)

Armstrong et al. measured the oxygen profiles of Phragmites australis
adventitious roots and interpreted the results using mathematical modeling. (Armstrong et
al., 2000: 687) Thiswas also the earliest use of microel ectrodes used to measure profiles
in awetland grass. Root oxygen profiles (Figure 12) showed higher concentrations in the
cortex where aerenchyma was present and a dight deficit in the stele, offering evidence
that HIC isresponsible for increasing root oxygen levels. Relatively flat cortex profiles
demonstrate alow oxygen demand in that area. (Armstrong et al., 2000: 695) They
concluded that the lateral roots, specifically the root hair zones, were likely the most
important contributors to sediment oxygenation through radial oxygen loss. (Armstrong

et al., 2000: 698)
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Figure 12. Root Cross-section Oxygen
Measurements. Oxygen profile from
mi croel ectrode measurements taken in
the root hair zone 7 mm from the root
tip. Note the lower oxygen pressure
(concentration) in the stele, elevated
cortex level, and steep gradient across < .|
the permeabl e Epidermal-Hypodermal ‘F
layer. (Armstrong et a., 2000: 694)

Oxygen partial pressure (kPa)

Exudation in the Rhizosphere

A primary function of the plant roots is nutrient acquisition. Plants can enhance
uptake of nutrients from soil by chemical (abiotic) and biotic means. Abiotic means
directly affect soil chemistry and include water and ion uptake, release of H+ and organic
compounds, and oxygen/CO, flux. These processes modify the pH, eH, nutrient
concentrations, water, and ionic potentia of the soil, resulting in unique conditionsin the
rhizosphere. Abiotic release may aso help to detoxify metalsin the rhizosphere; anion
channelsin the root facilitate the release of malate and citrate in the presence of
aluminum. (Jones and others, 2004:469)

Plant influences can also affect biota around the root and further enhance nutrient

uptake for the plant through biotic processes. In addition to oxygen, other root exudates
provide a source of nourishment, particularly carbon and nitrogen, which support

microbia populationsin the soil. Root-derived organic materials include exudates,
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mucilages, and dead epidermal cells. Specifically, organic acids, amino acids, and sugars
are the most abundant root exudates with organic acids being five times more abundant
than the sugars. (Kuiper, 2004:11) These organic compounds are a so the primary
constituents in phloem flow. Jones gives evidence to show that plants can regulate this
flow into the rhizosphere by regulating the exudation process or reabsorbing exudates
from the soil. (Jones, 2004:460)

Microbial turnover of root exudates in the soil isarapid process. Most sugars,
amino acids, and organic acids have half livesin the soil of .5-2 hours. (Nguyen and
others, 1999; Ryan and others, 2001; Jones and others, 2004:464) The heterotroph
populations consume these root exudates as well as oxygen, often competing with the
methanotroph populations valuable to remediation processes. Correspondingly, the
movement of these exudates into the root zone plays an important factor in determining
microbial populationsin the root zone. Figure 13 demonstrates how plant absorption and

exudation of nutrients result dynamic rhizosphere conditions.
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Figure 13. Nutrient Adsorption and Exudation of Carbon/Nitrogen Sources. (a) shows
the depletion of N, P, and K from root uptake. (b) demonstrates the gradients of three
organic solutes from root exudation. (Jones and others, 2004.464)



There are two classes of exudates: diffusive exudates that the plant does not
control, and closely controlled exudation controlled by the opening of membrane pores.
Uncharged solutes follow the modified net flux density equation:

J=P(Co-Cy)

where J=flux (M/T/L?)

P = membrane permeability coefficient of the solute (L/T)

C, = concentration in cytoplasm (M/L°)

Ci = concentration in soil
There are difficulties parameterizing this equation. It isdifficult to measure cytoplasmic
solute concentrations. Thereis limited data on root membrane permeability coefficients
and on the surface area available for exudation. (Jones, 2004:460) Itisalso likely that
plant membranes are selectively permeable. Concentration gradients across the
membrane are large, and Jones suggests this is maintained by the constant removal of

exudates from the soil by microbial uptake, soil sorption, or readsorption of nutrients by

the roots. (Jones, 2004:461-2)

Carbon Sources.

Understanding the carbon cycling dynamic in terrestrial ecosystemsisa
prerequisite to understanding the fate of contaminantsin the soil. The rate of carbon
entry into the soil isrelatively easy to measure, but the below ground exchange between
the plant and soil pool isnot well understood. (Jones, 2004: 460) Laboratory
measurements of carbon flux are inaccurate; they often negate or ignore the effects of

readsorption by the roots, and fail to account for the carbon added to the soil by dead or
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dying roots. (Jones and others, 2004:463) Significant plant factorsin carbon flux are
exudation, readsorption, and root decay.

Exudation. Itisclear that plants exudates a significant amount of carbon sources.
Studies from vegetative and cerea crops show that carbon is transported from leaves to
the external environment around the roots in less than an hour from photosynthesis.
(Jones and others, 2004:463) Dilkes and others found exudation is afunction of carbon
flux into the root, and not necessarily coupled to rates of photosynthesis. (Dilkes and
others, 2004; Jones and others, 2004:464) In barley and wheat plants, carbon exuded into
the rhizosphere may account for 14-40 percent of al carbon fixed by the plant. (Hojberg,
1993: 431) Some of the exuded C is absorbed in microbial biomass with slower turnover
(30-90 days). Itislikely that adlight change in soil chemistry could result in significant
changesin flux. (Jones and others, 2004:464)

The plant may be able to regulate microbia activity through the exudation of
organic acids. Efflux of organic acids can be enhanced by an order of magnitude by
opening organic acid-specific anion channels. (Ryan and others, 2001) Organic acids are
not needed by the plant, and it does not actively readsorb them. Microbial communities
use amino acids and sugars primarily for growth; organic acids are primarily used in
respiration. Organic acids would not, then induce microbia proliferation in the
rhizosphere, but could support resident populations. (Jones and others, 2003)

Readsorption. Plants can recapture amino acids and sugars, however thereis no
system to return organic acids back to the roots; it is speculated that organic acids play an

important rolein nutrient capture. Thisis consistent with findings that alkalinity values
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in afen reflect the presence of both bicarbonate and organic acid anions. (Hite and
Cheng, 1996:423)

Root Decay. Root decay may be a more significant source of carbon than
exudation. Fineroots grown by the plant are in a constant state of growth and decay,
excreting root cap mucilage, losing cells, and dying back. This sequenceis shownin
Figure 14. Consequently, alarge percentage of carbon in the soil is likely derived from
fine plant roots. However, the residence time of the carbon from fine-roots is not well

understood or quantified. (Strand et al., 2008: 456)
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Figure 14. Carbon Release of a Root System. Sequence of root growth, mucilage
exudation, and carbon release as the root dies back. Bacterial growth is highest during
stage 3. (Jones and others, 2004:466)

Nitrogen.

Itislikely that plants can only access low molecular weight dissolved organic
nitrogen such as amino acids, peptides, and urea. Low concentrations of dissolved

organic nitrogen in the rhizosphere show that strong competition exists. (Jones and
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others, 2004:470) It has also been shown that methane oxidation by methanotrophsis
increased by nitrogen availability. Competition between methanotrophs, heterotrophs,
and the plant itself may further restrict the growth of methanotrophs. (van Bodegom et

al., 2001: 3596)

Microbial Communities

In nature, thereis very rarely a pure culture; the rhizosphere is no exception and
plays host to numerous bacteria, fungi, and other microbial organisms. The organisms
interact with components of the plant, soil, water, and each other. Given constant
inputs/outputs to the system for along period, these components can establish a dynamic
steady-state. Understanding the dynamics of wetlandsis further complicated by the close
proximity of greatly differing aerobic and anaerobic zones due to the presence of root
structures. Currently, exact knowledge about microbia populations responsible for
degradation processesis limited. (Kuiper, 2004:10) Additionally, the collective effect
that microbes play on each other in the remediation processis uncertain. This study
seeks to understand the behavior of the aerobic organisms used in remediation; it
examines the energy and substrates available in the rhizosphere and the microbial

interactions that affect oxygen levels.

Microbial energy.

Most cells obtain energy by the oxidation of organic carbon compounds, reducing
the available carbon to a more negative valence. Carbohydrates provide both the building

materials for cells and energy that the cells need for metabolism. Energy can be obtained

58



by respiration where an inorganic molecule acts as an electron acceptor, or fermentation,
where an organic molecule plays the role as an electron acceptor. Respiration reactions
provide the most energy to the cells; the use of oxygen as an electron receptor provides
the greatest amount of energy and is termed aerobic respiration. Organisms that use
oxygen, then, are likely to dominate in areas of high oxygen, and oxygen will be used
preferentially to other electron receptors. Eukaryotes are characterized by the ability to
only use oxygen as afinal eectron receptor, however many prokaryotes, like the bacteria,
can use alternative electron receptors for anaerobic respiration. With decreasing energy
return, nitrate, nitrite, sulfate, some metals, carbon dioxide, and even carbon monoxide
can be used by many bacteriafor respiration. Additionally, alternative electron receptors,
such as the halogens available in many environmental contaminants, permit a greater
energy return than other available electron acceptors and are often removed from their
parent compounds during anaerobic respiration processes. Thisresults, conveniently, in
the reductive dehal ogenation of these contaminants, usually with the beneficial effect of

reducing the toxicity of the contaminant.

Substrate Use.

Respiration must also be accompanied by an electron donor. Thisroleisnormaly
filled by a carbon source and the carbon is oxidized to a higher valence state by an
electron acceptor like oxygen.

Organic matter + O, 2> CO, + H,0 + new biomass + energy

Monod growth: Aslong as all needed substrates are available in sufficient

guantity, bacterial growth is not inhibited. However, when substrates are depleted below
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acertain level, they begin to decrease the growth rate of bacterial communities that rely
on that substrate. For modeling purposes, thisis often represented by Monod kinetics,
where the maximum growth rate of the bacteriais multiplied by afactor that decreases
the growth rate at low concentrations of substrate.
p=pr*[ S/(S+Kg)]

where p is the adjusted growth rate

u” is the maximum growth rate for the population

Sisthe concentration of the required substrate or nutrient

Ksisthe half-saturation coefficient of the required substrate or nutrient
Organisms need many substrates. an energy source; electron acceptor; sources for carbon,
nitrogen, and phosphorus, and other essential nutrients; and other organic growth factors.
Liebig’s law of the minimum states that the nutrient in shortest supply will limit growth.
The same Monod approach can be applied to these requirements. (Vaccari, 2006: 323)
The addition of other limiting substrates, such as dissolved oxygen, can be accounted by
adding additional expressions to the Monod model where A and B denote each particular

substrate:

p=p* [ Sa I (Sa+Ka)][ S8 /(Ss+Kpg)]

As described above, however, there may be other electron acceptors that the
bacteria are able to use in sequence according to either energy return or preference of the
bacterial species. Likewise, they may not depend on only one substrate, and may be able
to utilize severa organic substances that are al available at different concentrationsin the
soil. Thisis sometimes addressed by using a general measurement of organic matter,

such as biochemica oxygen demand (BOD) or chemical oxygen demand (COD) asa
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representation of carbon source availability. Mixtures of micro-organisms are similarly
lumped together in order to define characteristic growth behavior. The applicability of
the Monod model, then, may depend upon the specific organism involved; knowledge of
the substrates used by the organism will limit the compromise of this model. (Vaccari,
2006: 329) Microbial growth in the rhizosphere is thought to be primarily nitrogen
limited. (Jones and others, 2004: 470)

The utilization of the substrates addressed by the Monod equation can also be
calculated. Therate of substrate utilization is proportional to the growth rate and the rate
of yield, expressed by ayield coefficient. Substrate removal can be calculated by:

dS/dt=[uY] [ S/(S+Kg)] X

where Y isthe Yield [biomass produced / mass of substrate utilized)]

and X isthe biomass of the consuming organisms
A valueof .5to .6 isatypical yield value for heterotrophic bacteria, but can be greater
than 1 for many hydrocarbons as well as oxygen when being used as an electron receptor.

(Vaccari, 2006: 328)

Cometabolism.

Bacteria produce enzymes to digest the substrates used for growth and energy.
Other compounds in the environment, however, can also be acted upon by the enzymes
produced. Thisresultsin the breakdown of the secondary substrate, but has no beneficial
return to the bacteria that produced the enzyme. In the case of chlorinated solvents, the
methane mono-oxygenase (MMO) used to digest methane also breaks bondsin TCE,

DCE, and vinyl chloride. In addition to the enzyme, oxygen and a source of reducing
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potential (usualy in the form of NADP) are also required to facilitate the reaction.
(Alvarez-Cohen and Speitel, 2001: 106)

Competitive Inhibition. The secondary substrates compete with the primary
substrate for active enzyme sites. Enzymes facilitating cometabolic reactions often have
several sites that can react with a number of various substrates, and when multiple
substrates are available, additional competition can result in decreased transformation
rates for each substrate. Thisresultsin competitive inhibition of bacterial growth by
[imiting the amount of primary substrate available for digestion.

Non-competitive Inhibition. Toxic agents can lower the overall growth coefficient
of a bacterial population and decrease its reaction rate with a substrate. Thisisknown as
substrate inhibition or non-competitive inhibition. Inhibition may result from: 1.) a
substrate normally used for growth at unhealthy high concentrations, 2.) a byproduct of
cell metabolism, or 3.) other various external factors and substances. (Vaccari, 2006:
338) Each of these effects can be modeled by a modification of the Monod equation and
is known as the Andrews model (analogous to a Haldane expression as applied to
biological processes):

pu=p* [ S/(S+Kg] [ K| /(S+K))]

where K| is the half-inhibitory concentration.

When K, >> S, the expression reverts to the original Monod equation. Asthe

concentration of inhibitory agent increases, the growth rate is reduced and asymptotically

approaches zero at high concentrations as shown in Figure 15.
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Figure 15. Andrews Model of Substrate-Inhibited Growth. (Vaccari, 2006:339)

Cell Toxicity. By-products of the secondary substrate can also be toxic to the
bacteria producing the enzyme, degrading the enzyme or resulting in cell death. Toxic
substances resulting from cometabolism broadly affect al cellular functions and result in
cell inactivation that is proportional to the amount of compound degraded. (Chu and

Alvarez-Cohen, 1999: 766; Alvarez-Cohen and Speitel, 2001: 108)

M ethanotrophs.

The methanotrophs/methylotophs are a group of aerobic, gram-negative bacteria
that use methane as their sole source of carbon and energy. They have a significant
impact on the levels of methane in the soil. Oxygen availability limits the growth of the
methanotrophs, and methane consumption rates are directly affected by the number of
methanotrophs available. (Van Bodegom, 2001: 3591) The magjority of methanein the

soil is consumed by the methanotrophs; a smaller percent is vented through the stems and
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leaves of wetland plants into the atmosphere. Calhoun attributed methane loss from
methanotrophic activity associated with the wetland plants P. cordata and S. eurycarpum
under oxic conditions to be 87.6 and 62.6% respectively; the remaining methane exited
the soil by diffusive flux through the stems and |eaves of the plants. (Cahoun, 1997:
3054) Asareference, methanotrophs comprised 1-2% of microbial biomassin rice
paddy soils and tended to reach their highest numbers during flooded conditions.
(Macalady et al., 2002: 149) Growth factors significantly influencing methanotroph
growth include oxygen, methane, and cooper concentrations, nitrogen sources (NO3z and
NH,"), pH, and temperature. (Brigmon, 2001: 9)

Methanotrophs and Nitrogen. Like most bacteria, methanotrophs compete for
nitrogen sources; while low additions of nitrogen increase methanotroph activity, high
levels of nitrogen have resulted in decreased methane oxidation, likely due to competition
from denitrifying bacteria. Few studies have focused on methanotroph response to
nitrogen additions, (Bedard and Knowles, 1989; Conrad and Rothfuss, 1991; Van der Nat
and Middelburg, 1998; Macaady et al., 2002: 154) though Chu and Alvarez-Cohen
(1999) did find that nitrogen-fixing methanotrophs may be responsible for enhanced TCE
degradation activity (Chu and Alvarez-Cohen, 1999: 766), aresult aso likely from the
low oxygen conditions associated with nitrifying conditions.

Typel vs Type Il. Methanotrophs are divided into three groups, Typel, I, and X.
Determining factors include intracytoplasmic membrane ultrastructure, enzymatic
characteristics, fatty acid carbon lengths, G + C values, and 16S rRNA sequences. 16S
RNA sequence analysis has identified eight genera of methanotrophs. Methylococcus,

Methylomonas, Methyl omicrobium, Methylobacter, Methylocaldum, Methyl osphaera,



Methylocystis, and Methylosinus. These distinctions, however, are not all-encompassing.
Type | methanotrophs utilize the ribulose monophosphate pathway to assimilate
formaldehyde produced from the oxidation of methane; they usually have higher cell
yields on methane than Type Il strains. (Macalady et al., 2002: 148) Type | possess
bundles of intracytoplasmic membranes. Type |l methanotrophs have their
intracytoplasmic membranes arranged around the periphery of the cell and use the serine
pathway for methane assimilation. This gives Type Il stains greater oxygen affinity,
allowing them to grow preferentially at low concentrations. (Macalady et al., 2002: 148)
Type X methanotrophs have characteristics of both Type | and |1 groups. (Brigmon,
2001: 2)

The methanotrophs and other bacteria are not limited to the rhizosphere done. It
islikely that both type | and Il groups coexist in the rhizosphere, but occupy different
niches; both groups are numerically important in wetland environments, specifically in
rice paddies. (Macalady et al., 2002: 153) In cases of extreme oxygen limitations,
colonization of the root interior may be a possible methanotrophic behavior. (Calhoun,
1997: 3057)

MMO and Copper Limitations. Methanotrophs are able to express various forms
of methane mono-oxygenase (MMO), the enzyme that is used to expedite the respiration
of methane with oxygen. Two distinct forms of MM O have been reported: a soluble
MMO (sMMO) that is found under copper-limiting conditions and is located in the cell’s
cytoplasm, and a particulate MMO (pMMO) that is seen in copper sufficient
environments and is found in the intra-cytoplasmic membrane. (Field, 2004:31; Morton,

2000; Wackett, 1995) Most methanotrophs cannot express sSMMO. (Murrell, 1992;
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Hanson and Hanson, 1996; Alvarez-Cohen and McCarty, 2001: 113) Of those that can
express SMMO, the polypeptides are only expressed at low concentrations of copper.
SMMO acts over a much broader range of substrates than pMMO, and can also degrade a
broader range of hydrocarbons. (Lee, 206: 7503) Both formsof MMO are able to
degrade pollutants like TCE, but at much different rates. (Morton 2000:1730) pMMO
rates for TCE metabolism are often 0.1 to 1 percent those of SMMO, and pMMO
cometabolism rates at low copper concentrations (50-300 ug/L) are even lower than those
at high copper concentrations; at normal environmental concentrations < 150 ug/L,
pPMMO cometabolism rates are expected to be at their lowest values. (Alvarez-Cohen and
McCarty, 2001: 113)

Copper can be asignificant factor in the formation of methane monooxygenase,
however it is unknown which forms of copper are bioavailable to methanotrophs. There
is difficulty measuring the affects of changing copper concentrations due to testing that is
artificially biased by culture growth medium. (Morton, 2000: 1730) A number of
behaviors can be inferred from the Table 2 below which comparesiron and copper
concentrations in two different agar solutions. As copper levels are increased, iron
precipitates, free Cu increases, and precipitated Cu increases. In both solutions, though,
the precipitated Cu to free Cu ratio climbs as more copper is added, with free Cu+1, the
reduced form, created by the oxidation of theiron. Inthe NMS solution, thisratiois
reduced only after 100% iron precipitation is achieved and the iron can no longer force
the reduction of copper back to Cu+1. There appears to be a copper saturation effect by 5
uM when cells cease to incorporate copper and precipitated copper accumulates more

quickly than free copper. Theiron rich NMS culture results in higher levels of SMMO
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activity, further showing that SMMO is expressed when copper existsin its reduced form.
Altogether, the study shows the important relation that iron plays on copper availability;
the presence of abundant copper may also oxidize iron in low oxygen conditions,
however, iron is normally exceedingly abundant in natural settings.

Table 2. Equilibrium Metal Speciation for Media with Different Copper Concentrations.
(Morton, 2000: 1731)

Tzl obizinzd wich 10l mpper (M)

Medium Metal speciation

ooz all 5 1o 1
MIM Chelated Cu (%) 10 (1] an o !
Precipitated Ca (%) a a 05 36 56
Fres Cu (%) Q0= e 03 0o oms
gu' 107 103 0z [:X:] g5
luble Fa %) 186 9 14 1 11
Frecipitated Fe (%) 54 o] Bh &n o)
MMSE Chelated Cu (%) 10 os a3 T 23
Precipitated Ca (%) a L] 7.2 n 1=
Fres Cu (%) 016 0.14 008 0 ZR
u 103 R B4 7.7 [%]
Zaluble Fe (%) o " 6B b 1]
Frecipitated Fe (%) 1 1 32 &2 100

= MIM and MMS have 1ol iron concemrations of 0.0 and § gM, respeciively.
* Frae copper concenuratons a1 squilibeium, reporied a5 the negaive log of [Cr].

In astudy of a eutrophic freshwater lake in Switzerland, Xue and Sigg (1993)
found that free copper concentrations were 6-7 orders of magnitude lower than the total
concentration of copper present. The free [Cu®*] measured in the lake was low and could
not be explained by the presence of EDTA aone. Itislikely that the presence of organic
ligands that strongly complex with Cu(l1) resulted in low free[ Cu®*]. (Stumm, 1996:625)
In the rhizosphere, it is possible that organic ligands that are present could complex with
Cu(l1) and result in low levels of available Copper. In natural agueous systems, free Cu®*

dominates copper species up to ph 6. CuCOs dominates from pH 6-9.3, Cu(CO3), from

9.3-10.7, Cu(OH)5 from 10.7-12.9, and Cu(OH). beyond pH 12.9. (Stumm, 1996: 399)
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Most natural wetland soils are buffered around pH 7, although radial oxygen loss does
lower the pH at root surfaces. (Bezbaruah and Zhang, 2004. 65)

While copper concentrations can be alimiting factor at low levels, high levels can
also have adverse effects; high concentrations of copper are toxic to microbes. Kalabina
et al. (1944) showed an appreciable decrease in bacteria beyond 0.1 mg/L of copper, and
concentrations above 0.5 mg/L retard all microbiological processes. (Stumm, 1996)

MMO and Energy. Oxygenase enzymes consume molecular oxygen aswell as
reductants like NADP during the oxidation of cometabolites and substrates alike.
Primary substrates provide energy that can be used to regenerate reductant, but they also
interfere with the consumption of the cometabolite by competitive inhibition.
Cometabolic reactions, however, do not replenish the energy they consume.
Conseguently, the rate of cometabolic reaction can be limited by the amount of reductant
available. Consequently, high concentrations of cometabolite can lead to rapid
exhaustion of reductant sources. The use of aternate el ectron receptors, such as formate,
that assist the regeneration of reductant have been shown to sustain high TCE
transformation rates. (Alvarez-Cohen and Speitel, 2001: 107)

MMO and Reduced Iron. Thereis evidence that iron also affects SMMO activity.
(Morton 2000:1732) The presence of iron in reduced form may have an effect on copper
availability by reducing the copper astheiron isoxidized. Cells may only be able to
absorb the copper in its oxidized free form, Cu*?. This may suggest that cells are unable
to express pMMO in low eH environments due to the oxidized copper limitation, and

would resort to SMMO activity in those environments, likely absorbing Fe+2 and using it
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in place of Cu+2 in the enzyme. The higher eH around the root zone likely oxidizes both
copper and iron, making copper bioavailable for usein pMMO enzymes.

Figure 16 represents a theoretical relationship between iron, copper, and MMO
expression. In high redox conditions, copper isin oxidized form and the full
concentration that existsis available for pMMO expression. When
substrate/cometabolite oxidation occurs, the copper of pMMO is reduced and needs an
outside electron acceptor, like NADH, to oxidize the copper and alow it to reactivate the
pMMO. Inlow redox conditions, reduced iron reduces the avail able copper and makes it
unavailable for pMMO expression unless the copper is oxidized by NADH. When no
NADH is present to oxidize the copper, reduced iron can take the place of copper in the
MMO, creating SMMO that is less selective than the pMMO formed in high eH

conditions. Oxidation by sSMMO may result in the sequential dehal ogenation of TCE.

Methane + O

Cu+1

NADH or O2

Figure 16. Thompson Conjecture of sSMMO/pMMO Expression.

It was previously believed that Type Il (Methylocystis, and Methylosinus ) and X
(Methylococcus) were the only groups that could produce sSMMO (SMMO covered in

greater depth below). A Type | strain 68-1 of Methylomonas methanica, however, was
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shown to have the ability to produce sSMMO and demonstrated significantly greater rates
of TCE degradation than the most popularly studied bacterium capable of TCE
cooxidation, Methylosinus tichosporium OB3b. (Field, 2004: 31) Napthal ene oxidation
assay, an indicator of SMMO activity, however, showed that 68-1 SMMO substrate
affinity was substantially lower than that of OB3b. (Koh, 1993:960) While the strains
had little genetic homology, the expression of asimilar enzymeisacommon
characteristic across the groups. Another methanotroph, Methylocela silvestris, has been
identified as being a possible facultative anaerobe. (Lee, 2006: 7508) This species
possesses only the sSMMO, further validating the possibility that SMMO is limited by
copper availability and inability to use the Cu+1 that is present in the reducing
environments favorable to the strain. It is possible that Type Il and X species that
typically produce sSMMO are more adapted to surviving in low oxygen conditions;
expression of SMMO issimply aresult of the environmental conditions in which they
live. (Thompson conjecture)

MMO and Oxygen Limitations. TCE degradation activity is unstable in the
presence of oxygen. Thisislikely aresult of the oxidation of copper that occurs during
high redox conditions. While some oxygen isrequired in order to maintain methanotroph
activity, oxygen concentrations greater than 2 mg/L result in decreasing TCE degradation
rates. Aeration of cells with oxygen results in damage specifically to the sSMMO enzyme
and has little effect on the cells themselves. (Chu and Alvarez-Cohen, 1999: 766) Below
2 mg/L, oxygen becomes the rate limiting step in methanotroph growth, however TCE
degradation is unstable in the presence of oxygen. Two mg/L represents an optimal point

that balances TCE degradation and methanotroph growth. (Uchiyamaet al., 1995: 611)
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Figure 17 shows the influence of oxygen levels on TCE degradation. A dynamic
relationship also exists between Type | and Type |1 methanotrophs; Type | grow rapidly
in higher oxygen levels by using the more selective pMMO, while Type Il grow more
slowly at low oxygen concentrations and exhibit the |ess-selective SMMO enzyme that
resultsin higher degradation rates but also increased cell toxicity. The 2 mg/L maximum

observed may be aresult of that dynamic relationship, showing that SMMO degradation

is balanced by pMMO expression.

Oxygen availability T ] Substrate (methane)
limits methanotroph availability limits
/ cell growth.

growth and pMMO

/.

]

regeneration. Lower
redox conditions
result in higher
SMMO expression.

TCE degradation rat
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0 15 20
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=
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Figure 17. Dissolved Oxygen Relationship to TCE Degradation. Point of maximum
TCE degradation by a methanotrophic culture shows the balance between sMMO
expression that optimizes degradation and high oxygen that optimizes methanotroph
growth. (Uchiyamaet al., 1995: 610)

Cometabolism and Competitive Inhibition. Primary substrateisrequired in order
to sustain bacteria growth and regeneration during cometabolic reactions. High
concentrations of the primary substrate, however, may be detrimental to remediation
effects due to the competition with the cometabolic substrate for enzyme sites. For
methanotrophs, TCE degradation rates have been shown to increase with the addition of

low amounts of methane up to 0.1 mM. Beyond 0.1 mM, competitive inhibition results

in adecrease of TCE degradation rate. (Alvarez-Cohen and Speitel, 2001: 107)
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Cometabolism and Non-Competitive Inhibition. It iswell-accepted that
cometabolism of chlorinated solvents has a negative effect on the growth of
methanotrophs, and it has been demonstrated that methanotrophs expressing sMMO have
alower growth rate than those that express pMMO. (Lee, 2006: 7504) Exposureto TCE
often leads to the inactivation of the MMO enzyme and indirectly inhibits cell growth,
decreasing cell activity in proportion to the accumulation of inhibitory products. (Arp and
Hyman, 2001; Alvarez-Cohen and Speitel, 2001: 109; Chu and Alvarez-Cohen, 1999:
766) Growth inhibition is caused by the inability of SMMO to derive energy from the
compounds being cometabolized. It is possible that TCE inactivation of SMMO occurs
through loss of iron from the hydroxylase component of the enzyme or reaction with TCE
epoxide hydrolysis products. (Koh, 1993: 965)

Cometabolism and Bacterial Toxicity. When cells process TCE, they suffer from
adverse effects that lead to enzyme dysfunction and cell death. TCE itself does not cause
direct toxicity to cells. When MMO inhibitors were applied to methane and anmonia
oxidizing cultures, the cells no longer showed toxic effects from TCE. It islikely, then,
that the oxidized intermediates of TCE like TCE epoxide, rather than the TCE itself, are
toxic to bacteria. The degradation process, not the TCE itself, is responsible for cell
inactivation. (Field, 2004: 32; Alvarez-Cohen and McCarty, 1991; Rasche et al., 1991)
The intermediate products are transient, do not accumulate appreciably, and the effects of
the intermediates on the cells are likely immediate. (Alvarez-Cohen and Speitel, 2001
109; Arp and Hyman, 2001) Knowledge of the specific nature of the toxicity to the cells
and their ability to recover is not known; it is difficult to experimentally distinguish

between active cells and cells that suffer from toxic effects. (Alvarez-Cohen and Spelitel,
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2001: 120) TCE toxicity does play alimiting role in bioremediation, especialy at high
concentrations of contaminant.

In the case of TCE, byproducts DCE, VC, and other chlorinated intermediates can
also have toxic effects on the cells. Normal pathways of TCE metabolism by bacteria

expressing the MM O enzyme are shown in Figure 18.

glyoxylic acid
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Figure 18. TCE Monooxygenase Cooxidation Pathways. (Field, 2004: 33; Wackett,
1995)

A 1996 study of four methane-oxidizing cultures by Chang and Alvarez-Cohen
found that the transformation capacity for chlorinated aliphatic hydrocarbons was,
generdly, inversdly proportional to its chlorine content. Product toxicity of chlorinated
compound mixtures was found to be cumulative and was predictable using parameters
measured for the compounds individually by the following equation (Chang and Alvarez-

Cohen, 1996: 3372):
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I

where X isthe bacterial population

Sisthe cosubstrate consumed

And T isthe transformation capacity by the bacteriafor the i'th cosubstrate

Degradation rates reflected affinity of the substrate for the oxygenase enzyme and

different levels of inhibition from methane. Notably, 1,1 DCE exerted a much higher
toxic effect than cDCE and tDCE (Chang, 1996: 3375), possibly owing to the
asymmetric arrangement of chlorines. (Chang, 1996: 3371; Dolan, 1995) Figure 19
showsthat TCE isinitially degraded at afaster rate than cDCE and VC. This may be due
to ahigher selectivity of MMO for TCE. Thisis significant because, at low
concentrations, degradation products of TCE (cDCE and VC) can accumulate, increasing
competitive inhibition for MM O, and increasing cumulative toxic effects on the bacteria.

At higher concentrations, cDCE and V C degrade more quickly than TCE.
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Figure 19. Relationship of Contaminant Concentration and Degradation Rate. Michelis-
Menten (Monod) curves for TCE, cDCE, and V C degradation by a mixed methanotroph
culture. (Chang and Alvarez-Cohen, 1996: 3374)
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MMO Inhibition vs Toxicity. The competing high transformation rates of SMMO
and high yield rates of pMM O expressing methanotrophs result in optimum degradation
of TCE at different concentrations. At pollutant concentrations less than 10uM, sMMO-
expressing cells tend to degrade pollutants most quickly; the broader substrate range of
the enzyme likely enables the SMMO cells to degrade alarger fraction of the pollutants
than pMMO cells. At pollutant concentrations above 100uM, however, the pMMO
methanotrophs grow fastest and ultimately digest more pollutant. (Lee: 2006:7503)
Table 3 shows that SMMO expressing methanotrophs have a higher growth rate when no
contamination is present, but when contaminant is introduced, their growth rates quickly
slow. pMMO types, however, maintain higher growth rates at higher contaminant
concentrations since the pMMO enzyme is more specific (lower Kg) to methane (Table
4).

Table 3. Growth and Degradation Rates of OB3b Cells Expressing pMMO or sMMO at
Various Contaminant Concentrations. pMMO expression results in higher maintained

growth at higher pollutant concentrations where SMMO cell densities are lower due to
impaired growth. (Lee, 2006: 7507)

Enzyme Substrate(s) w (b~ (SD)* wipg (SDY Max OD

pMMO CH, 0.052 (0.005) 1.0 0.51
CHy4 + 10 pM each VC, ¢-DCE, and TCE 0.030 (0.002) 0.58 (0.07) 0.43
CH, + 30 pM each VC, +-DCE, and TCE 0.036 (0.001) 0.69(0.07) 0.50
CHy4 + 50 pM each VC, t-DCE, and TCE 0.018 (0.0005) 0.35(0.04) 0.42
CH, + 100 pM each VC, +-DCE, and TCE 0.014 (0.0005) 0.27(0.03) 0.27
sMMO CH, 0.064 (0.004) 1.0 0.49
CH, + 10 pM each VC, ¢+-DCE, and TCE 0.025 (0.001) 0.39(0.03) 0,40
CH, + 30 pM each VC, +-DCE, and TCE 0.031 (0.001) 0.48 (0.03) 0.42
CH, + 50 pM each VC, +-DCE, and TCE 0.016 (0.001) 0.25(0.02) 0.20
CH, + 100 pM each VC, +-DCE, and TCE 0.007 (0.001) 0.11 (0.02) 0.14

@ Numbers in parentheses represent the standard deviations of collected samples.

