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Abstract 

Current concern over the potentidy negative impacts of climate change has 

brought attention to anthropogenic sources of methane, a primary greenhouse gas. Two 

such emission sources are methane leakage at heavy oil wells and sanitary IancLUs. At 

both of these sources, some quantities of methane could potentially be oxidised by 

methanotrophic microbes living in soils. Optimization of this phenomenon may serve as 

an inexpensive technique for reducing emissions from these sources. 

Soil column and batch incubation experiments were performed to gain a better 

quantitative understanding of the biological and physical processes limiting C& 

oxidation in soils. A numerical reactive-transport model was developed which, given soil 

biological kinetic parameters as input, can predict gas concentration profiles and C& 

oxidation rates with a high degree of accuracy. The model was verified by reproducing 

the experimentally observed results of soil column experiments performed in this study 

and in those of an independent researcher. 
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Chapter 1. Introduction 

1.1 General 

Global climate change caused by anthropogenic emissions of radiatively active 

gases may present a serious threat to the future of the Eaah's environment. Methane 

(Ch) is a radiatively active trace gas whose concentration has increased significantly 

during the past few hundred years. Its relative contribution to the increase in radiative 

forcing since pre-industrial times is estimated to be about 19% (IPCC, 1996b). 

Oxidation of methane by methanotrophic bacteria provides an important sink for 

methane that would otherwise escape from freshwater, soil, and marine environments to 

the atmosphere. While soils have not been considered as significant sinks for methane 

until recently, methane consumption has been reported in agricultural soils, forest soils, 

tundra, and bogs (Topp and Hanson, 1991). Methane oxidising activity, with a decrease 

in soil oxygen and an increase in microbial biomass, has also been demonstrated in soils 

around leaks in natural gas pipes (Adarns and Ellis, 1969) and in landfill covers (Whalen 

et d., 1990). 

The phenomenon of methane oxidation in soils could potentially have a strong 

mitigating effect on C& emissions &om sources such as heavy oil well sites and 

landfills, and the optimisation of this process may serve as an inexpensive strategy for 

reducing emissions of this potent greenhouse gas. Three options are available for 

exploiting this phenomenon at a variety of specific field sites: 

1. optimisation of the C& oxidation process through the selection, design and 

maintenance of soil covers. 



2. manipulation of existing soil covers to increase their C& oddising potential; 

3. the use of C& oxidising biofilters for attenuating point source emissions. 

This could entail the use of an elaborate actively aerated biofilter, or simply 

channelling and distributing C& gas through an existing layer of topsoil. 

Before these techniques can be applied, however, some of the questions that need to be 

answered are: 

1. what soil cover properties and minimum thicknesses are required to effect 

optimal C& oxidation? 

2. what are the maximum oxidation rates that can be expected in a biofilter or 

modified cover design? 

To answer these questions, a thorough understanding of how environmental 

variables and soil properties limit a soil's C& oxidation potential is needed. While work 

has been carried out to study the effects that environmental variables such as temperature, 

moisture content and oxygen concentration have on C& oxidation, these studies have 

generally not included investigations into the effects that mass W e r  limitations have 

on the overall CHJ oxidation rate in soil covers. 

1.2 Overall Approach 

To provide a better quantitative understanding of the biological and physical processes 

related to C& oxidation in soils than is currently available in literature, soil column 
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experiments were chosen for this study because they allow one to quantify the reductions 

in C& oxidation associated with 0 2  mass transfer limitations. Soil column experiments 

also present the opportunity to investigate whether the techniques used by others for 

estimating in situ C& oxidation rates are valid. 

In addition to soil coIumn experiments, it was decided that a numerical reactive- 

transport model that is capable of estimating C& oxidation rates in soils be developed, as 

it would also serve as a valuable tool for answering the two question posed above. In 

addition to providing greater understanding of the physical processes associated with C& 

oxidation in soils, it could aid in the design of C& oxidative soil cover systems by 

reducing the number of laboratory experiments required to determine the optimal soil 

properties and thickness for a given environment. Such a model could aid in the 

refinement of global landfill methane emission inventories. Most of the models used to 

estimate methane emissions from landfills assume that 100% of the methane generated 

within a landfill is emitted into the atmosphere. Those models that do account for 

methane oxidation merely assume that some constant bction (usually 10%) of the 

methane is oxidised in the soil cover. At present, stiflicient information is not avaiiabie 

to accurately estimate the methane oxidation potential of methanotrophic microbes living 

in various types of soils and in various climates. 



1 J Specific Objectives 

The specific objectives of this research are: 

a TO quantify the rate of biological CH( oxidation that would occur in a variety of soils 

using soil column experiments. 

To develop a numerical model that is capable of predicting soil gas concentration 

profiles and C& oxidation rate as a function of soil physical properties and biological 

kinetic parameters. 

Use the numerical model to determine the theoretical maximum C& oxidation rates 

that can occur in soil covers, based on O2 mass transfer limitations associated with 

soil properties and the advective displacement of O2 by migrating C&. 

Determine whether the techniques currently used for estimating in situ C& oxidation 

give accurate results. Several authors have used batch incubation experiments for 

estimating in situ C& oxidation in landfill soil covers, but it has yet to be determined 

whether the C& oxidation rates of these disturbed soil samples are equal to their in 

situ rates. 

Determine whether a predictable relationship exists between a soil's gas composition 

and the biological kinetic parameters of its microbial populations. 



Chapter 2. Literature Review 

2.1 Methane and Climate Change 

Methane has a global warming potential (GWP) of 2 1 with reference to a 1 00 year time 

horizon (IPCC, 1996a); i.e. over the course of 100 years, the cumulative direct effect on 

the atmosphere's energy budget resulting from a one-kilogram release of methane is 21 

times the direct effect of a one-kilogram release of carbon dioxide (Ca). Methane also 

has a much shorter atmospheric Lifetime than C02 which means that its global warming 

potential is higher for shorter time horizons. For example, its GWP is 56 with reference 

to a 20 year time horizon (IPCC, 1996a). Therefore, the short term warming caused by a 

unit emission of C& is much higher than the long term warming. On short time-scales, 

1990's C02 emissions contribute over half of the direct effects of 1990's totai GHG 

emissions, and methane almost 30% (Isaksen et ai, 1992). Since methane's radiative 

forcing adjusts more rapidly to increases or decreases in emissions than does C9, its 

atmospheric concentration could be stabilised within a relatively short period with 

substantial near-term warming mitigation. 

Anthropogenic C& sources are estimated to contribute approximately 60-80% of 

the estimated 460-660 teragrams (Tg) of C& emitted annually to the atmosphere (IPCC, 

1996a). Based on a study which used the IPCC scenarios for future emissions of the 

greenhouse gases, the reductions in warming through the year 2050 that could be 

achieved by stabilising C& concentrations would be similar to the reductions attainable 

through capping C02 emissions at 1990 levels (Hogan and Kruger, 1992). If C& 
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emissions were held constant at 1984-1994 levels, then methane levels would rise from 

1720 to about 1850 ppbv over the next 40 years. However, if emissions were cut by 30 

Tg (C&)/yr, about 8% of anthropogenic emissions, then methane concentrations would 

be stabilised at today's levels (TPCC, 1996b). Such efforts could produce positive results 

in a relatively short time frame. 

2.2 Methane Emissions from Heavy Oil Production 

Carbon isotope measurements indicate that about 20% of the total annual global methane 

emissions are related to the production and use of fossil fuel (IPCC, 1996a). One source 

of atmospheric methane emission related to the production of fossil he1 that has received 

recent attention is the methane leakage from outside the wellbore casings at oil and gas 

wells and fiom open hole abandonrnents. This leakage is caused by the disruption of the 

earth's surface associated with drilling, which allows gases held in the earth to migrate to 

the surface (see Figure 2-1) (Rich, 1995). 

Current regulations in Alberta stipulate that any detectable gas leakage must be 

eliminated to satisfy the nuface restoration requirements of well-site lease abandonment. 

Only under special situations, in which serious attempts by operators fail to completely 

eliminate the surface casing vent flow, will the Alberta Energy and Utilities Board 

reconsider its "zero tolerance" requirement for lease abandonment Many wells in 

Alberta and Saskatchewan have reached the end of their economic lives. However, 

abandonment has been delayed for those wells with gas leakage, for lack of a technically 

reliable and economical way of stopping gas leakage (Schmitz et d., 1994). Schmitz et 



al. (1 993) have reported poor results with remedial work overs at 2 1 well sites with 

methane gas leakage. 

Emo and Schmitz (1996) identify two types of C& leakage: soil gas migration and 

surface casing vent flow. 

Figure 2-1: Schematic of typical well completion 

Production casing 

2.2.1 Soil Gas Migration 

Methane gas has been observed to migrate in soiIs outside the outennost casing (either 

production or surface casing) of oil and gas wells, and escape into the atmosphere. These 

C& emissions have not been accurately quantified, due to the lack of reliable well site 

emission monitoring data and effective reporting mechanisms. However, studies have 

been carried out to quantify the C& gas migration fiom heavy oil production sites near 

LIoydminster, Alberta (Jocksch et al., 1993; Schmitz et id., 1994; Schmitz et aI, 1993). 

Emo and Schmitz (1996) investigated C& soil gas migration in the LIoydmhster area, 
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and reported that 45% of the wells had detectable soil gas migration in the immediate 

vicinity of the weil. Gas migration rates were mostly less than 0.0 1 m3/day, and no well 

exceeded migration rates of 60 m3/day. They indicated that gas leakage from soil was 

Limited to an area near a well casing, and was rarely detectable beyond a 3m radius. 

Assuming that the CH( flux was uniformly distributed within this 3m radius, the 

maximum C% flux at these sites would be 1400 g*m'2*day-1. 

During the migration of C& in soils adjacent to these wells, some quantities of 

methane could potentially be oxidised by methanotrophic microbes. Although this 

phenomenon is known to oil and gas operators, because of the lack of credible data, soil 

methanotrophy has not been used as a technique to control methane gas emissions at well 

sites. 

2.2.2 Surface Casing and Production Casing Vent Flow 

In wells completed with a surface casing, a vent flow can be detected in the annulus 

between the production and surface casing (see Figure 2- 1). Erno and Schmitz (1 996) 

investigated flow rates of nuface casing vent flows in the Lloydminster area. They 

reported that 23% of the wells had d a c e  casing vent flows. For the majority of wells, 

gas flow-rates ranged fiom 0.01 m3/day to LOO m31day. 

In a University of Calgary study that attempted to quantify production casing gas 

venting, 854 of the 953 wells for which data were availabIe weUs were determined to be 

5 3 venting production casing gas, with a total of emission rate of 3.94.10 m of gas per 

day. Flow-rates varied fiom 1 m3/day to 25600 m3/day. About 38% of the wells vented 
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less than 50 rn3/day. Two-thirds vented less than 300 m3/day (Yang, 1999). Based on 

these figures, it is apparent that gas utilization at most well sites would be dEcult  due to 

the small volume of available gas, therefore inexpensive on-site treatment methods would 

be required. For a treatment technique to be economically feasible, the costs associated 

with reducing C& emissions can not exceed a few dollars per equivalent tome of C02 

treated. 

Recently, biological oxidation of C& has attracted much attention from the 

research community due to a renewed interest in biofiltration as an inexpensive waste gas 

treatment mechanism and the potentiai benefits of oxidation of C& by indigenous 

bacterial populations. Biofiltration is also seen as an attractive treatment technique in 

light of recent criticisms brought against flaring, which has been identified as a source of 

gaseous emissions capable of causing human health and environmental problems 

(Strosher, 1996). For these reasons, optimhtion of C& oxidation for biofiltration 

applications is seen as a primary research need. 

23 Methane Emissions from Landfills 

Another significant source of anthropogenic C& emission is the sanitary landfill, 

specifically, the ones accepting biodegradable municipal solid waste (BMS W). The 

anaerobic decomposition of landfilled BMS W generates large amounts of gas composed 

of approximateiy 50.60% C& (by volume), 40050% C02, and other trace gases such as 

nitrogen and volatile organic hydrocarbons (VOCs) (Kightley et al., 1995; Czepiel et al., 

1996). Landfills are estimated to account for approximately 25% of muaI 



I0 

anthropogenic C& emissions in the United States (Czepiel et al., 1996) and as much as 

20% of the global antbropogenic C& emissions (Nozhevnikova et al., 1993). Table 3 

contains a list of the landfill C& flux rates observed by several researchers. It can be 

noted that the maximum observed Cl& flux rates of fugitive emissions from the soil 

surrounding heavy oil wells near Lloydminster is comparable to the maximum flux rates 

observed at landfills. For this reason, some of the research done on soil methanotrophy at 

heavy oil well sites may apply to landfills. 

Table 2-1. Observed landfrll C& tlux rates. 
I 

Landfill location and Observed CH, flux 
cover soil type (g*m-2*day-L) Reference 
Illinois landfill with gas control 
system 0.003 - 20 Czcpicl, et d., 19%a 
New Hampshire landfill 0 - 1495 
sandy clay loam (mean = 61.0) Czepiel, ct d., 1996b 
Moscow landfill 
sandy clay mixture 0-31.2 Nozhcvnikova ct al, 1993 
Cat ifornia landfill 
Unvegetated, granular soil 526 - 3 1.39 Bogncr and Spokas. I993 
Essex landfill wl40-60 cm site I yearty average: 2 1 -76 
cover w/ sealing layer of  clay site 2 yearly average: 39.84 Jones and Nedwcll, 1993 
Various landfills in Illinois and 
Cdifornia 0.003 - I000 Bogncr ct d., 1995 

Most of the global methane emission inventories are based on empirically derived 

mathematical models which assume that 100% of the methane generated within landfills 

is emitted into the atmosphere. The main argument against this assumption is that a 

significant proportion of the landf3I methane could potentially be oxidised and converted 

to carbon dioxide by methanotrophic microbes Living in soils used as cover material. By 

negfecting this potential source of methane conversion, many current global methane 

emission models over-estimate the contribution from IandfilIs to the global methane 
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budget. Some laboratory studies of methane consumption by bacteria found in landfill 

cover soil suggest that 10% of methane gas is oxidised (Bogner and Spokas, 1993), while 

others have suggested that as much as 50% of methane is oxidised before reaching the 

surface (Whalen et al., 1990; Nozhevnikova et al., 1993). However, at present, sufficient 

information is not available to accurately estimate the methane oxidation potential of 

methanotrophic microbes living in various types of soils and in various climate 

conditions, therefore precluding incorporation of C b  oxidation in C& emission models. 

In addition to aiding in the refinement of global methane emission inventories, a 

better understanding of soil methanotrophy may serve as a means of mitigating landfill 

C& emissions. When designing landfill covers, the potential exists to manipulate the 

soils in a manner that rnaximises C& oxidation. Presently, landfills are designed with 

impermeable clay caps to "entomb" the waste. However, a permeable soil cap would be 

more effective in stimulating methane oxidation, for reasons previously mentioned. 

In the past, two approaches for reducing C& from landfills have been adopted: 

1. recovering and using or burning the gas; and 

2. reducing the source (e.g. recycling paper products, cornposting and 

incineration). 

Only the first approach-recovering and using or burning the gas, reduces C& emissions 

fkom existing landfills. Recovering and utilising landfill gas is an economically attractive 

option for reducing methane emissions, provided that the landfill is large enough. For 

initial screening purposes, the U.S. EPA considers only landfiIIs containing more than 

900,000 tonnes of waste to he capable of generating enough energy to support a CHi 
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recovery project (Biggs and Bashki, 1996). For this reason, gas recovery would be 

economical only at landfills near larger urban centres. 

Microbial C b  oxidation might provide a means of controhg C& emissions at 

sites where landfill gas recovery is not practised. It may also serve as a means of 

complementing the emission control afforded by landfill gas recovery, as some 

researchers have found that conventional gas recovery systems are only capable of 

capturing between 50 and 95 percent of the generated C& (Augenstein and Pacey, 1996). 

2.4 Role of Methanotrophs in CEF, Oxidation 

2.4.1 Methanotrophic Bacteria 

Methyltrophs are micro-organisms that can use one-carbon compounds which are more 

reduced than carbon dioxide (e.g. CC4, C&, etc.) as their sole sources of carbon and 

energy. Methanotrophic bacteria are the subset of nethyltrophs that possess the specific 

enzyme methane mono-oxygenase which enables them to utilise methane as a sole source 

of energy and as a major carbon source, allowing them to catalyze the following 

oxidative reactions (Haber et al., 1983): 
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The methane monooxygenase enzyme system permits the introduction of an 

oxygen atom into the methane molecule, leading to the formation of methanol (the 

requirement for O2 as a reactant in the initial oxidation explains why all methane 

oxidizers are obligate aerobes). They oxidise methane through methanol to 

formaldehyde, which they then either assimilate for the synthesis of cell material or 

fixher oxidise to carbon dioxide. All methanotrophic bacteria isolated and characterised 

to date have been gram negative, obfigately aerobic, and have possessed intra- 

cytoplasmic membranes (Topp and Hanson, 199 1). Most rnethanes~idizin~ bacteria are 

obligate methyltrophs, unable to utilize compounds with carbon-carbon bonds. However, 

bacteria of one genus, Methylobacterium, are faculative methyltrophs, capable of 

utilizing organic acids, ethanol, and sugars (Brock, et al., 1984). Methanotrophs are 

also capable of oxidizing a larger number of substrates that do not serve as carbon and 

energy sources, a process known as "cometabolism" @rock, et al., 1984). 

There seem to be two types of methanotrophic bacteria that exist in soils (Bender 

and Conrad, 1994). They are: 

1. Low CH4 oxidarm capacity microbid popuIations: This type of 

methanotrophic population is capable of oxidising methane when it is present 

in atmospheric concentrations (i-e. 1.7 ppm). These populations are 

characterised by a low capacity for C f i  oxidation (i.e. a low V,, where V,, 

is defined as the rate of CH, oxidation when CH( is not limiting). These 

popuIations are also characterised by a high affinity for C& (i.e. a low b,, 

where b, is defined as the concentration of C& which results in a Cfi 
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oxidation rate equal to one half of V,). In environments with low C& 

mixing ratios (e.g . atmospheric mixing ratios), no correlation has been 

observed between the C& oxidation activity and the numbers of 

methanotrophs enumerated by the Most Probable Number technique (MPN) 

(Bender and Conrad, 1994). These bacteria have yet to be isolated in the 

laboratory. 

2. High CHI oxidation capacip methunotroph: This trpe is found only in soils 

that are, at least, temporarily exposed to elevated C& concentrations, such as 

landfill covers, tundra soils and soils above natural gas reservoirs. These 

populations have a high capacity for C& oxidation (high V-) and a relatively 

low affinity for C& (high Kwp) (Bender and Conrad, 1992). They are the 

methanotrophic bacteria that have been isolated and characterised using 

standard techniques, such as plating serially diluted samples onto various agar 

media and counting the number of colonies formed following incubation under 

an atmosphere of methane and air (Topp and Hanson, 199 1). 

The remainder of this thesis is concerned with the latter type of methanotrophic 

bacteria and their potentid for attenuating anthmpogenic methane emissions such as 

those associated with landfills and heavy oil well sites. Maximising this potential 

necessitates a thorough understanding of how methanotrophs are affected by 

environmental conditions. 
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2.4.2 Factors Affecting C& Oxidation 

Proper environmental conditions are fundamentalIy important to microbial growth and 

survival. I f  environmental conditions such as temperature, moisture content and oxygen 

concentration are not suitable, microbial growth and survival will be adversely affected, 

resulting in non-optimal biodegradation. In soil systems, soil type also plays a significant 

role in determining the efficiency of biodegradation. Some studies have been conducted 

on how these and other factors influence methane oxidation in soils. The &dings of 

these are briefly described below. 

2.4.2.1 Methane Concentration 

The Cl& oxidation rate is a function of the C& concentration, and exhibits typical 

Michaelis-Menten characteristics (Bender and Conrad, 1 992; Czepiel et al., 1 996b). The 

C& oxidation rate versus C& concentration is described by the foilowing equation: 

where: 

v = C& consumption rate (g*day-l*g dry weight-') 

[S] = C& mixing ratio [ppmv] in air 

Vms = maximum C& consumption rate (g*day'[*g dry weighf') 

I&, = half saturation constant [ppmv] 



The rate of oxidation is linearly proportional to the amount of C b  present when 

C& concentrations are low (first order kinetics); the rate is independent of the amount of 

C& present when C& concentrations are high, but instead occurs at a maximum value, 

V, (zeroth-order kinetics). The kinetic parameters of methanotroph populations 

observed by four authors are presented in Table 2-2. 

Table 2-2: Kinetic parametem of methanotrophs exhibiting high C& activity. 
vm, &PO 

Soil origin and type (nmo l* h'l*g dry so irl) (ppm) Reference 
Forest soil above naturai 
gas source in Switzerland 44500 100 000 Bender and Conrad 1994 
sew Hampshire landfill 
Sandy clay loam 40 - 2594 195-5847 Czepiel et al., 1996b 
Essex, UK landfill 
Coarse sand 998 3793 RosIev and King, 1994 
Moscow landfif 1 
Sandy clay mixture 5000 - 25000 Nozhevnikova et al.. 1993 

King (1 992) reported that maximal oxidation rates (V,,) correlate well with 

methane flux rates. This suggests that the supply of methane to the zone of oxidation 

may determine Vma. However, it has yet to be determined whether there exists a 

predictable relationship between V,, and the rate of C& flw among diverse sites. 

Czepiel et aI. (1996) attempted to use linear regression techniques to represent the 

dependence of the V,, values at the depth of maximum oxidation on in situ CI& mixing 

ratios at that depth, and observed a hear relationship with a correlation coefficient of 

0.68. The least squares fit of their data gives the following equation: 

vm = 50 * ccH4 

Where: 

V- = Maximum C b  oxidation rate (nmol * hour-' * g dry soil weighf ') 

at the depth of maximum oxidation 
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CCHQ = The in situ soil gas C& mixing ratio at a depth of 7.5 cm 

Roslev and King (1994) demonstrated that methanotrophs could survive extended 

periods in the absence of C&. Methanotrophic cultures were seen to maintain oxidation 

activity after methane deprivation periods of up to 42 days. Kightley et al. (1995) 

observed that after interrupting the C& supply to soil cores for eight days, the oxidation 

activity returned to previous steady-state rates almost immediately after C& supply was 

re-established. Their findings show that a healthy population of methanotrophs would be 

maintained in a soil system subjected to intermittent methane flow. This is an important 

fact with regard to the control of surface casing vent gas, which typically exhibits 

intermittent flow-rates. 

2.4.2.2 O~ygen Concentration 

Methane oxidation by methanotrophic microbes occurs predominantly in environments 

where methane and oxygen (02) occur simultaneously. While there are some 

circumstances in which anaerobic methane consumption occurs, such as in sulphate 

reducing environments, methane oxidation is dominated on a global scale by aerobic 

consumption (King, 1992). Therefore in most situations, proper oxygen concentrations 

are essential for methane to be microbidly oxidised. Methane oxidation activity has been 

observed to drop off at O2 mixing ratios of less than 3%, but is only slightly sensitive to 

changes in O2 concentrations at mixing ratios above 3% (Bender and Conradt 1994; 

Czepiel et al., 1996b). 
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The potential for C b  oxidation in soils is therefore related to the depth of 9 

penetration, which regulates the areal extent to which the methanotrophic community can 

develop. The depth of O2 penetration will depend on at least three factors: the gas 

permeability of the soil (which will depend on the soil particle size distribution, moisture 

content. and compaction status), the rate of displacement of the normal soil atmosphere 

by the upward movement of methane, and the microbial methane oxidation rate on a 

volume basis. For these reasons, the depth of O2 penetration is highly site specific. The 

greatest depth at which C& oxidation has been reported to occur in l a n m  soils is 70cm, 

indicating the presence of O2 at such depths (Nozhevnikova et al., 1993). 

2.4.2.3 Moisture Content 

The response of soil CI-& oxidation to varying moisture content has been investigated by 

several authors. They have observed a decrease in oxidising capacity at higher moisture 

contents, presumably due to a decrease in gas diffusion (C& and 02) between the soil 

and the gas phase (Whden et al., 1990; CzepieI et al., 1996b; Adarnsen and King, 1993; 

Koschorreck and Conrad, 1993). Gas diffusion at soil saturation is limited by the 

diffusion coefficient of CHp in water which is 4 orders of magnitude lower than in air. 

These authors have also observed a decrease in oxidising capacity at lower 

moisture contents (e.g. 5% by weight), presumably due to a physiological response to 

water stress, resulting in lower microbial activity. Boeckx and Van Cieemput (1996) and 

CzepieI et al. (1996b) observed that the optimum moisture content for microbial methane 

oxidation lies between 10% and 20% (by weight) in sandy-loam and sandy-clay-loam 
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soils, respectively. Whalen et al. (1990) observed an optimum moisture content of 11% 

(by weight) in sand mixed with brown and grey clays. 

2.4.2.4 Temperature 

Several authors have quantified the response of microbial C& oxidation to varying 

temperatures by manipulating temperature during soil sample incubations. This 

temperature response can be described by the Arrhenius relationship, in which oxidation 

increases exponentially to a distinct maximum, and then decreases with continued 

temperature increase (LaGrega et al., 1994). Optimum temperatures observed have been: 

36OC (Czepiel et al., 1996), 3 1036°C (Whalen et al., 1 990), and 25-30°C (Boeckx and 

Van Cleemput, 1996). Nozhevnikova et al. (1993) observed that the methane 

consumption rate observed in enrichment cultures of methanotrophs at 6OC was 2.5 times 

lower than that of cultures developing at 25OC. 

2.4.2.5 Soil Particle Size Distribution 

The manner in which methane is rnicrobially oxidised in soils is Ylalogous to 

biofiItration. Biofiltration is a biological air-pollution-control technology that uses active 

microbial populations attached to a solid media to degrade gas-phase chemicals. When 

designing a biofilter, it is desirable to use a contact media consisting of h e r  panicles, 

which have a high specific M a c e  area. This maximises the attachment area, sorption 

capacity, and the number of reaction sites per unit volume (Swaoson and Loehr, 1997). 

However, finer particles r e d t  in decreased gas permeability, which inhibits oxygen 
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penetration. For this reason, a trade off must be made between the microbial attachment 

area on the one hand, and maximising the gaseous diffusion and oxygen depth 

penetration on the other, in a manner which maximises overall methane oxidation. 

Therefore, an optimum particle size and pore space distribution must be determined. 

After hctionating a forest soil into different grain size hctions, Bender and 

Conrad (Bender and Conrad, 1994) observed the greatest methanotrophic activity on 

particles of diameter between > 0.5 mm and < 2 mm. They concluded that aerated soils 

with a high content of sand should be the most favourable matrix for methanotrophic 

bacteria, possibly due to the facilitated gas diffusion in such "wide pore" soils with 

increased gas permeability. Kightley et al. (1 995) found that porous, coarse sand soil 

developed a greater methanotrophic capacity than fine sand or clay soils. However, their 

coarse sand soil samples had previously been exposed to higher and more constant 

methane fluxes than their fine sand or clay samples, and may therefore have had larger, 

more active methanotrophic communities. 