75




Table4. OB3b Chlorinated Ethylene Michelis-Menten Degradation Coefficients. This
shows the much higher rates of contaminant degradation (Vmax) achieved by sSMMO
expressing cells. The much higher half-saturation constants (Ks) reflect lower enzyme
specificity for acompound. Degradation rates are lowest for TCE, however the affinity
of MMO for TCE is greater than that for t-DCE or VC. (Lee, 206:7505)

. I Fax (nmol - min—?! - . ] Reference
Enzyme Substrate mg protein—!) K. (kM) ar sOUrce
pMMMO CH, 82 8.3 32

WV 42 26 This study
-DCE 61 42 This study
TCE 4.1 7.9 32
sMMO CH, 7267 o2 36
VO 2,100 160 This study
-DCE B 2" 148 36
TCE S80F 145 36
= Converted from reported vnits of nmol - min~™?! - mg cells—! assuming that
the cell dry weight is 509 protein.

MMO and Remediation. The differences between methanotrophs expressing
SMMO and pMMO make them suitable for different remediation strategies. Siteswith
high pollutant concentrations (VC, DCE, TCE > 30 uM) should stimulate pMMO
expression, possibly by the addition of copper or theraising of eH. Were SMMO strains
to be used in high concentrations of contaminants, they would quickly exhaust growth by
counterproductive oxidation of the contaminants and toxic accumulation. SMMO strains
may degrade awider variety of contaminants at low concentrations and can be stimulated
at contaminant concentrations below 30uM, the point of negative net rate growth
substrate turnover. (Lee, 2006: 7508) This could be stimulated by the addition of reduced
forms of iron that would reduce available copper and make it unavailable to the
methanotrophs, resulting in the expression of SMMO. Growth of pMMO strains was also
limited by the presence of chlorinated ethylenes at high concentrations, but to a much

lesser extent than the effect on SMMO strains. (Lee, 2006: 7507)
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Cometabolism of a contaminant reduces the MM O used and requires an
expenditure of energy. To restore the transformational capacity of the MM O enzyme, it
must have a source of reducing power. NADH must be used to regenerate MMO after it
transforms either methane or TCE. Depletion of NADH, then, can also limit the extent of
TCE degradation and energy requirements must be considered in a wetland treatment
system. When digesting methane, the energy resulting from transformation can satisfy
thisrequirement. Optimal conditions for TCE degradation in methanotrophic bioreactors
generdly exist between 4% and 20% methane. (Brigmon, 2001: 9; Strandberg et al .,
1989) Addition of formate as an exogenous e ectron acceptor has also been shown to
increase rates of TCE transformation. (Anderson, 1994, 383; Alvarez-Cohen, 1991,

Brussea, 1991; Henry and Grbic-Galic, 1991; Oldenhuis, 1991)

Heterotrophs.

For heterotrophic organisms, the availability of organic materia is normally the
limiting factor for growth. In soils and wetlands, survival may depend upon the ability to
survive on low levels of organic substrates and the ability to grow quickly where higher
concentrations are available. (Vaccari, 2006: 398) The root-zones of wetland plants are
one such area of high carbon concentration, and the heterotrophs are able to capitalize on
the availability of the organic substrates that are released by the plants. Organic acids are
especially crucial to some bacteria. Lugtenberg et al. (1999) demonstrated the
significance of organic acids on soil bacteria by studying auxotrophic mutants, showing
that those with an impaired ability to use organic acids were significantly impaired in root

colonization.
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M ethanogens.

Methanogens are not actually bacteria. Although considered bacteria for many
years, methanogens are now recognized as belonging to the Euryarchaeota kingdom in
the domain of Archaea. Methanogens, however, are the Archaea of greatest scientific
dueto the critical role they play in the carbon cycle. They are strict anaerobesthat livein
arange of environments including freshwater wetlands and the digestive tracts of
animals, including humans. Methanogens are characterized by their exclusiverolein
methanogenesis. Methanogenesis, the production of methane (CH4), is areaction where
carbon is reduced to methane, usually by oxidation with hydrogen. Most commonly CO,
is used as the electron receptor, although CO is aso reduced. Many methanogens can
also obtain energy by fermentation of formic acid (CHOOH), methanol (CH3OH), and
acetic acid (CH3COOH), oxidizing some molecules to CO, while reducing others to
CHA4. (Vaccari, 2006: 266, 395)

4 H, + CO; 2> CH4 + 2 H,O (CO; reduction)

3 H;+ CO - CH4 + 1 H,O (CO reduction)

4 CHOOH - CH4 + 3 CO; + 2 H,0 (formic acid fermentation)

4 CH30H - 3 CH4 + CO; + 2 H,0O (methanol fermentation)

CH3COOH - CH4 + CO, (acetic acid fermentation)

In the wetland environment, the methanogens play a crucial role for the methanotrophs:
they provide substrate that the methanotrophs depend upon; the anoxic areas in the
wetland result in high levels of methane as methanogens produce it by the reduction of

carbon-dioxide. Additionally, they consume acetate and H2 being produced by

fermentative bacteriathat could build to inhibitory concentrations.
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Quantification of Microbial Activity.

With all the species of bacteria available, difficulty with pure culturesin
|aboratories, and trouble quantifying bacterial colonies, determination of the number of
bacteriain awetland environment islimited. A 2001 study by Van Bodegom and all
focused on incubation of microbes from a specific wetland community, arice paddy. The
study showed that heterotrophs and methanotrophs were the most abundant bacterial
groups at all tested conditions. Based on rate constants, it is likely that heterotrophic and
methanotrophic respiration are the most important microbial sinks of oxygen. (Van
Bodegom, 2001: 3590) Other microbia groups played aminimal role in the consumption
of oxygen in the rice rhizosphere. (Van Bodegom, 2001: 3589)

The most abundant species of methanotrophs and heterotrophs were isolated and
tested under various growth conditions. Methanotrophs showed alower Ksoz and Unax
than the heterotrophic cultures. This means that the methanotrophs were at a
disadvantage to the heterotrophs in terms of alower maximum growth rate, but they had
an advantage over heterotrophs since that growth was less inhibited at low oxygen levels.
A measurement of heterotrophic and methanotrophic oxygen consumption, O, crit was
compared. Heterotrophs likely consume most oxygen close to the root surface, while
methanotrophs are more prolific further from the root surface at lower oxygen
concentrations. (Van Bodegom, 2001:3590)

M ethane consumption was correlated to oxygen consumption, and oxygen was
found to limit methane oxidation rates under most conditions. The authors specul ated
that significant methane oxidation could occur in the rice rhizosphere at microaerophilic,

low acetate, and high methane concentrations and will thus occur at very specific
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microsites within the rice paddy. They additionally cited nitrate as playing alimiting role
in methanotroph growth (Van Bodegom, 2001:3596) Distinctions are also made between
Type | and Il methanotrophs. Type Il methanotrophs outcompete Type | in conditions of
ample methane due to their ability to fix nitrogen and ability to use lower levels of
oxygen (low Ksop). Monod substrate and growth relationships for heterotrophs and

methanotrophs are included as Table 5 and Table 6.

Table5. Monod Half-Saturation Constants for Heterotrophs. (Van Bodegom, 2001:3591)

Culiure(s) K, 0, (M) K, 4 (M) By (071
Pseudomonas sp. strain HET-1 C limited n.d® 0.36 % 1073 0.054
Pseudomonas sp. strain HET-1 O limited 15 % 107" n.d. 0.062
Rhodococcus sp. strain HET-2 BOM n.d. n.d. . 012
Rhodococcus sp. strain HET-2 C limited n.d. 1.3 1077 0.12
Rhadococcus sp. strain HET-2 O, limited 9.0 107 nd. ) 0.093
Published pure (9.4 12.7)7 « 107" (058 + 0.39)7 = 107 0.23 019
“ See references 6, 24, 41, and 54.
* See references 4, 23, and 55,
© See references 6, 24, 35, and 38,
n.d., not determined.
Table 6. Monod Half-Saturation Constants for Methanotrophs. (Van Bodegom,
Culture(s) K, o, (M) K, e, (M) P (071)
Methylocystis sp. strain MOX 1 C limited n.d.? 28 % 107% 0.013
Methylocystis sp. strain MOX-1 O limited 1.0 % 107° n.d. 0.017
Published pure (67 +94)" x 107° (29 +22)° % 107" 0,12 = 0.041

“n.d., not determined.

? See references 24, 30, and 47,

© See references 29, 30, 47, and 54.
See references 24, 30, 47, and 54.

Competition.

Bacteria and other microflorain wetlands are extremely diverse. (Amon et al.,
2007: 64) While some microbes may be mutually beneficial to each other, thereis
intense competition for al nutrients in awetland, especially for oxygen. Microbial

grazing by protists can aso be a significant factor.
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Protozoa. Protozoa are single celled organisms that contain both organelles and a
formed nucleus. They are considerably larger than bacteria and can have a significant
impact on bacteriain the rhizosphere by microbia grazing. They normally have flagella
or ciliathat help them to movein the soil.

Arbuscular Mycorrhizal Fungi. AMF are the most-common form of
endomycorrhizae, a symbiotic and mutualistic fungus that livesin the vicinity of plant
roots. Interrestrial plants, mycorrhizal fungi have been shown to have a significant
impact by supplying plants with essential nutrients, especially phosphate, NH4+, K+, and
NOS-. (Salisbury, 1992: 139) Root exudation patterns can be altered by AMF
colonization; AM fungusis alarge carbon sink (Douds and others, 2000; Graham, 2000,
Jones and others, 2004: 472), alters carbohydrate metabolism, and increases root
respiration. AMF can aso alter microbial composition in the rhizosphere (Jones and
others, 2004: 473) There has been relatively little study, however, of mycorrhizal
associations in freshwater wetlands. It is often assumed that fungi are not as dominant as
bacteriain wetlands, generally due to oxygen limitations in the saturated soils. (Mentzer,
2006; Gutknecht, 2006: 26) Their influence, however, can also be significant. In studies
of arbuscular mycorrhizal fungi (AMF), Bohrer and all found significant colonization by
AMF that was linked to plant growth patterns, specifically root production and vegetative
growth; the highest levels of colonization occurred during high water tables. (Bohrer,
2004: 335) Despite substantial impacts of AMF and other fungi in the energy and carbon
cycle, the overall impact of bacteriain wetland soils significantly outweighs that of fungi

throughout the year. While the total mass of fungi in wetlands was greater than that of
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bacteria, high growth rates and turnover times made bacteria the primary mediators of

carbon flow. (Buesing, 2005: 596, 601)

Soil and Microbial Influences.

Microbes around plant roots are largely dependent upon exudates and oxygen
coming from the soil roots. They are also significantly influenced by factorsin the soil
itself. Some significant influences include metal concentrations, pH, eH, toxins, and

hydrologic flow that moves water through the root zone.

Models and Modeling

In wetland conditions, oxygen is used up quickly and plant rhizospheres are
correspondingly thin; the oxic shell surrounding the roots varies from about .5to 5 mmiin
thickness. (Christensen, 1994: 847) This complicates our ability to measure important
characteristics of the rhizosphere. Computer modeling can help give important insight
into oxygen concentrations, nutrient levels, and likely microbial interactions in the soil.
Mathematical models can provide atheoretical basis for plant functions and identify gaps
in knowledge.

Computer modeling is an important tool since it allows the manipulation of
numerous variables that may not be changeable in another setting such as alaboratory of
field test. Thisgivesamodel agreat amount of flexibility. Data can be generated
quickly in response to changes in variables. By accurately depicting the rel ationships of
real-world components in the model with current knowledge, intuition can be gained on

the behavior of the plant-soil system. The model does have limitations, however;
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simplifications, lack of accurate data, and computing limitations all contribute to
uncertainty. Despite uncertainties, amodel may give qualitative insight that can be used
to guide further research and offer explanations for system behavior. Mathematical
models have been devel oped to describe plant processes, biological processes, and

cometabolism.

Plant Models.

Phragmites australis (common reed, carrizo), isatall, rhizomatous reed with
robust stems, tapering leaves, and adeep root structure. It is one of the more widespread,
prolific, and useful remediation plants and is the most widely studied of the wetland
plants. In 2000, Armstrong et al. conducted probe measurements of oxygen levels
through the rhizosphere of adventitious roots in an agar solution, offering an accurate
look at oxygen levels throughout the root and solution. A dynamic plant growth model of
a Phragmites stands was devel oped by Asaeda and Karunaratne based on empirical data
from numerous field studies. (Asaeda and Karunaratne, 2000) It includes calculations for
photosynthesis and carbon fixation. The model was limited by lack of data on physical
and biological growth factors, but it successfully reproduced all growth trends of the
Phragmites stands studied. The study correlated higher growth rates of Phragmites with
long growing seasons, higher solar radiation, and higher ambient temperatures. The
model was later expanded and refined by Asaeda et al (Asaedaet a, 2002). Figure 20

shows some of the parameters measured for the stands.
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Figure 20. Phragmites australis Parameters. (Asaedaet a, 2002)

Air Movement.

In 1996, Armstrong and all used a mathematical model to demonstrate the
humidity induced convection concept (HIC) based on the earlier model of Leuning
(1983). It incorporated the effects of Knudsen diffusion for pores smaller than 0.1 um
and Poiseuille flow resistance for pores greater than 0.1 pm. The model was

mathematically less rigorous than the Leuning model but gave nearly identical results.




Thefindings reiterated earlier findings that plant leaf pore diameters were optimized to
support high dynamic pressures while still maintaining high airflow rates, and suggested
that the flows in Phragmites result from optimal pore sizing and low venting resistance in
the plant. Fastest flow rates were generated with 0.2 um pore sizes. The model can be
used to calculate the water movement out of the leaves and the resulting convective flow
into an air passage. The formulae, involving Knudsen resistances, can also be used to
calculate flows of the various gases into the leaf pore spaces. The results of the model
were compared against a physical model that used micro-porous partitionsin place of a
membrane. (Armstrong, 1996)

P. M. Beckett et al also used amodeling approach to analyze pressure flow in
Phragmites stands. Static pressure (Ps) was defined as the pressure generated inside the
culm under zero flow conditions. Dynamic pressure (Py) is the pressure when flow is
taking place. The delivery coefficient (1-Py/Ps) isameasure of the degree to which a
culmisachievingitsfull convective flow potential. The model was developed in
FORTRANT77 and the mathematical formulation solved simultaneous equations that
represented |leaf sheaths as large series of humidifying units. Input parameters assumed a
porosity of the stomatal surface as 0.027 %, pore depth was 5um, and pore dlit width as
0.2um. Culm and nodal resistances were 0.4 X 10° sm™, and rhizome nodal resistance
was 0.5 X 10 sm™. The experiment assumed a maximum pressurization of 750 Pa
(function of humidity and diffusive resistances), with a maximum Ps of 466.5 Pain the
blocked flow condition. The corresponding flow generated was 0.5457 L/hr. Flow

outputs are summarized in Figure 21 below. (Beckett, 2001: 269-277)
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Figure 21. Outflow Resistance Effect on HIC Flow. (Beckett et al, 2001: 278)

The study showed that increasing the venting resistance from the culm of the
plants reduces flows curvilinearly from a maximum flow rate at zero resistance.
Increasing venting resistance increases the dynamic pressure, but reduces the pressure
drop aong the culm, resulting in lower flow rates. The study assertsthat all leaf sheaths
contribute to advective flow in the plant, but that the most apical (upper) leaves should
contribute much lessto overall flow than those in the middle region of the plant. Inthe
field, however, many of the lower |eaves senesce early in the growing season, possibly
due to the higher humidity near the surface (Beckett, 2001: 289) or to lower incident
radiation. The culms furthest from the rhizome should devel op the highest dynamic
pressures but will generate the least airflow, again due to the lower total pressure drop
along the culm.

The study also examined dynamics of air flow and resistances in a Phragmites
stand. Since the plants are connected to numerous other culms through underground

rhizomes, the airflow of one plant can also create back pressure on another. (Beckaett,
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2001: 290) Stands with higher numbers of dead culms generated the lowest dynamic
pressures and the highest convective flows; the dead culms behave as venting stacks for

rhizome air flow and lower total venting resistance. (Afreen, 2007: 7)

Rhizosphere Models.

Root Quantification. Thereisreally no one root classification system; plant root
systems vary greatly depending on species, soil characteristics, water availability, and
other factors. (Fitter, 1996) In wetlands, root density varies by depth and species and
may not be proportional to above ground biomass. (Amon et al., 2007: 61) The most
important goal, then, is to quantify branching patterns and relate them to root function.
Most roots systems are trivalent branching structures. This means that each root node has
three root links emerging from it, where anode is defined as the origin of abranchin a
root system. Roots grow by branching, with lateral roots emerging from main roots at

nodes prior to the root tip. The geometry can be expressed as a function of several

components:

1 The number of linksin the system- those that terminate in a meristem
arereferred to as exterior links and those that connect other links are
called interior links. The magnitude of alink is the number of exterior
linksit serves, and is aways one less than the number of interior links it
Serves.

2. Length of the links.

3. Distribution of branches.

4, Branching angles.

5. Relative diameter of the links as they increase in magnitude- This varies

greatly by species, and has been studied little. (Fitter, 1996: 5-6)
Static modeling usually relies upon synthetic description. Fractal geometry
assumes that the root system is homogenous across a large range of space scales and

describes how aroot fills geometric space. Topological Modeling describes the way root
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systems branch according to globally established rules. It isuseful for examining root
system optimization under varying conditions such as the formation of nutrient depletion
zones around roots. (Doussan, 2003: 423) In redl situations, however, the assumption
about regular distribution of roots does not hold. Global parameters such as root depth
and density are not sufficient when investigating the development and functioning of root
systems. (Doussan, 2003: 424) Due to the number of variables involved, it is often
beneficial to focus the root model on a specific process and approximate trends of other
inputs. (Doussan, 2003: 429)

Armstrong Rhizosphere Model. Armstrong et al. used a diffusion-based model of
the root and rhizosphere using a series of concentric cylinders: inner stele, outer stele,
cortex, epidermis/hypodermis, and rhizosphere. Oxygen is supplied to the outer cylinders
from the cortex by radial liquid phase diffusion. Oxygen flux is calculated from the slope
of the oxygen gradient using alog-linear relationship. The oxygen deficit across the
epidermal/hypodermal cylinder is afunction of diffusive resistance of the cylinder,
oxygen consumption, and radial oxygen transfer. A convex profile across the
epidermal/hypodermal cylinder may demonstrate that the root is most impermeable on

the outer surface of the root. (Armstrong et al., 2000: 691)

BacteriaModeling.

While there are few sources that accurately identify bacterial massesin the
rhizosphere, there are numerous studies that provide growth constants for wetland
bacteria that can be used in the modeling process. (Calhoun, 1998; Kaku, 2000; Erkel,

2006)
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See above information in Bacterial Communities. Van Bodegom (2001:3591) found that
ten weeks is not long enough to estimate steady-state populations of bacteriain low
oxygen conditions. He also reaffirms the importance of methanotrophs and heterotrophs

as the most important microbial sinksin awetland.

Trichloroethylene Treatment Modeling.

TCE isthe most widely studies chlorinated solvent in aerobic cometabolism.
Many mathematical models have been created to predict microbial responses to various
TCE and substrate inputs. All equations begin with the basic expressions for competitive
inhibition, non-competitive inhibition, and bacterial toxicity outlined above. Most use
Monod expressions to represent saturation kinetics. A unique expression that is useful
for quantifying cell response to a contaminant is the transformation capacity (T¢). It
indicates the amount of chlorinated solvent transformed per unit mass of bacteria cell
prior to cell inactivation. Alvarez-Cohen and McCarty used this term to represent the
amount of compound degraded per mass of cellsinactivated in the process.

ds.

i
dX

where Tc is the transformation capacity for a specific cometabolic substrate
dSc is the change in cometabolic substrate

and dX isthe change in active cell mass (Alvarez-Cohen and McCarty, 2001.
110)

TCE transformation capacity usually ranges from 25-150 ug TCE/ mg cells,

although much larger values have been reported for some mixed cultures. (Alvarez-

Cohen and McCarty, 2001: 113) This approach implies that the toxic effects decrease
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overal cellular function. It can be combined to determine the net specific cell growth
rate as afunction of growth on substrate (Sg) and cell inactivation by cell death and

toxicity:

oyl 1

X X 1. X

whererg isthe rate of substrate consumption and

rc isthe rate of cometabolite consumption (Alvarez-Cohen and McCarty, 2001:

110)

Modifications of this representation have been used frequently.

Ely et al. (1995) incorporated enzyme inactivation constants that were previously
defined by Oldenhuis et al. (1991). This accounted for the potential recovery of enzyme
that had been deactivated by toxicity at lower energy cost than cell regrowth, decoupling
enzyme recovery from the cell growth. Cell inactivation models, though, have been
guestioned since many factors affect cell recovery. (Chu and Alvarez-Cohen, 1999: 770)
Criddle (1993) and Change and Criddle (1997) included considerations for reductant
energy by using a stoichiometric coefficient to account for the amount of growth
substrate used to generate reductant. Their expression accounts for energy required
during a cometabolic reaction, but does not account for cell growth. Chang and Alvarez-
Cohen (1995) modeled reductant as a saturation kinetic expression. (Alvarez-Cohen and
McCarty, 2001: 112)

Anderson Model. In 1994, Anderson and McCarty generated a time-dependent
model for the treatment of trichloroethylene by methanotrophic biofilms. They modeled
methane and TCE transport by diffusion, Monod growth kinetics, competitive inhibition

between the methane and TCE, TCE product toxicity, and inactivation of the bacteria.
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No prior published model had addressed TCE transformation product toxicity.

M ethanotrophic biomass was subdivided into three categories: active biomass capabl e of
utilizing methane and co-oxidizing TCE, secondary biomass that operate at a reduced
state due to TCE toxicity, and inert cell material. Oxygen was assumed to not be rate
limiting. Methanotrophs, however, appear to be most competitive at low oxygen
conditions; SMMO expression is aso optimized at low oxygen levels. The model
assumed that a high copper concentration lead to pMMO expression and used a TCE rate
coefficient (k) 100 times smaller than that used for sSMMO expression. The k. used
likely accounted for low TCE transformation rates by the simulated biofilm. Further, the
model did not account for competition between bacterial populations. The moddl did
suggest that TCE transformation was limited at high methane concentrations and that
TCE transformation would be optimal near the K value for methane. It noted a balance
that exists between the low concentrations of methane optimal for remediation and the
higher concentrations sufficient for methanotroph growth and survival; TCE flux is
limited by methane available for growth and is also limited by competitive inhibition by
methane. It also indicates that highest rates of TCE flux is achieved at higher TCE
concentrations. (Anderson, 1994: 389-390) Parameters for the model are included in
Table 2 (Anderson, 1994: 388)

Tartakovsky Model. A 2005 model by Tartakovsky et al. modeled a single stage
anaerobic-aerobic granular biofilm. The model established three bacteria groups:
anaerobic methanogens, aerobic heterotrophs, and aerobic methanotrophs. The model
assumed complete mineralization of TCE and its dechlorination intermediates to CO,.

Bacterial growth kinetics used multiplicative limitation and non-linear dependencies.
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The growth of the bacteria was model ed based on methane limitations, inhibition by TCE
and its dechlorinated intermediates, and oxygen limits caused by the competition by
heterotrophs. Ethanol was used as a primary carbon source for heterotrophs. Oxygen
penetration, however, was calculated linearly using Cartesian geometry, neglecting the
influence of the bacterial biomass on the corresponding oxygen concentrations. The
model did not include effects from different forms of MMO. The model also
incorporated space limitations on bacteria growth by setting population caps. The
literature review showed awide range of values for specific growth and substrate
transformation constants, and model parameters were varied to achieve qualitative
agreement with experimental results. (Tartakovsky, 2005: 75) Parameters used are
shown in the table below. The model predicted an optimal aeration rate for the reactor as
430 mg O, / liter/ day. At high aeration rates, heterotrophic bacteria prevailed over both
methanogens and methanotrophs, limiting TCE transformation. The process performed
best at high TCE loading rates until degradation of the chlorinated intermediates became

rate-limiting. (Tartakovsky, 2005: 76)

Knowledge shortfalls

Applied bioremediation science covers abroad area of study. Soil and hydrology
characterization of aremediation siteis essential to creating atreatment plan, and the
treatment must optimize use of available resources to maximize the return of investment
with respect to treatment goals. This literature review has shown that many unknowns
currently limit the effective application of bioremediation, specifically asit relatesto

TCE remediation in wetland environments. Wetland soil chemistry, the behavior of
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wetland plants, and the characterization and behavior of wetland microbial communities
are critica areas of study. Wetland construction parameters including contaminant
loading, soil and plant selection, and nutrient addition is limited by these knowledge
gaps. (Amon et al., 2007: 63) There is aneed to better integrate plant physiology and
molecular biology with soil chemistry, physics, and mesofaunal ecology. (Jones et al.,

2004:474)

Soil Chemistry.

Hydric soil is aresource that is associated with wetlands and takes time to
develop, however its specific characteristics are not fully understood. The wide variety
of conditions in various wetlands limits the direct study of single variables as they apply
to al wetlands universally. Especialy important to understanding soil chemistry is
knowledge of plant exudates that act as electron receptors in the environment, lowering

eH and potentially buffering pH.

Plant Dynamics.

In the past, plant studies have focused on agriculturally significant crops. Recent
realization of the significance of wetlands, the plants that reside there, and their unique
physiologica characteristics hasinitiated deeper interest in the study and protection of
these critical habitat areas.

The relationship between the plant and its surrounding soil is especialy
important. It isclear that the balance between carbon and nitrogen in the soil is crucial,

but we have no knowledge of thisratio in soil. While there are many studies of amino
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acids and sugarsin root exudates, they are largely qualitative (Jones et al., 2004:470)
Understanding of organometallic complexes in the rhizosphere and the corresponding

plant response is especially limited. (Jones et al., 2004:468)

Microbia Characterization.

Our current understanding of microbial community dynamics associated with
rhizodeposition islimited. (Butler, 2003:6793) While traditional culture methods are
being replaced by 16S RNA methods, characterization of bacteria and their rolesin
remediation continues to be an area of uncertainty. (Amon et al., 2007: 64)

M ethanotrophs are apparently key microbes in the natural attenuation of TCE.
However, there have been no extensive studies of how mixtures of chlorinated
compounds affect methanotrophs expressing sMMO or pMMO. (Lee, 2006:7504)

Copper isacritical component of the MMO but, it is unknown which forms of copper are
bioavailable to methanotrophs. (Morton, 2000:1730) Knowledge on the effect of TCE
and its degradation by-products is also lacking. Fortunately, methanotrophs are one of
the most-studied of wetland bacterial species. There are many other wetland species that
need to be classified and studied in hope that other useful remediation characteristics may

be discovered.
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I11. Methodology

A mechanistic modeling approach is used to generate data in this study.

Modeling is an effective tool sinceit allows the exploration of numerous variables
quickly. STELLA version 9.0 (Isee Systems, 2007, formerly distributed by High
Performance Systems) provides model output in avisualy friendly format, and
deterministically captures the dynamic characteristics of a system (the software being an
ordinary differential equation solver in time and able to numerically solve partial
differentials). It accountsfor both deterministic and dynamic qualities of the elements
that affect conditionsin the rhizosphere. The model’ s system boundary includes the
plant, its root structure, the plant’ s rhizosphere, and the microbial populations that exist in
the oxygenated zones of the soil. It requires inputs for atmospheric, soil, plant, and
microbial variables.

The model uses a discretized compartmental approach to account for oxygen
gradients that exist inside the plant and the soil. Each compartment includes stocks of
oxygen measured by mass. The model aso calcul ates carbon dioxide, nitrogen, methane,
soil carbon, microbial, and TCE masses in required areas. Flows between the stocks are
generated by mathematical expressions, and the Stella software cal culates flows along an
incremented timeline, resulting in anumerical integration. An extended simulation of the
software usually results in a steady-state expression of amodel variable. Thisresult can
be compared to empirical data already collected for correctness, thereby validating the

model. Once the model is validated, a sequence of simulations will be used to explore

95



the research questions posed in Chapter 1. The actual model isincluded on the

accompanying disk with thisthesis.

Modeling Development Process

Thefirst priority of modeling is to maintain the integrity of the system. In short,
the model must address the research questions and not try to accommodate the answers.
(Shelley, 2007: 43) This model attempts to simulate systems that exist in ageneric
wetland plant. From a system dynamics perspective, the behavior of asystem isaresult
of its causal structure. It isimportant, then, that all components of the model realistically
represent function and behavior in the living system; thiswill help maintain the integrity
of model behavior and allow better comparisons of the model to empirical knowledge
about plant systems.

Modeling has a number of limitations. There are many uncertainties associated
with aplant model; not all processesinside plants are fully understood. The model
requires quantification of “soft” concepts represented by variables that may not have a
measured value. A number of assumptions are made in the modeling process that
account for unknowns. Numerical precision is sacrificed when there is alack of
measured data, and consequently it isimportant to capture the dynamic relationship of the
system. (Shelley, 2007: 55) The model’ s output is scaled against measurements obtained
in real systems; when comparable data sets are not available to scale the model,
performance assumptions must be made. The method of approach must use available
guantitative data for the mechanistic processes we do understand in order to qualitatively

asses the behavior of processes we do not fully understand.
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The modé is developed and then tested in stages. (Shelley, 2007: 56; Forrester
and Senge, 1980) Four stages of model construction are conceptualization, formulation,
testing, and implementation. (Randers, 1980:285) These stages are followed and are

discussed in this chapter.

Model Conceptualization

Expected Behavior.

Many system relationships affect this model; some relationships are well
understood, while others to alesser extent. Whether by measurement or cal culation from
aprior model, this model seeksto follow the available historical data for plant systems.
Where information is unavailable, reference modes must be asserted based on known
behavioral relationships. Closed feedback |oops within the model are a key component to
the model behavior; it is the closed-loop relationships that are neither intuitive nor able to
be calculated directly by normal formulation. (Shelley, 2007: 48)

Numerous relationships in a system can create dynamic behavior; the influence of
one factor can significantly affect oxygen levelsin the plant and its rhizosphere. Figure
22 demonstrates the major relationships at work in the model. Photosynthesis and
humidity-induced convection are the main contributors to oxygen in the rhizosphere.
Oxygen outflow, plant respiration, microbial mass, and soil chemicals are negative

influences on rhizosphere oxygen (as denoted by arrows and positive/negative signs).
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Figure 22. Dynamic Relationships Affecting Rhizosphere Oxygen.

Leaf. CO, concentrationsin the leaf should fall below ambient concentrations,

and oxygen concentrations should rise above ambient. Nitrogen and other partial

pressures should fall below ambient concentrations due to pressure created in the leaf by

water vapor. Asventing path resistance in the plant decreases, humidity induced

convection must reach a maximum due to the constraint of water flow to the leaf.

| expect to see most plant tissue concentrations stabilize dlightly below the oxygen

concentration in air due to plant respiration. Photosynthesis by the plant should

compensate for plant respiration and result in a net oxygen increase around the plant.

Root. Root concentrations should decline along lateral roots and cortex

concentrations should be higher than stele concentrations due to aerenchymal air flow
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and oxygen transfer between the xylem and phloem in the stele. The root hair zone isthe
primary oxygen pathway into the surrounding soil. Most oxygen loss through the roots
occurs in the root hair zone where root hairs are abundant, approximately the last 3 cm of

the root as shown in the measurements of Figure 23.
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Figure 23. Oxygen Partial Pressures Along a Phragmites Root. The root was 110 mm
long and 1 mm in diameter. (Armstrong et al., 2000: 692)

Soil. When inputs are constant, oxygen concentrations in the plant and soil
should approach a steady state. The root-zone should show aradial decline in soil
oxygen concentrations that goesto zero at infinity. When the microbes are introduced
into the system, the effect will be amplified by microbial consumption of oxygen.

Oxygen levels should then approach zero within approximately 5 mm of the root surface.
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Microbial Mass. Microbes consume oxygen rapidly and should create a steep

concentration gradient resulting in more oxygen flow to the rhizosphere. Masses will

vary greatly in response to changes in oxygen and substrate levels, and heterotroph

consumption of oxygen will indirectly affect methanotroph growth. A heterotroph :

methanotroph population of 100:1 istypica in wetland environments. Heterotrophs

should grow in higher oxygen areas near the root, and methanotrophs should occupy the

outer rhizosphere. TCE should cause toxicity to SMMO producers around 4ppm and

pPMMO producers around 13 ppm asidentified by Lee et al., 2006.

Model Assumptions. Given the reference modes above, the following

assumptions apply to this model.

1.