2.4.2.6 Nutrients 

In addition to a carbon source, cellular metabolism requires numerous other elements as 

nutrients. The synthesis of cellular tissue requires much more phosphorous and nitrogen 

than other nutrients, so these macro-nutrients are often rate limiting. In engineered 

biological treatment systems, nitrogen and phosphorous are usually added as ammonia 

and orthophosphate. However, such conventional approaches may be ineffective with 

methanotrophic populations. Amending soil with ammonium ions (N&3 has been 
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shown to substantially reduce C& consumption (Steudler et al., 1989; King and Schnell, 

1998). The exact mechanism responsible for this inhibition is controversial. KightIey et 

al. ( 1 99 5) conducted experiments to determine the effects of nutrient amendments 

(specifically, N&N03, K2HP04, and anaerobically digested sewage sludge) on C& 

oxidation. Only the sewage sludge was observed to enhance methane oxidation (by 

26%), whereas the N&N03 inhibited C& oxidation, and & ~ O J  addition had no effect. 

Sewage sludge is a complex organic mixture consisting of various macro- and micro- 

nutrients. They concluded that the significant enhancement of C& oxidation after 

amendment of soil with sewage sludge demonstrated that full development of the soil's 

methanatrophic community was limited by a lack of nutrient or nutrients. However, 

which specific micro- or macro-nutrients were rate limiting in their experiments is 

unclear. Hilger (1999) conducted experiments to test the effects of FeS04, EDTA, a 

vitamin mix, and nitrate on C& oxidation. Only nitrate showed stimulation of C& 

oxidation in ungassed soil. However, when soil that had been gassed for several 

thousand hours and then retested with nitrate amendment, no stirnulatory effect was 

observed. 



Chapter 3. Experimentation 

3.1 Overview 

A primary objective of this study was to determine how to manipulate soils, such 

as those adjacent to heavy oil wells or those comprising landfill cover systems, in a 

manner which maximises their methane oxidation potential. To this end, laboratory 

experiments were carried out to investigate the effects of environmental variables and soil 

mass transfer properties on methane oxdidation and to provide data for the calibration 

and verification of a numerical reactive-transport model. 

3.2 Soil Column Experiments 

Most of the work performed to date investigating the factors which influence microbial 

methane oxidation in soils have relied on batch experiments in which soil is placed in jars 

which are then injected with methane. The problem with this approach is that it doesn't 

simulate the reduction in the areal extent of oxygen penetration caused by its advective 

displacement by methane and by its cwsumption due to microbial methane oxidation. 

For this study, it was decided that soil column experiments be used in addition to batch 

experiments to adequately simulate these mass transfer limitations. Soil column 

experiments also permit more thorough analyses of the interaction between the many 

variables which influence CH, oxidation rates. Also, the batch experiments performed to 

date haven't allowed the microbial populations to reach their potential and so do not 

indicate the maximum amount of methane that can be oxidized in soiI systems 



3.2.1 Soil Column Design 

Figure 3-1 is a schematic diagram of the soil microcosms used for this research. Methane 

(99% purity) obtained from PraxAir was fed through the bottom of the columns, 

simulating the range of fluxes encountered at landfills and heavy oil well sites. Air was 

passed across the top of each column through ports in the head caps at a nominal flow 

rate of 300ml/min. This permited measurement of the methane flux fiom the soil sufface, 

and also maintained natural oxygen concentrations within the soil. 

Figure 3-1: Schematic of soil column 

Since the maximum depth at which microbial methane oxidation has been reported is 70 

cm (Nozhevnikova et al., 1993), the so3 columns used in this work were designed with a 

height of lm. Six columns were constructed fiom 1 m long PIexigIas tubes with a 6" 

outer diameter and W' thickness. Gas sample ports were W e d  at 1 Ocm intervals down 

the core and threaded for 118" NPT fittings (see Fig. C4, Appendix C). 
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The sample ports were fitted with %" Swagelok - 118" male NPT adaptors. The 

Swagelok end of the adaptors were fitted with 10- silicone septa. Filters made of steel 

mesh were inserted inside of the male NPT end of the adaptors and secured with 1 cm 

long l/" OD polypropylene tubes. A perforated plate covered with a fine steel mesh was 

located in the base of the column to support the soil, which was packed above it to a 

depth of 80 cm (see Figure C5, Appendix C). 

The columns were closed at both ends with Plexiglas end caps fitted with rubber 

O-rings (see Figures C 1 & C2, Appendix C). The end caps were fastened to the columns 

with 4 x %" threaded rods that ran the length of  the column. The columns were 

supported in a steel frame (see Figure 3-2). 

Figure 3-2: Photograph of soil column apparatus 
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3.2.2 Methane Oxidation Efficiencies 

The CH, flux from the surface of each soil column was calculated by measuring the C& 

concentration and flow rates of the effluent air streams exiting each column. The 

difference between the C& fed to the base of the column and the C& flwc £tom the 

surface of the column was then calculated. This difference was attributed to C& 

oxidation within the soil. Thus the percentage of CJ& oxidised was calculated with the 

following formula: 

Where: 

[QCH41in = flow rate of C& entering at the co~umn' s base 
[Qlout = flow rate of column's effluent 
[CC~4lout = C& concentration in column's effluent 

The C b  concentration in the column's effluent was measured using a GMI Land- 

surveyor I LEL meter calibrated for CH, (+/- 50 ppm accuracy). The COz concentration 

was measured with a PP Systems EGM2 Mia-red C02 meter (accuracy = +/- 25ppm). 

The C& flow rate at the base of the columns was controlled using needle valves and 

measured with Cole-Parmer 65mm variable area flow meters (reproducibility = 

0.02dmin). Calibration curves for each of the rotametes were generated using a Cole- 

Parmer digital flow meter (accuracy +/- 2%)). 

Experiments were performed without any soil in the columns to check the C& 

balance in this system. The error in mass balance was between 2 and 5%. 
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3.2.3 CoIumn Gas Concentration Profiles 

Samples (2mL) were taken at each gas sample port and analyzed for C&, C02, Q2, and 

Nz using a Hewlett Packard Micro-Gas Chromatograph with thermal conductivity 

detectors. C&, COz and air were separated using a Poraplot-Q column (4m x 0.32mm 

I.D., 10pm df.). O2 and N2 were separated using an MS-SA molecular sieve (1 Om x 

0.32m.m I.D., 30pm df). The G.C. settings for both columns were: oven temperature= 

100°C, injection time=lOOms, and sample time=lO see. A low detector sensitivity was 

used. All peaks were quantified with Hewlett Packared EZ-Chrom integration software 

on a personal computer. Gas sample concentrations were determined by comparison to 

standard gases obtained fiorn Prax-Air Gases. 

3.2.4 Soil Selection and Preparation 

Soil column experiments were conducted using three soil types: 

1 .  Sedge peat moss (PM) 

This soil was taken fiom a bog northwest of Cochrane, Alberta on March 27, 

1998. It was believed that because this soil resides at the interface of an aerobic 

and anaerobic environment, it would likely contain a large number of 

methanotrophic bacteria, which could later serve as a seed material for further soil 

column experiments if necessary. A peat moss was also chosen because it is 

known to be an excellent bio-filter media, and might therefore give an upper 

range of the CH, flux rates that could be treated using biofilaation. 
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2. Springbank landfill loam (SB) 

This soil was collected on April 28,1999 fiom the Springbank landfill (62Ave & 

3rd St. SE Calgary, AB) fiom a location where the CH, concentration was 35% at 

a depth of 45 cm. The soil was gathered fiom the top 15cm of the landfill cover 

and immediately taken to the lab where it was passed through a 2.5rnm sieve to 

remove large rocks, thoroughly mixed, and then placed in the soil columns. The 

columns were manually shaken during filling. 

3. Agricultural Soil (Rocky View Dark Soil) 

This soil is renowned for its high organic matter content and excellent agricultural 

properties. It was also chosen to represent soils found at abandoned oil well sites, 

which are often located on cultivated land. It was gathered fkom two farm fields 

east of Airdrie, Alberta Rocky View soil one (RV1) was taken fiom the north- 

eastern corner of the Rge Rd. 284/Twp. Rd. 264 intersection. Rocky View soil 

two (RV2) was taken &om a field located on the east side of Rge. Rd. 291,2km 

north of Twp. Rd. 270 (immediately north of Stewart Rd.). Both soils were 

covered with grass. 

3*2.5 Soil Column Operation 

Mer placed in the columns, the soils were subjected to the C& flow-rates and 

environmental or physical alterations Listed in Table 3-1. A coIumn flow-rate of 5 d m i n  

corresponds to a C& flux of 3 10 g*ni2*day*'. 
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Table 3-1: Column opetation evenb 

Methane flow rates were ailowed to vary above and below the nominal flow-rates given 

in Table 3 in order to observe the effect variable flow-rate has on C& oxidation 

efficiency. 

3.3 Batch Experiments 

After completing the soil column C& purging experimments, soil samples were taken at 

I Ocm intervals dong columns SB 1-3 and PM I to determine changes in moisture 

content and organic matter. In order to determine the effects of environmental variables 

on C& oxidation potential soil samples fiom columns SB 1-3 were also subjected to 

various time series incubation experiments. Quantification of the effects of 

environmental variables is essentid for developing of a CH, oxidation/transport model. 
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It was expected that a predictable relationship between the maximum oxidation rate 

(V,) and soil gas concentrations could be established. These experiments also 

presented the opportunity to determine whether some of the previously uvalidated 

techniques used by others for estimating the in-situ C& oxidation yield correct values. 

3.3.1. General Procedure 

Laboratory incubations were performed in 240 mL airtight glass bottIes with 

teflon+silicone septa caps. For each incubation experiment, approximately 10 g of soil 

was placed in the bottle which was then sealed. A headspace methane concentration of 

approximately 4% was achieved by injecting C& into the bottle with a syringe. A C& 

concentration of 4% was used because investigations by Czepiel(1996b) and Kightley 

(1996) indicated that zero order C& oxidation kinetics would be achieved when C& 

headspace concentrations are greater than 2%. Incubations were performed at a nominal 

temperature of 22OC, unless temperature was the independent variable under 

investigation. Bottle headspaces were sampled a maximum of 5 times during the 

experiments by removing 2 mL of gas with a 5 mL gas tight syringe. 

33.2. Analytical Techniques 

Headspace methane concentrations were quantified using the Micro-Gas Chromatograph 

(see section 3 2.1.3 for details). M i g  ratios were determined by comparison to 

standard gases obtained fiom Prax-Air Gases. The minimum detectabIe rate of oxidation 

at an initial headspace C& mixing ratio of 1.5% was 3 nmol C& per hour. 
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3.3.3. Oxidation Kinetics 

To determine the kinetic parameters for a given soil, varying quantities of C& were 

supplied to the septum bottle headspaces. The resulting C& draw-down rates were used 

to calculate the maximum rate of C& oxidation (V,,) and the apparent haKsaturation 

constant (&). Oxidation rate data were expressed in substrate saturation curves as a 

function of initial headspace C G  mixing ratio. Eadie-Hofstee plots were then use to 

linearize the data from which V, and K, were calculated. An Eadie-Hofstee plot is a 

graph of V vs. V/C, where V is the reaction rate and C is the concentration of the gas 

whose effects on kinetics is being determined. V,, is equal to the y-intercept of the 

Eadie-Hofstee plot, and K, is equal to the inverse of its slope (Bender and Conrad, 1992). 

3.3.4. Effect of Oxygen Concentration 

Incubations to determine the effect of reduced O2 concentration on C& oxidation rates 

were performed on soil samples obtained fiom column 1 (Springbank loam) at depths of 

35cm and 75 cm. Oxygen concentrations were adjusted by flushing the bottIe headspaces 

with air+N2 gas mixtures of varying ratios. Concentrations ranged from 1 to 20% 02. 

Incubation of samples containing 5% O2 were performed in triplicate to quant@ error. 

Samples were allowed to equilibrate to their adjusted headspace atmospheres for 1 hour. 

Time series incubations were then performed as previously described. 



33.5. Temperature Effect 

The effect of soil temperature on CH( oxidation was determined by adjusting soil 

temperahlre and measuring the substrate-saturated C& oxidation rate. Soil samples 

(log, 12% moisture content) were acclimated for 4 hours to a range of temperatures £iom 

4 to 40°C, and headspace C& was adjusted to a nominal concentration of 2.5%. Time 

series incubations were then performed as previously described. 

3.3.6. Effect of Moisture Content 

The effect of soil moisture on C& oxidation was determined by adjusting soil moisture 

content and measuring the substrate-saturated C& oxidation rate. The moisture content 

of a composite soil sample was initially brought to 1% Hz0 by air drying with 

intermittent mixing. The moisture content of the composite sample was increased in 

approximately 5% steps to 30% with a mist of distilled water, with log sub-samples 

being placed in septum bottles at each step. Samples were acclimated overnight to the 

changed moisture content. Headspace C& was adjusted to a nominal concentration of 

2%, and time series incubation experiments were performed as previously descnied. 

Soil moisture contents were then determined gravimetrically, by drying samples for 24 h 

at 1 04°C. 



3.4 Soil Characteristics 

3.4.1 Soil Textural Classification 

Soil texture was determined by sieve analyses and classified in accordance with the U.S. 

Department of Agriculture classification system. 

3.4.2 Bulk Density 

The bulk density of the soils within the columns was determined by weighing soil-filled 

columns, subtracting the column weight, and dividing by the column volume that 

contained soil. 

3.4.3 Moisture Content 

Soil moisture content was determined gravimetrically by measuring the weight lost after 

heating at 104OC for 24 hours. Moisture content was expressed as percentage of dry soil 

weight. 

3.4.4 Water Holding Capacity 

The water holding capacity of the soils were determined by packing 1 kg of soil into a 

plastic funnel which was plugged with cotton wool. Water was slowly added to the soil 

without ponding until it began to drip out of the W e 1  (Wilson, 1998). Moisture 

content was then determined gravimetrically, as described in section 3 -3.3. 
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3.4.5 pH 

Soil pH was determined in a 1 :2.5 soil-water mixture using a hand-held pH meter (Hanna 

Instruments, HI 9025 Microcomputer pH meter). 

3.4.6 Intrinsic Permeability 

The intrinsic permeability of the soils could be estimated experimentally for soil columns 

in which there was no microbial activity by solving the following set of equations: 

where: 

P = column pressure (Pa) 

CCH4 = molar concentration of C& 

DCH4 = difisivity of C& in soil 

D ~ r  = dihivity of air in soil 

k = soil's intrinsic permeability 

1 = viscocity of gas mixture 

The pressure (P) was measured using a water manometer attached to the base of the 

column, with the top of the column at atmospheric pressure. Its gradient (dWdy) was 

approximated by dividing P by the column's length. The gas concentrations were 
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measured at the base of the column, and their gradients (dC/dy) were also approximated 

by dividing these measured concentrations by the column Length. This would provide an 

accurate value for the gradients, provided that microbial activity was absent, in which 

case the gas concentration profiles were linear. Values for Ddh DcH~, and k could then be 

obtained by solving the set of simultaneous equations. 



Chapter 4. Presentation and Discussion of Experimental Results 

4.1 Soil Properties 

The properties of the soils used in the column experiments were determined using the 

methods described in section 3.4 and are presented in Table 4- 1. 

Table 4-1: Soil properties 
Average Moisture Organic Air- 

So i1 CH4 Flux pbulk Content W.H.C. Matter pH Total Filled 
(g*m*zed") (glml) (% dew.) (% d.w.) % dew. Porosity Porosity 

SB 1 3 19 1.172 9.4 24.6 3.1 8.45 0.6 0.5 
SB2 328 1.163 9.4 24.6 3.1 8.45 0.6 1 0.5 1 
SB3 186 1.142 9.4 24.6 3.1 8.45 0.6 1 0.5 1 
RV I 315 1.326 6.0 39.8 4.7 7.6 0.53 0.43 
RV~' 3 15 138 10.0 39.8 4.7 7.6 0.53 0.40 
RV2 - - 102 - 10.9 - - - 
PMI 320 0.54 3 16 505 79 6.5 0.9 0.49 
PM2 320 0.54 3 16 505 79 6.5 0.9 0.49 
PM3 160 0.55 3 16 505 79 6.5 0.9 0.49. 

-Properties of Rockyview soil RV 1 after increasing moisture content to 1 0% 

Rockyview soil 2 was not used in soil column experiments, but is included in Table 4-1 

to illustrate the significant effect that a soiI's organic matter content can have on its 

moisture content. RVI and RV2 taken from locations that were only a few kilometers 

apart, and were likeiy exposed to similar climates. However, RV2 had over twice the 

organic matter content as RV I, and contained nearly twice as much moisture. 

4.2 Soil Column Experiments 

4.2.1 Methane Oxidation Rates as a Function of Time: Experimental Radts  

Tables giving the time course %C& oxidation rate and the equivaient C& flux oxidized 

are Iocated in Appendix A. Their values are plotted in Figures 4-l,4-2 and 4-3. 
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4.2.1.1 Sedge Peat Columns 

Two months after placing the sedge peat in the columns, the soil had senled by 10-15%. 

In all the soil column experiments using sedge peat, the flux of C h  from the surface of 

the soil decreased with time, indicating the growth of a microbial community capable of 

oxidising Cb. Figure 4-1 illustrates the methane-oxidation rate for these columns. 

Figure 4-1: Methane oxidation rate in sedge peat 
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For the first 19 days, the methane-oxidation rate measured in all of the sedge peat 

columns remained approximately constant, demonstrating the existence of a mall 

methanotrophic community prior to purging the soils with methane. During this time, the 

molar oxidation rate in each of the columns was a function of the methane flow rate into 

the columns, suggesting first-order growth kinetics. After 19 days the C& oxidation 
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rate within the columns began to increase, and the growth kinetics began to shift from 

£intoorder to zero-order. By day 50, a shift to zero-order growth kinetics is complete, as 

the molar rate of CH( oxidation in co~umns purged with both low and high CI& flow- 

rates approach the same value. A plateau in the C& oxidation rate was achieved after 80 

days in all of the sedge peat cotumns. After 160 days, the rate of C& oxidation had 

undergone little change, so it was assumed that a steady state had been reached. 

Consequently, one of the high C& flow columns (PM2) was decommissioned and the 

other (PM1) was compacted by 30% to observe the effect of reduced intrinsic diffusivity 

on C& oxidation. The low CH( flow column (PM3) was placed in a cold room at S°C 

for 19 days. AAer removing PM3 fiom the cold room, its capacity for C& oxidation had 

decreased fiom 85% to 71%, but then increased to 76% after more 18 days. After an 

additional 154 days of C& purging, both of the remaining sedge peat columns saw a 

decline in their C& oxidation rate to a lower steady-state value 

4.2.1.2 Springbank Loam Columns 

Figure 4-2 illustrates the methane-oxidation rate for columns SB I (high C& flow) and 

SB3 (low C& flow). Column SB2 is not included in this graph for the sake of clarity. 



Figure 4-2: Methane oxidation rate in Springbank soil 

Time (days) 

As in the sedge peat, a methanotrophic microbial community was initially present in the 

Springbank loam, albeit one capable of oxidizing four times more C& than the initial 

sedge peat community. This community also initially exhibited ht-order growth 

kinetics, which shifted to zero-order after being purged with C& for 2 weeks. By day 

28, both all of the Springbank loam columns achieved their maximum oxidation rate, 

with the high C& flow-rate columns (SB 1 and SB2) oxidizing 50% of the CH( and the 

low C& flow-rate column (SB3) nearly 100 %, again indicating zero-order growth 

kinetics. After day 28, the oxidation rates for ail three of the Springbank loam columns 

began to decline to their steady-state values. The steady-state oxidation rates eventually 

reached by columns SB I and SB2 were 102 and 120 g*m'2+day-', respectively (10.20% 
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below their initial oxidation rates). The steady-state oxidation rate for the low C& flow- 

rate column was (93 g*m-2*day-1) 20% higher than its initial rate. 

Contrary to King (1992) the rate of CHJ oxidation in these soils did not seem to 

correlate with their rate of C& flux; rather both the low and high Cl& flux columns 

exhibited comparable molar oxidation rates. 

4.2.1.3 Rockyview Dark Soil 

As with the other soils, there was a low initial rate of C& oxidation. However, after two 

months had elapsed, the C& oxidation rate decbed, unlike the oxidation rate in the 

other columns. Because the initial moisture content of this soil was only 6.1% (dry 

weight basis), it was hypothesised that microbial water stress was preventing the 

development of a larger methanotrophic community. The soil was removed fkom the 

column, and its moisture content was increased to 10% (d.w.) using a spray bottle while 

continuously mixing. Within a week of returning the soil to its column, the C& 

oxidation rate climbed to 124 g*m-2*day*' (40% oxidation efficiency). 



Figure 4-3: Methane oxidation in Rockyview dark soil (RV1) vs. time 
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As observed in the other soils, the C& oxidation rate increased to a maximum, 

ody to decline to a somewhat lower, steady-state rate, in this case 103 g*rn-2*day*t (34% 

of the column's 3 10 g*m-2tday-' C& flux). This steady-state oxidation rate is close to 

those observed in the Springbank columns, which averaged 105 g*m-2*day-[. 

4.2.2 C& Oxidation as a Function of Time: Discussion 

In all of the soil column experiments, with the exception of the high C& flow-rate 

Springbank loam columns (SB I and SB2), an increase in rate of C& oxidation followed 

by a gradual decline to a lower steady-state value was observed. A similar pattern has 

has dso been observed in the soil microcosm simulations of landfill soil covers 

performed by others (Hilger et al., 1999; Visvanathan et al., 1998). However, whether the 

reduction in oxidation efficiency observed in the peat columns was due to their microbial 
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community's natural course of development or to PMl's compaction and PM3's cooling 

canuot be unequivocally stated. 

Hilger et al. (1999) suggest that exopolymer accumulation on microbial biofikn 

surrounding the soil particles could account for the gradual decline in biotic C& 

oxidation levels. Exopolymer accumulation could limit gas diffusion to sites of active 

micro b i d  activity. However, this hypothesis has yet to be proven. 

Another possible explanation is that during long-term operation of a biofilter, the 

mandatory absence of net cell growth forces the cells into maintenance metabolism or the 

equivalent situation of balanced growth and death, which is of a relatively lower rate 

compared to substrate consumption during the exponential growth phase. A simple 

calculation confirms that bacteria must oxidize C& while in a stationary phase. For 

example, assuming there is very slow net growth with a doubling time of 7 days, after 

one year, each active bacterium will have generated 2R cells or about 5 kg of wet cell 

weight, which would be impossible to accommodate in the bed. 

There are at least two scenarios that could account for the stationary phase with its 

maintenance kinetics. The first is that the microbial population enters a state of 

maintenance energy usage. Cells that are not growing and dividing still need to expend 

energy to maintain ion gradients across their membranes and to turn over their protein 

content through poteolysis and resynthesis. Because energy alone is needed for this, only 

a carbon source and oxygen are consumed 

The second possible scenario is that the maintenance energy usage actually 

reflects growth at a low rate; total cell mass does not increase because existing cells are 



42 

consuming nonviable biomass at the same rate as growth, which is known as endogenous 

metabolism. However, these two scenarios are mathematically equivalent 

Further experiments should be performed to determine the exact cause for this 

rather significant decline in C& oxidizing capacity. If, for example, it is merely a case 

of nutrient limitation, then this codd be offset by facilitating the controlled extra release 

of mineral N into the soil, e.g. by adding an encapsulated form of N fertilizer or the 

addition of organic residue. 

4.23 Oxidation Efficiency as a Function of C& Flux 

To determine the effect that the rate of C& flux has on oxidation efficiency, the Cl& 

flow-rates in both the low and high CH( flow columns were allowed to vary. The 

resulting data are pooled in Figures 4-4 and 4-5, and fit to logarithmic trendlines, as they 

resulted in the best fit. 



Figure 4-4: Oxidation efficiency vs. C& flux in sedge peat and Springbank loam 
under optimal conditions 
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Figure 4-5: Deereaae in oxidation efficiency in Springbank loam after reaching 
steady state 
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4.2.4 Steady State Gas Profiles 

After the C& oxidation rates in the columns achieved a steady state, vertical 

concentration profiles of the soil gases were obtained. Tables of the soil gas 

concentrations are located in Appendix A. 

4.2.4.1 Sedge Peat 

Figures 4-6 and 4-7 depict gas concentration profiles for two of the sedge peat columns 

(PM3 and PMl). Because a gas chromatograph was not available until the last four 

months of the soil column experiments, gas concentrations profiles are not available for 

column PM2, or for column PM1 prior to compaction. 

Figure 4-6: Soil Gas concentration profile for low C& flow sedge peat 
column PM3 (Qa4 =160~*rn-'*da~-') 

Gas concentration (%) 
0 20 40 60 80 

0 



Figure 4-7: Soil gas concentration profile for compacted sedge peat 
column PM1 (QCHI =32O g*m-2*day-1) 
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The compacted sedge peat (PM1) had a much steeper C& concentration gradient than 

the uncompacted peat, which is to be expected since it has significantly less free-air 

space, and therefore a lower intrinsic diffkivity and gas permeability. A steeper gradient 

is therefore required to maintain its C& flow-rate. 

4.2.4.2 Springbank Loam 

Figures 4-8 and 4-9 depict gas concentration profiles for two of the Springbank Loam 

columns (SB I and SB3). The gas concentration profile for the replicate column (SBZ) 

resembled that of column SB 1, and was therefore omitted. 



Figure 4-8: Soil gas concentration prowe for high a flow Springbank soil 
column SBl (QCH4 =319g*m-2*day-1) 

Gas concentration (%) 
0 20 40 60 80 

0 

Figure 4-9: Soil gas concentration profiIe for low C& flow Springbank soil 
column SB3 (QCH4 '186 g*m-2*day-1) 
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Oxygen profiles were similar in each of the Springbank soil columns, with 

aerobic conditions present throughout the columns' 80cm length. The O2 concentration 

was 0.75% at the base of the high C& flow column (SB 1) and 1.8% at the base of the 

low C b  flow column (SB3). The C& concentration at the base of the column SB3 was 

67% of that of column SB 1, which makes sense given that the low flow-rate column had 

a C& flow-rate equal to 60% of that in the high flow-rate columns. 

As previously stated, an 80cm soil depth was used in these experiments because 

70cm was the greatest depth at which microbial C& oxidation has been reported. 

However, the fact that the soils in this series of experiments were aerobic throughout 

their entire depth indicates that C& oxidation could have occurred at a greater depth. It 

seems likely that the actual maximum C& oxidation rate that could occur in a thicker 

cover consisting of the same soil was not achieved, especially for the low C& flow-rate 

column. However, a field soil cover would be compacted to a greater degree, and would 

likely have a shallower aerobic depth. 