Humidity induced convection (HIC) and plant photosynthesis are the main
contributors to rhizosphere oxygen.

Nearly all rhizosphere oxygen is contributed through the plant’s root hair zones.
The plant efficiently minimizes overlap of rhizosphere zones.

Mature and homogenous plant stand of Phragmites australis that ignores diurnal
cycles (constant phloem/xylem flow and humidity/temperature/light levels).
Heterotrophs and methanotrophs are the only bacteria of treatment significancein
the rhizosphere.

Primary carbon flow isfrom BOD in treatment water, and organic carbon is the
primary substrate for heterotrophic bacteria. Although plants may aso exude
significant amounts of carbon into the rhizosphere (organic acids, sugars), flow is

assumed to originate from outside the rhizosphere.

100



10.

11.

12.

Methane is generated in anaerobic zones of the wetland treatment area and is the
primary substrate for methanotrophic bacteria.

TCE isthe only contaminant in the treatment water, and is consumed aerobically
only.

Bacteria activity isthe most significant sink of oxygen in the rhizosphere
(ignores chemical oxidation, fungi, predation).

Copper availability, determined by total copper concentration and redox
conditions, determines MM O expression.

sSMMO and pMMO have greatly different transformation rates for TCE (ktcg) but
have roughly equiva ent affinities for methane and TCE (K, Ks tcg) and TCE
inhibition rates (k;, tcg).

A subsurface flow wetland treatment system with uniform flow and continuously-

stirred-reactor assumption outside the rhizosphere.

Fundamental Model Behavior.

Model behavior isaresult of formulation that reflects significant influences in the
system. The significant motive forces for oxygen movement in this model are: 1.)
advection resulting from bulk flow of oxygen in the aerenchymal tissue (gas) and
vascular tissue (dissolved); and 2.) diffusion down oxygen concentration gradients.
Limited knowledge on plant oxygen movement necessitates the modeling of oxygen flow
by bulk flow in both the solute (phloem/xylem) and in the air spaces (aerenchymal
tissue). This model calculates oxygen flow in the leaves, stem, and roots of a monocot

wetland plant, and then combines that flow with other factorsin the soil that affect
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microbia growth. Consequently, the model is subdivided into components to account for
plant processesin its real-world counterparts: leaf, stem, root, soil, and microbes. Figure
24 shows the relationship of the major model components. The concentric cylinder
around the root hair zone represent the rhizosphere levels with oxygen flowing outward
and methane, soil carbon, and TCE flowing inward by diffusion and advective movement

of water. Copper exists as a steady concentration in the soil.

Meths 5 Hets 5
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Meths 2 Hets 2
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Methane Soil Catbon TCE

Figure 24. Model Compartmentalization.

Environmental Factors. Numerous operator inputs are required to establish

environmental constraints that remain constant throughout the simulation: atmosphere
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(temperature, humidity, wind speed, light level, atmospheric pressure, ambient gas
concentrations); soil (saturation, porosity, methane, carbon, and copper concentrations);
and hydraulic parameters (flow rates, wetland surface area, TCE input concentration).
Diurnal and seasonal variations due to circadian rhythms, photoperiodism, and other
biological clocks are not inherent in the model, but plant parameters (like photosynthetic
and heat responses, mass, leaf areaindex, xylem/phloem flow rates, venting path
resistance) can be varied to account for the effects of seasonal changes.

Plant factors. Plant species characteristics including leaf area, photosynthetic
rates, size, root structure, and respiration rates are incorporated. Asexamples: 1.) Leaf
areaindex isused to calculate leaf areafor anindividual plant; 2.) leaf pore size, root tip
diameter, stem height, aboveground and bel owground masses, and numbers of roots are
entered as constants; 3.) asingle plant respiration rate is used to calculate oxygen usein
each plant zone on amass basis.

Leaf. Theleaf component incorporates the processes of photosynthesis and
humidity induced convection (HIC); HIC generates the pressure used to drive airflow in
plant aerenchymal tissue (also see discussion in Chapter 2). HIC is afunction of
humidity, light level, external temperature, external air concentrations, leaf area, and pore
(stomata) size. Water vapor supplied by the plant raises the internal leaf pressure,
reducing leaf gas concentrations in the leaf and causing external gas to diffuse down the
new concentration gradient through the stomata. The small pore openings of leaf stomata
permit diffusion but limit pressurized flow. Partially closed stomata resist the outward
flow of air (Poiseuille flow resistance increases as pore size gets smaller), and the

increased pressure of water vapor and other gases generates internal convection that
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carries leaf gasesinto the plant. Resistance coefficients are calculated for three areas, a
boundary layer, pore space, and header space. The model tracks partial pressures of all
gases (nitrogen, oxygen, CO,, and “other”) inside the |eaves, translates these pressures
for heat generated by the leaf, and uses resistance from the stem aerenchyma and culms
to trandlate these partial pressuresinto volumetric airflow. This generates a mass flow of
oxygen out of the leaf down stem aerenchyma. Water vapor diffuses outward and it is
assumed that the plant maintains 100% relative humidity inside the leaf. The model also
incorporates alimit to water flux that limits the maximum HIC possible. Figure 25
demonstrates how oxygen in the leaf can flow in the plant by two pathways, aerenchymal

movement of air, and vascular movement of solute.

Boundary

Layer

transpiration an

HIC Phloem

Figure 25. Gas Exchange Process Inside the Leaf.

The surface of leaf mesophyll cellsisatransition zone, and gases partition from

gasto liquid phase according to Henry’s Law; liquid concentration at the cell surface
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equilibrates with gaseous concentration accordingly. Diffusion accounts for oxygen flow
between cells and is represented by transfer coefficients. Phloem tissue moves oxygen
out of leaf tissue as a function of the leaf concentration and the phloem volumetric flow
rate. Xylem flow moves oxygen and CO; into the leaf tissue by bulk flow. In thismodel,
a constant phloem/xylem flow is assumed. Since neither sugar loading of the phloem nor
hydraulic conduction in the xylem are calcul ated, volumetric flows inside vascular tissue
are operator inputs representative of flows according to plant type, size, and season in
accordance with available literature.

Photosynthesisis a function of temperature, light, plant characteristics, and CO,
available. Plant respiration can be a significant source of CO, for photosynthesis. When
CO, was found to be limiting photosynthesis in the model, additional feedback pathways
from plant respiration were added to more accurately represent CO, availability. Ledf,
stem, and rhizome CO, was recircul ated to generate this flow raising CO; levelsin the
leaf, and permitting greater oxygen production. CO; is alowed to partition into the
aerenchyma and flow in the phloem/xylem.

Sem. Oxygen flow is moved from the leaf component to the stem component by
three primary flows: aerenchymal movement using bulk airflow, and xylem and phloem
flows using bulk water/solute flow. Inside the stem tissue, transfer between cortex,
vascular, and aerenchymal tissue is accounted by diffusion. Like leaf spaces, transfer
to/from gas phase incorporates Henry’ s calculations. Oxygen transfers between cortex,
aerenchyma, xylem, and phloem according to transfer coefficients down diffusion
gradients. Bulk flow moves oxygen from the spaces as a function of O, concentration

and volumetric flow rate.
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Root. The bulk flow continuesinto the root zone. The root component is
subdivided into three main components to reflect changes in plant anatomy aong the
length of the root: the rhizome, the lateral roots, and the root tips. Root permeability
changes along the length of the root and limits epidermal flux; transfer coefficients are
used to facilitate gas flows through root segments (lateral zones, root hair zone, root cap);
diffusion constants for the root segments are unknown. The rhizomeis assumed to be an
impermeable barrier for oxygen diffusion to the soil; in the model it represents the area of
the root that is heavily lignified or suberized. The rhizome also vents bulk oxygen flow
from aerenchymal tissue to the atmosphere, asit doesin real plant systems, through other
stems or dead culmsin the plant stand. The elevated oxygen concentration in the
rhizome then provides a motive force for diffusion into the lateral root aerenchymal
tissue.

In the latera roots, a separate stele and cortex component are created; this
represents the influence of the casparian strip that surrounds the vascular tissue in the
roots and limits diffusion between cortex and stele tissue to the symplastic pathway.
Cortex tissue isin contact with aerenchymal tissue since the aerenchymal passages flow
through them. Xylem and phloem transfer into stele tissue before diffusing to each other
or into the cortex. The lateral roots are further segmented into lateral root sectionsin
order to accurately portray the oxygen flux into the soil at different lengths along the
root; this allows accurate representation of increasing permeability towards the root tip.

Vascular tissue ends in the last segment of the lateral roots prior to the root tip.

Theroot tip is further divided into the root hair zone and the root cap. The root hair zone
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represents the root area of highest permeability. The root cap represents the area of root
growth, and all oxygen diffusesto it through the stele tissue of the root hair zone.

Soil. Therhizosphere is modeled as five concentric cylinders that run parallel to
the axis of the root, creating a series of rhizosphere layers (or “levels’). Each level
contains methanotroph, heterotrophy, methane, carbon, TCE, and oxygen stocks that
account for mass existing in the rhizosphere level. The cylinder widths can be varied to
examine oxygen concentrations at variable distances from the root. The volume of each
sequential cylindrical section increases proportionally to the square of the distance from
the root, creating aradialy decreasing oxygen concentration profile. One limitation on
the modeling program drives a component of this model; STELLA software is not
equipped to perform partial differentials for radial oxygen loss from the roots. In order to
compensate for multiple variables, transfer coefficients are used to establish radia
oxygen diffusion into each rhizosphere cylinder in a step-like manner; oxygen levels can
then be graphed in contour.

Whiletypical diffusion would result in atrail of oxygen that tapersto infinity, this
model simulates a biofilm incorporating diffusion with reaction. In the rhizosphere,
oxygen is consumed by either organic or inorganic processes. It is assumed that reaction
rate of the organic processes, such as microbial consumption, is catalyzed by enzymes
and greatly exceeds the reaction rate of inorganicsin the soil. For this reason, microbes
are the only component considered for reaction in this model.

The model does not account for overlapping rhizospheres, and an assumption is
made that the plant, attempting to conserve energy and carbon, minimizes the

overlapping effect asit explores the soil for nutrients. Oxygen flows outward by
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diffusion and TCE, methane, and carbon flow inward by diffusion. Advection from soil
water also makes inputs and outputs to rhizosphere concentrations.

Microbes. Bacterial populations exist as mass stocks within each of the soil zones
around theroot. Heterotrophs and methanotrophs are identified as the dominant bacteria
in wetland soils; these populations consume the oxygen as afunction of their growth and
metabolism. While this creates an oxygen drain, it aso creates a higher diffusion
gradient that draws more oxygen into the soil from the roots, increasing the total oxygen
flux from the plant.

Rel ationshi ps between the bacterial populations are largely determined by the
respective abilities of each typeto utilize limiting substrates and oxygen. Carbon sources
(organic acids) are assumed to be alimiting substrate for the heterotroph populations, and
methane a limiting substrate for methanotrophs. Both bacteria are limited by their ability
to procure oxygen, and oxygen stoichiometrically limits the amount of primary substrate
that can be consumed. With respect to modeling of microbia populations, Monod
growth isassumed. Monod growth makes the assumption that there is a maximum rate at
which organisms can grow. The half-rate constant, K, denotes the concentration of
substrate at which microbe growth is one half its maximum rate. Vauesfor K are found
empirically. Space consideration for microbial cohabitation is not modeled; it is assumed
that the oxygen and other substrate levels are the limiting factors of growth.

Adverse effects from non-competitive inhibition of TCE is accounted by the
Andrews model (see Chapter 2), amodification of the Monod expression; effects are
applied to both methanotroph and heterotrophy populations equally. Cumulative effects

for multiple contaminants and daughter products (DCE, VC) are not included in this
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model. Competitive inhibition of methane and TCE applies for methanotrophs, both as
they consume methane and process TCE. Additionally, methanotrophs are proportionally
affected by TCE toxicity according to their transformation capacity. Cell inactivation
was not considered in this model sinceit has had questionable results in past models.
(Chu and Alvarez-Cohen, 1999: 770) Cell inactivation is accounted by cell growth,
toxicity, and decay constants. An example methanotroph stock formulation is shownin
Figure 26. Heterotroph consumption of carbon and non-competitive inhibition by TCE

have similar relationships.

miel} RHZ Mathanotroph 1 8

TCE inhibithn RHZ 1%, .
B -a, ki TCE
,

O " ___q y

Oxygen I\mit‘%\’@@?

ki

\Meth 02 Consumption
RHZ Rhizo 1

onsumption Rate
RHZ Rhizo 1

KTCE Rhizo 1

Meths-Conc RHZ Rhizo 1

Copper adjustment factor
Mass of
Meths RHZ Bhiz

Kprime Cu TCE

CE ina ’a' n rate bi
Meths-Bying RHZ Rhiza 1 Mt Decay Gostf bd TCE inactivation rate b

Soil Copper

Figure 26. Methanotroph Relationshipsin STELLA Format. Methanotrophs grow by
consuming methane. Methane and oxygen availability can limit methane consumption.
Non-competitive inhibition can be caused by TCE and decrease the methane
consumption rate. Competitive inhibition by TCE also limits available MMO for
methane consumption. Oxygen and copper levels affect MMO expression and determine
TCE consumption rate; TCE consumption resultsin cell death. Death is aso caused by
natural aging processes.

Modde Formulation.

The equations in this section mathematically express various relationshipsin the
model. They are described in sequence as oxygen flows through the model. Specific

STELLA formulation isincluded in the accompanying DVD.
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Leaf. The mathematical formulation used for Humidity Induced Convection
(HIC) accounts for Knudsen diffusive and Poiseuille flow resistance of gasses. Itis

described by W. Armstrong et al. (1996: 121-135) and is summarized below:

A P\rapor
7= (;zd’f/a)/(mmmd +Ry).

—

.

—

AP,y =P(J, XRy,) kPa.

\*
Jon=(APym)/Ps) X 1 /Ry m® s™'.  (Max potential HIC)
(APP’ = APG)/PS X I/R’md = APd/RVP'
The convective flow, HIC, is then given by:
HIC = AP,/R ;.

The leaf boundary layer calculation was used to determine the resistance of diffusion

through the boundary layer (Nobel, 1991: 365):

widh

Lb —40* 1] !
Wind_Speed

where Ly, isthe leaf boundary layer (UM)

Leaf width = leaf length in the wind direction (m)

Wind_Speed (m/s)
Additionally, to more accurately calculate HIC, awater flux limit coefficient was
incorporated that adjusts the amount of water vapor available for HIC as conductive flow
approaches its maximum val ue.

HIC / Jon, max = J fraction

WaterFluxLimitCoeff = 1-Jfraction * (100 - Relative Humidity%) / 100
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The WaterFluxLimitCoeff isused to calculate water flux Jy, reaized that is lower than J,:

Water FluxLimitCoeffcientgpBrifsureVapo
RRR:

ressuredl mo}phericessure

leafair

‘]wrealized =

where Jy, realized (9/hr)

and Ry, Ry, and Ry are resistance coefficients for the leaf boundary layer, header

space inside the leaf, and the membrane pores (stomata) respectively (sm°)
Jw, redlized 1S Used to calculate Jon reaized, the actual flow rate into the leaf (g/hr). Knudsen
coefficients were calculated for all atmospheric gases independently (not just for “air”).
Gaseous oxygen and CO, flow into the leaf were calculated using bulk flow based on
Jon,realized:

dl\;ltoz =t OFgiseyif eBackflow )

and diffusion:

dMg, (H@&w airleaf )

dtRRR barpskid
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Gaseous oxygen and CO, flow out of the leaf [g/hr] were calculated using bulk flow and

diffusion in the aerenchyma

(EZT — )

2

dMo, _

dt L {@Meﬂchyﬂ%@aj r

V.

stemaerenchyma

L

stem

stem

= A&m]aerenchyma

where HIC [cm®/hr]

[02] is the oxygen concentration (g/cm?)

Doz.ar IS the diffusion coefficient for oxygen in air (770.4 cm?hour)
Asemaerenchyma IS the cross sectional area of the stem aerenchymal tissues (cm?)
L «em IS the length of the stem (cm)

and for advection in the vascul ar tissues:

dM, _

- | OBhoemBuIkFlowRate (M/T)

In order to calculate nitrogen and “other” (argon, helium, NO,, etc) gas pressuresin the
leaf, an estimate was made that accounted for afractional decrease from atmospheric

pressure based on the realized gas flow into the plant:
Fraction_decrease =J on_realized*R_md_prime,
and the estimate of gas pressuresin the leaf is expressed by:

PP\ = (1-Fraction_decrease/1.1) * N2 Partial Pressure in Air * Leaf Temperature
Temperature
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The combined gas law is used to compute gaseous concentrations and pressures.

PV =nRT

Henry’slaw is used to compute equilibrium concentrations between gaseous and liquid

phases at the cell surfaces:

where H = Henry’s constant (L atm mol™)
P = Pressure (atm)
And n/V = molar concentration (moles/ Liter)
Oxygen from photosynthesis of CO, was cal culated by modifying the formulation of

Asaedaet al. (2000). Plant senescence was not considered. Photosynthesis was averaged

across the entire plant:

_ Plant
Phﬂ;} = *p(T 20) PAR
mshoot Ecl %
Plantlgem )
|Ljghtlag

_ Aboveground_area_mass
o Plant_area density

where Phgoot = CO, photosynthesis by shoot (g/hr)

Pm = maximum specific net daily photosynthesis rate of the plant (g/g/hr)
bsoot = the total shoot biomass for the plant (g)

Aboveground_area_mass (g/ m?)

KPAR = half saturation constant of photosynthetically active radiation
(mol/m?/hr)

IPAR = Incident photosynthetically active radiation (mol/m?/hr)
Lightlevel = global radiation level (mol/m?hr)

LAI = Leaf areaindex (m? leaf areal m? plant)
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Sem. Gaseous flow in the stem accounts for advection and diffusion. Liquid
phase movement occurs in the xylem and phloem. Both are calculated as above. Oxygen

and CO, partitioning to the aerenchymais calculated using a mass transfer coefficient:

% :{ B@%ﬁaﬁ’ﬂ' oem_Transfer Coeffi c) ent

emtissueStemphloem

dM,

ot =02_Consumption_Stem Tissue = Plant_Stem Mass* Plant_Tissue O2 Usage Rate

where [O2()] (9/L)
and Phloem_Transfer_Coefficient (L/hr)

Oxygen consumption in the tissuesis calculated by using a Temp_Consumption_factor to
account for changing plant responses at temperatures from freezing to 350K. Thisis used

to calculate an oxygen consumption rate for the specific tissue group:

_dl\gtoz =02_Consumption_Stem Tissue = Plant_Stem Mass* Plant_Tissue 02 Usage Rate

Plant_Tissue_02_Usage Rate = Ppax * Temp_Consumption_factor

where Plant_Tissue O2 Usage Rate (g/g/hr)
Plant_Stem_Mass (g)
And Bpan = the averaged plant respiration rate (taken as .004 g/g/day from Asaeda

et al., 2002)

Roots. Oxygen istransferred into the soil across a theoretical root epidermis of
designated thickness, and uses an oxygen transfer coefficient that is estimated by Fick’'s

Law of Diffusion:

114



% = SAQfft&coefficient

B (OB ccin
OtxcoefficientD = ce 1 Cjilon;al qihhickness RHZ

where O2fluxcoefficient (M/L?/T)

SA ot = the surface area of the root hair zone for the entire plant

and Do, ey is the permeability of the epidermal-hypodermal membrane (.45

cm?/day as validated)

For calculation purposes, the volume and surface areas of root zones are
calculated as a combined total for the plant; each zone is treated as a cylinder with actual
root radius, but the length is factored by the number of roots of that size that exist in the
plant. This permits a straightforward calculation of the entire plant and minimizes use of
small numbers that could detract from the accuracy of calculations.

Soil. A surface loading rate and root hydraulic retention timeis calculated to

determine mass flow of water through each rhizosphere:

Qwater

TreatmentArea*

LoadingRate =
Q!,rgadiﬂg RateOver | gi{&08)tRootArea

v
PlantHRT = —%sen

plant

V

rhizol

e ™ BlantHRT

where LoadingRate (L/m?/hr)

Nsoil 1S the soil porosity ()

OverlapPercent accounts for plants with shared root zones ()

QRHZ1 isthe volumetric flow rate through the rhizosphere level (L/hr)
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Inputs and outputs for oxygen, methane, carbon, and TCE in the rhizosphere result from

water movement moving mass proportional to its concentration.

M, .

((j:: 2= Q&;Z(Wsoil
dm
% - Qg;za:;RHz

Oxygen, methane, carbon, and TCE also diffuse along a concentration gradient. Transfer
coefficients are estimated (see below) for methane, carbon, and TCE diffusion in the soil.

dM CH4 * (CQ'WWRH_Z )

at Rhizo_Increment

Microbial Populations. Methane consumption uses a double Monod formulation
with stoichiometrically constrained substrate limitation, competitive inhibition, and non-

competitive substrate inhibition (Andrew’s model) terms:

dMCH4_ *% (CCHRHZ ) Um KmeORHZ

dtCK K™ e K . *chr& UCEMMES'RHZ@
RHZs
Kree

where Kmethane = the maximum methane consumption rate taken as 2.2 g CH4/ g
cells/day (Smith, 2000)
Xmeths = the microbial mass in the rhizosphere level (g)
C = concentration of substrate in the rhizosphere level (g/L)

s = Monod half-saturation constant for methane (g/L)
Ktce = Monod half-saturation constant for TCE in the rhizosphere level (g/L)
K tce = TCE inhibition constant taken as 0.005 g/L (Tartakovsky, 2005: 80)
Kso2 = Monod half-saturation constant for oxygen (g/L)
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The model does not permit more methane to be consumed than is available, nor can
methane be consumed if oxygen is not available. Oxygen consumption is

stoichiometrically linked to methane consumption (Noguera, 2000: 241):

dMO2 _, ., M,
dltt

The model calculates atransformation rate in each rhizosphere level that
represents amix of SMMO/pMM O using available copper and oxygen concentrations. It
scales the highest known reaction rate (krcg) for mixed methanotrophic culture: 9.6 g/g/d

(Alvarez-Cohen, 1996) by afactor of .01-1 for copper and afactor of .01-1 for oxygen:

TCE 02 coefficient Rhizo 1=.99 oz < P1Me_ 02 TCE
prime_02_TCE+C, ni0n

, Kprime_Cu_TCE
5rime_Cu_TCE+C

Copper adjustment factor = .99 * &

Cu,soil

K2k GRRPEr_adjustment_ factor * TCE_O2_coefficient_Rhizo_1

where Kprime O2 TCE is the oxygen half-saturation for sSMMO taken as 2 mg/L
(Uchiyama, 1995: 611)

Kprime Cu TCE is the copper half-saturation for sMMO taken as 16ug/L
(Alvarez-Cohen, 2001: 113; Tsien et al., 1989)
krce (g TCE/g methanotrophs/day)

TCE consumption results from the reaction rate in the rhizosphere level representing the
affinity for TCE, competitive inhibition of the enzyme by methane, concentration levels

that exist in the rhizosphere level, and the mass of methanotrophs:
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dM . (CTCEF,!-IZ )

dt TCE,Rhizo 1

X

meths
* CHRHZ

Eﬂ-iZTCE{_ K

where Ktce rhizor = the maximum TCE consumption rate in the rhizosphere level
as calculated above (g/g/hr)

Xmeths = the microbial massin the rhizosphere level (Q)

C = concentration of substrates (g/L)

Ks = Monod half-saturation constant for methane (g/L)

Ktce = Monod half-saturation constant for TCE (g/L)

M ethanotroph growth results from the consumption of methane and is expressed

using theyield (Y) taken as 0.7 g methanotroph/g methane (Tartakovsky,2005):

dXQMsCIé 0 7* 4
dtdt

Methanotroph death results from TCE toxicity and natural decay (bg). bg istaken as
0.1/day (Anderson, 1994: 388), and TCE toxicity is expressed using the Transformation

Capacity (T,) taken as .21 g TCE/ g cells (Smith, 2000):

XM

E
- P —
dtolt .

Heterotroph growth has similar calculations, but is ssmplified to account for
carbon, oxygen, and non-competitive inhibition effects only. Heterotroph growth has a

0.67 g/g yield (Y) and a 1:1 ratio with oxygen for carbon consumed:
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dtCK CK G

e e p—— @P
%

,mjbah‘fl_CERH ZITCEORHZSO

dxhets =0.67* dM CRHZ

dtdt

dM gMzr:RHz:
dtat

Model Parameterization.

Parameters for the model were taken from avariety of sources. Appendix A
identifies parameters used in the model. A few parameters deserve specific attention.
Plant masses were adapted from Asaeda (2000) and used Nesyt fishpond data from Kvet
et a, (1969). Phragmites australis has wide growth ranges depending upon
environmental conditions, and the ones chosen represent moderate climate. One
respiration rate was averaged for the entire plant rather than assigning specific valuesto
each tissue group. The leaf pore diameter chosen to generate data represents a plant that
isoptimizing HIC. The resistance of the venting path (Rvp) was obtained by matching
measured HIC flow rates of Afreen et al. (2007) using like conditions.

Microbial parameters were picked to represent a mixed-methanotroph culture.
Kprime O2 TCE was determined by assertions made by Uchiyama (1995: 611); in
oxygen concentrations > 2mg/L, activity decreased with increasing concentration.
Kprime Cu TCE was based on observation that SMMO is only produced in wild bacteria
at very low copper concentrations (<16ug/L). (Alvarez-Cohen, 2001: 113; Tsien et al.,

1989) krce isthe highest known value expressed by mixed-cultures and is assumed to be
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the maximum rate for TCE consumption. A higher krce value is expressed by mono-
cultures and may be a better representation of enzyme capacity. Pure-culture SMMO max
is55 g/g/d or 2.292 g/g/h. (Anderson, 1994; Oldenhuis, 1991) Regarding K+cg, the half
saturation affinity of MMO for TCE, SMMO has adlightly lower Km (higher affinity) for
TCE of 35uM or .0046 g/L (Field, 2004: 31) and also has a slightly higher affinity for
methane. These small differences are not distinguished in the model.

Additional summaries of modeling data are available.

Phragmites australis. Armstrong, J., Armstrong, W. and Beckett, P.M. (1990);
Armstrong (1991); Armstrong (2005); Asaeda, T. and S. Karunaratne (2006).

Humidity Induced Convection. J. W. H. Dacey (1987); J. Armstrong et al. (1996);
W. Armstrong et al. (2000); Beckett, P., W. Armstrong, and J. Armstrong (2001); Afreen
et al. (2007).

Microbial Growth. Calhoun (1998); van Bodegom et al. (2001); Field (2004);
Vaccari (2006).

Biodegradation of TCE. Anderson and McCarty (1996); Watson, Stephen,
Nedwell, and Arah (1997); Alvarez-Cohen and Speitel (2000); Noguera, Pizarro and

Clapp (2000); Field and Sierra-Alvarez (2004); Tartakovsky, Manuel, and Guiot (2005).

Model Testing and Validation

In order for amodel to provide reliable information, it must be validated through
testing. Validation isthe process of establishing confidence in the soundness and
usefulness of the model. (Shelley, 2007, 59) Once the framework and mathematical

structures of the model are in place, the model is scaled against known measurementsin
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order to create a precise fit of the empirical data available. Comparing the model system

output to reality corroborates or refutes the model within constraints of the objectives.

Deviations from empirical data need to be accounted and the model corrected to obtain

correct parameterization. In this case, the model must behave in the same manner as the

real plant it represents, produce an accurate soil oxygen concentration gradient, and

produce microbia responses that mirror empirical findings. The following tests are used

to validate this modd!:

1)

2)

3)

Structure verification test- this model has been built to reflect the actual
structures that exist in areal plant system. Oxygen and substrates flow
in asimilar manner to areal plant/rhizosphere system. See Model
Assumptions for limitations.

Parameter verification test- Parameters must correspond to real life
both conceptually and numerically. Parameters for this model have
been obtained by surveys of the scientific literature available (in Model
Parameterization). Any parameter that cannot be verified through
current sources isjustified by the Behavior Reproduction test.
Behavior Reproduction test- The model must generate realistic modes
of behavior without further adjustment to the model structure. While
model parameterization will fit the datato asmall set of empirical data,
the model must respond correctly to changesin plant variables, air, and
soil conditions. Realistic changes to variables should not cause the
model to generate unpredicted behavior and should generally

correspond to empirical data
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4.)

5)

Extreme Conditions Test- Acceptable behavior at the extreme ends of
model parameters is ademonstration of the model’ s flexibility and
generaly improves model performance in the operating range.
(Shelley, 2007: 60) Extreme conditions testing was applied to the
microbe simulations to ensure their response was adequate. In aseries
of 16 simulations, TCE, carbon, methane, and copper were sequentially
set at maximum and minimum conditionsin order to verify the model
behaved redlistically at extreme limits. Thiswas not done for the plant
components; plant response was captured by sensitivity testing.
Behavior Sensitivity Testing- In order to determine specific
characteristics and limitations of this model, many variables are tested
to determine their relative impact on model performance. Parameters
are varied from original settings +/- 10, +100% and -50%. Sensitivity
is reported as high, medium, or low impact based upon the effect on

steady state oxygen level in the soil.

Behavior Reproduction Test.

Humidity induced Convection (HIC) isthe mgjor input for oxygen in this model.

In order to validate the model, comparisons were made to an analytical model by P.
Beckett, W. Armstrong, and J. Armstrong (2001). Model parameters were programmed
similarly and results for HIC relative to the resistance of the venting path are shown in
Table7. Testing used a max pressure of 759 at 32% RH vice 750 Pa. Beckett static

pressure for no-flow condition was 462 Pa and Thompson model was 466 Pa. This
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indicates that the Thompson representation for nitrogen and other gas pressuresis a good
approximation for the HIC calculation. Results of the Thompson model closely
approximate those of Beckett et al. The Thompson model includes alimit on water flux

from the plant, so low resistance flow islower than Beckett model as shown in Figure 27.

Table 7. Venting Resistance Profile vs Beckett, 2001: 278.

static
pressure
Rvp Flow (L/hr) Beckett | (Pa)
0 0 0.5457
1.00E+08 1 0.49 0.53 14
2.00E+08 2 0.47 | 0.5064 26
4.00E+08 4 0.45 0.48 50
6.00E+08 6 0.43 | 0.4518 71
1.00E+09 10 0.38 0.41 105
2.00E+09 20 0.31 0.324 173
4.00E+09 40 0.23 0.24 254
6.00E+09 60 0.18 0.18 298
8.00E+09 80 0.15 0.15 325
1.00E+10 100 0.13 0.126 348
1.00E+12 10000 0.002 (0)] 466
0.6
0.5
0.4
[ ——Thompsen

\ —=—Beckett, 2001

©
XS

Convective Flow (L/hr)
o
[

©
-

0 20 40 60 80 100 120
Outflow Resistance (1e8 Pa s m-3)

Figure 27. Thompson and Beckett Models Convective Flow vs Outflow Resistance.
Thompson model predictions for HIC closely approximate the analytical solution of
Becket et al. (2001)
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A microel ectrode and modeling study with Phragmites australis by W.
Armstrong et al. in 2000 provides an accurate portrayal of oxygen concentrations
generated in the root zone by Phragmites australis. (Armstrong, 2003) A cross-section
profile 7 mm from the root tip is shown below. After determining the resistance of the
venting path by matching to data from Afreen et al. (2007), the model outputs were
compared to those of Armstrong; model parameters were adjusted to obtain asimilar
profile. The Thompson and Armstrong rhizosphere profiles are shown below in Figure
28. Itispossible that the agar solution in the Armstrong study resulted in a steeper
profile due to advection currents in the solution; thisis not inherent in the computer
model. Despite the steepness of the gradients, the fundamental concentration levels of

the root and rhizosphere are similar and reflect the same behavior.

0.006

0.005 '\\./.\

0.004

0.003 —— Armstrong
—a— Thompson

0.002

/

02 Concentration (g/L)

corl stele cor2z 025 075 125 1.75 225 3.5
Distance (mm)

Figure 28. Oxygen Profiles for Armstrong Electrode Study and Thompson Model
Output. Cor 1 isthe cortex concentration of the lateral root while stele and cor2 are
concentrations in the root hair zone.

Since accurate bacteria concentrations are not available at the scale of this modd,

it is not possible to assess microbia growth directly. Intheinitial runs of the model,
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neither heterotroph nor methanotroph growth was being limited by substrate shortages.
Thiswas corrected by limiting substrate consumption to the oxygen that was
stoichiometrically available. The primary substrate stocks also had to be directly routed
to bacteria growth using yield as aunit converter. Thislimited the growth of the bacteria
to only the substrate immediately available. Though different soil conditions were
explored with the model, microbia behavior generally coincides with empirical
observation. Het:meth ratios ranged from 4:1 to 137:1 under different soil conditions.

M ethanotrophs tended to colonize the outer rhizosphere, and heterotrophs occupied areas
closer to the root where oxygen was readily available. After changing conditions,
simulations frequently had to be run for 3-4 months simulation time before a steady-state
was reached. These findings match behaviors observed empirically by Van Bodegom
(2001:3591). Further comparisons related to TCE remediation are examined in Chapter

IV Results and Analysis.

Extreme Conditions Tests.

Microbia performance was suitable at all soil conditions. Table 8 summarizes

the testing.
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Table 8. Extreme Conditions Testing for Microbia Growth

02 Expectation Result
MAX hets/meths grow +
0 | no growth +

TCE C CH4 Cu
Test | (mg/L) (mg/L) | (ug/L) (ug/L) Expectation Result

0 0 0 0 | bugs die +

300 | bugs die

1000 0 | meths grow, sMMO

300 | meths grow, pMMO

200 0 0 | hets grow, meths die

300 | hets grow, meths die

1000 0 | het competition, SMMO

300 | het competition, pMMO

O |0 |N (O[O [WN(F-

500 0 0 0 | bugs die

=
o

300 | bugs die

[N
[

1000 0 | meths grow, sMMO toxicity

12 300 | meths grow, pMMO degradation

13 200 0 0 | hets grow, meths die

14 300 | hets grow, meths die

o o o I e I o o O o IS IS P

15 1000 0 | het competition, SMMO toxicity

het competition, pMMO
16 300 | degradation

+

Behavior Sensitivity Testing.

Plant parameter sensitivity testing measured output in Rhizo 1. Humidity was set
at 80% for the tests. No microbes or advection were active during plant sensitivity
testing. The model was most sensitive to changes in humidity. Overall, the model was
most sensitive to the effects of humidity, but seemed less sensitive to light levels.
Though light levels did not appear to have a direct effect on oxygen flow to the roots,
increased photosynthesis resulted in elevated oxygen levels throughout the plant. EH
dermal thickness was also a significant factor, but was not varied during subsequent

variable testing. Table 9 summarizes the results.
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Table9. Model Plant Sensitivity Results. Sensitivity tests were run at 80% RH.

Sengifivity

Adjustments \Value | 0.5] -D.IIC-EG | 0.1] 2% Commenis High [Med [Low
— - - — >3gﬁ oS00 <107 |
Humidity * TO] 0.003664] 0.003664] 0.003564] 0.003548] D.O02219 {10, 40, 50, B0, 58} X

Global radiation lave 1500) 0.003671 0.00366 0.0035744(200, 1000, 1500, 2000, 3000) X
Temperature 258 0.00366 0.00366[ 0.003518] 0.00265)(278, 285, 288, 301, 318) x
Atmosphernic Pressure 101325| 0.00304| 0.00337 0.00365 0.003791 x

Pm {Photosynthetic capacity) 0.21| 0.00366 0.00388 0.00355] x
K CO2 0.00044| 0.00366 0.00366 0.003651 X
Leaf Arsa Index 7 0.0036 0.00366 D.DDS'{I X
CS Diffugion Transfer Coefficy 0.025] 0.00388) C.00385) [D.0O38§) C.0C385) 0.0038S =
(02 RHZ Diffusion Coeff 0.45| 0.002Z79| 0.00352( 000388 0.00379 0.00435 B

Lat root air transfer cosff 0.41| 0.00317| 0.00351] 0.00366 0.00334 X

RZ1 phloem rate cosfficient 0.005| 0.00366 0.00366 0.00356] X
Rvp 6.90E+09) 0.00374) 0.00357| 0.00365) 0.00365) 0.00352 X
Leaf Tizsue Percent 70 0.00367 0.00386 0.003&7 X
Leaf Pore Diameter 0.2 0.00368| 0.00367| 0.00388( O0.00366| 0D.0D354 X
Fractional Porosity 0.0002 0.0036| 0.00365| 0.003588 0.00371 X
FPlant Tissus 02 UsageRate 0.004| 0.00393 0.00366 0.00304 i

Leaf CO2 Transfer Coeff 5| 0.00367 0.00366 0.00357] X
Phloem bulk flow rate 0.004| 0.00366 0.00386 0.00357] X
ylem bulk flow rate 0.004| 0.0036% 0.00366 0.00353] X
Mumber of Roots 10| 0.00408| 0.00374| 0.00368 0.0035 0.0031 x

Root Magnituds 0.00408 0.00366 0.0031 i

Foot fip radius 0.5 0.00323 0.00386 0.003830(.25, 5. .8} X
Hair Zone Length 3| 0.00403 0.00366 0.0031 B

FPlant area density 300 0.00295| 0.00357| 0.00366 0.00354 i
|Rhizome mass fraction 0.85 0.00345| 0.00366] 0.00335 A
Above/Below Area Mass 1500/3000( 0.00396 0.00386| 0.00361 0.00308 *

Wind Speed 0.056 0.00369] 0.00388| 0.00364] 0.00384)(.01, .0%6, 5, 15) X
(CO2 fraction 0.001 0.0367 0.00366 0.00387)(.0005, .001, .01) X
EH dermal thickness RHZ 0.0% 0.0044 0.003686] 0.00353] 0.00275 X

Model Application

Once the modédl is validated, it isthen used to gain intuition about behavioral
dynamicsin the rhizosphere. This study makes a number of comparisons that would
otherwise be unavailable or cost-prohibitive for field-testing. It first examines the impact
of humidity and light through 15 different scenarios. Three scenarios are then selected
that result in high, med, and low oxygen levelsin the rhizosphere. For each oxygen
scenario, three variables (carbon, methane, and copper) were systematically adjusted to
determine microbial response in a clean (toxin-free) environment. The results are
contained in Appendix F Soil Variable Testing Data.

Once baseline behavior was determined, seven specific scenarios were explored
by varying TCE concentrations and loading rates. Additional testing was aso conducted

to make comparisons supporting the findings. In both cases, heterotroph and
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methanotroph populations arrived at steady-state or approached zero. Dueto timestep
limitations on the STELLA program, steady-state values were achieved by exporting
stock values, reimporting them back into the program, and repeatedly running the

simulation until values no longer changed significantly.

Modular Testing.

For testing, the program had to be run in two separate simulation modules; small
plant volumes required a small timestep for HIC calculations (0.00005 hr) that limited the
simulation to 3 hours, but bacterial growth developed over scales of hours, weeks, and
months and required alarger time step (0.01 hour) which allowed a 1320 hour simulation
(multiplied by export/import iterations). All scenarios were initiated with the microbial
growth module by setting a rhizosphere mass flow rate, establishing steady-state, and

verifying the matching rhizosphere flow with the plant modul e output.

Dynamic Behavior Test.

An additional scenario was explored to check model behavior: two simulations
were performed that drastically varied initial conditions of methanotroph/heterotroph
populations. Although steady-state took over four months to develop in one scenario,
both runs arrived at the same steady state values, atestament that the dynamic response
of asystem isindependent of itsinitial conditions. Tests A and B were conducted and
arerecorded as Soil Variable Tests 25 and 25B in Appendix F Soil Variable Testing

Data
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Figure 29 and Figure 30 show theinitial response of methanotroph populations.

Figure 31 and Figure 32 show the initial response of heterotroph populations. Figure 33

and Figure 34 show the steady-state population of methanotrophs at the end of the

simulation. Heterotrophs also reach the same steady-state masses. Were the simulations

to run longer, Figure 33 and Figure 34 would be identical. X-axisistime (hours). Y-axis

ismicrobial mass (grams). The numbers on the lines represent the rhizosphere level.
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Figure 30. Meth Initial Response Sc. B
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Figure 32. Het Initial Response Sc. B
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V. Resultsand Analysis

The results from this model may offer insight into the effects of oxygen, copper,
methane, and carbon sources on TCE bioremediation. The results can be analyzed by
looking at three outputs: the plant model and rhizosphere profile, bacterial growth, and
TCE response. Each analysis shows specific behaviora patterns that can be important
considerations in any bioremediation engineering effort. HIC and Radiation Output Data,
Soil Variable Testing Data, and TCE Testing Data are included as Appendix E, F, and G

respectively. Excel spreadsheet datais aso included with the accompanying disk.
Plant M odel
HIC and photosynthesis are two significant inputs to oxygen levelsinside the

plant. HIC was shown to have the greatest influence on rhizome oxygen levels.

Humidity Induced Convection.

Model calibration and parameter sensitivity was covered in Chapter I11. It shows
that numerous variables can significantly influence oxygen concentrations in the root
zone. Dueto itsrolein humidity induced convection, relative humidity (RH) has a
significant influence on rhizome oxygen levels. The plant, however, shows that it is very
efficient at inducing air flow through its aerenchyma, even at high humidity. Asshown
in Figure 35, HIC remains substantial even in humid conditions, contributing to oxygen
levels over ninety percent atmospheric even at relative humidity above 80%. A

significant tapering effect does not begin until approximately 90% RH.
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Figure 35. RH Effect on Rhizome Oxygen Levels.

The effect of HIC on rhizosphere oxygen concentrations is siginificant, but is less

pronounced. Even at 98% RH, this model predicts that rhizosphere oxygen will still be

~60% that obtained in low humidity conditions. Normal changes in relative humidity

(10-80%) will have minimal effect on rhizosphere oxygen as shown by the close and

overlapping lines shown by Figure 36. Oxygen delivery to the rhizosphere will be

affected only at high humidities. This may imply that wetland treatment systems could

be significantly degraded during extended rainy conditions; higher oxygen levels permit

high consumption rates of methane and aid in methanotroph recovery from toxic effects

of TCE (covered in greater detail later in chapter). Without considerations for bacterial

consumption, the root profileis concave. Thisresults from the diffusion of oxygen into a

volume that increases by the square of the distance from the root surface.
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Figure 36. Relative Humidity Effect on Oxygen Levelsin the Rhizosphere. 10, 30, and
50% RH lines coincide with the 60% line, showing that normal relative humidity
variations will have minimal effect on rhizosphere oxygen concentrations.

Though the venting path resistanceis listed as low sensitivity for the model, this
parameter can fluctuate greatly. It isdifficult to calculate thisresistance in plants due to
the tortuosity of venting paths, the dynamic effects of pressurization (increased
pressurization also increases venting resistance), and dieback cycles of the plants; the
presence of numerous dead culms can significantly lower the venting resistance of plants
in astand and significantly increase HIC through flow. Other parameters like pore width
can vary constantly throughout the day in order to minimize plant water loss and
maximize the CO, available for photosynthesis. Either afully closed or fully open
stomata would decrease HIC. Consequently, wetland treatment systems may exhibit
different treatment efficiencies throughout the day as plant responses to atmospheric

conditions change.
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Plant Circulation.

As summarized in model sensitivity testing, photosynthesis seemed to have little
direct effect on root oxygen levels directly. The resulting HICs were the same for low
and high radiation levels, and the oxygen concentrations in the rhizomes were a so the
same as shown by Figure 37. However, the effect of radiation on leaf-heating is not
directly modeled, and high light levels cause heating of leaf gases which would increase
the effective HIC. Wereradiation level and internal leaf temperature correlated, the
model is set up to calculate its effect on HIC. Photosynthesis did result, though, in higher
oxygen levels throughout the plant tissues. The higher oxygen saturation obtained during
the day may have arole in maintaining aerobic plant conditions during the night; oxygen
stored during the day can supplement plant respiration requirements at night when HIC is
reduced or non-existent. At night, diffusion and Bernoulli effectsin the aerenchyma
along with oxygen in the continuously flowing phloem are more significant inputsto

rhizosphere oxygen.
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Figure 37. Radiation Effect on HIC.

Photosynthesis does reach saturation at low light levels. However, given the
plant’s relatively high half-saturation value for CO,, CO;isthe most limiting factor on

plant photosynthesis. Recirculation of CO, generated by plant respiration was needed to
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increase CO, available in the leaves and maintain net positive oxygen production,
suggesting that plant “rebreathing” of CO, could significantly increase carbon fixation

and oxygen production.

Bacteria Response

Bacteriain adjacent rhizosphere levels have a dynamic effect on the growth and
decay of each other; substrate consumed in one level is unavailable to diffuseinto
adjacent levels, resulting in growth limitations for neighboring bacteria. Conversely,
when bacteria are starving and dying in one level due to a deficiency of one substrate, it
frees up supplies of the non-limiting substrates for their neighbors aswell. Oxygen,
methane, and carbon supplies, then, are al interconnected. Copper has no direct growth
effects, but MM O expression changes significantly based on the oxygen concentration
available in the rhizosphere level. The MMO expression of the bacterial mass contributes

to dynamic behavior when TCE isintroduced.

Oxyagen.

Oxygen profilesin the root zone vary greatly depending on concentration of soil
substrates; specifically, the presence of high levels of carbon in the soil promotes
heterotrophic growth and results in the most significant oxygen sink. At low and medium
HIC, the model showed that oxygen was the limiting factor on growth as shown by the
asymptotic behavior of the Low and Med HIC curvesin Figure 38. Doubling HIC
resulted in adoubling of microbial mass. Greatly multiplying the carbon concentration

(6X) resulted in doubling microbial mass at low HIC, but had a slightly greater effect
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(2.5X mass) at high HIC, showing that oxygen has less growth inhibition at high HIC
conditions. Clearly, high oxygen and high carbon conditions in the soil are favorable to

heterotroph growth.
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Figure 38. Carbon Concentration and Heterotroph Growth. Carbon consumptionis
limited by oxygen levels at low HIC. Carbon concentration remains alimiting growth
factor at higher HIC.

In the rhizosphere, the bacteria grow inside a biofilm with growth being limited
by the nutrient available in the smallest quantity. The profiles shown in Figure 39 and
Figure 40 demonstrate how oxygen limits consumption of the primary substrate and
limits bacterial growth. In Figure 39, heterotrophs are constrained by oxygen in the outer
rhizosphere and by carbon on the inner rhizosphere (since it had been consumed in the
outer levels). Methanotroph growth is constrained by methane. The limitation of
methane diffusion is likely the reason that methanotrophs are normally found in the outer
rhizosphere; though it is possible for methanotrophs to grow in high oxygen conditions,
growth towards the interior is curtailed by low methane concentrations. In Figure 40,
methanotrophs are constrained by oxygen in the outer rhizosphere and methane towards

the inner rhizosphere. The convex profile demonstrates that methanotrophs will grow
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near the root surface if high methane levels facilitate inward diffusion. Heterotrophs are
constrained by oxygen. Any profile constrained by two substrates results in a convex

profile.
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Figure 39. Bacteria Profilesin High HIC, Low C and CH4. Heterotrophs, showing a
convex profile, are constrained by carbon consumption in the inner rhizosphere and
oxygen in the outer rhizosphere. Methanotrophs are only limited by methane availability.
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Figure 40. BacteriaProfilesin Low HIC and C, High CH4. Methanotrophs, showing a
convex profile are constrained by methane in the inner rhizosphere and oxygen in the
outer rhizosphere. Heterotrophs are constrained by oxygen availability only.

High carbon levels permit diffusion of carbon to the inner rhizosphere where
adeguate oxygen resultsin high heterotroph growth. Low oxygen levels likewise limit

the growth of the heterotrophs. When carbon concentrations are low, carbon becomes the

limiting nutrient and heterotroph popul ations shift towards the nutrient, creating a
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different rhizosphere profile. Profilesfor these conditions are shown in Figure41. In
High HIC/ High C and Low HIC/Low C, oxygen isthe limiting nutrient. In medium
HIC/Low C, oxygen is alimiting nutrient to the outer rhizosphere, but carbonisa
[imiting nutrient in the inner rhizosphere and resultsin a convex profile with a greater

heterotroph population in the mid-rhizosphere.
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Figure 41. Heterotroph Profiles for Different Growth Conditions.

High heterotroph growth leads to a much steeper decline of oxygen levelsin the
rhizosphere and significantly more oxygen flux from the root system as shown in Figure
42. Since oxygen levels decline rapidly, high heterotroph populations are confined to the
inner rhizosphere. Low growth conditions result in more oxygen in the rhizosphere that
isavailable for use by other bacteria like the methanotrophs. High HIC and low carbon

concentrations results in the highest rhizosphere oxygenation.
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Figure 42. Heterotroph Effect on Oxygen Profile. Each level in this profile represents
0.5 mm from the root surface.

The oxygen demand by heterotrophs exerts significant influence on the
methanotroph populations. Figure 43 shows how carbon concentration has a much
greater effect than oxygen availability on methanotroph growth. All low carbon
concentration conditions create much greater methanotroph mass than high carbon
concentrations; since heterotroph growth is curbed, more oxygen is available to support
methanotroph consumption of methane. It isalso clear in thisfigure that oxygen isthe
l[imiting growth factor for methanotrophsin low HIC, and methane is the limiting factor
in high HIC conditions. The highest methanotroph populations were found at high

methane and low soil carbon concentrations.
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Figure 43. Oxygen Effect and Carbon Effect on Methanotroph Growth with 10, 35 ppm
Carbon. Dueto itsrolein heterotroph growth, carbon concentrations are the most
significant factor in determining methanotroph populations.

Copper.

In order to achieve full SMMO expression, both low oxygen conditions and low
copper concentrations must exist in order to limit the copper available for expression of
pMMO. Figure 44 demonstrates that copper concentrations effect MM O expression and
that at normal copper levels of 100-200 ppb, pMMO will be the dominant enzyme
present. SMMO will be present towards the outer rhizosphere where lower oxygen
concentrations exist, and pMMO expression will be amplified near the root where oxygen
concentration is higher. The highest percent of pMMO expression occurred at high HIC,
low soil carbon, and low methane. Since methane and carbon limited growth, more
oxygen was available for pMMO expression. The maximum sMMO expression occurred
at high C, high methane, and medium HIC where oxygen, as the limiting substrate, was

more quickly consumed. sSMMO expression was next highest with low HIC, but lower

140



het/meth ratios at the low HIC (13:1 vice 20:1), allowed higher oxygen levels in the outer
rhizosphere where the methanotrophs were present in greatest mass and enabled slightly
more pMMO expression. The main influence of MMO expression in thismodel is
correlated to copper concentration since methanotrophs tended to live in the outer
rhizosphere where oxygen levels were aready low. When TCE isintroduced to the

system, however, expression percentages of SMMO change significantly.
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Figure 44. Varying Conditions on MMO Expression. When no TCE is present, copper
level isthe most significant influence on MM O expression; the effect of oxygenis
negligible since most methanotrophs live in outer shells of the rhizosphere where oxygen
islow.

M ethane and Carbon.

Heterotroph and methanotroph consumption of their primary substratesis limited
by the amount of oxygen available for consumption. The effect of carbon and methane
on the two bacteria can be seen by looking at ratios of the two populations. High carbon
and low methane resulted in aratio over 137:1 in high HIC conditions, and reverse
conditions (low carbon, high methane) resulted in aminimum ratio of 4.3:1 at low HIC

conditions. These het:meth ratios were cal culated by summing mass throughout the
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entire rhizosphere. Figure 45 depicts lower het:meth ratios at higher methane
concentrations. Ratios in awetland (rice paddy), where methane concentrations can
range from 160 ppb to 16 ppm would favor low het:meth ratios likely below 20:1 (5% by
mass), higher than prior calculations of 1-2%. (Macalady, 2002: 151-2) Differences
between observed and simulated ratios could be accounted by nitrogen limitations since
nitrite and/or ammonium in the soil may have an inhibitory effect on methanotrophs and
decrease methane oxidation. (Macalady, 2002: 154; Hanson and Hanson, 1996) It should
be noted that declining het:meth ratios are not due to heterotroph decline, but from
methanotroph increase due to methane availability; het populations largely remain

constant in stable carbon levels.
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Figure 45. Effect of Carbon and Methane on Het:Meth Ratios. These graphs were based
on medium HIC. The high carbon values were limited by oxygen availability in this
scenario.
TCE Response

TCE concentration and wetland hydraulic loading rate were varied on seven

different treatment conditions to explore the dynamic effects of remediation. TCE
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concentration was found to be a critical factor in bacterial growth, resulting in dramatic
shifts in methanotroph profiles. TCE concentrations were model ed without regard to
normal TCE saturation in water; this occurs at 1100 mg/L, so conditions above this level
may not be present in real systems. Hydraulic loading rates were the most significant

factor in controlling treatment efficiency.

Concentration.

TCE concentration inputs to the system resulted in dynamic shiftsin bacteria
masses. The methanotrophs in the outer rhizosphere and low oxygen conditions
expressed more sMMO and were more susceptible to toxic effects from TCE
transformation due to the higher transformation capacity of SMMO. Raising TCE
concentration results in a gradual shift towards the safer pMMO expression by

methanotrophs as shown in Figure 46.

__ 120.00

S

< 100.00

=15}

£  80.00

< o=

S 60.00

& e, —4—>Scenario 4, Low flow
S 40.00 + .

% 20.00 —B—Scenario 5, High flow
2 0.00 . . . .

0] 1000 2000 3000 4000

TCE Concentration {(ppb)

Figure 46. Effect of Raising TCE Concentration on MMO expression.

Since higher oxygen conditions lead to more pMMO expression, methanotroph
near the root express more pMMO. When methanotrophs in the outer rhizosphere died,

more methane was abl e to diffuse to the interior rhizosphere and allowed methanotrophs
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thereto grow. The growth of methanotrophs expressing pMMO remained high until
much higher TCE concentrations. The variation of MMO expressed throughout the
rhizosphere gives treatment wetlands an inherent capability to recover from inadvertent
exposure to high TCE concentrations, however recovery of treatment efficiency from
such releases could take months. This model did not take bacterial migration into
account, however, and actual recovery times may be less.

Figure 47 depicts the time response of methanotrophs to an increase in TCE
concentration (100 to 300 ppb), showing a significant redistribution of methanotroph
masses in the rhizosphere. When TCE concentrations were increased, there was a
significant decline in methanotroph mass in rhizosphere levels 3-5 where low oxygen
levels alowed greater SMMO expression. Death of methanotrophs in the outer
rhizosphere permitted greater methane to flow to the interior where pMMO expressing
methanotrophs, more resistant to TCE toxicity, could use the methane for growth. This
profile shows aresponse out to 320 hours. Simulation times often took in excess of 3000
hours (125 days) to arrive at a new steady state, supporting assertions by van Bodegom et
al. (2001) that steady-state values for bacteria biomass may not be obtained until four

months have el apsed.
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Figure 47. Effect of TCE Concentration on Methanotroph Profile in the Rhizosphere.
This graph was generated at the medium loading rate of 2.4 L/m%hr.

Figure 48 shows another representation of TCE impact on methanotrophsin the
rhizosphere. Treatment efficiency and degradation rate quickly fall as SMMO expression
givesway to pMMO expression. TCE degradation rate rises as TCE through flow
approaches the bacteria’ s max consumption rate. As TCE concentration rises,
methanotrophs expressing sSMMO disproportionately suffer from toxic effects. This
resultsin areduction in treatment efficiency. MM O shifts towards pMMO expression as

methanotrophs grow closer to the root where higher oxygen levels exist.
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Figure 48. TCE Concentration Effects on Bioremediation. Output from Scenario 5
(sSMMO, high methane, high HIC, and high carbon)

Figure 49 examines the difference between sMMO and pMMO toxic effects.
Heterotrophs in both scenarios, affected only by non-competitive inhibition by TCE,
showed a dlight decline as TCE concentrations decreased, but did not suffer acute toxic
effects like the methanotrophs. The slow loss of heterotrophs did free up some oxygen
and permitted a slightly higher rate of recovery for the ailing methanotrophs, but by that
time, competitive inhibition by TCE was substantial and also limited methane
consumption. SMMO expression results in greater toxicity, but also resultsin high
treatment efficiencies. pMMO expression resultsin resilience and higher overall mass,
but poor removal rates at the low concentrations of TCE processed in anormal treatment
system. A mixture of YpMMO methanotroph masses lies between the two lines and
would normally be weighted towards the pMMO line in anormal treatment system.
Highlighted boxes indicate the concentration at which maximum TCE consumption was

achieved, a balance between toxicity and maximum bacterial growth rates.

146



0 1000 2000 3000 4000 5000 6000

_ 6.00E03 014 _
E 500603 ‘ —_— — - 0.12 g
= 4.00E-03 - 0.1 2
‘" - 008 @
g 3.00E-03 - oo E == sMMO Meths (5)
S 2.00E-03 0'04 < =@—pMMO Meths (6)
) \ - 0. 3
E 1.00E-03 \.\. 002 B Hets (5)
[}
£ 0.00E+00 : . + . : 0 % ===Hets(6)
g 2
=

TCE concentration {ppb)

Figure 49. Bacterial Mass and TCE Concentration.

Raising the TCE concentration input to a wetland has the effect of raising TCE
consumption to a saturation point, at which methanotrophs will begin to dieback at a
greater rate than they recover and grow. The dashed linesin Figure 50 represent TCE
consumption as a function of TCE concentration. pMMO permits methanotrophs to
tolerate much higher levels of TCE, but the mass flux of TCE flowing through the system
at those levels makes treatment at those levelsinefficient. The solid lines represent
efficiency curves; note how pMMO treatment quickly declines and crosses the sSMMO
line at the low treatment efficiency of 20%. Consequently, pMMO treatment is not
beneficia at normal environmental concentrations <50 ppb. Also see Copper Effectson

Remediation below.
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TCE Effect on Efficiency and
Consumption
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Figure 50. TCE Effect on Treatment Efficiency. At TCE concentration less than 1000
ppb, SMMO has both greater TCE removal capacity and efficiency.

Toxic Threshold. pMMO producing methanotrophs had a much higher resistance
to the effects of high TCE concentration. For the low flow conditions tested in this
simulation, high methane allowed pMMO meths to tolerate over 3000 ppb TCE prior to
degraadation. sSMMO producing varieties with high methane tolerated much lower
concentrations of 300 ppb before performance was degraded fromn TCE toxicity. Lower
carbon levels helped dlightly since they made more oxygen available to support methane
consumption. Though copious oxygen helped to improve methanotroph recovery,
methane was the driving factor in TCE resistance. In treatment systems dealing with
TCE concentrations greater than 100 ppb, methane levels need to remain high to facilitate
methanotroph growth and recovery. Figure 51 depicts the increased resistance to TCE

toxicity afforded by abundant methane sources.
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Figure 51. TCE Tolerance varying MMO and Methane. Methane concentration drives
the resistance of both sMMO and pMMO producers to higher TCE concentrations.
pPMMO producers are naturally more resistant due to the decreased affinity of the enzyme
for TCE.

Flow Rates.

Flow rates had little effect on bacterial growth; similar masses of methanotrophs
or heterotrophs were found at both high and low flow conditions. Diffusion of substrates
into the rhizosphere proved to be a more significant factor than advective substrate flow.
Flow rates do, however, affect treatment efficiency significantly; raising water flow
(hydraulic loading rate) in the treatment system results in lower treatment efficiencies and
allows alarger portion of the contaminant mass to pass the system untreated. High
treatment efficiencies can be maintained at lower loading rates, but the best systems will
maintain high efficiencies at higher loading rates as Series 5 in Figure 52. In order to
optimize atreatment system, then, it is recommended that soil conditionsfirst be
anayzed in order to determine likely TCE steady-state consumption rates. Flow rates can
then be adjusted in order to achieve the maximum efficiency (rate at which all TCE is

consumed) or to achieve an efficiency that will result in meeting protective limit

concentrations.
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Figure 52. TCE Treatment Efficiencies at Varying Flow Rates (TCE 50 ppb).

Rhizosphere Conditions.

HIC Effects on Remediation. Higher oxygen encourages pMMO expression and
should lower TCE consumption rate, but that loss is surpassed by the higher efficiency of
consuming methane for growth/repair. In Figure 53, the medium HIC scenario shows a
higher capacity for TCE remediation. High HIC conditions will amplify these effects still

further.
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Figure 53. HIC Effect on TCE Consumption. Higher HIC permits methane consumption
for recovery and results in higher rhizosphere capacity for TCE consumption.
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Carbon Effects on Remediation. The presence of carbon in the rhizosphere
increases heterotroph populations that consume oxygen as they consume carbon. This
reduces oxygen available for methanotroph respiration and growth, resulting in reduced
capacity to consume and recover from TCE toxicity. Figure 54 shows that high carbon
concentrations can decrease methanotroph TCE consumption by a factor of three at

moderate TCE concentrations (100-500 ppb).
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Figure 54. Carbon Effect on TCE Consumption. High levels of carbon in the soil can
significantly lower methanotroph abilities to remediate TCE in the soil.

Methane Effects on Remediation. In addition to raising the tolerance to TCE
concentration, higher methane concentrations also facilitate greater TCE consumption.
The comparison of two sSMMO scenarios in Figure 55 shows the significant increase in
TCE consumption that accompanies high methane levels. Oxygen facilitates the
consumption of methane and may play afactor in recovery whereit isthe limiting
nutrient towards the outer rhizosphere. Consequently, methanotrophs towards the outer

rhizosphere are the first to decline in mass when high TCE concentrations are introduced.
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Figure 55. Methane Effect on TCE Consumption.

Copper Effects on Remediation. As shown abovein “Bacteria Response”, copper
isthe driving factor in MMO expression in the rhizosphere. SMMO facilitates greater
TCE consumption by methanotrophs resulting in high TCE consumption at low
environmental concentrations. pMMO meths, more selective for methane, grow more
efficiently and the higher mass of methanotrophs can have comparable consumption
capacity at higher concentrations, however thiswill also result in much lower treatment
efficiencies. Figure 56 shows the comparison of two scenarios with low and high copper.
SMMO expression results in both high consumption and TCE treatment efficiency
allowing small populations of SMMO producers to degrade a substantial mass of TCE at
lower concentrations and at higher treatment efficiencies. Reducing copper to low levels
in the treatment system may not be achievable, however limiting copper flowing into the
wetland treatment system through chemical treatment and precipitation may help increase

treatment efficiencies.
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Figure 56. Copper Effect on TCE Consumption.

Recommendations

The keys to successful remediation include managing the TCE consumption rate,
and optimizing efficiency for one pass operation. The most favorable combination for
remediation is a high consumption rate with a corresponding high efficiency. Figure 57
shows a snapshot of maximum TCE consumption rates and removal efficiency at for each
scenario at 500 ppb. TCE maximum removal rates represented a balance between highest
methanotroph growth rates and the effects of TCE toxicity. Scenario 7 has the highest
potential for remediation of high through flows of TCE. Scenario 6 shows that high
removal rates may be possible with pMMO expression, but only at high concentrations,
resulting in very low removal efficiencies. Such high concentrations are not normally

present in the environment.
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Figure 57. TCE Maximum Consumption Rates and Removal Efficiency at 500 ppb.
Scenario 1 had nearly 0% efficiency at 500 ppb due to methanotroph toxicity.

Table 10 ranks the scenariosin order of overall TCE treatment by examining
treatment efficiencies for each loading rate. Scenario 7, with high methane/HIC and low
carbon, showed a substantially superior TCE consumption rate; high oxygen and methane
permitted rapid methanotroph growth that compensated for toxic effects. This scenario
may be representative of conditions that normally exist in awetland (copper, methane,
carbon, HIC), and helps explain the successful remediation of TCE even in natural
wetlands.

Though the SMMO expression in Scenario 5isided, it islikely not feasible since
it may not be possible to reduce copper concentrations to the low levels needed to fully
support sSMMO expression. Scenario 3 isthe more feasible pMMO scenario with good
treatment rate and efficiencies resulting from low carbon conditions. The best
remediation combination, then, isto minimize copper in the soil and treatment water,

maximize methane, maximize HIC into the soil by using plants with high oxygen
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Table 10. Treatment ranking of Testing Scenarios. Consumption rates for Scenario 6
were estimated based on the treatment profile.

2 GPM 100% 7 GPM 50% 12 GPM 20% Avg rank
TCE Profile JConditions rate rank |rate rank |rate rank
1 sMMO_ low HIC, low methane, med C 157E-07] 6 2 D0E-07 [§ 5 80E-07 9 N |
2 MMO mix, med HIC, low methane, low C 6.18E-07 5l 3.00E-07 5 2 20E-07 6 53
3 pMMO, med HIC, med methane, low C 8.3E-07) 3] 483E0 4 9.00E-07 3 33
4 MMO mix, med HIC, med methane, med C T27E07) 4 58307 3 7.29E-07| 4 37
5 sMMO, high HIC, high methane, high C 1.95E-06] 2] 170E-06) 2] 190E06] 2 20
b pMMO high HIC, high methane, high C BOOE-08) 7| 500E-08] 7} BO00E-08] 7 70
7 MMO mix, med HIC, high methane, low C JB5E-06] 1 JO4E-06) 1 J63E06] 1 1.0
Comments
TCE Profile
1 oxygen and methane recovery limited
2 methane availability limited recovery
3 methane availability limited recovery, pMMO limited degradation
4 moderate C limited O2 availability for meth recovery
5 high methane allowed recovery but was limited by O2 availability
6 pMMO limited TCE consumption, high carbon limited meth recovery
7 Low carbon is a more significant factor than sMMO expression

exudation rates, and avoid any additional inputs of carbon into the treatment system such

as high BOD wastewater. The plant will exudate some carbon sources on its own, but

this source will be rapidly consumed by the heterotrophs. Conditions favorable to HIC

(high sunlight and 0-80% RH) will ensure that carbon is the limiting substrate and make

excess oxygen available to methanotrophs, alowing methane to be consumed to recover

from TCE toxic effects. Once soil conditions are known, the flow of the wetland can

then be adjusted to achieve the maximum rate of removal at the efficiencies required to

bring waste stream concentrations below required limits.
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V. Conclusions

The bioremediation of TCE can be enhanced by selection of plants that aid in the
oxygenation of the rhizosphere, knowledge of soil conditions, and the control of flow
rates to optimize treatment efficiency. This chapter will examine the stated research

guestions, address application of model findings, and discuss future research directions.