4.2.43 Rockyview Dark Soil 

Figures 4-1 0 depicts gas concentration profiles for the Rockyview dark soil. 



Figure 4-10: Soil gas concentration profile for Cole RV1 (Qm4=310 g*m-2*day'3 
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The Rockyview soiI exhibited a steeper C h  concentration gradient than the 

Springbank loam. This can be explained by the fact that it has a higher bulk density than 

the springbank loam, yet a similar moisture content, resulting in a volumetric air content 

that is 15% less than that of the Springbank loam. Since a soil's intnhsic diffUsivity is 

proportional to the square of its aeration porosity, the Rockyview soil has a lower 

difhivity, resulting in steeper concentration gradient in order to effect the same C& 

flow-rate. 



4 3  Batch Experiment Results 

4.3.1 C& Oxidation Rate as a Function of Column Depth 

The batch experiments that were performed in empty bottles demonstrated that C& 

leakage fiom the septum bottles was negligible. The drawdown of C& in the headspace 

of the bodes was linear, as illustrated in Figure 4-1 1, and therefore indicative of the 

pseudo-zero-order kinetics expected in a maximum oxidation rate or substrate 

independent environment, according to KightIey (1  997) and CzepieI(1997). 

Figure 4-1 1: Sample graph of typical batch experiment C& drawdown data from 
the 66cm depth of column SB1. 
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The C& oxidation rate profiles for the Springbank loam columns obtained fiom 

incubation experiments are presented in Figure 4-1 2. 



Figure 4-12: Springbank loam C& oxidation as a function of depth 
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43.2 C& Kinetic Parameters 

The oxidation rate data from the incubation experiments performed on soil samples taken 

from the 76-cm depth of column SB 1 exhibited typical Michaelis-Mentin characteristics, 

as illustrated in the following substrate saturation curve in which VCW is plotted as a 

function of initial headspace. 



Figure 4-13: Substrate saturation curve - col. SB1,76cm depth 

Using an Eadie-Hofstee plot to linearize this data, V, and I& can then be calculated 

(Figure 4-14). 

Figure 4-14: Eadie-Hofstee plot for col. SB1,76cm depth soil 
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The quantity for Ks is equal to the inverse of the slope of this graph which in this 

case is 0.75% C&. The quantity V,, is equal to the y-intercept, which in this case is 

1852 nmolfhfg d.w.. This is only 4% less than 1940 nmol/h/g d.w., the value calculated 

using a single batch test and applying the correction factor derived fiom I& (see section 

4.2.1). These kinetic parameters are similar to the maximum kinetic parameters 

determined by Czepiel et al. (1 996b) for a sandy clay loam taken fiom a New Hampshire 

landfill, which were Vmax=2594 nmoWg d.w. and Ks = 5847ppm determined for 

column SB l at the 76 cm depth. 

Since the V,, value determined fiom the Eadie-Hofstee plot (1940 nmoyh/g 

d.w.) is considerably larger than that observed in the incubation experiment discussed in 

section 2.4.1, it was hypothesized that the initial 2.5% C& headspace concentration used 

in the batch experiments was in fact somewhat lower than the amount required to effect a 

zero-order kinetic response in these tests, notwithstanding the observed linear draw- 

down. This was confirmed in a batch experiment that was later performed on a soil 

sample taken from the 56-cm depth of column SB 1. An initial CH( headspace 

concentration of 3% yielded an oxidation rate of 3 1 I nmoVh/g d.w. in the first set of 

incubation experiments, but an incubation experiment performed on soil from the same 

depth using an initial C& headspace concentration of 10% resulted in an observed 

oxidation rate of 539 nmol/h/g d-w- Indeed, a straight fonvard calcuIation will show that 

the seemingly hear draw-down of CHi does not necessarily indicate substrate saturation, 

contrary to the claims made in two of the most widely cited papers on C& oxidation in 

landfills (Czepiel et al., 1996; KightIey et al., 1995). 
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Consider, for example, the C& drawdown data for the 66cm depth of column 

SB 1 (Figure 4-1 1). A least squares fit of these data gives a correlation coefficient of 

0.9989, indicating a stmight line. The Vmax value determined fiom this graph's slope is 

768 nmoYhlg d-w.. Using the half-saturation constant, % of 0.75% C& (determined in 

section 4.2.2), one obtains the following theoretical drawdown curve, which has been 

superimposed on the experimentai data: 

Figure 4-15: Theoretical versus experimental C& draw-down in SB1 Batch Test 
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Since the theoretical draw-down curve does not coincide with the experimentai data, the 

actual Vmax value is likely higher than that determined through regression analysis of the 

experimental data, and therefore the batch experiment was performed at a sub-saturating 

C& concentration. One can manipulate Equation 2-2 to calculate correction facton that 

can be used to generate V- values fiom batch experiment data acquired at sub- 

saturating C& concentrations. The formula for the corrected V,, is: 



Where: 

V,, = maximum CI& consumption rate (nxnol*day-' *g dry weight-') 
V = C& consumption rate ( n m ~ l * d a ~ ' ~ * ~  dry weight") determined from a 

batch experiment 
CCHJ = average C b  head-space mixing ratio used in the batch experiment 
K, = halfsaturation constant (=0.75% C&) 

Using the data given above (Column SB1,66cm depth), namely CcH4=3%, V=768 

nmoI/h/g d.w., one obtains a V, of 1005 nmol/h/g d.w.. Using this V,, to again 

generate the theoretical C& dmwdown curve gives the following (again superimposed 

on the experimental data): 

Figure 4-16: Modifled theoretical CR, draw-down versus experimental draw-down 
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The correlation coefficient of the theoretical curve is 2 = 0.99993 (i.e. a 

seemingly straight line). However, the actual V,, used to generate the curve is 3 1% 

higher than the V, directly calculated from this straight line. 

The error associated with the batch experiments performed on soil taken fiom the 

76cm depth of column SB I is even higher (64%) because that test was mistakenly 

performed at a relatively lower initial C b  concentration of 1.3%. The data from that 

experiment also exhibited an apparently linear decrease in the C& headspace 

concentration (?=0.9997) untii the C& concentration was less than 0.25%. 

Consequently, all of the V,, values calculated from batch experiment data were 

adjusted using the aforementioned correction factors for the purpose of modeling and for 

generating C& oxidation depth profiles. The profiles are presented in Figure 4-17. 

Figure 417: Springbank loam &-adjusted V,, oxidation depth protiles 
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These profiles of C& oxidation potential showed that the capacity for C& oxidation was 

not uniform throughout the length of the columns. As can be seen in Figure 4-17, the 

distribution of oxidation potential in the low and high C& flow Springbank soil columns 

are similar, with little oxidation occurring in the top 26cm. An appreciable increase in 

oxidation potential occurs at the 36 cm depth in d l  of these columns. This is Likely due 

to sub-optimal moisture contents above the 26cm depth. In Column 1 (a high C& flow), 

the maximum oxidation potential is seen at the bottom 10 cm interval (76 cm depth), 

whereas in Column SB2 (replicate high C& flow column) and Column SB3 (low CH( 

flow), this maximum is seen at the 66 cm depth. 

It was expected that a predictable relationship between the V,, values and soil 

gas concentrations could be established. However, Figure 4-18 indicates otherwise. 

Figure 4-18: V,, vs. CH, concentration in Springbank soil columns 
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The V,, values did not exhibit a strong correlation with columns' historical C& 

concentrations. However, the one thing that all three SB columns have in common is a 

low O2 concentration at the depth of  maximum V- (a% at the 66cm and 76cm depths). 

Cookson (1995) has noted that methanotrophs may grow more rapidly under reduced 

oxygen concentrations. Therefore, the depth of maximal V,, may coincide with the 

zone that has the lowest O2 concentration that is not rate-limiting. 

4.33 Effects of O2 Concentration 

Figures 4-1 9 and 4-20 present the C& oxidation rates as a function of O2 concentration 

for soil taken f?om the 36 and 76 cm depths of column SB 1. The C& oxidation rates 

remained relatively unchanged at O2 concentrations above 24%. At O2 mixing ratios 

below 2.3%' C& oxidation rates decreased rapidly to zero. The solid Lines in these 

figures represent a least-squares fit of the data to a Monod saturation curve. 



Figure 4-19: C& oxidation rate as a fanction of 0 2  miring ratio (SB1,36cm depth) 

fi too > 

Figure 4-20: C& oxidation rate rw a fanetion of O2 miring ratio (SB1,76cm depth) 

The apparent half-saturation constant for C& oxidation as a function of O2 concentration 

can also be estimated using an Eadie-Hofstee plot as iIIustrated in Figures 4-21 and 4-22. 



Figure 4-21: Eadie-Hofstee plot for determining K, due to O2 at 36cm depth (SB1) 

Figure 4-22: Eadie-Hofstee plot for determining K, due to O2 at 76 cm depth (SB1) 
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The quantity for Ks is equal to the inverse of the slope of these graphs. Because 

the correlation coefficient of the Eadie-Hofstee plot is low for the 36 cm depth, the Ks 

value determined for the 76cm depth is used in the numerical model developed in the 

next chapter. For the 76 crn depth, I& was found to be I .14% Oz, which is close to the 

value of 1.2% determined by devisscher et al. (1999). 

43.4 The Use of Batch Experiments for Determining Field C& Oxidation Rates 

The soil column experiments afforded the opportunity to evaluate whether the use of 

batch experiments for estimating in situ C& oxidation rates in the field is a valid 

technique. This technique assumes that the in situ oxidation rates of a soil will equal 

those determined from a jar incubation experiment performed on a disturbed excavated 

soil sample. 

Since the V,, values and C& concentrations at various depths in the soil column 

are known, dong with the haif-saturation constants 6,) for C&, the total C& uptake 

rate in the soil column can be calculated. However, because batch experiments were 

conducted at almost atmospheric O2 concentrations, and the local O2 concentration in the 

soil air was much lower, the oxidation rates must be adjusted accordingly. The effect of 

sub-saturating O2 concentrations on C& oxidation can be expiicitly accounted for with a 

modified Monod equation, which is: 

Where: 

VCH~, Vmax, CCH~, &114 as in E ~ t i o n  4-1 



Coz = local O2 concentration within the soil column 

b2 = kinetic haKsaturattion constant for 0 2  

Applying this equation to the three Springbank soil coiumns results in Figures 4-23,424 

and 4-25. 

Figure 4-23: C& oxidation rate profile column SBl 
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Figure 4-24: C& oxidation rate profile in column SB2 
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Figure 4-25: C& oxidation rate profile in low C& flow S p ~ g b r n k  soil (SB3) 

CH, oddation (nrnolhtg d.w.) 

0 1000 2000 3000 

0 

+- Oxidation 
r;te (@uted 
for 02) 



By integration along the entire column length, an estimate of the total C& uptake of the 

soil column can be made. This estimate is compared with the CI& oxidation rates 

determined by mass balance (Equation 3- 1) in Table 4-2. 

Table 4-2: Comparison between batch test calculations and mass balance calculation 
of the overall column C& oxidation rates. 

Tot, CHI tot. CHI OItidaUon Oxidation 
Oxidation Oxidation Mckncy  effic kncy 

Q,,, (batch bb) (mas8 balance) (batch test) (mass hi.) 

Column (glm'ld) (glm21d) (~l(m'td) % % % Error 
S81 319.3 82. 102.2 25.7 32.0 -1 9.6 
S82 333.3 104.8 120.0 31.4 36.0 -1 2-7 
S83 182.9 187.1 93.3 102.3 51 .O 100.6 

The estimates of the total CE& uptake based on batch experiments are reasonably close to 

those determined using a mass balance equation. However, there is a large discrepancy 

between the over all C& oxidation rate calculated for column SB3 using batch 

experiments and the rate calculated on the basis of the column's mass balance. It was 

hypothesised that this was due to incorrect kinetic parameters being used for this soil 

column. Because the half-saturation kinetic constant (b4) used to determine coiumn 

SB3's V, values was determined fiom experiments performed on column SB I (a high 

C& flow column), it might therefore be applicable only to the microbial population 

within column SB I. However, this alone cannot explain the discrepancy. For even if 

the correction for K, given in Equation 4-1 were not applied, the overall C& oxidation 

rate determined by integrating the local oxidation rates given in Figure 4-12 would still 

be 153 g/m2/day (64% more than the rate calculated using a mass balance). Only by 

assuming a I& value of 3.5% @ for the soil in column SB3 and not applying the K, 



correction would the batch test determined C& oxidation rate equal the rate determined 

by mass balance. However, the G2 values reported in literature are typically closer to 

I%, and this author has never seen one that exceeded 2%. Therefore doubt is cast on the 

accuracy of the V,, values determined for column SB3. 

4.3.5 Predicting V,.. at the Depth of Maximum Oxidation 

As was mentioned in Chapter 2, Czepiel et al. (1 996b) observed a significant 

linear relationship between the maximum rate of C& oxidation in a soil cover and the in 

situ soil gas C& concentration, namely: 

vm,=so*ccH4 (2-3 ) 

As can be seen in Table 4-3, applying this equation to the C& concentrations observed at 

the depth of maximum oxidation in the Springbank loam columns yields V,, values 

close to the values determined through batch incubation experiments, again with the 

exception of the soil fiom column SB3. 

Table 4-3: Comparison between experimental V,, and V,, derived fkom Eqn. 2-3 
Soil Column Depth (cm) V, (Eqn. 2-3) V,,(ExperimentaI) 

SBI 76 1861 1940 

However, when considering some of the V,, values for CE& oxidation reported by 

others, it becomes apparent that Equation 2-3 must be applicable only to certain soil 

types. For exampIe, NozhevniJsova et aI. (1992) report a V,, of 25000 nm~l*h~'*~-' .  

Substitution of their V,, value into Equation 2-3 would imply that their soil was exposed 



65 

to a C& concentration of 500%, which is impossible. Bender and Conrad (1992) report 

an even higher Vma. of 44500 nm~l*h-'*~-'. 

Another question that arises is how can the depth of the zone that has the highest 

V , ,  or highest number of methanotrophs, be predicted for a given soil type and C& 

flux rate? As was noted, methmotrophs seem to grow more rapidly under reduced 

oxygen concentrations. Therefore, the depth of maximal V,, may coincide with the 

zone which has the Lowest Oz concentration that is not rate-limiting. However, this depth 

would itself be a h c t i o n  of the number of methanotrophs present, as their consumption 

of O2 limits its depth of diffusion. It might be possibie to determine this depth by 

employing a numerical model that couples the growth and endogenous decay of biomass 

to the mass transfer of 9 and C&. 

43.6 Results of Temperntun Manipulation Experiments 

Methane oxidation rates were plotted against temperature to estimate the opthum 

temperature for C& oxidation. The results of the incubation experiments performed on 

soil kern the 36 crn depth of column SB I are given in Figure 4-26. The error bars 

indicate the 90% confidence interval, based on the Student-t distribution. 



Figure 4-26: Results of temperature manipulation experiments (SBl, 36 cm depth) 
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As the temperature is increased, C& oxidation increased exponentially to a distinct 

maximum (in accordance with the Arrhenius relationship), and then decreases with 

continued temperature increase. 

4 3.7 Results of Moisture Manipulation Experiments 

All treatments gave linear decrease in headspace C& concentration over 72 hours, which 

means that the consumption kinetics were zero-order and that oxidation rates were 

therefore moisture dependent rather than C& dependent. The results of the moisture 

manipulation experiments on the soil from the 36 cm depth of column one are given in 

Figure 4-27. 



Figure 4-27: C& oxidation rate as a function of moisture (Col. SB1,36cm depth) 
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C& oxidation rates decreased significantly after drying below field moisture contents, 

increased to an optimum value as water was added, and decreased with continued water 

addition. The maximum oxidation rate occurred at a moisture! content of 15.4% (dry 

weight basis). The relatively low oxidation rate observed at a moisture content of 6% 

explains oxidation rates that were observed in the Rockyview dark soil prior to moisture 

addition, 

This moisture response curve might also explain why Kightley et aI. (1996) 

observed C& oxidation rates that were 60% higher than those observed in this study. 

The Springbank soil columns had an average moisture content of 9.4% which, when 

compared with Figure 4-26, would indicate that the oxidation rate was approximateIy 

66% of the potential rate. It is therefore conceivable that the Springbank columns could 



have been oxidizing C& at rates 50% higher than those observed, which wodd bring 

their oxidation rates close to those observed in the soil columns of KightIey et al. (1996). 

4.4 Moisture and Soil Organic Matter Distribution Profiles 

Moisture content was determined at each of the iOcm depths in dl three Sp~gbank ioam 

columns (SB 1-3). The results are presented in Figures 428,4029 and 4-3 0. 

Figure 4-28: High C& flow Springbank soil (column SBl) moisture content profile 
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Figure 4-29: High a flow Springbank soil (column SB2) moisture content profile 
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Figure 4-23: Low a flow Springbank soil (column SB3) moisture content profe  
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AU three of the Springbank loam columns exhibited similar moisture content 

profiles after 10 months of operation. The top 26 cm exhibited significantly lower 

moisture contents, which was probably due to desiccation of the soil. It is unlikely that 

the accumulation of moisture at the 46 cm depths is due to the downward migration of 

moisture, for otherwise the lowest depth (76 cm) would have had higher moisture 

contents. Rather it is likely that a high moisture content is obsenred at the 46 cm depth 

because this was the region that saw the greatest amount of microbial C& oxidation 

during the columns operative lifetime. Further evidence for this hypothesis is given by 

the higher amount of organic matter found at this depth, as iI1ustmted in Figure 4-3 1. 

The significantly lower moisture contents in the columns' top 26 cm might 

account for the notably lower C& oxidation rates at these depths, in view of the C& 

oxidation response to moisture content given in Figure 4-26. 

The fact that column SB2 had a slightly higher moisture content than column SB I 

at the lower depths might account for its slightly higher C& oxidation rate. Alternatively, 

SB2's higher oxidation rate may instead be the cause of its higher moisture content at 

these depths. 



Figure 4-31: Organic matter content profile of col. SB2 (after lomonths) 

Organic matter (% dry wt) 

The depth containing the most organic matter (determined by loss on ignition at 

550°C) corresponded to the depth with the highest moisture content. Since both water 

and bio-mass are products of the biological oxidation of Ch, it is likely that this was the 

region that saw the greatest amount of micro bid C& oxidation. 

However, this depth does not correspond to the location of maximal C& 

oxidation indicated by the batch experiments. A possible explanation for this 

inconsistency is that the region of maximal oxidation had shifted downward during the 

column's lifetime. Further evidence for this is given by the vertical distribution of the 

carbon conversion coefficients (Y), which is the ratio of CI& converted to biomass, as 

determined in batch incubation experiments. Near the base of d of the columns, Y 

averages 0.5, and decreases toward the top of the column (see Table 4-4). As the 



microbial population in a continuous growth reactor ages, Y tends to decrease (Gaudy 

and Gaudy, 1980). Therefore this vertical distribution of Y may indicate that the 

bacterial population at the bottom of the column was established more recently. Thus 

although the overall C& oxidation rates within the columns have been at a steady state 

for several months, the depth at which most of the C& oxidation occurs may have been 

shifting downward, perhaps due to the depletion of nutrients or the accumulation of exo- 

PO 1 ymers . 

Table 4-4: Carbon conversion ratios 
- - 

Soil Column Y at 46cm Y at 76cm 



Chapter 5. C& Reactive-Transport Model 

5.1 Introduction 

The purposes of developing a numerical model that can predict the amount of methane 

that would be oxidised in a given soil cover are three-fold: 

1 . To provide a better quantitative understanding of the biological and physical 

processes related to CH( oxidation in soil covers than is currently available in the 

literature. 

2. To aid in the design of C& oxidative soil cover systems by reducing the number of 

laboratory experiments required to select the optimal soil type and thickness for a 

given environment. A soil methane reaction/txansport model could be used in 

selecting the optimal soil type for a landfill or heavy oil well soil cover design. 

3. To be able to estimate the methane oxidation potential of methanotrophic microbes 

living in various types of soils and in various climatic conditions in order to 

incorporate C& oxidation into global emission models. Such estimations could also 

be used when claiming scientifically defensible carbon credits that arise firom soil 

modification greenhouse gas offset projects. 

All but one of the models presented to date have not considered the effects of mass 

transfer on limiting C& oxidation. Rather they have been site specific models, and 

incapable of being applied to soils other than the ones for which they were deveIoped. 
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Bogner et aI. (1997) describes a 3-D model that does incorporate mass transfer equations, 

but does not offer any results. These models are briefly described below. 

1 . Czepiel et a1.(1996b) developed a model that has no mass-transfer equations, 

but instead assumes that the zone of maximum C& oxidation remains 

constant. It assumes V,, at the depth of maximum oxidation is directly 

proportional to C& concentration. It does attempt to characterise the 

seasonable variability in C& oxidation by interfacing with the BROOK90 

soiheat-flux model to determine soil moisture and temperature and then 

adjusts C& oxidation rate accordingly. 

2. Bo jesson and Svensson (1996) developed a step-wise empirical regression 

model for predicting the C& flux fiom a landfill which included the 

following variables: soil temperature, soil moisture at different depths, air 

pressure and the change in air pressure over time and partial pressures of C&, 

C9, N2 and 02. This model indirectly incorporates C& oxidation, but does 

not d o w  one to quantify the magnitude of oxidation, and is entirely specific 

to the landfill for which it was developed. 

3. Bogner et al. (1997) developed a 3D finite-difference model that simulates 

both the mass movement of methane through landfill cover materials and net 

emissions of Ct4 to the atmosphere. Their model simulates gas movement 

through a mass gradient approach based on the sum of the kinetic and 
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potential energy of the gas fluid The soil matrix is modelled in each cubic 

node by assuming that al l  of the soil solids are present in a solid sphere in the 

node. The probability of collisional interactions between gas molecules and 

the solid sphere is calculated based on the ratio of the sphere's surface area in 

two dimensions (circle) to a node surface area. The transported C& is the 

mass of C& that completely passes through the node because of the mass 

transport w e n t  and which does not coUide with the sphere (soil) within the 

node. 

This model requires the input of gas concentration profiles through the 

cover for C&, COz, and 02. Little infomation regarding the accuracy of their 

model's predictions has been provided, other than the vague claim of its order 

of magnitude predictive capability. 

5.2 Model Development 

The composition of the soil gas phase is determined by a combination of the physical 

transport of gases within the soil and the microbidy mediated reactions of these gases. 

5.2.1 Physical Transport Equations 

The physical transport of gases in soil is mainly governed by diffusion and, to a lesser 

extent, advection (bulk flow). Field measurements performed by others indicate that the 

maximum pressure build-up in ImdfiiIs is of the order of 0.3048 m of water. At such a 
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pressure, Mohsen (1980) has showed that mechanical dispersion is negligible. For this 

reason, mechanical dispersion terms have been omitted to simplify the model's equations. 

The general flux equation for gas component i, taking into account diffusion and 

advection is: 

Ji = -DiVCi + vCi 

Where: 

-2* -1 Ji = the molar flux of gas component i (mol*m s ) 

Di = the diffusion coefficient of component i in soil (m' i') 

VCi = the concentration gradient (the driving force of the diffusion) 

process) (mo~*rn-~) 

v = the flow velocity ofthe gas mixture through the soil (m/s) 

Ci = the concentration of component i (rn~l*rn-~) 

5.2.1.1 DSusive Transport of Gases in Soils 

In soil systems, the efficiency of methane bio-oxidation is influenced by several factors, 

not the least of which is soil type. Soil texture and structure are extremely important 

parameters, as they determine a soil's gas difhivity and water holding capacity. 

The diffusion coefficient of a gas in a soil 0:) is less than that in free air (Da because of 

the reduced cross-sectional area and increased path length caused by the presence of solid 

and liquid obstacIes. To determine @i:) one must determine (Da and then multiply it by 

the relative diflkion coefficient, eg which is the ratio D; 1 Dt. This ratio has been 



77 

shown to be independent of the nature of the gas or vapour (Yin and Jury, 1996) and is 

therefore a function of the physical properties of the soil done. Several authors have 

attempted to find a relationship between cg and the volumetric air content (a) of the soil 

(Freijer, 1994; Steele and Nieber, 1994). Although a simple and unique relationship 

between gg and a that can be used for a variety of porous media has never been found, Jin 

and Jury (1 996) have shown that the following Millington-Quirk model gives reasonable 

values, especially for disturbed soils: 

59 (4 =dl 4* (5-2) 

Where: 

4 = soil porosity 

a = voiumetric air content 

So to determine @:) one must determine (Di3. Because the gas phase is a heterogeneous 

mixture consisting of four gases, the diffusion coefficient (Da will be a function of the 

mole hctions of the gases. Reid and Shewood (1966) gave the following equation for 

the diffusion coefficient of component i (Dim) diffixing in a homogeneous mixture of m 

components: 

Where: 

Yi = mole kction of the difking component i 

yj = mole hction of component j 

Dij = diffusion coefficient for a binary mixture of component i and j 
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To use Equation 5-3 the binary diffusion coefficient for each combination of gases needs 

to be known (i-e. ~ C H ~ N ~ Y  ~ ~ ~ 4 - 0 2 ,  DCHKOZ h2-02s &2-C02~ and D02~02)- Several 

correlations and methods for predicting binary diffusion coefficients in gas mixtures have 

been proposed over the years. A relatively simple yet accurate semi-empirical equation, 

which requires only the molecular weights and critical temperatures and pressures of the 

relevant gases was proposed by Chen and Othmer (1962). The diffusion coefficient DI2 

for the diffusion of gas 1 in gas 2 at moderate pressures can be calculated fiom the 

following equation: 

-Where: 

MI, M2 = molecular weight of both components (kg/kmol) 

TG1, TJ = critical temperature (K) 

VG1, VcZ = critical volume (m3/kmol) 

T = temperature (K) 

P = pressure (bar) 

Du = diffusion coefficient (m2/s) 

5.2.1.2 Advective Transport of Gases (Bulk Flow) 

The advective transport of gases at a flow veIocity, v, will occur as a result of gradients in 

total pressure, The equation for v is assumed to be Darcy's law, which, neglecting the 

gravitational term, is: 



Where: 

p = the gas-mixture viscosity 

k = intrinsic permeability of soil 

P = pressure 

Pressure can be calculated using the ideal gas law if the concentration of each gas 

component is known. 

Where: 

Ci = concentration of component i 

R = universal gas constant 

T = absolute temperature 

The viscosity of the gas mixture (p) can be expressed as a function of the viscosities of 

the individual gases using the following formulae (Reid and Sherwood, 1966): 

4 

p = C  4 
P 

Yi 1 + C e,, - 
Yi 

r* J i 

Where: 

p = visocicity of gas mixture 

yi = mole kction of gas i 



Where: 

pi = viscocity of gas component i 

Mi = molar mass of gas i 

The viscocities of the individual gases at standard temperature and pressure (in ~-s /m '  * 

lo-') are as follows: p ~ ~ 4  = 1.1024; = 2.071 ; k m  = 1.4995; p~ = 1.7865 (Reid and 

Sherwood 1966). While these values can be corrected for temperature, the change in 

their ma@~des  over the range of temperatures expected in soil covers are relatively 

small (< 6%). 