1. What isthe nature of the oxygen dynamic in the rhizosphere?

Oxygen has numerous effects in the rhizosphere, both direct and indirect. It
constrains bacteria growth as alimiting nutrient which must be consumed with the
primary substrate. Advantageous heterotrophic populations are favored in high oxygen
conditions. Methanotrophs are likely to thrive in lower oxygen conditions where
heterotrophs must look for other electron receptors, and where high methane
concentrations which support growth are unhindered due to methanotroph affinity for
oxygen.

Oxygen raises the eH in the soil and increases the availability of soluble copper
that is present. This effects the expression of MM O by methanotrophs, greatly
influencing both their remediation capability and their resistance to the effects of TCE.
High oxygen levels increase methanotroph resistance to TCE by lowering sSMMO
expression and by assisting cell growth/ recovery by optimizing methane consumption.

Low oxygen levels increase methanotroph transformation capacities by increased SMMO
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expression, but also permit greater toxic effects by intermediate compounds during
transformation. As TCE concentrations increase, the methanotroph population center
shifts towards higher oxygen conditions closer to the root that favors pMMO expression.
At low TCE concentrations, methanotrophs fill aniche in low oxygen conditionsin the
outer rhizosphere where methane is most abundant. Oxygen gradients, then, contribute to
areas of high and low remediation capability within 5 mm of the root surface.

It must be remembered that oxygen isatool used by the plant; if the plant did not
benefit from the associated microbial activity and detoxification of metals, it would not
exude the oxygen. Correspondingly, rhizospheres constantly change in response to plant
growth and nutrient requirements. Assumptions about root characteristics must be based
on average plant performance, but it should be recognized that areas of high and low
productivity are widespread across awetland. As an engineering consideration, steady
state assumptions must be made. The selection of plants with high radial oxygen loss
should result in greater remediation ability in the wetland setting; even at low TCE
concentrations where SMMO expression is desired, low oxygen conditions will still exist
at the outer edges of the rhizosphere where SMMO expressers will be exposed to the

highest levels of methane in the rhizosphere.

2. What arethe most influential factorsto microbial community populationsin the
root zone?

Carbon concentrations above 0.035 g/L (35 ppm) result in heterotroph growth that
islimited by oxygen, and heterotroph growth is balanced by opposing gradients of carbon

and oxygen. Carbon concentrations below .035 g/L restrict heterotroph growth and allow
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oxygen to be used by other organisms. The methanotrophs are directly aided by low
carbon concentrations since they live near the outer rhizosphere; higher oxygen
availability allows them to consume methane more efficiently. Methanotroph growth is
balanced by opposing gradients of methane and oxygen.

M ethanotroph tolerance to TCE is determined by the concentration of TCE, the
expression of MMO, and capacity for cell repair based upon oxygen and methane levels.
Maximum TCE consumption is dependent upon methane and oxygen levels, and remains
constant through all loading rates. Treatment efficiency varies according to flow rates,
but consumption rates by the bacteriaremain relatively constant. Toxic effects are
normally fully expressed by 300 ppb, though toxic effects can begin as low as 10 ppb for
SMMO expressing cultures in low methane conditions. High ROL helps to combat this
by enabling maximum use of available methane. pMMO expression resultsin a
significant increase of TCE tolerance, but greatly reduces treatment efficiency. Non-
competitive inhibition effects on heterotrophs have alinear effect which gradually results
in higher oxygen levelsin the rhizosphere at high TCE concentration. By that time, toxic
effects on methanotrophs have resulted in cell incapacitation, and the higher oxygen level

has little helpful effect.

3. How can methanotroph populations be optimized to support aerobic remediation
requirementsfor halogenated organicslike TCE, TCA, DCE, and VC?

If plant parameters and soil nutrient levels are known, a TCE concentration for
maximum remediation can be determined. Loading rates (flow) should then be adjusted

in order to permit treatment efficiencies that bring the output concentration bel ow
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permitted levels. Thiswill allow the maximum overall through flow to be achieved.
Upper constraints will be limited by wetland hydrologic constraints (washout). Inlack of
specific guidance, do not raise input TCE concentrations beyond 100 ppb. Thiswill
ensure methanotroph viability even at low methane and oxygen levels. Dilution may be
required for treatment of higher TCE concentrations, though cases with these treatment
requirements arerare. Generaly, high concentrations are more efficiently handled at low
flow rates. Past the maximum TCE consumption rate, increases in flow result in lost
treatment efficiency.

High methane levels, moderate oxygen flow, and relatively low copper levels
maximize remediation effects for TCE by methanotrophs. Wetlands naturally optimize
methane production in anaerobic zones that are rich with CO,. Wetland plants create an
aerobic biofilm around their roots that is maximized during sunny days with low
humidity, but is aso substantial even at high humidity and low-light conditions.

If copper concentrations are high, high carbon levels are especially detrimental
(the high copper limits TCE treatment due to pMMO expression, while the presence of
carbon reduces oxygen available for growth leading to low methanotroph populations.)
Addition of ferrousiron may help to reduce available copper on a short-term basis, but
oxygen from the plants will ultimately oxidize both iron and available copper. The
methanotrophs will be forced to expend additional NADH to re-oxidize the copper,
resulting in an energy loss and reduced growth. Additionally, short-term application of
iron may result in greater SMMO expression and disrupt the methanotroph steady-state.
Therefore, application of iron is not encouraged. Minimizing the concentration of copper

in influent is recommended.
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If one must choose between low carbon and high methane, lower carbon levels
result in better remediation. Provided methane levels are above 160 ppb, low C will limit
heterotrophic growth, permit higher oxygen availability even at low HIC conditions, and
thereby assist methanotroph recovery from TCE toxicity. For this reason, harvesting of
remediation wetlands should be considered; harvesting not only reduces phosphates and
nitrates leaching into wastewater during decomposition, but also reduces carbon
concentrations that would otherwise reduce effectiveness for TCE remediation. Most
wetland plants (like Phragmites) should be cut well above the water line to prevent
drowning. TCE isnot known to bioaccumulate in the plant material, and the composted
plants should be non-toxic.

Contaminants other than TCE can also be model ed with the important assumption
that toxic effects and non-competitive inhibition are cumulative. Competitive inhibition
may become aremediation factor at low TCE concentrations since TCE degrades more
rapidly than cDCE and VC at those levels. More research into contaminants other than
TCE isessentia (see below).

With any changes made to a wetland treatment system, it must be remembered
that steady-state performance is never instantaneous. Microbial levelstook over three
months of simulation time to arrive at a steady-state, though microbial migration may
help to affect afaster steady-state. Provided TCE concentration is not increased,
variations in loading (flow) rate should not adversely affect microbial performance unless
the water has ahigh CBOD or high copper concentration. Pretreatment of high CBOD

water may maintain ahigher level of TCE remediation performance.
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4. What aretheinfluential factors of oxygen transport in a wetland plant?

The most influential factors of aplant’s ability to deliver oxygen to the
rhizosphere are the plant’ s capacity for HIC and the permeability of the root structure to
radial oxygen loss. HIC is controlled by leaf stomata density, pore size, and venting path
resistance. Stomata density islikely aplant characteristic. Pore size can be adjusted by
the plant to minimize water vapor loss and enhance CO, exchange for photosynthesis
leading to changing remediation conditions throughout the day. Venting path resistance
may change seasonally, but plants with higher aerenchymal percentages and numerous
standing culms will likely have the lowest resistance. HIC isoptimum at low humidity
and high sunlight, but substantial HIC is maintained even at high humidity (80%) and
low light levels. Dataon leaf heating effects from radiation would result in amore
accurate assessment of HIC effects.

Root permeability is afunction of plant characteristics and the nature of the soil.
A moderately toxic soil may invoke a higher radial oxygen loss to raise the eH of the soil
and oxidize ferrous metals. Very high levels of metas, though, may result in
development of root lignification which will impede oxygen loss and lower oxygen levels
in the soil.

Though this model did not show that phloem flow contributed directly to raised
rhizosphere oxygen concentrations, photosynthesis and phloem transport helped to raise
oxygen levels throughout the plant, potentially creating a buffering effect from oxygen
stored for night time use. Low CO, concentrations limited the plant’s ability to produce
more oxygen, suggesting that plant recirculation of CO, and increased CO, levels could

increase plant oxygen output.
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5. How isoxygen level in theroot zone affected seasonally?

Thismodel did not account for seasonal effects directly. Many atmospheric
conditions are seasonally driven and those weather conditions are adriving influencein
root zone oxygen levels and oxygen levels throughout the plant itself. Even at high
humidity conditions, HIC can significantly raise oxygen levelsin theroot system. HIC,
however, is an active process that requires functioning leaves; when the plant senesces
and loses leaf function, Bernoulli effects of wind and diffusion become more significant
factors for air movement inside the plant. In cold weather, lower HIC is offset by lower
bacterial activity; consequently, oxygen levels may remain high even though the oxygen
flux from the roots will be much lower. In the winter, wetland treatment systems may
retain some treatment capacity, but they will be more sensitive to high TCE
concentrations and will have alower capacity to recover from toxic effects. The higher
radiation levelsin the summer will also contribute to higher sugar and oxygen levels

throughout the plant, both helping to maintain aerobic rhizospheres at night.

Application

As suggested by Amon et al. (2007), plant characteristics should be an
engineering consideration in wetland treatment processes. The capacity of plantsto
deliver oxygen into saturated soil conditions has a significant effect on the popul ations
that live there and the ability of methanotrophs to recover from the toxic effects that
accompany TCE bioremediation. As a conservative measure, TCE concentrations should
not exceed 100 ppb in order to maintain a healthy population of methanotrophsin the

treatment system. Soil conditions should be determined in order to determine a treatment
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rate, and hydraulic flow can then be adjusted to optimize treatment system efficiency.
Thismodel can be used to enter plant and soil conditions and then iterate a flow rate

solution.

Modd strengths.

The numerical integration used by this model is a powerful tool, alowing
simultaneous consideration of numerous variables that would not be subject to an
anaytical solution. The model has substantial room to grow in order to accommodate
other substrates, other contaminants, other bacteria popul ations, more rhizosphere levels,
and other root sections. It can also be broken down into components so that the
soil/microbe model can be used independently. The model also makes adjustments for
sSMMO/pMMO expression depending on environmental conditions. Thisresultsin a

more realistic dynamic effect from TCE toxicity.

Model Limitations.

The finite time step allowed by the program used limits the ability to run the
model for all components (plant, soil, microbe) at the same time. The soil and microbe
portions are not as sensitive to computation error as the plant sections where small
volumes require small time steps. Difficulties establishing steady state concentrations
throughout the system may detract from the model’ s accuracy; fundamental model
behaviors, though, should still remain intact. The model does not portray leaf heating in
the HIC, and does not display diurna variation, though atime step input could adjust

light and heat levels cyclically. As modeled, TCE isthe only contaminant in the wetland,
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but daughter-products of metabolism are also significant factors that are ignored.

Though copper and oxygen are the primary considerationsin MM O expression, other
factorslike soil eH, pH, and bacterial species may aso play rolesin MMO expression.
The diffusion of carbon sources from outside sources may also be an artificiality. In
reality, the plant has a significant impact upon rhizosphere carbon concentrations that this
model (for lack of data) does not include. The relationships between high and low carbon
levels and their effects on microbes and remediation, however, are still valid. Finaly,
nitrogen limitation may be an important factor in bacterial growth and recovery, but it is
not included in the model and may explain het:meth ratios that are smaller than those in
natural conditions. Incorporating other factors not covered by the model is highly

encouraged for future research.

Futureresearch

Wetland plants have only recently become a popular research focus. Even the
most popularly studied ones like Phragmites australis, however, lack many empirical
values that would aid the modeling process. Better characterization of wetland plant
physiology would help to refine models and make their results more accurate. Since
Phragmites australis grows well in uniform stands, it makes sense to model it as such.
Thismodel could also be applied using another plant species, or with global parameters
representative of awetland plant consortium.

Knowledge of bacteriathat reside in the rhizosphere is lacking; full
characterization is still not known, let alone the specific behaviors of each species. A

minority species may prove to be extremely influential in rhizosphere dynamics. Since
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heterotrophic populations are the driving force in oxygen levels throughout the
rhizosphere, a detailed study of their characteristics may greatly aid modeling accuracy.
More bacteria types could be added to the model, as well as considerations for
arbuscular mycorrhizal fungi or predatorial species.

The characterization of methanotrophs by MMO expression is questionable.

MM O expression may be astrict function of oxygen and copper levels; certain species
are simply more adept at living with low oxygen concentrations, and SMMO expression
IS more common at those low oxygen levels. Hence, methanotroph typing should betied
to aerobic capability and not MM O expression. Past testing and modeling for
methanotrophs has often assumed oxygen to be a non-limiting substrate. Thisresultsin
underestimating transformation capacities (since pure sSMMO will have avery high Tc),
and overestimating growth capacities (since pMM O growth maximizes methanotroph
return from methane consumption). More experiments should be done with
methanotrophs using controlled oxygen conditions.

For good reason, TCE is one of the most widely studied contaminants. Modeling
parameters for other contaminants are less well defined. More research into the affinities,
transformation capacities and consumption rates of microbial groups for other
contaminants would permit broader application of this model. Incorporation of multiple
contaminants into this model could further clarify the dynamic that existsin the

rhizosphere.
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Table X. Thompson Model Parameters

Appendix A. Model Parameters

Parameter Value |Units Source Comment

Atmospheric

SIMOSpNens Fressure TOT35]Fa

Gas Constant 00821 [L*atmdmic] K

Wiscosity of air (20 deg T} 1.82E-05|M s/ m"2 (Clark, 1206:552]

Diffusiety of Water Vapor in Air |Variable  |mM7s Wastewster Treatment Dww = 2.4e-5 m"2is (Nobel, 1991: 386)
02 fraction 0.21]-

CO2 fraction 0.001]-

N2 fracton 0.7E[-

Other gas fraction 0.008]-

CO2 Henry Constant 20,81 L atmimicl

02 Henry Constant TTRAT L atmimcd

Flani

Sboveground Mass 1500|g (Asasda, 2001) approx 15000m"2, 587-1878 g'm™2 (Scetzert. 2003)
Helowground Mass 20009 approx S000 (Asaeda, JO07) JEDE-3EE6 [Sostserd. 2003]
Plant Area density 300]- (Sostaert, 2003) 128-5E7 shoots'm*2

Flant Trssue 02 Usape Rale 0.004|p'pd (Asasda, 2002 220) (005 gilg/day (Asaeda et al, 2002) but plant averaged approx 004
Leaf Area Index 7l- (Asasda, 2000: 3100

Mumiber of leawves -

Fractional Forosiy P (Beckett, 2001- 277]

Leaf Thickness 0.3 |um (Mobe', 1021

Leaf Void Percent 30[3 (Michel 1821: 347) A leaf is often 30% air by volume
Leaf Pore Clameter T um (Armstrong, THEE TE3]

Rvp G.80=+08(P3"sm’

srem height 200]cm

SIEM radius 0.5)em

Stem Asrenchymal Percent [ ES

Stem Prloem percent kS

Stem Mylem percent HES

Stemn Tissue percent 30[%

Hair Zone Length Alem Armsirong

Root depth 20fcm |likely much deeper in malure stands

Soot cap Length 03 em

Root tip radius 05 |mm

Mumizer of roots 10f-

Hoot magnitude 4]-

Tap Root Asrenchyma Percent NES (Armstrong, 1882 203) G0% aerenchyma in fizome
Tap Foot Phicem Fercent S

Tap Root Xylem Percent HE

Tap Fioot Tissue Percent 0%




L9T

Parameter Valug  |Units Source Comment

Lat Rloot Aerenchyrna Percant 43]% (Cialmer, 2003 18; Jusiin and Amsirong, 1987) 52% in 02 defeciem sail

Lat Fioot Phicem Fercent i

Lat Root Xylem Pencent 5%

Lat Rioot Tissue Percent 2%

Lat Floot Stele Fercent S

Aot Hair Aerenchyrna Pencent )%

Rinof Hair Phigem Percent i

Aot Hair Xylem Percent 5%

Root Hair Tissue Percent [HES

ool Harr Stele Percent ]

Sai

Rhizo Increment 0.5{mm

0102 in Sail 0.0881 2| erihr (Somell, 2000: 877) 2.3 enviday= 08612 ervbr

D Methanz in Sail 005376 [emhr iMoguera, 2000; Cussler, 1684 1.20 ervi‘elay= 05275 eaihr

D Acetate i Sail 0.021 e 5 eiday?

0 TCE in Sail 0 3325 e [Anderson, 1934; Wike and Chang, 1855) 78 em'lday= 0325 c'ihr

Soil Saturation - [0% saturation in wetland

Eil porosty 04]- average value for wetand soil

Microbial

TEmanamophs

% methane 0.0817]p'ph {Smith, L. H., 2000} 2 2 gCHe g aells‘d.-}_meﬁa irophic mived-cutiurs 25% C120-24
Hs Methane 0.07{mglL (5mith, L. H., 2000} 07 rrg migthanell, B5% confidence mterval 0211 mgll

Hsld 008 malL [ Tarakovsiy, J005: 20] T TrigiL

Weth Yigld 0749 (Andersan, 1984; Aharez-Cohen and McCarly, 18811 [.7 mg methancirophs! mg methane

Meih Decay Coeff bd 0.00£17|thr (Ancerson, 1904 358 iday

Hefarolrophs:

Ks02 Hat 0.0003(gL (wan Bodegom, 2001:3581) 0003/ +- 100782 pub“shed pure heterotrophic cufturs values
rs Larbon et UIHEgL {wan Bodegom, U0T) U3EgiL +- 103 from putesned pure heberotropnic cufurs values
nax Het 0.0828[hr ( Tartakowsky, 2005; 20) 1.Aiday = 08250

Het Decay Coeff 0.0021)hr Diiday

Het g DL P

Bigremediation

K TCE 04]p'gh 8.4 gig'd is highest valug found for a mixed methanoiroph culiure (Avarez-Cohen, 1826)
Tec 0.21{g/p (Moguera, 2000; Smith, 12497) .21 mg TCE! rmg methanotroghs. B5% CI 18- 24 (Smith, 2000}
&l TCE 0.005|g/L (Tartakousky, 2005: 80) i mglL

K. TCE hafsat” 0.007)a'L [Alyarez-Cohen, 2001:114) 7.0 mgiL average valus found (Aharsz-Ciohen, 2001-114)

" shIKIL) has a slighily lower Em for

CE of 20uld or L0426 gL (Field, 2004 31} that is not used in this maodel
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Appendix B. Venting Resistance Data

Poenual st Tyn Becken |
Beckett pressure |Pressure Pressure |dyn
Rvp 1e8 Pa HIC (Lihr) flow delta * (Pa) delta ** (Pa) *** pressure  JComment
0 1] 0.5457 Mo resistance - max flow
1.00E+D8 1 0.49 0.53 220 14 206 539 360[+
2 00E+D8 2 0.47 0.5064 235 26 209 524 330
4.00E+08 4 0.45 0.48 266 50 216 493 310
6.00E+08 5 0.43 0.4518 289 71 218 470 290
1.00E+09 10 0.358 0.41 327 105 222 432 260
2.00E+D9 20 0.31 0.324 410 173 237 349 200
4 00E+D9 40 0.23 0.24 509 254 255 250 130
6.00E+09 B0 0.18 0.18 o262 298 264 197 90
8 00E+09 a0 0.15 0.15 592 325 267 167 70
1.00E+10 100 0.13 0.128 623 348 275 138 55
1.00E+12 10000 0.002|{0) 759 466 293 o0} ++ Blocked flow condition

* Testing used a max pressure delta of 759 at 32% RH vice 750 Pa for the Beckett model.
** Potential - static pressure
*** Thompson model does not calculate dynamic pressure: 759 - Potential pressure delta

+ Thompson model includes limit on water flux from plant; flow may be more representative than Beckett model at low venting resistance.

++ Beckett blocked-flow pressure was 462 Pa.

Venting Resistance Profile vs Beckett, 2001

Thompson and Beckett Model Convective Flows

0.6 [
0.5

0.4

—+— Thompson

0.3
\ —=— Beckett, 2001
0.2 '\

__"-ﬂ
0.1

onvective Flow (L/hr)

¢

0 20 40 60 80 100 120
Qutflow Resistance (1e8 Pa s m-3)
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Appendix C. Rhizosphere Profile Comparison Data

Aerenchymal flow velocity 077214038
Aerenchymal flwo rate 003638628
kKTCE Rhizo 1 0.01764857)
kKTCE Rhizo 2 002190756
KTCE Rhizo 3 0.02619537]
KTCE Rhizo 4 0.03083619
KTCE Rhizo 5 0.03608297|
02 Concentration in_Stele RHZ | 0.00404405
02 Conc in Corlex RHZ 000462548
02 Conc BRHZ Rhizo 1 0.0028467 2
02 Conc RHZ Rhizo 2 000188559
02 Conc RHZ Rhizo 2 1.24E-03
02 Conc RHZ Rhizo 4 7 45E-04
02 Conc RHZ Bhizo 5 3 41E-D4
Pholosynthesis of Shoots 000831914
Real pressure differential 69, 7403262
REmP 1. 1656E+10)
Percent ambient 02 7547151765
Relative Humidity % a4
Global radiation level 200

lat root RHZ RHZ
cortex stele corex Rhizo1 Rhizo2 Rhizo 3 Rhizo 4 Rhizo 5  Rhizo Sump*
cori stelg] card] U2 0.3 1.2 1.7 2.20 3.0
Armstrong 00528 00040 UOtde 000259 00U17d]  COoUsSsy 00003
I nompeson U CD2249) 00004487 uogn o fg O UUZa2 ) U.DUTEE 1.A4I:—U:I r’.4!:|:—U5| S4TE-U= u
I I

Rhizosphere Profile Comparison

0.004

0.002

0.00z

0.001

02 Concentration (giL)

[=]

* Thompsaon oxygen sump was at a fixed distance of 3.5 mm from the root.

cori  sieie  corZ 0.25 0.75
D

istance {mm}

1.25

[
wn

—#— Armstrong
—&— Thompson
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Appendix D. Sensitivity Testing Data

Sensitivity

Adjustments Value -0.5] -UT[ORG ™ ] [ Comments High  [Med  [Low  JOther
=30% [10-30%[=10%

Humidity * 50| 0.003864| D.003584| 0.003564| 0.003848| 0.002218)(10, 40, 50, B0, 38) X high sengitive at high humidity

Global radiation leve 1500 0.003671 0.00366 0.003674)(200, 1000, 1500, 2000, 3000) X

Temperature 298| 0.00366 0.00386| 0.002519] 0.002654(278, 295, 2958, 301, 318) b

Atmospheric Pressure 101325| 0.00304| 0.00337| 0.00386 0003731 X

Pm {Photosynthetic capacity) 0.21] 0.00366 0.00365 000368 X

K CO2 0.00044( 0.00266 0.00366 0.0035| X

Leaf Arsa Index 7 0.0036 0.00358 00037 X

C5 Diffusion Transfer Coefficig] 0.025| 000366 000365 000388 0.00366| 0.00368 X

02 RHZ Diffugion Coeff 0.45| 000279 0.00352| 000368 0.00379] 0.00435 X

Lat root air transfer cosff 0.41] 000317 000351 0.00388 0.00354) E

R.Z1 phloem rate coefficient 0.005( 000366 0.00365 000365 X

Rvp 6.90E+0%| 0.00374| 0.00387| 0.00358| 0.00366| 0.00352 X

Leal Tissus Percent L G.00357, 000385 0.00557 X

Leaf Pore Diamster 0.2| 0.00368| 0.00367| 0.00358] 0D.00368[ 0.00354 X

Fractional Porosity 0.00027 0.0036)| 0.00366| 0.00366 0.00371 X

Plant Tissue 02 UsageRate 0.004| 0.00395 0.00366 0.00304 X

Leaf CO2 Transfer Coeff 5| 0.00367 0.00358 0.00357] X

Philoem bulk flow rate 0.004] 000365 .00358 000357, X

Hylem bulk flow rate 0.004| 0.00369 0.00386 0.00383 X

Mumber of Roots 10| 0.00408| 0.00374| 0.00368 0.0036 0.0031 X

Root Magnitude 4| 0.00408 0.00358 0.0031 Lt

Root tip radius 0.5 000323 000366 0.00353f(.25, .5, .8) X

Hair Zone Length 3| 0.00408 0.00386 0.0031 X

Plant area density 300| 0.00295) 0.00357| 0.00368 0.00394 b

Rhizome mass fraction 0.85 0.00345| 000385 0.00353 X

Above/Below Area Mass 1500/3000) 000356 0.00366| 0.00361| D.00D305 Ed varied total plant mass

Wind Speed 0.056 0.00369| 0.00388) 0.00364( 0.0035£)(.01, .056,5, 15) X

CO2 fraction 0.001 0.0367 0.00358 0.00387)i.0005, .001, .01) X

EH dermal thickness RHZ 0.05 0.0044 0.00366] 0.00353] D.0D275 X

* Humidity was set at 80% for remainder of sensifivity testing.
** Plant parameter senstivity testing measured output in Rhizo 1.
Mo microbesladvection were active during plant sensitivity testing.
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Appendix E. HIC and Radiation Output Data

Global Percent [O2 Concin 02 Conc (02 Conc |02 Conc |02 Conc |OZ Conc
radiation ambient |Stele RHZ 02 Conc in RHZ RHZ RHZ RHZ RHZ
level Relative Humidity % |HIC (L/hr) 02 (a/L) Cortex RHZ Rhizo 1 Rhizo 2 Rhizo 3 Rhizo 4 Rhizo 5
Stele Cortex 1 2 3 4 5
S000] 10 0.5325 99.22| 0.005631452 0.00E342044] 0.003806| 0.002514] 0.001624| 0.000962| 0.000436]
20
30
40
50 0.2991 97.81] 0.005609122 0.006318898| 0.003833| D.002492| 0.001607| 0.00095) 0.00043}
60
70 0.1803 96.36| 0.005469748 0.005167878| 0.003737| 0.002428| 0.001564| 0.0005924| 0.00041 9|
80 0.1204 94.60 0.00534257 0.006028257| 0.003674 0.0024| 0.001554| 0.000922| 0.00041 9|
90 0.0601 89.7¥3| 0.005002293 0.00565892| 0.003453| 0.002259| 0.001465| 0.00087 0.000395|
15004 10 0.5325 99.62| 0.005633578 0.005344213| 0.003864| 0.002523| 0.001632| 0.000968 D.DDDdGQl
20 0.4747 95.40| 0.005633578 0.005344213| 0.003864| 0.002523| 0.001632] 0.000968 0.000439|
30 0.4165 99.18| 0.005633578 0.0065344213| 0.003864| 0.002523| 0.001632| 0.000968 0.000439|
40 0.3580 98.94| 0.005633578 0.006344213] 0.003864| 0.002523| 0.001632| 0.000968] 0.0004390
50 0.2991 98.67] 0.005633578 0.005344213| 0.003864| 0.002523| 0.001632] 0.000968 0.000439|
60 0.2399 97.90| 0.005603287 0.006310945| 0.003846| 0.002512| 0.001626| 0.000964| 0.000438]
70 0.1803 95.72| 0.005436715 0.005131006| 0.003739| 0.002445| 0.001585| 0.000941| 0.000427
80 0.1204 54.08] 0.005312151 0.005954835| 0.003664 0.0024| 0.001558| 0.000926| 0.000421
90 0.0601 50.42| 0.005058419 0.005717453| 0.003502| 0.002298| 0.001493| 0.000888| 0.000404
96 0.0237 77.88] 0.004227917 0.004814779| 0.002965| 0.0015956| 0.001277| 0.000763| 0.000348]
98 0.0116 50.38| 0.003080152 0.003567618| 0.002218] 0.001476| 0.000972| 0.000584| 0.000267
5004 10
same 20
30
40
50
60
70 0.1803 95.72] 0.005436718 0.005131009| 0.003739| 0.002445| 0.001585] 0.000941| 0.000427
80
90
2008 80 0.1204 94.56| 0.005339657 0.0DRD25276| 0.003671] 0.002308] 0.001502] 0.000921] ov.ooo41g]
same 90 0.0601 87.30| 0.004843469 0.005486234| 0.00335| 0.002193| 0.001423| 0.000846| 0.000384
96 0.0238 74.25] 0.003977869 0.004545178| 0.00278] 0.001823| 0.001184] 0.000704| 0.00032
58 0.0116 53.97) ©0.002642218 0.003054435 0.0015854) D.001242) §.000807; 0.00045 0000218
20| 98 0.0118 53.48] 0.0026086465 0.003058239] 0.00187] 0.001226] 0.000796| 0.000474] 0.000215)
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Appendix F. Soil Variable Testing Data

HIC Carbon Methane Copper

Test o2 (gL C (gL} CH4 (mgiL) | Cufugil) JO2Z Stele (02 Cortex o2 o3 o4 (D5 KTCE1  |KkTCEZ |KTCE3 kTCES

1 Low .01 o [\ 02362108] 0.002311684 117061 5.50E-04 2.80E-04 1.64E-04 TASE-DS| 0.2533| 03135 D.3480 0.3358

2 0.D025 15|

3

4

8 007 2. 1. 2560

L] 2. 1. L1333

T 2. 1. 0375

8 1. .0213

a 016 E. 2587

10 E. 1348

11 E. 0379

12 E. .0218

13 0.5 3.6EE-04 2. 2634

14 3.BEE-D4 2. 0.1393

15 7 3.6EE-04 2. 0.0393

16 200 D.002320637| 0.0027. 24 3.BEE-D4 2.12E-D5 0.0224

17 0.035 0 0| D.00214E748| 0.002557871 1.13E-04 2.81E-05 0.3345

1B 15 D.002148748| 0.002557871| D.00D30608 1.13E-04 2.81E-05 0.1743

18 100 D.002148748| 0.002557971| D.0DD3DG0A 1.13E-D04 2.81E-D5 0.0450

20 200 D.002148748| 0.002557971| D.00D3D608 1.13E-04 2.81E-05 0.0279

P Scenario 1 0.07 0 D. 145183| 0.002554 D.0DD3B415 9.7RE-05 1.63E- 0.3362

22 15 D.002145183| 0.002554082 D.0DD3B415 9. FRE-05 1.83E-05 0.1751

3 100} D.002145183| 0.002554092 D.0DD3E415 9. FRE-05 1.63E-05 0.0493

4 200 D.002145183| 0.002554092 D.0DD3E415 9. 7RE-05 3.87TE-DS 1.63E-05 55E-DG| 0.0230

25 018 [v] D.002138705%| 0.002548137| D.0DD3E588 T.5RE-05 2.02E-05 T.81E-D6 3.33E-D6| 0.3333
258 D.002130058| 0.00254840E8| D.0DDIGEET T.ERE-05 T.96E-D6 3.20E-D6| 0.3338

26 Scenaric 44 15| D.002138858 000036667 T.ERE-05 T.96E-DE DE-Df| 0.1764

27 100 D.002138858 D.0DD36667 T.BRE-05 T.96E-DE 3.20E-D6| 0.04848

2B 200 D.002138858| 0.00254840E8| D.0DD3IGHET T.BRE-05 T.96E-DE 3.20E-DG| 0.0282

ZB 0s [v] D.002128614| 0.00253607E&| D.0DD3Z2813 2 27TE-05 1.42E-D6 617E-D7| 0.3440

30 15| D.002128614| 0.00253607E&| D.0DD3Z2813 2 27TE-05 1.42E-D6 6.17E-07| 0.1782

3 100 D.002128614| 0.00253607E6| D.00D32313 2 2TE-05 1.48E-06 6.17E-D7| 0.0504

32 200 D.002126614| 0.002535076 227TE-05 1.49E-D6 6.17E-D7| 0.0287

33 006 o 0.002525726 6. B5E-05 1.60E-05 T2DE-DG| 0.3487

24

35

26

T 0.07 0.002245738 5.51E-05 0.3518 03982
2B 5.561E-05 0.1832 02073
2B 5.561E-05 0.0515 00584
40 5.51E-05 0.0283 0.0332
41 018 3.7GE-0F 0.3541 0.3093
42 3. 7GE-0F 0.1845 0.2080
43 3.7GE-0F 0.0519 0.0585
44 3.7GE-0F 0.0295] 0. 0.0333
45 0.s 1.10E-05 0.3588| D. 0.3002
48 1.10E-05 0.1858| 0D. 0.2083