The soil's permeability Q was determined experimentally using the method outlined in 

13 2 Chapter 3. For the Springbank soil, k was found to equal 9.72*10° m . This is ciose to 

the value one would expect for a loamy soil. based on the permeabilities reported in 

Literature given in Table 5- 1 . 



Table 5-1: Soil permeabilities 
Soil type permeability, k (mi) 
Gravel 10" - 10" 
Sand 10-13 - 10-10 

Silt 10-15 - 10-13 
Clay 10-18 - 10-15 
Source: Schnoor, 1996. 

5.2.2 Biological Reaction 

The biological oxidation of C& can be modelled using the modified Monod equation 

given in section 4.2.3. Based on the work of Hoeck (1962) the rate of C02 production 

was assumed to be 0.8 times the rate of C& consumption. The O2 consumption rate was 

assumed to be 1.5 times the rate of C& consumption, based on Equation 2- 1. 

5 3 3  Continuity Equation 

The continuity equation for gas component i can be written as: 

where: 

I = flux of gas i due to physical transport (advection and diffusion) 

Ri = the rate of production of component i (due to chemical or biological reaction) 

4 = soil porosity 

Combining Equations 5-1 and 5-9 gives: 



Since this model is one-dimensional, Equation 5-10 can be rewritten as 

5.2.4 Discretization 

The systems of Equations 5- 11 can be solved numerically using a finite difference 

scheme. The concentrations of all of the gases are calculated at a number of equidistant 

points, under the assumption that the concentrations vary linearly between these points 

(see Figure 5-1). The soil properties are also assumed to be homogeneous between these 

points. 

Figure 5-1. Finite difference representation of concentration profile 

\ 

j+l 

CH4 
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5.2.5 Steady State Solution 

First, an attempt was made to find a steady-state solution to Equation 5- 1 1, which when 

given a soii's mass transfer and biological kinetic parameters as inputs would output soil 
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gas concentrations and C& oxidation rates. A steady state solution was seen as 

desirable for its computational speed. To obtain this model, the derivatives in the system 

of transport equations are set to zero, resulting in a simple 1-D boundary value problem. 

An equilibrium matrix was generated by lagging the coefficients, which was then solved 

using the Gauss-Siedel algorithm. However, this model failed to produce a physically 

meaningfid solution, consequently its development is given in Appendix E. 

5.2.6 NonSteady State Model Formulation 

The transport Equation 5-1 can be written as a finite difference equation by dividing the 

soil column into j segments centred at the nodes (as in the steady state case), and 

considering the continuity equation for each segment, giving: 

The number of moles of gas component i contained in segment j is: 

Therefore 

This central difference approximation for the flux gradient results in second order 

accuracy. 



Discretizing the time domain gives: 

The flux of gas i through the lower boundary of segment j is: 

The flux of gas i through the upper boundary of segment j is: 

Substituting Equations 5-13 and 5-14 into Equation 5-17 gives: 

cE[ =ck. + ' i . j + , i , b  (Ctj+l -qj) - Di.,-~~2b 
@,Ax2 @,k2 

cc:, -C,t,-l, + 

k,+,,Zb k,-v& A t .  
(Ck -c;,+, )(p;I - qk 1 - h 2  1.j ( q j - [  -C&&,)(P; - --Riel 

8 4 , ~  j+l,, 8 4 , ~ ~ - 1 1 2 &  4, 

5.2.6.1 SoIution Procedure 

From the initial conditions, the soil gas concentrations are known for each node. 

Knowing these concentrations, the pressures can be caIcuIated at each node using 

equation 5-6. These values can be substituted into Equation 5-19, giving c$'. 
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Predictor-Corrector Scheme 

A commonly used approach for solving initial value problems is the predictor-corrector 

method. It is a two-step method which gives a more accurate and usually more stable 

result than the modif ied  forward Eder method (Cheney and Kincaid, 1985). To 

implement it, one uses a two-step approach consisting of: 

which is just a standard forward Euler step, followed by a corrector step where the 

reaction and transport rates are computed using the provisional value of the 

concentration, cP: 

cCWl = Cn + (At /2)* (fn + f 'ml) (5-2 1 ) 

Using this method instead of the explicit Euler method allowed the time step, At, to be 

increased by nearly a factor of ten, which significantly improved the computational 

efficiency of the program. 

5.2.6.2 Solution Domain, Bounda y Conditions and Initial Conditions 

The solution domain and boundary conditions are identical to that of the steady-state 

problem, however a false node does not have to be created as in the case of the 

equilibrium method. For the initial condition, the concentrations for all of the nodes are 

set to 100% air. Again, the upper boundary is assumed to be at constant (atmospheric) 

concentrations, i.e. CCH4 = I.7ppm; Coz = 20.9%; Cm=330ppm; Cm = 79.0% 
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To ensure that the model would converge, a simplified version without biological 

oxidation of C& was first programmed in MathCAD using the following constant 

parameters (obtained from the lab data for sedge peat column SP1): 

a 2 DCH4=7.0 * I0 M /S 
a 2 Dd,=6.53*10 rn is 

kac/ pair= 3.12 ' 10*m/s 

Results: 

The simplified model converged, provided that the time interval used was small enough. 

Consequently, a complete version of the model was programmed in BASIC which 

included equations for CH( oxidation, algorithms for calculating difhivities and 

viscosities as hctions of gas mole hctions, and the effects of moisture content and 

porosity on intrinsic difbivity. The model source code is given in Appendix F. 



5.3 Comparison Between Experimental Results and Uncalibrnted Model Results 

5.3.1 Column SB1 

The following soil properties and biological kinetic parameters fiom soil column SB 1 

were used as model inputs to assess the model's validity. 

Model In~uts: 
Gs = 2.5 g/crn3 (soil particle density) 
pbdk = 1.163 g/cm3 
~ & ~ l u x = 3 1 9 ~ * d * d a ~ ' l  

-13 2 k=9 .7*  10 rn (intrhsicpermeability) 
V- = values given in Appendix B 1 
Moisture contents = values given in Appendix B 1 
pj = ccalufated with Equation 12 
Di,j = calculated with Equation 9 
&)2=1.1% 
KcH4 =0.75% 



Figure 5-2: Uncalibmted model results versus experimental results (CoL SBl) 
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5.3.2 Column SB2 

Model In~ut 
As in 6.3.1.1 with the following exceptions: 

pb,,lr = 1.163 g/cm3 
C& Flux = 328 g*m-2*day-' 
V, values fiom Appendix B.2 
Moisture contents from Appendix B 2  

Results: 
Figure 5-3: Uncalibrated model results versus experimental results (Col. SB2) 
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Discussion 

The model predicts C& oxidation rates that are between 72 and 78% of those determined 

using incubation experiments. This can be explained by the fuaher observation that the 

model-predicted O2 concentrations were less than 0.2% for the 76cm depth, which is 

approximately one quarter of the experimentally measured concentrations of 0.75%. This 

seemingly modest discrepancy has a large impact on the over-ail oxidation rate because a 

relativeiy high amount of oxidation occurs in the columns at this depth (as is evidenced 

by the high V,, values). For an 9 h&saturation constant of KO2 = 1.1%, a .  0 2  

concentration of 0.2% would result in a local oxidation rate of 15% of the V,, rate, 

whereas an O2 concentration of 0.75% would remlt in a local oxidation rate of 40% of 

V,, which would account for the model's error in predicting the overall C& oxidation 

rate . 

Notwithstanding this deviation, the model gives reasonable predictions of the N2, 

0 2  and C& concentration profiles. A slightly larger deviation fiom the measured C02 

profile is seen, possibly due to the use of an inaccurate coefficient for C02  in the C& 

oxidation stoichiometric equation. 

5.4 Model Stability 

5.4.1 Peclet Number 

The Peclet number is a non-dimensional term which compares the characteristic time for 

dispersion and d.Busion given a length scale with the characteristic time for advection 

(Steefel and Macquarie, 1996). It is defined as: 
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Pe = vSAx/D (5-22) 

Where r=/$ is the average linear (gas) velocity and the characteristic length scale is 

given by the grid spacing Ax. If centml difference approximations are used for the first 

derivative terms then at grid Peclet numbers below 2 (i.e. dispersionfdiffusion and 

advection are either of approximately the same importance or the system is dominated by 

dispersion and/or diffusion), the central difference approximation is monotone. 

Monotonicity means that non-phy sical solutions (e.g. negative concentrations) are not 

produced. 

5.4.2 Courant-Friendtiche Number 

The Courant-Friendrich-Lewy (CFL) number is a parameter that gives the hctional 

distance relative to the grid spacing travelled due to advection in a single time step 

(Steefel and Macquarie, 1996). 

CFL = v*At / AX (5-23) 

Using Fourier error analysis it is possible to show that for a forward difference in time 

approximation, no matter what approximation is used for the spatial derivatives, the 

transport equation is stable for values of the CFL < 1. 

5.43 Difision Number 

A similar expression to the CFL number has been derived for systems characterised by 

d i f i i v e  transport (Steefel and Macquarie, 1996). 

ND = @*At) / ( 



Again, the stability constraint for an explicit formulation is that No be less than 1. 

5.4.4 Results of Stabiiity Analysis 

5.4.4.1 Effects of Soil Permeability on Stability 

Soil permeability was seen to have a significant effect on the minimum time-step 

required to maintain model stability, as is evident in Table 5-2. 

Table 5-2: Effects of Soil Permeability on Stability 
Advective Diffustve Nd Nd 
CHI flow CH4 flow advJdiff. 

(g'rn'aoday*') (g'm"*day") (nondim.) 

76 193 0.393782 
75.2 193.5 0.38863 
74.4 194.1 0.383308 
66.6 200.4 0.332335 
35.7 228 0.156579 
7.05 253 0.027866 

Peclet # 
(nondim,) 

0.151 
0.1 54 
0.1 52 
0,134 
0.068 
0.01 3 

CFL # (bot node) (top node) 
(nondim.) (nondim.) (nondim.) 

3.20E-06 2.1OE-05 1.53E-04 
3.21 E-05 2.09E-04 1 S3E-03 
3.1 7E-04 2.09E-03 1 S3E-02 
2.80E-03 2.09E-02 1 53E-01 
7.07E-03 0.104 0.77 
1.33E-03 0.104 0,77 

Minimum 
time-step 

13 2 For permeabilities greater than 9.72*10- m ,25% of the total mass transfer is through 

advection. Consequently the Peclet number is seen to govern the rna,uimum time-step, 

t3 2 which is a function of soil's permeability. For permeabilities less than 9.72* 10- m , 

where diffusion is dominant, the maximum time-step is governed by the Dfision 

Number, and is independent of the soil's permeability. The maximum time-step for this 

model is not limited by the CEX number. 



5.4.4.2 Effect of TimeStep Size on Stability and Accuracy 

To assess the effect that the model's time-step size has on accuracy, numerical 
4 

simulations were run at time-steps varying over four orders of magnitude using the base- 

case model inputs given in section 5.3.1. The results are presented in Table 5-3. 

Table 5-3: Effect of Time-Step Size on Stability and Accuracy (at l~9.72*10-'~rn') 

cctu c02 Nd Nd 
Time-step CH4 ox. @ node1 @ node t Peclet # CFL # (bot Node) (top node) 

(sec) @'m'"day-') (Oh) (Oh) (nondim.) (nondim.) (nondim-) (nondim.) 

0.15 87.8 35.4 0.708 0.1 35 2.81 E-06 2.09E-05 1.53E-03 
1.5 87.8 35.54 0.708 0.1 34 2,806-05 2.09644 1 53E-03 
15 87.8 35.6 0.708 0.1 34 2.80E-04 2.09E-03 1 S3E-02 
1 50 87.8 35.6 0.708 0.1 34 2.80E-03 2.09E-02 1.53E-01 

As can be seen in Table 5-3, to increase computational efficiency, the maximum time- 

step that retains model stability can be used without a reduction in accuracy. 

5.4.4.3 Effect of Spatial Discretization on Model Stability 

To assess the effect that the model's spatial step-size has on accuracy, numerical 

simulations were run for four dz values using the base-case model inputs given in section 

5.3.1. Biological oxidation was not included in these simulations. The results are 

presented in table 5-4. 

Table 54: Effect of spatial discretization (dz) on stability 

Dz dt (max) P W t I  CFL# Nd# 
(m) (set) (nondim.) (nondh) (top node) 

0.1 40 0.082 1.99E-03 0.18 
0.2 1 50 0.166 3.74E-04 0.155 

0.266 275 0.22 5-76E-03 0.11 
0.4 700 0.3 t 9.00E-03 0.12 
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5.5 Sensitivity Analysis 

The overall responsiveness and sensitivity of certain model parameters was determined 

prior to calibration. The sensitivity of a model's dependent variable to a model input 

parameter is the partial derivative of the dependent variable with respect to that parameter 

(Zheng and Bennett, 1995). This partial derivative can be normalised by the parameter 

value so that the sensitivity coefficient with respect to any parameter is the same unit as 

that for the dependent variable, i.e., 

Here Xi,k is the sensitivity coefficient of the model dependent variable y with respect to 

parameter k at observation i. The parameter value for the base case is and Aak is a 

small change in it; y ( a  and y ( ~ +  Ask) are the values of the dependent variable obtained 

for the base case and for the perturbed-parameter case, respectively. 