7 1.10E-05 0.0523] 0. 0.0588
45 1.10E-05 0.0297] 0. 0.0333
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Test I 1 M2 W2 (s M3 H HE ot Het Tot Meth % sMMO [Het bo meth | Commenis
1 0.000E+00 0.000=+00 0.0DDE+00 G.0402-03] 1t [}
2 0
3 0
4 0
5 £ B41E-04 1.32 2 0.030422158| 0 2 16.24880470
(i 4 B41E-04 1.32 2 0.030433158) 0. 2| 50.32768[ 16.24830470
7 £ B41E-04 1.32 2 2] 0.030=22158) 0. 2| 14.15752( 16.24820470
8 £ B41E-04 1.32 2 . 2] 0.030438158| 0.00187332 16.24830470
@ 1.820E-03 1.38 2 3. 3424E-10] 0.0200434D4( 0.00335551( « 8.655428727|
10 5.420E-D8 1.820E-03 1.38 2 3. 3.424E-10] 0.029042404) 0.00335551
1 5.420E-D8 1.820E-03 1.3a 2 3. 3.424E-10] 0.029042404) 000335551
12 6.420E-08 1.620E-02 1.3 2 3. 34245-10] 0.020042404| 0 1
13 B.241E-07 4.174E-03)  146B8E-03 2 i. 1.0328-12 2
14 B.241E-07 4.174E-03| 1.468E-03 2 1.032E-12 2
15 B.241E-07 4.174E-03)  1.468E-03 2 1.032E-12 2
18 B.241E-07) £4305-08) 4.174E-03] 1468E-03 . -03 1.139=-08| 1.032E-12 2
17 0.000E+00| D0.0DDE+00| 0.0005+00| O0.000E+00( O0.00DE=D0] 4.019E-02| 1.205E-02 20302-03) 7.143-04) 04502-08) 0 #DIvin!
18 0.000E+00| O0.0D0E+00| 0.000E+00| O0.000E+00( 0O.DO0E=D00| 4.019E-02| 1.205E-02 20302-03] 7.143E-04) 04505-08) 0.055327418 1 #DIVin!
19 0.000E+00| O0.0D0E+00| 0.000E+00( O0.000E+00( 0ODDDE=D0| 4.0M9E-02| 1.205E-02 2030E-03| 7.143E-04| 0460=-08] 0.055397418 0 ! #DID!
2 0.000E+00| O0.0D0E+00| 0.000E+00| O0.000E+00( 0.0DDE=D00] 4.0M9E-02| 1.205E-02 2030=-03] 7.143=-04) 0450=-06) 0.055397418 of #Dnim #DIin!
21 2.755E-06) 9204205 3.140E-04) 3510E-04 1142204 4.1M5E-02] 1.211E-02 2.158=-03) 152109 1500 0.054414476| 0.00027404| 2245221 82.19221263)sMMO, low HIC, low methane
22 2.755E-06) 9.2042-05) 3140E-04) 3510E-04 1.1422-04] 4.015E-02) 1.211E-02 2.1582-03) 1.521E-08) 1.500E-12) 0.054414476| 0.00027404) 51.28355] 8219221263
2 J.755E-06) 9204505 3.140E-04| 3510E-04 1142804  4.015E-02 1.211E-02 2158E-03] 1521E-08) 1500E-18] 0.054414476| 0.00087404| 14.42933| 8219231263
2 2.755E-06| 9204205 3.140E-04| 3510E-04 114284 4015802 1.211E-02 2158E-03| 1521E-08| 1500E-18] 0.054414476| 0.00087484| 3.204851| 8219231263
2 2.BBBE-05) 3261504 B.201E-04| 3.535E-04 5261E-05] 4.007E-02 1.204E-02 1.268E-03] 8.194E05) 1.B85E-05] 0.053478513( 0.00188114| 28.40748( 31.81142462all hets .01 meths .01 11X320hrs
258 2.02BE-05) 3.103=-04) ©0200E-04) 3.EDGE-D4 T.1452-05)  4.000E-02 1.195E-02 1.160=-02| ©.697=08) 0©.088=-08] 0.053118526( 0.00171200| 98.42830( 21.00750877 [all hets .00001 all meths .05 12X320
28 2.B2BE-05) 3.103=-04) ©D200E-D4) 3.EDGE-04 7.1452-05)  4.000E-02 1.185E-02 1.160E-02) ©.607E-08) 6©.0882-02] 0.053118526( 0.00171208| 51.27202( 31.00750877
2z 2.BBBE-D5| 3.103=-04| ©.209E-04| 3BOGE-D4 7145805  4.000E-02 1.185E-02 1.160E-03| 6.697E-08| 0.088E-08] 0.053118526| 0.00171308| 14.42485| 31.00750877
2 2.B8BE-D5| 3.103=-04) ©.209E-04| 3BOGE-04 7145805  4.000E-02 1.185E-02 1.160E-03] 6.697E-08| 0.088E-08] 0.053118526( 0.00171308| 8.202366( 31.00750877
2 2.022E-06) 2200=-03) 1.804E-03) 3420E-04 3.820E-05] 4.009E02 1.203E-02 1.005E-04| 3.034E08) 3.E66E-18] 0.052315533( 0.00418564| 20.32027( 12.48802507
30 2.022E-06) 2.2002-03) 1.804E-03) 3.420E-04 3.8202-05)  4.008E-02 1.203E-02 1.9052-04) 2.0842-08) 3.6665-16] 0.052315533( 0.00418564| 51.74266( 12.48802507
]l 2.022E-06) 2.2002-03) 1.804E-03) 3420E-04 3.8202-05)  4.002E-02 1.203E-02 1.9052-04) 2.0842-08) 2.866S-18] 0.052215533( 0.00418564| 14.55556( 12.40802507
2 2.022E-06| 2200203 1.804E-03| 3420E-04 3.820E-05| 4.009E-02 1.203E-02 1.08052-04| 32034E-08| 3E66E-18] 0.052315533( 0.00418564| B.27868( 12.408802507
33 0.000E+00 0.000E+00 DE=00) 0.000E=00 4. 299E-02] 2 7OBE-03] E003E-04) 407O0E 0.0601587 O #DIT
34 0 0
35 a 0
36 0
37 2 2 342E-04 2145202 .2 0. 0.00074717| 2
38 2 2 342E-04 2 145203 28! 0. 0.00074717
38 2 2 342E-04 2145202 .2 0.
40 2 2 342E-04 3 .2 |
41 3 2. 608E-04 3 0.0581
42 3 2 GBBE-04 -02 0.058150824]
43 3 2 BEBE-04 -03 0.0581 4[| 0
44 3 2 fBBE-04 3 0.058150824| ©
45 2 2.081E-04 3 0.054825414| 0 2nd highest sMMO
46 2 2.081E-04 3 0.0548255414| 0
47 2 3.081E-04 3 0.054855414| 0.
48 2.052 2.081E-04 3 0.054355414|
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Test o2l cipl)  [cHd mgily | Cuug) o2 Stele 02 Cortex 03 04 05 KTCE1 |kToE2 [KTCE3 [¥TGE4 [KTCES
40 0.01 0 0 0004413745 007ED4|  4.80E-D4 zagE-04| 192604 0ao38| o2es3| paczo| oasen| 0370
50 15]

51 100
52 200
53 0.07 0 0.66E-D4 0.2001] 0.2710 03613
54 15 0.66E-04 01043 0.1412 0.1882

55 Scenario 2 0 BEE-D4 00283 0.0387 0.0520
£ g 55504 oote7] oorzs| oorva| oopant
57 0.16 0.24E-D4 0.2012| 0.2748) 0.2322) 0.3703
55
50
60 Scenario 3 0.002843408 0.00200432 0.24E04]  4.13E-D4 3.686-05| 0.0168| 0.0228] 00277 0.0309
&1 05 0 03603451 156688 7EEE-D4|  250E-D4 033608 02028 02004 03014
62 02603451 156688 7.ESE-D4|  2.5DE-D4 0.32E-08| 0.1028( 0.1512 02032
63 156688 7.65E-D4|  2.50E-D4 0.23E-D6| 0.0308( 0.0428 0.0574
&4 0.00156688 7.E5E-D4|  2.50E-D4 033606 0.0174] 0.0242] 0.0207) 0.0326
65 0.035 0 0.003067825) 000064203 1.63E04|  6.78E05 3.43505| 1.58E08) 0.3038| 0a7oe| pa2svp| n.30a2
[i%:]

&7
EE
&n 0.07 o]  0.002438103) 0.003958873) 0.00062741]  0.000147722]  5.42E-05 211E-05| e04E-06| 03054 03728 D.2001| o.3osg| 03084
0 5| 0.002438103) 0.003958873) 000082741  0.o0D147722]  5.42E05 211E05| soqE06| 04501] 0.1042] 02032 o2082] 02078
71 100] 0003435103 0003gs3s73) DoODAZT4|  0.OD0147722]  512E-05 2116-05| s04E-06] 00443 0054e] nos572| oosen| 00524
72 200]  0.0024381903| 0.003952873 0.00082741|  0.00D147722) 5.42E-05 211E-05| e.04E-06| 0.0255| 00311 00325 0.0330) 0.0332
73 0.16 0]  0.002433124] 0.003952281) 0.00060004]  0.000127082)  3.90E-05 1.082-05|  3.97e-06| 03075 0.2783] nao40| nso7e| pasoz
7 Scenario 4 5] 0.002433124] 0.003953361) 0.00060004]  0.000127082]  3.10E-05 1.06E-05| 3.97E-D6| 01602 0.1961] 0.2052| 0.2073] 0.2080
75 100]  0.003433124 no03osazeq| ooopeopod|  ooooi2ross|  310E5 1.06E-05| 3.97e06| 00451 00552) nos77| n.ose3| o.oses
76 200]  0.002433124| 0003952281 0.00060004)  D.00D127082) 3.40E-DS 1.082-05| 3.97e-06| 00258 0.0214] ooszs| 00332 no3m
7 05 o] 0002418563  0.00323535 0.00055283 525E-D5|  6.30E-06 1.242-06| 8.22E-07| 03142 o.2222) n2e7| 0.3o06| D30
& 15| 0.003416563]  0.00303535| 0.00055283 525E-05|  6.30E-06 1.242-06)  6.22E-07| 0,627 0.2031) 02077 0.2082] 02082
e 100| 0.003416563)  0.003935285) 000055283 525E-05|  6.30E-06 1.245-06) 6.28607| 0.0481 0.0571) noses| n.05se| n.oses
&0 200]  o0.002416563]  0.00393535) 0.00055283 5.25E05|  6.30E-06 1.245-06) e6.22607| 00481 00571) noss4| n.osse| n.oses
21 0.06 [ ol o.o0337oes4| 0.003805204] 0.00042675 8.64E-D5|  3.8BE-D5 2.486-05| o.00E-06| 0.3304] 03838 0.3028| 0.3057] 03080
22
e
2 0.07 0 0003832243 §.03E-05 0.3327 02063 0.3085
2 15| 0003892243 8.03E-05 01733 0.2085) 0.2078
7 Scenaric 24 0003892243 8.03E-05 0.0488 0.0561| 0.0584
25 00032892243 8.03E-05 0.0277 0.0330) 0.0332
20 0.16 0003835201 5.40E-D5 0.3344 03083 0.3004
21
g2 540E-D5|  s72E-D8 1 0.0278 0.0332
23 05 1E0ED5[ 1. 1 0.3375 03000
E 150E05) 1. 1 0.1758 0.2083
25 180E05] 1. 1 0.0425 0.0588
o6 180E05] 1. 1 0.0281 0.0333




G/T

Test 1 M2 N2 M MS H2 H3 H4 HE Tot Het Tot Math % sMMOD [Het to meth | Comments
49 2072E-14| 2.073E-14] 2.072E-14| 2.070E-14 2.0632-14 2.837E-03| 1.422E-02 1.288E-02 24062-20) 0.042835256 1 4.2155E411
50
31 ? ji
52 DIV
53 2 BETE-04 18.6201 2016 [approx 20 iterations X 320 hours = 267 days
54 2 587E-04 18.62012016)
55 2 587E-04 2996 E-03| 0.04209267 14.00206| 18.62012016(MMO mi. med HIC. low methane
56 1.982E-05) 258TE-04 2.998E-03] 0.04208267 7.802468| 18.62012016
a7 3.191E-D6) 1.400E-03 1.012E-02] 0.0414 14506 BE.42| 9.203040984
58 a
58 0
G0 3.121E-06) 1.400E-02 £4542-18) 0.041414508 pMMO, med HIC, med methane
61 1.921E-03| 4.000E-03 4 BB6E-21] 0.030988463
62 1.921E-03| 4000E-03 4 BBAE-21
63 1.921E-03) 4.000E-02 4 666E-21 .02
4 5.201E 1.921E-03) 4000E-03 4 G66E-21) 0.030983463] 0.00338
65 3.255E-20| 3.35B6E-20( 3.358E-20| 3.352E-20 6.033E-02] 5.028E-02] 1.277E-03| 2.1352-21| 0.087208501) 1.678E-18| 22.54872( 5.20B22E+17)
[il] 0 0 #Dvim #DIVi
67 0 0 #DIvim #DIV
i} 1 0 #Dnm FD
(i) 1.224E-05] 5.030E-05| 2.815E-04| 4677E-04 1.9462-04) E.043E402 2.081E-D2 44182-03) 2770c-04| 08.2355-12| 0.085737417) 0.00100635| 2612254 351988322
70 1.224E-05| 5.030E-05| 2815E-04| 4677E-04 1.8462-04) 6.043E02 2.081E-02 4 418E-03] 277904 6.235E-12| 0.085737417| 0.00100635] 51.1192 85.1988322
71 1.224E-05] 5.030E-05| 2.815E-04| 4677E-04 1.9462-04) E.043E402 2.081E-D2 4418E-03) 2779c-04| 0.2355-12| 0.085737417) 0.00100635) 1438017 851908322
2 1.Z24E-05] 5.030E-05| 2.815E-D4| 4677E-04 1.9462-04) G.043E402 2.081E-D2 4418E-03) 2770E-04| 08.235E-12| 0.085737417) 0.00100635| 2.178062( 851998322
73 1.758E-05] 1.614E-04| 1.028E-03| @.108E-04 1.3835-4| 6.024E02 2.043E-02 3.223E-03] 4713505 2B51E-13| 0.083941858| 0.00125452| 98.33317( 42.04763256)
T 1.75EE-D5] 1.614E-04| 1.028E-03| @6.108E-04 1.383E-04 E.024E-02] 2.043E-D2 J223E-03) 4713505 2E51E-13| 0.08384185E) 0.001285452) 51.22841( 42.04762256) MMO mix. med HIC, med methane
75 1.758E-05| 1.614E-04| 1.028E-03| @.10BE-04 1.3832-4| 6.024E02 2.043E-02 322303 4713205 Z2B51E-13| 0.083941858| 0.00125452| 14.4108( 42 04783256
il 1.758E-05] 1.614E-04| 1.028E-03| @.108E-04 1.3835-4| 6.024E02 2.043E-02 3.223E-03] 4713505 2ZB51E-13| 0.083941858| 0.00125452| 8.194431( 42.04763256)
7 2.016E-06) 1.518E-03( 2.588E-03| 6.515E-04 9.6282-05| 5.980E-02) 2.M7E-D2 2.250E-03) 32152-08| 5.881E-15| 0.082114537) 0.004£22553| 20.01531( 18.98148145)
T8 2.016E-06) 1.518E-03| 2.568E-D3| 6.515E-04 0.628E-05|  5.990E-02) 2.M7ED2 2250203 3215E-08| 5.881E-15| 0.082114537| 0.00433553| 51.58376( 16.08148145)
79 2.016E-08)] 1.518E-03( 2.568E-D3| 6.515E-04 9.6282-05| 5.980E-02) 2.M7ED2 2.250E-03) 32152-08| 5.881E-15| 0.082114537) 0.004£22553| 14.51086( 18.98148145)
80 2016E-06) 1.518E-03| 2.588E-D3| @6.515E-04 9.623E-05| 5.989E-D 2.M7E-D2 2250203 32152-08| 5081E-15| 0.082114537| 0.004£33553| 14.51066( 16.98148145|reran same numbers
a1 1.856E-07) 1.853E-07[ 1.843E07| 1.841E07 1.833E-07 2.I7TEDZ 3.0895-03) 2600E-05 94055-15| 0.090028563 9.2288E-07| 5.01006( 1003677065
82 [}
83 a
84 [}
85 A.T14E-04 1.5012-15] 0.00485148E
86 AT14E-04 £.823E-02] 1.501E-15] 0.00485148E
a7 AT14E-04 6.883E-02] 1.601E-15] 0.0894851488
88 AT1aE-02 1.5012-15) 0.082851488)
88 4 621E-04 9.207E 00943110084 |
o0 [}
o1 a
az £ 621E-04 4 272E-03 084 05|
o3 8.30E-04 4166202 50 | Se.e5027 max sMMO at high meth and high C
a4 B.391E-04 £ 1662-03 5B 51.91458]
05 .3091E-04 £ 1662-02 50| 1480302
o5 G.301E-04 £ 1662-02 2204188




9/T

Test 02 (gL} Cigh) |CH4(mgiL) | Cufugil] JO2 Stele 02 Cortex 03 o4 05 RTCE1 |KkTCEZ |KTCE3 |WTCE4 [KTCES
a7 HIGH .01 0 0 05433648) 0.00812880 1.56E-03 7.48E-D4 3.43E-04| 140E-D4| 01599 02285 D.2B24) 0.3420) 0.3740
28 0.008 15|

a0 100

100 200

101 007 0 0.006112254] 1.563E-03 1.18E-D4| 0.1609] 023288 02053 0.3453 0

102 15 0.006118354 1.63E-03 . 1.19E-D4| 0.0833| 0.1121| D0.1538) 0.47e8] 0.

103 100 0.006118354] 1.63E-03 3.21E-D4| 1.18E-D4| 0.0238) 00325 0.0433) 0.0508) 0

104 200 0.006118354] 1.63E-03 3.21e-04| 1.12E-D4| 00134 0.0120] 0.0246] 0.0283) O

105 0.18 0 14B8E-03 2085E-D4| 648E-DS| 01612 02317 0.2010) 0.3537) 0

108 15 14EE-03 6.40E-05| 0.0824| 0.1207| D0.1568) 0.1843 0

107 100 148E-03 0.0237) 0.0340) 0.0441) 00513 ©

108 200 14EE-03 00135 0.0193] 0.0251] 00205 0.

109 J15i] 0 254 132E-03 016A2] 02428l 03100] 0.3702] @

110 15| 0.00807254 1.32E-03 E 0.0888) 0.1284| 0.1662| 01978 0.

1 Scenario T 100 0.00807254 1.32E-03 E- 1.92E-05| 0.0244| 0.0358) D.0467| 0.0558

112 200 ).005363818)  0.00807254 1.32E-03 E 192E05| 0.0133] 0.0202| D.0266( 0.0316

113 0.035 0 0 0.004833522) 0.005583284| 0.00112073 2 B2E-D4 1.08E-D4 5.24E-D5| 233E-D5| 02573 0.3510] 0.3706| 0.3899

112 15|

115 1100|

118 200,

17 0.07 0 0.004020744) 0.005572178| 0.00110509 2.73E-04 B.7BE-D5 420E-D5| 1.51ED5| 0.2500| 0.3525| D.3B16] 0.3917] 0.3870
118 5 0.004020744) 0.005572178| 0.00110509 2.73E-04 B.7BE-D5 429E-D5| 1.51E-D5| 0.1349| 0.1338| D.10E8| 0.2041( 0.2088
118 100| D.004820744) 0.005572178| 0.00110599 2.73E-04 B.76E-D5 439E-D5| 1.51E-D5| 0.0330| 0.0517| 0.0550] 0.0574] 0.0582
120 200| 0. NH320744 178 D.00110583 2.73E-04 B.7T6E-DS 429E-05| 1.51E-D5| 0.0218) 0.0284| 00318 0.0326( 0.0321
121 D.16 0 0.004823305) 0.005572273| 0.0010E10% 246E-D4 6.20E-D5 2.24E-D5| T.EBE-DB| 0.2611] 0.3587] 0.3670| 0.3058| 0.3885
122 15] 0.004823305) 0.005572273| 0.00108109 2.48E-04 8.80E-D5 224£-D5| T.ERE-DB| 0.1380) 0.1358| 0.2016) 0.2081] 0.2078
123 00| 0.004823305) 0005572273 0.0010E109 246E-04 6.80E-D5 2.245-05| T.EBE-DG| 0.0333| 0.0523) 0.0567) 0.0580| 0.0584
124 200| 0.004023305| 0005572273 0.00108109 2 46E-D4 6.80E-D5 224e-D5| 7.6BE-DB| 0.0218] 0.0297] 0.0322| 0.0330| 0.0332
125 0.5 0 0.004BD281| 0.0D5549874| D.00100029 1.61E-04 1.47E-05 J82ED6| 1.25E-DB| 0.2680( 0.3723] D.2D071| 0.3003] 0.3082
128 5 0.00480281| 0.005548E74( 0.00100029 1.51E-04 1.47E-05 3.83E-D6| 1.35E-06| 0.1396] 0.193%) 0.2060| 0.2080| 0.2083
127 00| 0.00480281| 0.005545E74| 0.00100029 1.51E-04 1.47E-D5 3.82E-D6| 1.25E-06| 0.0383| 0.0545) 0.0582) 0.0585) 0.0588
128 200, 0.00480281| 0.005548874| 0.00100029 161E-04 1.47E05 J82ED6| 125E-DA[ 0.0223] 0.0310] 0.0331) 0.0333] 0.0333
126 0.06 a 0 0.004787812) 0.005435832| 0.00058034 1.00E-D4 3.2BE-05 1.55E-05| 6.57E-D6| 03099 0.38%%| 0.30836) 0.3670 03886
130 15

131 100

132 200

133 0.07 0 0.0047BETEI| 0005433825 2. 0.3108 0.3B53) 0.3988

132 15| 047BE783| 0005432825 2. 01618 0.2D62) 0.2078

135 100 047DE783) 0005433825 2. 0.0458 0.0580) 0.0584

138 200 04705783 21 0.0259 0.0330] 0.0332

137 0.16 0 04TE2E05 14 0.3123 0.2670) 0.3094

132 04TE2E05 i 0.1627 0.2073) 0.2081

138 (4 TEZE0S 0.0453 0.0583) 0.0585

140 04782609 T 0.0280 0.0332) 0.0333

141 Scenario 5§ 0.5 D.0047E4777) 0.00542188 2.1 0.3160 0.2B06) 0.3000

142 0.005421688 2 0.1848 0.2082] 0.2083

143 0.00522186] 0.0 2. 0.0483 0.0586) 0.0588

144 Scenario & 0.00542166| 0.00053825 21 0.0263 0.0333] 0.0333




W1 M2 3 H4 HE Tot Het Tot Math % sMMOD |Het to meth  |Comments

0.000E+00 0.000E+00

1.825-02) 1.383E-02| 4£.0202-03) 0.057350335 #DIT
a :

0

2.380E-04 224 0 162320 hrs to steady state

2.380E-0<

a4 |

2. 380E-04

2.380E-04 max phMO at high O2 low C low meth

7.ETOE-04

0864857573

7.6T0E-0< 9.864357573)

7.BTOE-04

0.00523361

G.422E-D6 1842 0.01001318 highest meth population at high meth low C

6.423E-D8

1842) 0.010042348{ S

6.433E-D68| 7.025E-03 3.538E-0 0.04621842) 0.01001215]

il el i o el el ol ol = s e

L/T

f423E-06) 7oosE0 2 7512503 1.852E-02 1533503 0.04621842] 0.01001348
113 0.0005+00] 0.000E=00] 0.0005+00] 0.000E:00] 00D0E:00] 7280502 2940e02]  7seee03[ 2133503 2 107E-04] 0112430835 o] sovm | sowim
114 i o] #ovm | sowim
115 [ o] #ovm | sowim
118 i o] #ovm | sowim
17 12816-08] 3.286E05| 2023c04] s7ovE04] 40295 04] T3ove0n|  28maE02|  7145e-03) 1141504 s5751E-18| 0.10s0855e3] 0.0m21911| o7.83753)  se.4masos
118 1281608] 3.286E05] 2023c04] s7ovE04] 4022e04] v3ove0n]  28m3E02]  7145e-03) 1141504 s57s51E-18] 0.10s085583] 0.0m21911] s0.38801]  se.4masos
118 1281E-06] 3.286E-05| 2023c-04] s5707E0¢|  40226-04]  7a27E02]  2853E02(  7145E-03) 1441204 5751E-18] 0.1psoesses] 0.00121211] 14.308e5)  se4aasos
120 1281608 23386E-05| 2023E04| s7ovE0s| 4noc0d| 7aovEnn|  zasacor|  7i4sc0a] 1441204 s7siE-8| 0.psossses| nooiziend| saasds|  so4masos
121 1.025E-06] 9.2756-05| o0.2o8c-D4] o9461E-0¢] 2578E-04| 73s3ED2|  2875e02]  s5ea2e-03) 207e08] 7en3E-15| n.pazzsa4s| o.0022274] o7.88522( 4858812129
122 1025608 9.275605| o0208En4] o4m1E04] o2678E04| 73s3e0n|  2875e02] 5203 207e08] 7e035-15| 0.08225348) 0.0022274] 50.38043] 48.53812120)
123 10256-08] 9.275e05] o2oscn4] o4m1E04] o267804]  73s3e0n]  2875e02] 503 2m7e08] 7e03=-15] 0.08225348] 0.0022274] 14.31201] 48.58812120)
124 10256-06] 9.2756-05| o0.2o8c-D4] 9461604 2578E-04| 7a3saEn2] 2875E02] s5eaze-03] 20i7e08] 7enaE-15| n.pazzs34s] 0.0022274] 8.138786] 48.58312129)
125 2007E-08| 8350E-04] 3470E-03] 1036E-03| 1502504 7320502 D2880ED2| 5.580E03| BB75E05| 7504E-13] 0.107685355| 000542068 96.44001| 18.58028672]hets maxed on C
128 2.007E-08] @8.350E-04] 3470E-03] 103E-03] 1582504 7.320802] 28s0eD2|  ssepe03] sevsens| 7.504E-13] 0.107eesass| 0.00s54eees] 51.28407) 1258028672
127 2.0076-08] a3s0e-04] 3470E-03] 1038E-03] 1582504 7320e02] 2s8s0en2|  ssspen03] ssvse0s| 7.s04E-13] 0o1078ssass| 0.00540e68] 14426855 1053028672
128 2.007-08] 8.359E-04] 3.470E-03] 103eE-03[  1.582e-04] 7.320802] 28s0eDz|  sseee03] esvsens| v.s04e-13] o.07eesass| 0.00s4eeses] 8.203334] 1258028672
128 0.000E+00] 0.000E-00] o0o00E+00] 0.000E-00] 0000E-00| @248E-02] 3.375E-02]  aq4ve-03] 17eec0a] 5241E-08] 0o3siesae o
i 0
13 0
32 0 S0V
132 1.441E-05 4 63BE-04 3.34 5| 137.1882155
1.441E-05 4 638E-04 3.34 g 137.1882155
1.441E-05 4 638E-04 3.34 g 137.1882155
1.441E-05 £ B3BE-04 3.34 5| 137.1882155)
1.430E-05 7108E-04 5.34 85.53148018]
1.430E-05 1.045E-03]  7.1D8E-0¢ 3.34 3] 8558148018
1.430E-05 1.045E-03| 7.1D3E-04 3.34 0.133220474| 0.0021 14, 65.52142015)
1.430E-05 1.045E-03|  7.1D8E-0¢ 3.34 0132322474/ ¢ 8
3.403E-03]  1.000E-03 3.34 o] 0133048370 0.0054418] so.eses 2|=MMIO, high HIC, high methane
3.403E-03]  1.000E-03 5.34 02| 0.133042378] 0.0054418] 5191782
3.403E-03]  1.000E-03 3.34 2] 0133048270 0.0054418] 14.80483)
3.403E-03]  1.000E-03 3.345E-02 a.n40-02| 0.133048370] 0.0054418] 2304704 pRMG, high HIC, high metnane




8.T

Appendix G. TCE Testing Data

Test Scenario Loading TCE (mglL) |02 Stele 02 Cortex. |1 o2 KTCE1 KTCE2 KTCE3 KTCE4 KTCES
14 (Lim™24hr) 0.01] 0.00208109| 0.00245495 3.70E-D4 9. 50E-05 3.28E-01 3.82E-01| 0.38286235| 0.39656772| 0.395849579
1 1 0.58 0.05| 0.00210363| 0.0025092 3.84E-D4 1.04E-04 3. 3BE-01 3.80E-01| 0.35119087| 0.39525031| 0.39785651
2 sMMO 0.1] 0.00203345| 0.002458755 3.78E-04 1.09E-04 33TE-D1 3.7SE-01| 0.35005952| 0.39445845( 0.39748315
3 low HIC 0.2] 0.00203252| 0.00249445 4 D0E-D4 1.19E-04 5.E7EDS 2.13E-05) 1.42E-05 34E-D 3.78E-01| 0.38909068| 0.39389452| 0.39720234
4 low CH4 0.5
5 med C 3
54 0.0051 0.00208123] D.00248511 3.71E-04 9.51E-05 3.62EDS 1.6BE-05| 7. 21E-D6| 3.38E-01 3.82E-01] 0.35296576| 0.39670046| 0.39857773
5B 0.01] 0.002080285| 0.00245459 3.70E-04 9.45E-05 36TEDS 1.76E-05) 7.G9E-DE 3.38E-D1 3.82E-01| 0.35286111| 0.39654761| 0.39848271
& 24 0.05] 0.00208217| 0.00248613 3.74E-D4 1.02E-04| 4E6BE-DS 2.65E-05| 1.21E-05) 3.28E-D1 3.81E-01| D.350954458| 0.39481513| 0.39762577
T 0.1] 0.00208382| 0.00245792 3.80E-D4 1.11E-D4 5.36E05 3.10E-05) 1.41E-05 3 3ITE-D 3.79E-01| 0.38967125| 0.39395586| 0.39722875
B 0.3 0.00209( 0.00249455 4. 00E-D4 1.20E-D4 5.88E-D5 3.4DE-05) 1.55E-05| 3.34E-01 3.78E-01| D.38868792| 0.393358334| 0.39696401
9 0.5
10 3
114 0.005| 0.00208076] 0.0024846 3 9 43E-05 3.3BE-D1 3.82E-01 0.39675421| 0.39862366
118 0.01) 0.00208065] 0.0024845 3 9.47E-05 3.3BE-D1 3.82E-01 0.3965003584] 0.3984823
11 4.1 0.05] 0.00208145| 0.00248537 3.7 1.01E-04 3.28E-01 3.81E-01| O 0.39485694| 0.39764572
12 0.1] 0.0020832| 0.00248725 3.7 1.09E-04 3 37E-D1 37SE-01| O 0.39394175| 0.39722301
13 0.3] 0.002038936| 0.00249394 3. 1.20E-04 3.34E-01 3.78E-01| 0.38871454| 0.39333976( 0.39694458
14 0.5
15 3
16 2 0.58 0.05] 0.00344497| 0.00396621 1.79E-03 5.43E-04 312E-D02 4. 14E-02| 0.04852718| 0.05371783| 0.05652599
17 MIMO mix 0.1] 0.00344536| 0.00396563 1.79E-02 5.44E-04 312E-D2 4.14E-02 0.05359752| 0.056682839
18 med HIC 0.2] 0.00344523] 0.00397054 1.50E-02 G.61E-04 311E-02 4.12E-02 B51957| 0.05320766| 0.05627586
19 low CH4 0.5] 0.00345335| 0.00397532 1.82E-03 5_80E-D4 3.10E-D2 4 05E-D2 816511| 0.05282943| D.05594197
194 1.5] 0.00343969 0.00395119 1.87E-03 9.47E-04 3.08E-D2 4.00E-D2 0.05177935 0.05529831
20 low C 21 00034281831 0. 00400659 1.95E-02 1.04E-03 ( 3 8RE-02 0.05089781! 0.05473354
21 24 0.05] 0.00342597| 0.00394556 1.77E-D3 5.30E-D4 3 14E-02 4 16E-D2 0.05374656| 0.05683485
22 0.1] 0.00342533| 0.00394525 1.77E-03 5.29E-04 3 14E-02 4.16E-02| 0.04901059| 0.05367435| 0.05671557
23 0.2] 0.00343037| 0.00395064 1.78E-02 G.45E-04 313E-D2 4.14E-02| D.04867857| 0.05329604| 0.05631709
24 0.5] 0.0034345| 0.00395524 1.80E-02 G.64E-04 312E-02 4.11E-02| 0.04832633| 0.05292362| 0.05598341
25 3| 0.00347536| 0.00400065 1.94E-03 1.02E-D3 3.01E-D2 3.50E-02| 0.04585007| 0.05084933| 0.05481371
26 4.1 0.05| 0.00342238( 0.00394 198 1.75E-03 5. 16E-D4 3.15E-02 4. 1BE-02| O 28229| 0.05399222| 0.05697933
27 0.1] 0.00342309| 000394273 1.76E-02 5.15E-D4 3.15E-02 4 18E-D2 491642| 0.05379291| D.05675149
28 0.2] 0.00342595] 0.00394594 1.77E-D2 5.36E-D4 3 14E-02 4 15E-02| 0.04879253| 0.05337106| 0.05636065
29 0.5] 0.00343119] 0.00395154 1.78E-02 §.55E-04 313E-02 4.12E-02| 0.04842577| 0.05255204| 0.05601995
30 2| 0.00347735| 0.00400226 1.94E-02 1.03E-03 3.00E-02 3.88E-02| 0.04567455( 0.05070163| 0.05473971
164 2ALT 0.58 0.05| 0.00300395| 0.0D348747 3.72E-D4 B.54E-05 4 95E-02 5 6BE-02| D.05806055| 0.05835998| 0.05850908
184 med HIC 0.2] 0.003005834| 0.00349225 3.87E-D4 7_.56E-05 4 92E-02 5.65E-02| D.05778958| 0.05816579| 0.05841297
194 low CH4 0.5] 0.00301157| 0.00349576 3.98E-04 5.38E-05 4 90E-D2 5.63E-02| D.05762874| 0.05808164| 0.05837435
1.5] 0.00302825| 0.00351502 4.59E-04 1.10E-04 4.TEE-D2 5.56E-02| D.05726598| 0.05787612| 0.05827981
204 high C 3| 0.00305092| 0.00353854 5.33E-04 1.45E-04 4.64E-02 S5.47E-02| 0.0557431| 0.05757047| 0.05813851




6.1

Test 11 M2 I3 K4 () Tot Meth {g) [ToiHets {g) |TCE Cons Rate TCE Trimnt EF |% sMMO Commenis
14 245E-05| THVED5| 2.23E04 1.96E-04| 3.23E-05 S.46E-D4 5.381E02 1.57TEO7] 100.00 97.56]for %sMMO calculation: kmax = 0.40
1 3.75E-05 4.77E-D5; 4.12E-05; T.88E-06 1.54E-08 1.34E-04 5.304E-02 24TEOT 76.52 33.00
2 3.96E-05] 4.90E-08 1.08E-07| 7.51E-11 6.93E-18 4.36E-05 5413E-02 1.32E-07] 23.23 3541
3 4.85E-08 1.92E-11 1.21E-14| 4.2GE-19 1.05E-27 4 BOE-DE 5.384E-02 3.40E-10 0.02 82497
5
54 228E-05| B833E-05| 272E-04| 240E-04| 4AR4E-05 B.74E-D4 5.310E-D2 9.31E-08| 93.93 97.84
5B 2.50E-05| 8.04E05] 2.23E04 1.87E-04| 2.97E-0S S.45E-04 5.354E-02 1.5TEO7] 79.23 97.54
] 3TAE05] 4 24E05] 442E05 1.93E-05 1.39E-07 1.43E-04 5.320E-02 2.30E-07| 2320 9357
7 3.65E-05| T7.09E-0R 1.13E-06| 445E-08 1.27E-12 4 45E-05 5.320E-D2 1.35E-07] 6.82 86.17
8 T27EO7| 978E-09] 324E-10[ 3.56E-12 1.7T1E17 TA2EO7 5.30BE-02 5.20E-08| 0.08 83.07
9
10

114 2. 40E-05 8.80E-05 2.70E-04 244E-04 5.05E-05 5.84E-04 5570 G7.88]high flow conditions result in reduced treatment eff

11B 2.50E-05 T.88E-05 2.23E-04 1.93E-04 3.85E-05 S.58E-D4 47.22 3759 but consumption rate remains relatively constant
11 3TTE-05| 4.28E-05] 442E-05 1.93E-05 1.32E-07 1.44E-04 1361 93.60
12 3.50E-05| 8.51E-068] 225E-06] 205E-07] S591E-11 4 BOE-DS 4.08 86.58
13 7ABE-07 1.13E-08] 6.60E-10 1.71E-11 8.23E-16 7.34E-07 0.05 23.17
2
16 8.1TE-06 8.86E-06| 291E-05 2809E-D4 1.16E-02 1.47E-02 4 30E-07] 100.00 13.98
17 8.64E-06] G.11E-D8| 277E-05| 220E-04] B15E-04 1.09E-02 E.18E-07| 100.00 13.88
1B 1.86E-05 1.14E-05|  2./OE-05 1.27E-04| 2 T74E-04 4 57TE-D4 B.82E-07 40.08 13.39
18 2 55E-05 1.21E-05| 234E-05| 7.29E-05| &.70E-DS 2 21E-D4 4 T9E-07| 16.89 12,60

1.20E-05 1.90E-08  S.64E-12 1.75E-13  5.D4E-16 1.21E-05 3J.B6E08 0.45 7.65
3.80E-11 9.59E-15]  4.30E-77 1.04E-18|  846E-21 3.83E-11 2.01E-13] 0.00 742
BA1EDR] G14E0&| 30MMEODS] 270E04 1.18E-02 1.47E-03 3 4 JMEO7I 43248 13497
9.28E-06| O9.71E-06| 290E-05| 232E-04| B8.09E-04 1.09E-03 3.981E-02 E.17TE-O7| 31.13 13.88
1.91E-05 1.17E-05] 2.75E-05 1.29E-04| 2REE-04 4 55E-D4 3.931E-02 6.74E-07| 11.38 13.39
2.55E-03 1.22E-05| 248E05| T7.35E-05| 8.21EDS 2.18E-D4 387TED2 4 TIEOT] 477 12.59
244E-09] TASE12| 273E-13] 3.36E-14 1.46E-15 2A4TED9 3433E02 1.30E-11 0.00 746
7.7T8E-06 1.09E-05| 345E-05| 296E-04 1.10E-03 1.45E-03 4 1ED7 2477 13.98
1.01E-05 1.05E-05| 3.08E-05 238E-04] 7TOo4EDM 1.08E-03 B 14E-07] 18.05 13.88
1.94E-05 1.22E-05| 2.80E-05 1.30E-04| 2R3E-04 4 53E-D4 3.972E-D 6.73E-07 6.60 13.39
2 80E-05 1.26E-05| 24B8E-05| T7.31E-05| &.14E-05 2 18E-04 3.908E-D 4. T2E-07] 277 12.58
39TE-13]  8.01E-13]  5.08E-21 241E-23]  3.39E-26 4.01E-13 3.253E-02 2.10E-15| 0.00 744

164 240E-05] TA44E-05] 2.24E-04 1.93E-04| 4.67E-05 5.63E-D4 5.545E-02 1.49E-07| S2.67 14.40

17A 2.83E-05] B.85E-05 1.59E-04 1.24E-04 1.64E-05 3.97E-D4 8.443E-02 2 11EO7] A7 14.30

184 4.18E-05| 4.50E-05| 4.10E-05 140E-05| 3.17E-DB 1.42E-04 8.382E-02 21ATE-07| 12.77 13.71

194 4.88E-05 1.58E-05| 202E-06| 3.16E-DB| THR4E-14 6.67E-DS 8.353E-02 1.57TE-07] 555 12.73

1.38E-06] 4.04E-09] 374E-11 7.14E-14 1.23E-20 1.39E-06 8.168E-02 E.46E-05| 0.08 11.91

204 2.20E-13] 645E-19( 285E-22( 6.36E-26) 9.13E-34 2.23E-13 7.856E-02 1.60E-15) 0.00 11.41




08T

Test Scenario Loading TCE (mglL) |02 Stele 02 Cortex |01 032 03 04 05 KTCE1 KTCEZ KTCE3 KTCE4 KTCES

K 3 0.68 0.05] 0.00341593[ 0.00395521 1.74E-03] 795E-04) 3.60DE-D4 1.40E-04] 343E-05| 1.80E-02] 2.3BE-02 ! 0.03117341] 0.03277732
3z pMMO 0.1] 0.003415865] D.00385791 1.74E-03) T7O5E-04) 3EIZED4 147E-04) 3BODE-DS) 1 0.03106937| 0.03271806
33 med HIC 0.3] 0.00342251| D.00394211 1.75E-03) &11E-D4) 3.76E-D4 1.B0E-04) 4.75E-05) 1 0.03083674| 0.03256707
4 med CH4 0.5] 0.00342629] D.00394521 1.77E-03) S27E-04) 3.90E-D4 1.73E04] SE4E-05) 1 0.03070702| 0.03242769
344 1.5

35 low C 2| 0.00347666] 0.00400097 1.94E-03 1.04E-03] S.88E-D4) 3.29E-04 1.50E-04 1.71E-02 10E- 0.02866958| 0.03103629
36 24 0.05] 0.00341525( 0.00393421 1.73E-03) 7.85E-04) 353ED4) 1.38E04| 336E-05| 1.80E02)  240E-02| 0.02838011| 0.03120794| 0.03278734
v 0.1] 0.00341551| D.00393448| 1.73E-03| To6E-D4) 356E-04| 144E-04) 373E-05) 1.80E-02) 3.40E-02) 0.02834235) 0.03111481) 0.03273114
i) 0.3] 0.00341915| D.00393845| 1.74E-03| G.02E-D4( 370E-04| 1.57E-04| 467E-05 1.80E-02] 2.35E-02| D.02817925| 0.03092454| 0.03253043
39 D.5] 0.00342257| D0.0039426| 1.76E-03| & 15E-D4| 3.85E-04) 1Y0OE-04) S55E-05 1.75E-02) 2.38E-02) 0.02801077| 0.0307444| 0.03244215
40 3| 0.00347206) 0.00399597|  1.92E-03 1.03E-03| 575E-D4| 2323E-04) 147E-04) 172E-02) 221E-02| D.02556058| 0.02874715| 0.03107828
414 0.01] 0.00341115[ 0.00392978 1.71E-03| 7.74E-04) 346ED4 1.96E-04| 31805 1.81E-02 0.03123574] 0.03281744
41 4.1 0.05] 0.00341152( 0.00385016 1.72E-03) 7 75E-D4) 345E-04 1.3BE-04| 3.38E-05| 1.81E-02 . 0.03120498| 0.03278517
42 0.1] 0.00341204| 0.00395072 1.72E-03) T773E-04) 3.53E-D4 143E-04| 370E-05) 1.81E-D2] 2 0.03112563| 0.03273375
43 0.3] 0.00541575| D.00355473 1.73E-03) T793E-04) 3EEE-D4 1.56E-04]| 4B4E-05) 180E-D2| 2 0.03094071| 0.03258502
44 0.5] 0.00341851| D.00395554 1.74E-03) S09E-04) 3.80E-D4 1.68E-04)| S551E-05) 1.80E-D2] 2 0.03076306| 0.03244859
45 2| 0.00347107] 0.00399459 1.92E-03 1.03E-03] S.77E-D4| 3.22E-04 1.47E-04 1.72E-02] 2.2 0.02874136] 0.03107366
46 4 0.68 0.05] 0.00306579| 0.00555433]  5.50E-04 1.11E-04) 3Z7EDS| 140E-05[ 5.89E-08 1.65E-01 1. 0 0.20695672| 0.20778133
47 WMO mix 0.1] 0.00306757| D.00355627|  5.36E-04 1.15E-04) 3.99E405) 1.90E-05[ 6.24E-08 1.65E-01 1. 0 0.20644586| 0.20733023
48 med HIC 0.3] 0.00307235| 0.00356151] S.52E-04 1.39E-04)| E01E-D5) 3.40E-05 1.55E-05) 1.B4E-01 1.95E-01] 0 0.20453626| 0.20680277
49 med CH4 0.5] 0.00307827| D.00356791|  S5.72E-D4 1.59E-04)| 7.23E05| 4.05E-05 1.84E-05) 1.62E-01 1.93E-01| 0.20119148| 0.20428825| 0.20630218
50 med C 3| 0.00313694) 0.00363168| 7 74E-04) 273E-04) 1.37ED4)| 777E0S[ 353E-05 1.51E- 1.84E-01| 0.18518317| 0.20066576| 0.20430477
51 24 0.05] 0.003064535( D.00355297 525E-04 1.09E-04| 3.20E-D5| 1.3BE-05| S574E-08) 1.65E-01 1.98E-01| 0.205135584| 0.20699108| 0.20774972
22 0.1] 0.00306629| D.00355488| S5.31E-04 1.16E-04| 3.91E0S5| 1.66E05| 8.18E06) 1.65E-01 1.97E-01| 0.20442653| 0.20648418| 0.20754634
53 0.3] 0.00307135| D.00356041| S49E-04 1.37E-04| GS8SEDS5| 337EOS5| 1.53E05) 1.E4E-D1 1.95E-01| 0.20242504| 0.2049719| 0.20681987
54 0.5) 0.00307762] 0.00356572| S.70E-04 1.56E-04| 7T.25E05| 408E05| 1.86E-05 1.63E-01 1.93E-01| 0.20117285| 0.20425611| 0.20645793
29 2| 0.00313514) 0.00362973| 7.68E-04) 270E-04) 1.25E04) 7.6BEOS| 349E-05) 1.51E-N 1. 0.20075685| 0.2048469
56 4.1 0.05] 0.00506419| 0.00555259 5 24E-04 110E-04) 3 23E05) 135605 SE1E-08 1.B6E-01 1. 0.20700681| 0.20751005
57 0.1] 0.00308513| D.00355362|  S5.27E-D4 1.14E-04) 3.85ED5) 1.82E-05[ &.00E-O8 1.65E-01 1. 0.20652703| 0.20756488
58 0.3] 0.00307011| D.00355803| S45E-04 1.35E-04| GSB4ED5| 3.28E0S 1.48E-05) 1.B4E-01 1.5 0.2050803( 0.20686153
59 0.5] 0.00307627| 0.00356575|  5.66E-04 1.56E-04] 7.10E-05| 3.97TE-0S . 1.63E-01 1. 0.20437559| 0.2065441
G0 2| 0.00313254| 0.0036269 [.O9E-04) 264E-04) 1.22E04) 7AVEOS[  329E-05)  1.52E- B4E- 0.20093914] 0.20494364
464  J4ALT 0.68 005 0.00154531( 0.002014585| 292E-04) 653E-05) Z37E-0S| 113E-0S| SODE-08 1.82E-01 2.02E-01| 0.20597555| 0.20724115| 0.20787297
4TA MMO mix 0.1| 0.00764554| D.OD201618|  2.96E-04| 7AYE-DS[ Z297E-05| 1.52E-05) G.90E-06 1.82E-01 2.01E-01| 0.205368358| 0.206582848| 0.20767742
434 LOW HIC 0.3| 0.00165549| D.002020458| 3. 10E-04| 925E-05( 4.73E-05| Z280E-05) 127E-05 1.81E-01 1.95E-01| 0.20361808| 0.20554094| 0.20708213
494 med CH4 0.5| 0.0016558581| D.00202626| 3.27E-D4 1.09E-04| SEBEDS| 23.3BE-05| 1.54E-05) 1.79E-D1 1.98E-01| 0.20260409| 0.2049585| 0.2068129
S0A med C 3| 0.0016971] 0.0020679] 4.55E-04 1.84E-04] 1.03E-D4] 6.12E-05] 2.78E-05] 1.70E-D1 1.91E-01] D.15825745| 0.20225926| 0.20555351




T8T

Test A1 2 k] 4 IS Tot Math Tot Het TCE Cons Rate TCE Trimnt Ef % sMMO Comments

K] 2T72E-06]  242E-06]  3.30E-06 1.40E-02] 2.09E-02 3.50E-03 4.82E-07] 100.00 8.03

az 2.03E-05] 2.08E05 1.09E-04 7 1.84E-03 3.08E-02 8. 21E07] 100.00 7.95

33 1.39E-05 1.89E-05| 8.73E-05 : 1.16E-03 1.96E-03 1.48E-08 87.70 7.90

34 1.92E-05 1.63E-05| B8.70E-05| 4.91E-04] &§13E-04 1.43E-03 1.63E-06| 59.60 7.52

344

a5 T.34E-05 1.29E-05| S5.20E-06 1.20E-06| 325E-09 9.28E-05 2. 9B5E-02 2 BBE-OT] 1.58 4.60

36 5.58E-06] 5.80E-08 1.30E-05 1.39E-03| 2.10E-02 3.52E-03 3.824E-02 4 B3E-O7| 4875 8.03

a7 1.19E-05 1.82E-05] 8.15E-05 1.12E-03 1.81E-03 3.04E-03 3.7BTE-02 8.25E-07] 4160 7.98

38 1.30E-03 1.77E-05) S.01E-05) 6.85E-04 i.14E-03 15603 3.735E-02 i.45E-05) 25.03 7.50

) 2.MEDS 1.78E-05| B8.95E-05| 4893E-04| S06E-D4 1.43E-03 3.681E02 1.69E-06| 17.02 7.82

40 7.28E-05 1.15E-05| 7.33E-06| 4.27E-06 1.64E-07 9.61E-05 3.082E-02 2 B2E-O7| 0.47 4.74

414 4.09E-06] S.E3E-06| 9.76E-08 1.59E-03| 2.39E-03 4 00DE-03 ] 1. 11E-07] 32.61 8.04

41 149E-05| 2.30E-05| 4.86E-05 1.36E-02| 207E-03 3.52E-03 4 B4E-07| 28 46 8.00

42 1.21E-05| 2.22E-05| 8.81E-05 1.12E-02 1.79E-03 3.04E-03 8.25E-07] 2428 7.97

43 1.54E-05| 2.01E-05 9.35E-05| 6.92E-04 1.13E-03 1.95E-03 1.45E-08 14.59 7.90

44 2.D4E-05 1.97E-05| 9.12E-05| 4096E-04| 799E-04 1.43E-03 1.68E-06| 9.42 7.81

45 7 40E-05 1.35E-05] S.17E-06 1.22E-06] 324E-09 9. 38E-05 2 T3E-O7] 0.27 463

48 3.2TE-D5 1.65E-04| 442E-04| 233E-04] 4 16E-DS 9.14E-04 5.81E07] 100.00 50.69

47 4.07TE-05 1.24E-04| 2.32E-04 1.35E-04 1.87E-05 5.51E-04 7.27TE-07 100.00 50.08

48 3.78E-05] 483505 3.30E0S 142805 5.73E-08 1.51E-04 5.53E-07) 32.52 48.33jgood deino test

4% S.86E-05] 3.22E-06 1.13E-07| S.65E-10|  2.08E-17 6.20E-05 3. 20E-07] 11.30 40.99

50 1.82E-40| 3.30E-53 1.08E-59| 2 45E-65 1.10E-76 1.80E-40 6.800E-02 21TE42 0.00 36.29

51 341E-05 1.68E-04| 443E-04| 230E-04] 417E-DS 9.17E-04 7 B34E-02 5.BIE-O7| 58.75 50.69

52 4.16E-05 1.26E-04| 2.33E-04 1.33E-04 1.78E-05 5.51E-04 7.551E02 7.28E-07| 36.70 50.06

33 S5.82E-05] 4.74E-03] 346E05 1.05E-05| 4.72E-09 1.51E-04 7.537TE02 5.52E-07| 9.30 46.32|zcreen capture of TCE induced pMMO asseriion
&4 S.79E-05) 4 1M1E-08) 2B2E07) 313E-09) 7T13E-1E 6.23E-05 7.509E-02 3. 21EO7] 324 41.15

55 2.33E-40| 408E-53] 2.83E59 1.63E-684| 434E-75 243E-40 6.848E-02 4 07E-42] 0.00 36.37

56 3.36E-05 1.66E-04| 444E-04] 2.37E-04] 454E-05 9.25E-04 7.569E-02 5.B5E-07] 24.66 50.69

57 4.24E-05 1.27E-04| 2.33E-04 1.32E-04 1.69E-05 5.52E-04 7.564E-0 7.28E-07 2145 50.06

58 S.8TE-05] 4.79E-05| 343E-05| 9T70E-0B| 3T7I1E-D8 1.51E-04 7.558E 5.54E-07| 543 48.32]12345 strata of meths, reversal due to toxicity
55 5.83E-05] 410E-06] 244E-07| 2.36E-09] 456E-16 6.27E-05 7.542E 3. 24E-07] 1.90 41.22|methane recovery from toxic effects
1] 1.52E-31 2. 20E-41 223E-46| B.73E-51 1.52E-ED 1.58E-31 6.943E-02 2 BEE-33| 0.00 36.48]oMMO toxicity threshol = 3 ppm
464 499605 255E-04] 316504 143E-04] B 35E-06 T72E-04 4 181E02 4 S4F 071 100.00 50.81

4748 5.56E-05 1.62E-04 1.61E-04| 8.09E-05 1.87E-06 4 B1E-04 4 138E-02 6.14E-07| 100.00 50.30

484 6.12E-05] 3.09E-05 1.81E-05 3.23E-06| 305E-10 1.23E-04 4 151E-02 4 54E-07| 26.72 47.66

404 4 T2E-05 149E-06) 3.17E-08 1.13E-10| 4.31E-18 4 B7E-05 4 145E-02 2 53E-07| EE] 4495

S04 841E-37| 2BSE-44] 933E49] 247ES3 1.93E-63 8 79E-37 3 750E-02 1.65E-38)] 0.00 40.66




a8t

Test Scenario Loading TCE (mglL) |02 Stele 02 Cortex |01 02 03 04 05 KTCE1 KTCEZ KTCE3 KTCE4 KTCES

[ B 0.68 0.05] 0.0D475557) 0.00542253)  5471E-04] 3.55E-05] ZESE-D6] 851807 3807 3.96E-01 3.53E-01] 0. IT63| 0.39983157) 0.39993702
B2 sMMO 0D.1] 0.00475233( 0005418] S29E-04) 394605 4A7TE-DE 1.45E-08 STEE-OF)  3ATE-O1 3.52E-01| 0.388175539| 0.35971366| 0.39335608
B3 high HIC 0.3] 0.00475242( D.00541909) S529E-04) S50E-D5[ 1.15E-05| 5.74E-08 2.58E-08 3ATE-M 3.85E-01| 0.35773523| 0.35856623| 0.38945771
64 high CH4 0.5] 0.00475494| 0.00542154) S5.392-04]| 7TI6E-05 2 1.1BE-05| S5.36E-08 316E-01 3.86E-01| 0.39584826| 0.3976733| 0.39894084
65 high carbon 2| 0.00455749) 0.00550065 &.23E-04 1.97E-04| &.16E-05| 4.31E-05] 1.86E-05| ZB5E-M 3.64E-01| 0.28448407| 0.35164045| 0.39615556
BE 24 0.05| D.0D478361) 0.0054204) 534604 340E-05( 274E-08| TOEEOT| 357EO7] 3ATE-MM 3.93E-01| 0.39545908| 0.39984238| 0.35992941
B7 0.1] 0.00475286( D.0D541958) S 31E-04)| S&7E-DS( 4.04E-08( 1.36E08| SE84E07] 3ATE-M 3.92E-01| 0.395201599| 0.39973015| 0.39555449
B8 0.3] 0.0047316( 0.00541821) S 26E-04) 543205 141E-05| SO02E08 Z228E-06) 318E- 3.90E-01| 0.397807| 0.39900779| 0.39954862
B9 0.5) 0.00475389( 0.0054207) S5.35E-04) 699205 Z2.02E-05| 1.0ME05| 4.61E-06] 3.16E-M1 3.87E-01| 0.39603862| 0.39500406| 0.35305999
70 3| 0.00483132) 0.00547193| 7 19E-D4| 152E-04) GSE7EODS| 308E0S) 141E-05 285E-01 3.72E-01| 0.38870257| 0.39399625| 0.39722705
71 4.1 0.05| D.0D475314) 0.00541988) 532E-04| S540E-05( 277E-D8| TEBIZEOT) Z282E-07] 317TE-M 3.93E-01| 0.35845285| 0.39954913| 0.39994225
72 0.1] 0.00475006( D.00541654] S 20E-04) 380E-05| 3.99E-06 1.33E-08 S.3BE-OF]  31BE-O1 3.93E-01| 0.239521136| 0.39973678| 0.39989357
73 0.2; 0.00475035) 0.00549635) S.21E-04) 535205 110ED5)  5.2BELDS Z.3BE-38 28E-T1 3.50E-01) 0.35783808 0.35855672) 03535275
4 0.5] 0.00475289| 0.00541962) S531E-04] G92E-05) Z.01E0S 1.06E-05| 4.81E-06 3ATE-M1 3.87E-01| 0.39605256| 0.39791664| 0.38905029
75 3| 0.0048545] 0.005459744(  &.11E-04 1.92E-04| 8.02E05| 4.37E-03] 1.898E-05 2.86E-N 3.65E-01| 0.3847373| 0.38154121] 0.39611137
76 5 0.68 0.05] 0.00478561) 0.00542256) S42E-04| 3J46E-05) 242E-06| S66EO7) 2Z0VE-DF| 263E-02) 3.28E-02) 0.03325351| 0.03332367| 0.03332992
7 pMMO 0.1] 0.00475669( 0.00542374] S546E-04)| 3.61E-05| 2.6BE-06| G.83EO7| 243E-07| 263E-02] 32.27E-02) 0.03328813| 0.03332206] 0.03332933
78 high HIC 0.3] 0.00475045( 000542784 SG61E-04) 4 14E-05| 3.83E-08 1.11E-08| 404E-07] ZE1E-02) 3.27E-02) 0.03327032| 0.03331505| 0.03332667
79 high CH4 0.5] 0.00475147( D.OD542893| S64E-04) 466E-05( S12ZE-D8 1.64E-08 6.17E-07)  261E-02| 3.26E-02( 0.03324905| 0.03330635| 0.03332315

1.5

80 high carbon 2| 0.00452974) 0.00547053 7. 14E-04 1.25E-04| 447ED5| 223E-05) 1.0MED5| 24602  3.14E-02| 0.0326586) 0.03296301| 0.03316763
G804 5| 0.00457554| 0.0055203| BS94E-04| 246E-04) 112E-04)| E5EE-05( Z8BE-05| 231E-02| 2.87E-02( 0.03157729| 0.03228452) 0.03284837
B 24 0.05] D.0D475463) 0.0054215) 538E-04| 342E-05( 235E-08| 6.01E07) Z214E-07 263E-02) 3.28E-02) 0.03325352| 0.03332342| 0.03332581
82 0.1] 0.00475542( 0.00542236) S41E-04| 354805 263E-06| G81EO7| 2Z40E-07] 263E-02) 3.28E-02) 0.03325002| 0.03332211] 0.03332937
B3 e g e e e e R e
B4 0.5] 0.00475529( D.0D542657) S56E-04) 459E-05( S.03E-D8| 1.62E-08) 608E-07 Z262E-02) 3.26E-02) 0.03325047| 0.03330665| 0.0333233
BS 3| 0.00452925) 0.00548808| 7 I12E-D4| 1.25E-04) 421E-D5) 226E-05 1.02E-05) 247E-02| 3.14E-02( 0.032853438| 0.03296417) 0.03316508
854 5| 0.00457084| 0.00551519| &.75E-04| 257E-04) 1.09E-D4| 6E42E-05 Z8ZE-05) 233E-02] 2.5B8E-02| 0.03163059| 0.03230758) 0.032855913
86 4.1 0.05] 0.0D475321) 0.00547995)  5.32E-04| 3S34E-05( Z33E-06| S56VELDT|  Z03E-07]  Z64E-02)  2.2BE-02) 0.033254583| 0.03332365] 0.03332998
B7 0.1) 0.00475411( 000542094 S5 36E-04) S47VE-DS| 257E-08| BETEOT| Z234E-07| ZE4E-02]  3.28E-02) 0.03325104| 0.03332234| 0.03332948
88 0.2] 0.00475807( D.00542525| S51E-04) 399205 3.66E-06 1.07E-06 J.6BE-0F) Z262E-02| 3.37E-02[ 0.03327302| 0.03331571| 0.03332653
2] 0.5] 0.00475744( D.00542455| 549204 4.52E-05| 4.94E-06 1.58E-06 S.96E-07) 2.62E-02| 3.26E-02( 0.03325196| 0.03330708| 0.03332347
80 3| 0.00452758| 0.00546518| 7 .08E-04 1.23E-04)| 409E-05| 270E-05| 9.96E-08 24TE-02] 3.14E-02| 0.03267154| 0.03297423| 0.03316578
S04 5| 0.00456976| 0.00551402| B 71E-D4| 257E-D4] 1.09E-D4| E43E-05 Z282E-05) 2.33E-02| 2.8BE-02( 0.03183264| 0.03230583) 0.03285543




€8t

Test il M2 3 W4 IS Tot Meth Tot Het TCE Cons Rate TCE Trimnt Eff [% sMMO Camments
E1 143E-06]  7B4E-D4]  2.05E-03] 573E-04] 945205 3.492-03 1.328E-01 1.07ED6 100.00 99.37
62 4 54E-05] 562E-04| 1.16E-03| 3.33E-04] 5TS5E-DS 2 16E-D3 1.326E-01 1.64E-06 100.00 98.77
B3 9.87E-05] 247E-D4] 2.18E-04| 5.78E-05] 2 93E-DE 5.24E-D4 100.00 95.18
B4 1.32E-04| 1.25E-04| 6.0BE-05| 1.50E-05] 5 45E-DB 3.34E-D4 1.313E-01 B4.E62 59.84
B5 8.55E-23] 1.38E-40| 2.85E-50| B.99E-58 1.12E-T1 8.7BE-23 1.222E-01 0.00 53.45
3 4.00E-06] 7.B81E-D4] 2.06E-03| 575E-04] 540E-D6 3.43E-03 1.355E-01 100.00 G0_36|little difference from lower loading rate
67 3.21E-05| 5.80E-D4] 1.17E-03| 3.38E-04] 225E-05 2 15E-D3 1.335E-01 100.00 98.89]high methane levels help sustain viability
68 1.00E-04] 2.52E-D4| 2.15E-04| 4.58E-05) 3.98E-07 6.15E-D4 1.322E-01 32.57 95.07
69 1.33E-04| 1.30E-D4| 5.55E-05| 5.73E-06[ 3.11E-10 3.26E-D4 1.321ED1 18.27 89.57
70 1.72E-18] 4.21E-29] B.75E-34| 2.78E-37[ 1.11E-42 1.74E-18 1.237E-01 0.00 7278
71 3.55E-06] 7.57E-D4| 2.04E-03| 5.88E-04] T.BRE-DS 3.492-03 1.332E-01 E3.82 99.34
72 5.13E-05] 571E-D4] 1.16E-03| 3.33E-04] 4 B5E-DS 2.17E-D3 1.331E-01 1.65E-06 4B.56 98.74
73 1.01E-04] 2.51E-D4| 2.18E-04| 5.39E-05 1.85E-D6 5.25E-04 1.325E-01 1.96E-06| 19.18 95.18

4 1.34E-04] 1.30E-04| S571E-05| G.35E-06[ 302E-D9 3.31E-D4 1.320E-01 1.83E-06 10.76 89.75
75 2.08E-18] 2.28E-20] 2682E-34| T7.15E-3B| O BEE-45 2.14E-18 1.231E-01 2.99E-20 0.00 53.72
76 1.96E-06] 8.27E-04| 2.98E-03| 9.16E-04 1.37E-D4 4 87E-D3 1.330E-01 2.36E-07] B83.24 8.29
77 1.63E-06] 7.76E-D4| 2.64E-03| B.46E-04 1.35E-D4 4.40E-D3 1.325E-01 4.28E-07 75.55 8.29
78 1.16E-06] ©.48E-04| 1.76E-03| £.18E-04 1.17E-D4 3.14E-03 1.316E-01 9.22E-07| 54.23 8.28
79 2.85E05 5.51E-04 1.30E-03 4 59E-04 8. TOE-05 2 45E-03 1.30BE-01 1.23E-06 4336 5.24
BO 1.83E-04] 223E-04] 1.54E-04] 587E-05] 3B4E-DE 5.34E-D4 1.215E-01 1.54E-06| 10.80 744

B0A 261E-04] 412E-05| 1.15E-05| 270E-0E[ 5GE3E-D8 3.17E-D4 1.109E-01 1.08E-06 381 6.09
81 6.43E-06] B46E-D4| 298E-03| 9.09E-04] 1.31E-D4 4 BBE-D3 1.321E-D1 2.39E-07| 24.08 8.29
82 S5.B9E-06] T7.87E-D4| 264E-03| B845E-04] 1.30E-D4 4 43E-03 1.324E-01 4.32E-07 21.76 8.29
83 4 04E-06] ®.56E-D4] 1.76E-03| 6.17E-04] 1.20E-D4 3.16E-03 1.317E-D1 9. 27E-O7| 15.58 8.28
B84 4.30E-05] 546E-D4| 130E-G3] 4.55E-04) 10GO0E-DS Z4BE-03 1.305E-01 1.25E-06) 1258 8.24
85 107E-04] 222E-D4] 153E-04] G597E-05( 222E-06 6.35E-04 1.207E-D1 1.84E-06| 3.10 743
2548 282E04] 420ED5] 13ME0S 21EEDE]  104E DD 2.192.04 1.130E.01 1.00F 06 1.10 £.13
BE 1.09E-05 8.58E-D4| 2.98E-03] 9.132-04 1.54E-D4 4.92E-03 1.324E-01 2.41E-07| 14.16 8.29
87 9.75E-06] 7.99E-04| 2.65E-03| B845E-04 1.44E-D4 4.45E-03 1.326E-01 4.35E-07 12.78 8.29
B8 6.03E-06] BB4E-D4| 1.78E-03| B.17E-04 1.21E-D4 3.18E-D3 1.318E-01 0.32E-07| 9.14 8.27
(i) 545E-05] 543E-04] 1.31E-03| 468E-04 1.01E-D4 2.48E-D3 1.312E-01 1.26E-06 742 8.23
50 1.88E-04] 224E-04| 1.55E-04| B.06E-05] 2 31E-DE 5.41E-D4 1.216E-01 1.86E-06| 1.82 744
a04 270E-04] 382E-D5| B.71E-06] T799E-07| 3.30E-11 3.16E-D4 1.138E-01 1.08E-08 0.E4 8.07




8T

Test Scenaric Loading TCE imgil) |02 Stele 02 Cortex |01 o2 03 04 05 KTCE1 KTCEZ2 kKTCE3 KTCE4 kKTCES

31 7 0.68 0.05] 0.00337578| 0.00388455 160E-02] G47E-04] Z200E-D4| 4 21E0S 1.00E-05] 328ED2| 4 44FE-02| 0.05312562| 0.05742435| 0.05833067
92 WIMO mix 0.1] 0.00337965| 0.00389554 1.61E-02) G48E-04) Z210E-D4| 457 ] 1.15E-05  3.28E-02 444E-02| 0. 0.05732514| 0.05828827
a3 mied HIC 0.3] 0.00338174| 000389779 161E-03| FEOE-D4| 2 32DE-D4 E._2BE-05) 1 7BE-05| 327E-02| 442E-02|0. 0.056859361| 0.05810953
o4 high CH4 0.5] 0.00338563| 0.00390201 1.63E-02) B75E-D4] 248E-04 TESE-0S| 227E-0S5| 326E-02]  4.40E-02) 0. 22414/ 0.05647263| 0.05797021
944 low carbon 1] 0.00339543( 000391266 166E-03| T 1BE-D4| 284ED4 1.13E-4 3BBE-05| 323E02| 433E-02| 0.05118109| 0.05552464| 0.057577
a5 2] 0.00344167| 0.00395293 1.82E-02) 924E-04] 493E-04 2.66E-04 1.13E-04 3.10E-02) 4.03E-02| 0.04713874| 0.05179917| 0.05551291
954 5] 0.00349212{ 000401775 1.99E-02 1.14E-03| G.BSE-04| 4.07E-D4 1.B5E-04 2.97TE-02 3.76E-02| 0.04381181| 0.04580024| 0.05370281
96 24 0.05)

a7 0.1] 0.00337745| 0.00389311 1.60E-02) G2I9E-04] 1.96E-D4| 4.04E-05 1.02E-05| 22BE-02] 446E-02| 0.05342426) 0.05747205( 0.05332372
o8 0.3] 0.00337851| D.00330426 1.60E-03) GS0E-D4] 22MED4| GS505E05| 1.7T1E-DS|  32BE-02| 4£44E-02| 0.05284604) 0.05534316[ 0.05812733
93 0.5] 0.00338229| 0.00339833 1.62E-03| GERE-D4| 241E-D4| T4G6EDS| 222E-05| 327E-02| £41E-02| 0.05237177| 0.05553426( 0.03795431
994 1] 0.00339217| 0.00390912 1A5E-03) 7TO9E-04] 2BBE-D4| 110E-04| 3 EDE-DS| 324F-02) £ 34E-02| 0.0513045) 0.05553351| 0.05759545
100 3] 0.00343675( 0.00395758 1.80E-02| 909E-04| 48BEE-D4| 262E-04| 1.12E-04| 311E-02| 4£05E-02| 0.04727791| 0.05189456( 005555229
1004 5] 0.00348943( 000401485 1.98E-03 1.13E03| 6GB0ED4| 403E04| 183ED04| 297E02| 377E02| 0.0438955| 0.0488787| 0.05374729
11 4.1 0.05)

102 0.1

103 0.3] 0.00337541| 0.0035909 1.59E-02) G41E-D4] Z16E-D4 5.7BE-05) 1.68E-05| 33SE-02 445E-02|10 0.05699029| 0.0581381
104 0.5] 0.00337595| 0.00389478 1.60E-02] G.SVE-D4| 227E-D4 7.29E-05|  21BE-05] 328E-02]  4.42E-02]0. 0.05657885| 0.05799502
1044 1] 0.00332021 0.0039059 1.64E-03) 7.O2E-D4] 2B4E-D4 1.08E-04 355E-05) 3.35E02(  4.35E-02| 0.05135835| 0.05563696| 0.05760984
105 2] 0.00343619| 0.00395697 1.80E-02] 909E-D4] 484E-04 2.61E-04 1.11E-04 3.11E-02] 4.05E-02{ 0.04731061| 0.051925658| 0.05556685
1054 5] 0.00348751| 0.00401277 1.98E-03 1.12E03] 676EL4| 4.00ED4 1.82E-M 2 GRE-(2 3 77E-02| D.04386677| 0.04894265| 0.0537837

Scenario 5 Profile Testing

514 5 0.68 0.005) 0.00478452( 000542138 S537E-D4| 3 31E-DS5| 2 1BE-DE 5 3ATE-OT) 1.BBE-07|  316E- 0.39989377| 0.393936281
618 sMMO 0.01] 0.00466302| 0.00528930| G.16E-DS 1.53E-06| 3.29E08| 2.93E03| O.00E=DD 3.BBE-01 ! 0.39999342 04
61 high HIC 005) 0.00478557| 000542253  S41E-D4|  353E-D5| 2 BOE-DE BS1E-OT|  31BE-O7|  31BE-01 3.93E-01 0.39983157| 0.39393702
62 high CH& 0.1] 0.00478233| 0005419 S529E-04| 394E-05| 41TE-DE 1.45E-08 S T7EE-07| 31TE-M 3.92E-01 0.39971366| 0.39938608
63 high carbon 0.3| 0.00478242| 000541909 S5209E-04| 550E-DS 1.15E05| S5.74E06 2 S9E-0F INTE- 3.88E-01 0.39886623| 0.39948771
B34 0 4| 0.00478375| 000542055 S34E-D4| 625E-05 1 54E-05| T41E-DE 3 ATE-08 AATE-01 3 BBE-01 0.39853777| 0.39933352
64 0.5]| 0.00478494| 0.00542184| S.39E-D4| T716E05| 212EQS 5.26E-08 316E-01 3.86E-01 0.3976783| 0.39894084
S48 0 75] 0 004700871 0 005428000 5 57E DM 100ED41 ATIELS 0 ASEE 3 12E01 2 81E.01 027| 0.39505888] 0 38815574
648 1] 0.00480066( 0.00543893) G6.01E-04 1.16E-04] 4.231E0S 1.03E-05  32.08E-1 A.78E-01 0.3955569| 0.39796734
B5 2] 0.00485749| 000550068 8 23E-04 1.97E04| B1BEDS 18EE-05| 285E- 3 64E-01 0.39164045| D.39615556
654 5] 0.00489459( 0.00554099) 9658E-D4| 271E-D4 1.20E-D4 293E-05  2TIE-M 3.52E-01 0.38762023| 0.39427528
6508 10] 0.00498525) 0.00564275 1.34E-02] 492E-04] 246E-04 B.1BE-05  241E-M 3. 22E-M1 0.37478536| 0.38812769




G8T

Test M1 M2 M3 4 [ Tot Meth TCE Cons Rate TCE Trimnt Ef  [% sMMO Camments
91 371E-06]  8.31E-07] 218E-03] 3.50E-03] 935E-04 6.AR2E-03 ? 9 03E-07] 100.00 14.03
92 3.68E-06) 2.683E07| 1.94E-03] 2.95E-03) 7.95E-04 5.69E-03 1.59E-08 100.00 14.00
93 3.29E-05| 840E-05| 1.15E-03] 1.82E-03| 5A0E-D4 3.66E-03 3.06E-08 100.00 13.81
04 3.13E-05) 1.01E-04] B8.14E-04) 1.33E-03] 553E-04 2 B3E-03 3.E5E-D6 100.00 13.71
Q44 4. 73E-05| 1.07E-04] 4.91E-04| T7.71E-04| 4AE2E-04 1.88E-03 4.05E-06| 7142 13.40
95 1.17E-04| 9.43E-05) 1.56E-04] 1.99E-04 1.34E-04 7.01E-04 2.63E-06 1549 11.61
934 1.69E-04| 2.71E-05| 5.05E-06) 540E-07 1.26E-09 2.0ME-D4 2.22BE-02 7.29E-07] 257 7.78
96
a7 1.08E-05| 2.85E-06| 2.03E-03] 2383E-03] 744E-04 5.61E-03 3 446E-02 1.58E-08| 79.55 14.02
98 3.81E-05| 8.70E05] 1.18E-03] 1.77E-03] S42E04 3.62E-03 3.310E-02 3.04E 08| 51.02 13.81
99 3.35E-05] 1.07E-04] 8.31E-04] 1.30E-03] 529E04 2.80E-03 3.252E02 3.63E-085| 36.64 13.70
994 490E-05) 1.11E-04] 4098E-04) 7EIED4] 44BE04 1.87E-02 3.15BE-D2 4.03E-06| 20.34 13.40
100 1.19E-04| 9.52E-05| 1.568E-04) 1.94E-04] 127E-D4 6.02E-04 2. 7T46E-D2 2 60E-DE| 437 11.59
1004 1.70E-04| 2.66E-05) 4.92E-06) 5.04E-07) 1.10E-09 2.02E-04 2.250E02 7.30E-D7] 0.74 7.749
101
102
103 2.82E-05] 1.13E-04] 1.30E-03] 1.74E-03] 51BE-04 3.A0E-03 3.03E-06 20.72 13.81
104 348E-05] 1.13E-04| B844E-04| 1.29E-03| 513E-04 2 79E-03 3.63E-D6 21.33 13.70
1044 S.04E-05) 1.15E-04| S.04E-04| T7.57E-04] 440E-04 1.57E-03 4.03E-06| 11.85 13.40
105 1.20E-04| S.70E-05| 1.57TE-04] 1.95E-04 1.25E-04 6.94E-04 2.61E-D8 2.56 11.59
1054 1.70E-04] 2687E-05] 4.72E-06] 480E-07] 934E-10 2.02E-04 7 32E-O7] 0.43 7.80
Scenario 5 Profile Testing
614 1.97E-06| B.79E-04) 3.25E-03] 9.45E-04 1.43E-04 5.23E-03 1.338E-01 1.33E-07] 100.00 99.52|TCE degradation limited by TCE avai
6186 1.92E-06| 6.90E-04)| 3.32E-03] 1.02E-03 1.40E-04 5.18E-02 1.441E-01 1.31E07] 100.00 99.74
61 143E-06| 7.64E-04) 2.05E03) S573E-04) O45E05 349203 1.328E-01 1.07E08 100.00 99.37|5% conc but 9X degradation rate
62 4 54E-05) 5.82E-04] 1.16E-03] 3.33E-04] 5 75E-05 2 16E-03 1.326E-01 1.B4E-08 100.00 98.77
63 5.8TE-05 2.4TE-04 2.16E-04 5.78E-05 2.03E-06 5.24E-04 1.310E-01 1.95E-06 100.00 55.16)optimum TCE degradation rate, tox effects accurnulate on meths
634 1.17E-04| 1.85E-04| 1.13E-04] B.43E-06 1.70E-10 4.26E-04 1.322E-01 1.88E05 82.94 g92.40
B4 1.32E-04| 1.25E-04| ®B.08E05) 1.50E-05) 5S49E-08 3.34E-04 1.312E-1 1.83E-08 B4.62 89.84
44 1.59E-04| 2.03E-05| B44E-07| 7.21E-09) 36BE-15 1.51E-04 1.301E-01 141E08 3318 79.99
G648 1.25E-04| B.18E-08 2.09E-11 484E-15] 2 4RE-24 1.25E-04 1.205E-01 18.67 76.81]|TCE degradation limited by meth fox
65 8.55E-23| 1.38E-40| 2.85E-50| 6.99E-58 1.12E-71 8.7RE-23 1.222E-01 0.00 69.45]het non-compet inhibition becomes significant
B34 1.65E-54| 1.30E-87| 2.62E-103| 2.33E-114| 1.27E-1H 1.74E-54 1.158E-01 0.00 84.41
638 445E-168| 1.92E-241| 1.57E-274| 3.37E-295|8.201e-321 4 92E-168 1.004E-01 0.00 0.00




Bibliography

Allen, Winthrop C. et al. “ Temperature and Wetland Species Effects on Wastewater
Treatment and Root Zone Oxidation,” Journal of Environmental Quality 31.
1010-1016 (2002).

Amon, James P. et al. “Development of awetland constructed for the treatment of
groundwater contaminated by chlorinated ethenes,” Ecological Engineering 30:
51-66 (2007).

Armstrong, J., W. Armstrong, and P. M. Beckett. “Phragmites australis: Venturi-and
humidity-induced pressure flows enhance rhizome aeration and rhizosphere
oxidation,” New Phytologist 120: 197-207 (1992).

Armstrong, W., D. Cousins, J. Armstrong, D. W. Turner, and P. M. Beckett. “Oxygen
Distribution in Wetland Plant Roots and Permeability Barriers to Gas-exchange
with the Rhizosphere: a Microel ectrode and Modeling Study with Phragmites
australis,” Annals of Botany 86: 687-703 (2000).

Ash, L. H. et al. “Metabolism of Trichloroethylene,” Environmental Health Perspectives
108, 2:177 (May 2000).

Bohrer, K. E., C. F. Friese, and J. P. Amon. “Seasonal dynamics of arbuscular
mycorrhizal fungi in differing wetland habitats,” Mycorrhiza 14: 329-337 (2004).

Beckett, P. M., W. Armstrong, S. H. F. W. Justin, and J. Armstrong. “On therelative
importance of convective and diffusive gas flowsin plant aeration,” New
Phytologist 110: 463-468 (1988).

Brigmon, R. L. “Methanotrophic Bacteria: Use in Bioremediation,” Westinghouse
Savannah River Company, U.S. Department of Energy WSRC-M S-2001-0058
(2001).

Buesing, N. and M. O. Gessner. “Benthic Bacterial and Fungal Productivity and Carbon
Turnover in aFreshwater Marsh,” Applied and Environmental Microbiology: 596-
605 (January 2006).

Butler, Jessical. et al. “Microbia Community Dynamics Associated with Rhizosphere
Carbon Flow,” Applied and Environmental Microbiology, 6793-6800 (November
2003).

Calhoun, Aram and Gary M. King. “Regulation of Root-associated Methanotrophy by

Oxygen Availability in the Rhizosphere of Two Aquatic Macrophytes,” Applied
and Environmental Microbiology: 3051-3058 (August 1997).

186



Calhoun, A. and G. M. King. “Characterization of Root-Associated Methanotrophs from
Three Freshwater Macrophytes: Pontederia cordata, Sparganium eurycar pum,
and Sagittaria latifolia,” Applied and Environmental Microbiology: 1099-1105
(March 1998).

Cheremisinoff, N. P. “Spotlight on Chlorinated Hydrocarbons,” Pollution Engineering
33 #10: 22-26 (November 2001).

Chiu, W. A. et al. “Issuesin the Pharmacokinetics of Trichloroethylene and Its
Metabolites,” Environmental Health Perspectives 114 #9: 1450-1456 (September
2006).

Chiu, W. A. et al. “Key Scientific Issuesin the Health Risk Assessment of
Trichloroethylene,” Environmental Health Perspectives 114 #9: 1445-1449
(September 2006).

Christensen, Peter B., Niels P. Revsbech, and Kg Sand-Jensen. “Microsensor Analysis
of Oxygen in the Rhizosphere of the Aquatic Macropyhte Littorella uniflora (L.)
Ascherson,” Plant Physiology 105: 847-852 (1994).

Colmer, T. D. “Long-distance transport of gasesin plants: a perspective on interna
aeration and radial oxygen loss from roots,” Plant, Cell, and Environment 26: 17-
36 (2003).

Dacey, John W. H. “Ventilation in Water Lilies: A Biological Steam Engine,” in Plant
Physiology (4th Edition): 90-92. Salisbury, Frank B., and Cleon W. Ross.
Belmont CA: Wadswort Publishing Company, 1992.

Dacey, John W. H. “Knudsen-Transitional Flow and Gas Pressurization in Leaves of
Nelumbo,” Plant Physiology 85: 199-203 (1987).

Dahl, T.E. Satus and trends of wetlands in the conterminous United Sates 1998 to 2004.
Washington, D.C.: U.S. Department of the Interior, Fish and Wildlife Service,
2006.

Doussan, Claude, Loic Pages, and Alain Pierret. “Soil exploration and resource
acquisition by plant roots: an architectural and modeling point of view,”
Argonomie 23: 419-431 (2003).

Field, J. A. and R. Sierra-Alvarez. “Biodegradability of chlorinated solvents and related
aliphatic compounds,” Science Dossier (December 2004).

Fitter, A. “Characteristics and Functions of Root Systems,” in Plant Roots: The Hidden

Half (2™ Edition). Ed. Waisel, Y., Amram Eshel, and Uzi Kafkafi. New Y ork:
Marcel Dekker, Inc., 1996.

187



Grossg, K., K. Jovy, and H. Tiebel. “Influence of plants on redox potential and methane
production in water-saturated soil,” Hydrobiologia 340: 93-99 (1996).

Gutknecht, J. L. M., R. M. Goodman, and T. C. Balser. “Limiting Soil Process and
Microbia Ecology in Freshwater Wetland Ecosystems,” Plant Soil 289: 17-34
(2006).

Hammer, D. A. Creating Freshwater Wetlands. Chelsea MI: Lewis Publishers, 1992.

Hite, Christopher D. and Songlin Cheng. “Spatial Characterization of
Hydrogeochemistry Within a Constructed Fen, Greene County Ohio,” Ground
Water 34 #3: 415-424 (May-June 1996).

Hofer, R. “Root Hairs,” in Plant Roots: The Hidden Half (2" Edition). Ed. Waisel, Y.,
Amram Eshel, and Uzi Kafkafi. New York: Marcel Dekker, Inc., 1996.

Hojberg, Ole and Jan Sorensen,. “Microgradients of Microbial Oxygen Consumption in
aBarley Rhizosphere Model System,” Applied and Environmental Microbiology:
431-437 (February 1993).

Jones, David L., Angela Hodge, and Y akov Kuzyakov. “Plant and mycorrhizal
regulation of rhizodeposition,” New Phytologist Tansley Review 163: 459-480
(2004).

Kapulnik, Y. “Plant Growth Promotion by Rhizosphere Bacteria,” in Plant Roots: The
Hidden Half (2™ Edition). Ed. Waisel, Y., Amram Eshel, and Uzi Kafkafi. New
York: Marcel Dekker, Inc., 1996.

Klaasen, C. D. and J. B. Watkins I11. Cassarett and Doull’s Essential of Toxicology).
New York: McGraw Hill., 2003.

Kuiper, Irene et al. “Rhizoremediation: A Beneficial Plant-Microbe Interaction,”
Molecular Plant-Microbe Interactions 17 #1: 6-15 (2004).

Koh, S-C, J. P. Bowman, and G. S. Sayler. “Soluble Methane Monooxygenase
Production and Trichloroethylene Degradation by a Type | Methanotroph,”
Applied and Environmental Microbiology: 960-967 (April 1993).

Lash, Lawrence H. et al. “Metabolism of Trichloroethylene,” Environmental Health
Per spectives 108 (Supplement 2): 177-197 (May 2000).

Lee, SW, D. R. Keeney, D-H Lim, A. A. Dispirito, and J. D. Semrau. “Mixed Pollutant
Degradation by Methylosinus trichosporiium OB3b Expressing either Soluble or
Particulate M ethane M onooxygenase: Can the Tortoise Beat the Hare?,” Applied
and Environmental Microbiology: 7503-7509 (December 2006).

188



Lynch, Jonathan. “Root Architecture and Plant Productivity,” Plant Physiology 109: 7-
13 (1995).

McGraw-Hill. “AccessScience: Wetlands.” http://www.accessscience.com. 11 Apr
2007.

McLaren, A. D. “Biochemistry and Soil Science,” Science 141 #3586: 1141-1147 (20
September 1963).

Morton, J. D., K. F. Hayes, and J. D. Semrau. “Effect of Copper Speciation on Whole-
Cell Soluble Methane Monooxygenase Activity in Methylosinus trichosporiium
OB3b,” Applied and Environmental Microbiology: 1730-1733 (April 2000).

Nobel, Park S. Environmental Plant Physiology. San Diego: Academic Press, Inc.,
1991.

Salisbury, Frank B., and Cleon W. Ross. Plant Physiology (4th Edition). Belmont CA:
Wadswort Publishing Company, 1992.

Shelley, Michael L. et al. Treatment of chlorinated aliphatic contamination of
groundwater by horizontal recirculation wells and by constructed vertical flow
wetlands. AFIT/EN/TR-02-05 Technical Report, March 2002.

Shelley, Michael L. Course Syllabus. System Dynamics Analysis EMGT 642. Air Force
Institute of Technology, 2007.

Sievers, A. and M. Braun. “The Root Cap: Structure and Function,” in Plant Roots. The
Hidden Half (2™ Edition). Ed. Waisel, Y., Amram Eshel, and Uzi Kafkafi. New
York: Marcel Dekker, Inc., 1996.

Sorrell, B. K. et a “Ecophysiology of Wetland Plant Roots: A Modeling Comparison of
Aeration in Relation to Species Distribution,” Annals of Botany 86: 675-685
(2000).

Sorrel, B. K. “Effect of external oxygen demand on radial oxygen loss by Juncus rootsin
titanium citrate solutions,” Plant, Cell and Environment 22: 1587-1593 (1999).

Stumm, Werner, and James J. Morgan. Aquatic Chemistry: Chemical Equilibria and
Rates in Natural Waters, 3d edition. New Y ork: John Wiley and Sons, Inc., 1996.

U. S. Environmental Protection Agency. “Wetlands.”
http://www.epa.gov/owow/wetlands. 11 Apr 2007.

Vaccari, David A., Peter F. Strom, and James E. Alleman. Environmental Biology for
Engineers and Scientists. Hoboken NJ: John Wiley and Sons, Inc., 2006.

189


http://www.accessscience.com/
http://www.epa.gov/owow/wetlands

Van Bodegom, Peter, Fons Stams, Liesbeth Mollema, Sara Boake, and Peter Leffelaar..
“Methane Oxidation and the Competition for Oxygen in the Rice Rhizosphere,”
Applied and Environmental Microbiology: 3586-3597 (August 2001).

Visser, E.J. W., T. D. Colmer, C. W. P. M. Blom, and L. A. C. J. Voesenek. “Changes
in growth, porosity, and radial oxygen loss from adventitious roots of selected
mono- and dicotyledonous wetland species with contrasting types of
aerenchyma,” Plant, Cell, and Environment 23: 1237-1245 (2000).

Webster, P. and R. MacLeod. “The Root Apical Meristem and Its Margins,” in Plant
Roots. The Hidden Half (2”d Edition). Ed. Waisdl, Y., Amram Eshel, and Uzi
Kafkafi. New York: Marcel Dekker, Inc., 1996.

Y ang, Ching-Hong, and David E. Crowley. “Rhizosphere Microbial and Community

Structure in Relation to Root Location and Plant Iron Nutritional Status,” Applied
and Environmental Microbiology, 345-351 (January 2000).

190



Vita

lan F. Thompson graduated from Towson High School in Towson, MD and
entered the U. S. Naval Academy in July 1992. He graduated in May 1996 with aB.S. in
History and was commissioned as a Second Lieutenant in the U. S. Marine Corps. He
then attended The Basic School in Quantico, Virginia. After completing TBSin March
1997, he attended flight school at NAS Pensacola. He was designated aNaval Flight
Officer in October 1998 and completed Joint Aviation Electronic Warfare School before
transferring to VAQ-129 at NAS Whidbey Island. Upon completion of the EA-6B
training program in Apr 2000, he was assigned to MCAS Cherry Point, North Carolina
with VMAQ-2. He served as the ground training officer and deployed to Iwakuni, Japan
Mar-Jun O1. He attended TACP classin Oct 2001 and was assigned to 1% Bn 2 Marines
as a Forward Air Controller Dec 01-Dec 2002. Hereturned to VMAQ-2 and acted as the
Embarkation and Responsible Officer, the Logistics Officer, Assistant Electronic Warfare
Officer, and the Administration Officer, serving three tours in support of Operation Iraqi
Freedom. He also served as the Second Marine Aircraft Wing Staff Secretary from May-
Sep 05. Hereported to the Air Force Institute of Technology and entered the Graduate
School of Engineering and Management in Aug 2006. Major Thompson’s subsequent

orders are to Headquarters Marine Corps, Washington, DC.

191



Form Approved
REPORT DOCUMENTATION PAGE OMB No. 074-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other
aspect of the collection of information, including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information
Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other
provision of law, no person shall be subject to an penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) | 2. REPORT TYPE 3. DATES COVERED (From — To)
27-03-2008 Master's Thesis March 2007 — March 2008

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Oxygenation of the Root Zone and TCE Remediation: 5b. GRANT NUMBER

A Plant Model of Rhizosphere Dynamics Ec. PROGRAM ELEMENT NUMBER
6. AUTHOR(S) 5d. PROJECT NUMBER

Thompson, lan F., Mgjor, USMC Se. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAMES(S) AND ADDRESS(S) 8. PERFORMING ORGANIZATION
Air Force Ingtitute of Technology REPORT NUMBER
Graduate School of Engineering and Management (AFIT/EN) AFIT/GESENV/08-MO7

2950 Hobson Way, Building 640
WPAFB OH 45433-8865

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S
This space intentionally left blank. ACRONYM(S)
11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

This study analyzes rhizosphere conditions that enhance the effective aerobic degradation of TCE in wetland
bioremediation systems. A plant model was built using Stella 9.0 modeling software and uses numerical integration
evaluation; it addresses movement of oxygen through plant vascular and aerenchymal systems, and into the rhizosphere
where oxygen and other substrates influence bacteria. Methanotrophs and heterotrophs are assumed to be influential
bacteria groups. Variations of humidity-induced-convection, methane, soil carbon, and copper concentrations are evaluated.
Varying concentrations and hydraulic loadings of TCE are assessed with respect to TCE consumption rate and TCE treatment
efficiency.

Soil conditions most directly affected TCE consumption, and hydraulic conditions most directly influenced treatment
efficiencies. The research identified low carbon, low copper, high oxygen, and high methane concentrations as most
conducive conditions for remediation. Variations in soil carbon had the highest impact on consumption rates; minimizing
organic carbon concentrations of the influent may enhance remediation rates. It is recommended to first optimize soil
conditions in a wetland treatment system, and then adjust hydraulic loading to achieve optimal treatment efficiencies. The
model developed can be used to determine likely remediation rates and to then optimize efficiency by adjusting flow rates for
a wetland bioremediation system.

15. SUBJECT TERMS
TCE, Radial Oxygen Loss, Bioremediation, Methanotroph, Wetland Treatment System, Rhizosphere, Plant
Model, Computer Modeling, Phragmites australis, Humidity-l1nduced-Convection, MM O, HIC, ROL

16. SECURITY CLASSIFICATION | 17. LIMITATION 18. 19a. NAME OF RESPONSIBLE PERSON

OF: OFABSTRACT NU'\(’;?:ER Michael L. Shelley, PhD

a b. c. THIS 19b. TELEPHONE NUMBER (Include area code)
REPORT ABSTRACT PAGE PAGES

(937) 255-2998
U u u uu 206 (michael.shelley@afit.edu)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18







	AIR FORCE INSTITUTE OF TECHNOLOGY
	Abstract
	Acknowledgments
	Table of Contents
	List of Figures
	List of Tables
	I. Introduction
	Model Assumptions
	Problem Statement
	Purpose Statement
	Research Questions
	II. Literature Review
	Halogenated Aliphatic Compounds
	Physiological Effects.
	Bioremediation
	Wetland Characteristics
	Water.
	Soil.
	The primary difference between most terrestrial and wetland soils occurs due to the anaerobic conditions that are present in a saturated environment.  The saturation of the soil makes wetlands one of the major reducing ecosystems in nature, and is the...
	Plants.
	Plant Physiology
	In order to generate a working plant model, a discussion of plant physiology is essential.  Though the topic indeed spans volumes in literature, processes that are reflected in the plant model will be discussed in abbreviated form.  Plants are multice...
	Being autotrophs, plants can generate all the amino acids and vitamins they require.  The only nutritional requirements they have are inorganic nutrients.  Carbon is mostly absorbed as CO2.  Oxygen is absorbed as water or O2.  Hydrogen is absorbed th...
	Plant Cells.
	The cells of a plant vary significantly by location and function.  All cells play a role in the oxygen and nutrient cycle by consumption, respiration, excretion, and transport of molecules.  Movement of solute through individual cells is primarily via...
	The plasma membrane, or plasmalemma, just inside the cell wall, is the primary cell barrier for the diffusion of solutes.  The permeability of the plasmalemma varies with the particular solute, giving the plant cell a degree of regulation over flux in...
	Many plant cells are linked to each other through a series of openings in the cell walls termed plasmodesmata.  Plasmodesmata typically occupy .1 to .5% of a cell’s surface area.  The passages themselves range from 20 to 200 nm and contain some constr...
	Plant Vascular System.
	Like human arteries, capillaries, and veins, plants also have a circulation system.  In the plant, the xylem and phloem constitute the means to circulate water and solutes.  “Thus, the xylem and phloem serve as the plumbing that connects the two types...
	Xylem.  Movement of water and nutrients from the soil up to the plant occurs primarily in the xylem.  Xylem tissue is comprised of vessel members, parenchyma cells, and fibers.  The vessel members are the conducting elements of the xylem and they typi...
	Fiber cells are long and thin, have lignified cell walls, and contribute to the structural support of the plant.  Parenchymal cells serve an important role in storing carbohydrates and permit lateral movement of the solutes in and out of the conductin...
	Phloem.  The movement of photosynthetic products, mostly in the form of sucrose, is predominantly moved throughout the plant in the phloem.  The phloem consists of sieve elements and companion cells.  Unlike xylem vessel members, the phloem sieve cell...
	The companion cells have an important function in supporting the sieve elements.  The companion cells typically have many mitochondria that produce ATP, an important energy source for the cells.  They also accumulate sugars and other solutes that coul...
	Phloem solute typically contains 90% carbohydrates, mostly in the form of sucrose.  Sucrose concentration ranges from 0.2- 0.7 M.  Additionally, amino acids typically measure 0.05 M.  Solutes typically move by bulk flow in the phloem at speeds of 0.2-...
	Leaves.
	The leaves also act as an air valve for the rest of the plant, helping to control the flow of gases in and out of the plant.  The entry and exit point for gases in and out of the leaf is through numerous pores in the leaf termed stomata.  They size of...
	Roots.
	Rhiz- Greek - root
	Roots provide anchorage for the plant, and provide for the uptake of nutrients and water from the soil.  Secondary functions include storage of energy, chemical synthesis, propagation, and dispersal.  Roots act as an osmotic sink by turning sugars int...
	Root Components.  Generally, roots can be classified into three main categories: primary, nodal, and lateral roots.  Primary roots leads to a single-axis root (taproot) system with dominant vertical growth.  Nodal roots, or adventitious roots, grow at...
	Hair Zone.  Situated just behind the zone of active root elongation, the hair zone of most plants is one to four cm long. (Hofer, 1996: 116)  A root hair is a modified epidermal cell with a filamentous extension that projects radially from the root up...
	Hydrophyte Adaptations.
	Plant Circulation
	Many wetland plants can have two circulation systems, a pressurized vascular system comprised of the phloem and xylem that moves solutes in water, and an air/gas circulatory system comprised of aerenchymal tissue.  The latter will be covered in the fo...
	The contents of plant vascular systems are under substantial pressure, often near 0.4 to 0.5 megapascals (MPa).  Flow in response to pressure differences is termed bulk flow, while movement due to the random movement of molecules down a concentration ...
	Jj = Dj (Cj1-Cj2) (Salisbury, 1992: 42)
	x
	where Jj is flux (M/L2/T), Dj is the diffusion coefficient, C is the concentration,
	and x is the distance
	Advection rates are influenced by gravitational forces and potentials resultant from water or chemical potential.  Water potential (Ψ) is the chemical potential of water in a system and is expressed as units of pressure.  Water diffuses in response to...
	Phloem Loading.
	Plant Ventilation
	Oxygen Movement in the Rhizosphere
	Exudation in the Rhizosphere
	Carbon Sources.
	Microbial Communities
	Quantification of Microbial Activity.
	Models and Modeling
	In wetland conditions, oxygen is used up quickly and plant rhizospheres are correspondingly thin; the oxic shell surrounding the roots varies from about .5 to 5 mm in thickness. (Christensen, 1994: 847)  This complicates our ability to measure importa...
	Computer modeling is an important tool since it allows the manipulation of numerous variables that may not be changeable in another setting such as a laboratory of field test.  This gives a model a great amount of flexibility.  Data can be generated q...
	Plant Models.
	Root Quantification.  There is really no one root classification system; plant root systems vary greatly depending on species, soil characteristics, water availability, and other factors. (Fitter, 1996)  In wetlands, root density varies by depth and s...
	The number of links in the system- those that terminate in a meristem are referred to as exterior links and those that connect other links are called interior links.  The magnitude of a link is the number of exterior links it serves, and is always one...
	Length of the links.
	Distribution of branches.
	Branching angles.
	Relative diameter of the links as they increase in magnitude- This varies greatly by species, and has been studied little. (Fitter, 1996: 5-6)
	Static modeling usually relies upon synthetic description.  Fractal geometry assumes that the root system is homogenous across a large range of space scales and describes how a root fills geometric space.  Topological Modeling describes the way root s...
	Knowledge shortfalls
	III. Methodology
	Modeling Development Process
	Model Conceptualization
	Model Testing and Validation
	Model Application
	IV. Results and Analysis
	Plant Model
	Bacteria Response
	TCE Response
	Recommendations
	V. Conclusions
	1.  What is the nature of the oxygen dynamic in the rhizosphere?
	2.  What are the most influential factors to microbial community populations in the root zone?
	3.  How can methanotroph populations be optimized to support aerobic remediation requirements for halogenated organics like TCE, TCA, DCE, and VC?
	4.  What are the influential factors of oxygen transport in a wetland plant?
	5.  How is oxygen level in the root zone affected seasonally?
	Application
	Future research
	Appendix A.  Model Parameters
	Appendix B.  Venting Resistance Data
	Appendix C.  Rhizosphere Profile Comparison Data
	Appendix D.  Sensitivity Testing Data
	Appendix E.  HIC and Radiation Output Data
	Appendix F.  Soil Variable Testing Data
	Appendix G.  TCE Testing Data
	Bibliography
	Vita