Repeated forward simulation runs were performed to calculate the sensitivity 

coefficient for the following parameters: 

1. Intrinsic permeability Q 

2. Porosity (4) 

3. O2 difisivity factor (a multiplier of the binary O2 diffusion coefficients) 

4. Relative diffusivity factor (a multiplier of the relative difkivity, cg) 



The following model input parameters were used, unless otherwise stated: 

dz=O.Im 
Gs = 2.65 ICg/rn3 (unless otherwise stated) 

-5 2 D02CH~ = 1.1 1 * 10 m i s  (unless otherwise stated) 
13 2 k = 9.72* 1 0' m (unless otherwise stated) 

kH4=O.75% 
K m = l . l %  
dt=30sec. 

The results of the sensitivity analysis are presented in Tables 5-5 through 5-9, and a chart 

of the sensitivity coefficients is presented in Figure 5-4. 

Table 5-5: Sensitivity to permeability (k) 

Table 5-6: Sensitivity to porosity (4) 

k 
(m2) 

9.72E-10 
9.72E-11 
9.72E-12 
9.72E-13 
9.72E-14 
9.72E-15 

CH4 ox. 
(g mmJ*day-t) Klr 

86.3 0.00 
86.42 0.00 
86.5 0.00 
87.7 1 .OO 
92.2 -0.06 
100.1 -0.14 

CCHI 
@ node1 

(%) xclk 

36.3 0.00 
36.4 0.00 
36.3 0.00 
35.6 1 -00 
33.1 0.08 
31.4 0.12 

+ 
0.53 
0.55 
0.57 
0.59 
0.61 

Go2 
@ node 1 

(%) Xl,k 

0,70817 0.00 
0.709 0.00 
0.708 0.00 
0.708 1 .OO 

0.7 0.01 
0.685 0.03 

%Ct(rOx. 

15.4 2-15 
16.74 2.19 
18.13 1.00 
19.52 2.t9 
20.93 2.20 

% C H I @  
Node 1 &,k 

51 -4 -2.36 
47.6 -2.26 
44.1 1-00 
41 -2.00 
38.16 -1 -92 

%02@ 
node 1 &it 

0.066 6.41 
0.09 7.1 3 
0.12 1.00 
0.16 9.50 
0.205 10.09 



Table 5-7: Sensitivity to O2 d i f h s ~ t y  

Table 5-8: Sensitivity to relative diffbsivity (6) 

Oh 0 2 @  

node 1 %,k 

0.18 1.000 
0.23 2.778 
0.29 3.056 
0.36 3.333 
0.44 3.61 1 
0.53 3.889 
0.63 4.167 
0.74 4.444 
0.86 4.722 

Figure 5-4: Sensitivity coefficients 

% CHI @ 
Node 1  XI,^ 
39.7 1,000 
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As can be seen in Figure 5-4, all of the dependent variables investigated are insensitive to 

the soil permeability. This is in agreement with observations found in Literature which 

indicate that mass transfer of C b  landfill soil covers is governed mainly by diffusion. 

Thus when modelling CI& migration through soil covers with permeabilities greater than 

-12 2 10 m (i.e. sands or gravels) and at flux rates comparable to those found in landfills, it 

is possible to greatly increase computational efficiency by using a numeric value for k of 

12 2 10- m . This can be done without a reduction in accuracy. 

The parameters that had the greatest effect on model output were porosity, the 

relative diffusivity coefficient, and the 9 diffusivity coefficient. These are the 

parameters that were varied for the purpose of calibration. 

5.6 Model Calibration 

In calibrating a numerical model, the goal is to adjust model input parameters until model 

output variables match empirically observed values to a reasonable degree. In this case, 

conformity between model output and experimental variables was sought for both the 

totaI C& oxidation rate and the gas concentration profiles. A correspondence was sought 

between the modelled C& oxidation rate and the oxidation rate determined from batch 

incubation experiments because these experiments were used to determine the modei's 

biological kinetic parameters. Model calibration was carried out by running the 

simulation repeatedly, and manually adjusting the input parameters selected for 

calibration, including the upper boundary gas concentrations. 
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Correspondence between the model output variables (gas profiles and oxidation rates) 

and experimental results was best achieved by multiplying the Oz diffusivity coefficient 

by 1.15. While a reasonable correspondence was achieved for C& oxidation rates by 

multiplying the relative diffusivity coefficient (b) by a factor of 1.15, this resulted in a 

substantial deviation fkum the experimentally observed gas concentration profiles. 



5.6.1 Column SBI Calibrated Results 

The calibrated model output for a simulation of column SB 1 is presented in Figure 5-5. 

Figure 5-5: SB1 model output with O2 difhrsivity multiplied by 1.15 
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%C& Oxidised (model) = 25.6% 

% CHq Oxidised (experimental) = 25.7 % 

Error = -0.4% 



5.6.2 Column SB2 Calibrated Results 

The calibrated model output for a simulation of column SB2 is presented in figure 5-6. 

Figure 56: SB2 model output with O2 difbsivity multiplied by 1.15 

-- - - -  . - .  
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b. Oxygen 
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- P - - - - - - - - - . - . . . - - -. -- - . -- - 

c. Carbon Dioxide 

%Cb Oxidised (model) = 30.9% 

% C& Oxidised (experimental) = 3 1.4 % 

Error = -1.6% 
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5.7 Model Verification 

To verify a numerical model, one must demonstrate that the calibrated model is shown to 

be capable of reproducing a set of empirical observations independent of those used in 

model calibration. The model was calibrated for column SB 1 and then accurately 

predicted the C& oxidation rate for column SB2, which had a slightly higher C& flow- 

rate and a 20% higher oxidation rate than column SB I. It was also intended that the 

model be verified by comparison with the observations made on column SB3. However 

because of the uncertainty sunounding the V,, values determined for that column, an 

attempt was made to verify the model using soil parameters and C& oxidation data 

found in literature. de Visscher et al. (1999) recently performed soil column experiments 

on an agricultural soil taken from a cornfield in Belgium. Their soil was of a similar 

texture to the soil used for this study, but had a higher bulk density, and was purged with 

a 50 Cw 50 C02 gas mixture. The parameters obtained from their study for use as 

model input are as follows: 

Model I n ~ u t  Parameters 
G,=2521 ISg/m) COz flux = 2 14.4 g*m'2*day-' 
pburk = 1205 ISg/m3 b2=1.23% 
Moisture content = 16.5% (d-w.) KCH4 = 0.34% 
C&flux=214.4g*m-2*day-' 

Vnax va~ues* 
Depth v,, 

20 3348 
30 3870 
40 IS16 

-Interpolated fiom the graph provided 
by de Visscher a at. (1 999) 
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The model output is presented in Figure 5-7, superimposed on the gas concentration 

profiles observed by de Visscher et al. (1999). 

Figure 5-7: Model Results Versus Experimental Results of de Visscher et al. (1999) 
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d. Nitrogen 
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0 50 100 

% Cl& oxidised (model): 87.3% 

% C b  oxidised (de Visscher et aL, 1999): 80.0% 

Error = 9.1% 
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The model successfully predicts de Visscher's experimentally observed gas 

concentration profiles and C K  oxidation rate with a reasonable degree of accuracy, thus 

verifying its applicability to soils with higher bulk densities and purged with a different 

mixture of gases than those for which it was calibrated. 

5.8 Maximum C& Oxidation Rate Based on Mass Transfer Limitations 

Assuming that it were possible to maintain C& oxidation rates as high as those reported 

by Nozhnikova et al. (1996), then a soil cover's overall rate of C& oxidation would be 

limited by the rate at which O2 could dime into the soil. To determine this theoretical 

maximum rate, a simulation was run using the soil properties from column SB 1, but with 

Nozhnikova's C& V,, parameter of 25000 nmol*h*'*g d.w? at all soil depths. The 

C& flux was adjusted until an oxidation efficiency of 90% was achieved, which was 

found to be 1 1 15 g*rn-2eday? The results are presented in Figure 5-8. 



Figure 5-8: Simulation of SBl with V, values from Nozhevnikova et PI .  (1999) 
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% CO, 
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C& Oxidation Rate = 990 g*m-2*day-' (90%) 

In this simulation, oxidation occurred only in the top 15cm because O2 could not 

penetrate any deeper due to its rapid biological oxidation. The oxidation rate of 990 g*m' 

2* dayaL can be considered an upper theoretical limit on the rate of C& consumption that 

could occur in a soil with the same physicd properties as the Springbank loam, were 

mass &er the only limitation on C b  oxidation. 



Chapter 6. Conclusions and Recommendations 

6.1 Conclusions 

The type of soil selected for a cover influences the amount of C& that can be 

biologically degraded in it. While the steady-state rate of C& oxidation observed in the 

soils investigated for this study averaged 100 g*m''*day-', rates 60-100% higher have 

been observed by others (Kightley, 1996; de Vischer et al., 1999). Based on the 

oxidation rates reported by these authors, one could expect to treat a C& gas flow-rate of 

25 m3/day in a 1 Omxl Om passively aerated biofilter with a soil medium. 

Moisture content appears to be a critical variable in limiting the C)4 oxidation 

potential of a soil, as is evident in the dramatic increase in the oxidation rate of the Rocky 

View dark soil after increasing its moisture content fiom 6% to 10%. The importance of 

moisture content can also be seen in the moisture response curves of the Springbank 

loamy soil, and by the extremely low C& oxidation rates observed in the top 25 cm of 

the Springbank soil columns, where M.C. was <7.5%. 

A soil's moisture content affects both the movement of gases through the soil and 

microbial activity. The type of soil selected for an oxidative cover will influence the 

moisture content within the soil, which will be site specific, depending on climatic 

variables such as temperature, solar flux, average wind speed and the type of vegetative 

cover. For example, in a droughty environment, a soil with a higher field capacity may 

be desirable. Therefore, when using soil column tests to decide what soil type would 

afford the highest amount of CQ oxidation for a given climate, it is important to conduct 
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the experiments at soil moisture contents comparable to those the soils would have in the 

field. This would be a difficult task, given that a soil's moisture content varies 

throughout the year. For this reason, it may be necessary to employ a soil heat and 

moisture flux model such as BROOK90 (Czepiel, 1996b) to characterize the seasonable 

variability of a soil's moisture content. The output from such a model could then be used 

as input for the reactive-transport model developed in this study, in which relative soil 

gas diffusivity coefficients ate a hc t ion  of the soil's moisture content. It might then be 

a simple matter of modifying the model's V, parameten by multiplying them with 

coefficients obtained firom a normalized version of the inverted parabolic moisture 

response c w e  such as the one in Figure 4-27. 

The use of soil incubation experiments for estimating in situ C& oxidation rates 

appears to be a valid technique. By integrating V, rates that were corrected for sub- 

saturating O2 concentration with the Monod equation, estimates of the overall C& 

oxidation rate for two of the three columns tested were within 12% and 19% of the CI& 

oxidation rate determined by a mass balance. The results obtained for the third soil 

column had an error of loo%, but this was likely due to erroneous V,, values, tor 

reasons previously discussed. 

A numerical reactive-transport model was developed which, given soil bulk 

density, particle density, moisture content and biological kinetic parameters as input, can 

predict gas concentration profiles and C& oxidation rates with a reasonable degree of 

accuracy. The model was verified by reproducing the experimentally observed resuits of 
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a study by de Vischer et al. (1 999), which involved a soil with higher bulk density that 

was purged with a different mixture of gases than those for which it was calibrated. 

The use of the second Milington-Quirk model for calculating intrinsic diffusivities 

(Equation 5-2) for the model resulted in accurate predictions of soil column gas 

concentration profiles, further validating its efficacy. 

The empirical relationship used by Czepiel et al. (1996b) (Equation 2-3) for 

predicting the maximum rate of C& oxidation in a soil as a function of the in situ soil gas 

C& was capable of predicting the V,, values in two of the three Springbank loam soil 

columns. However, it is unlikely that this relationship is universally applicable because 

some of the higher V,, values reported by others would require soil C& concentrations 

to exceed 500%, which is impossible. Furthermore, even if the relationship were 

applicable for a specific soil type, the need still arises to predict the depth at which the 

maximum C& oxidation rate will occur, as this wodd greatly affect the overail rate of 

oxidation within a soil cover, 

A starting point for making such a prediction might be the observation t b t  

methanotrophs seem to thrive in micm-aerobic environments (0.5% - 2% 02), a 

phenomenon that was observed in the soil columns of this study. However, a greater 

understanding of this phenomenon is needed, specifically, the ability to quantify the 

inhibitory effect that a higher O2 concenmtion has on the growth of rnethanotrophic 

bacteria. Only then can equations for microbial growth be coupled with the reactive- 

transport model. 



The fact that methanotrophs exhibit the highest growth rate in low 0 2  

environments also has important implications for designing actively aerated C& 

biofilters. Rather than supplying air at a biofilter's inlet, the best approach would be to 

aerate the biofilter through staged inlets along its length, supplying just enough air to 

maintain O2 concentrations that are close to the optimal (e.g. between 0.5 and 2%). 

The maximum V,, determined through the batch experiments performed in this 

study was 1944 mol* h-l*g dew. Given that others have observed substantidy higher 

V,, values, it is conceivable that C& oxidation rates that are significantly higher than 

those observed in the laboratory soil columns of this study are attainable. If, for example, 

it were somehow possible to maintain the V,, rate of 25000 n~nol*h-'*~ d.w. observed 

by Nozhevnikova et al. (1999) , then based on numerical model simulations, the 

oxidation rates in a passively aerated soil cover could be as high as 990 g*m-2*&y'L, and 

would occur in the top 15 cm of the soil cover. 

Straka et al. (1999) has reported C b  oxidation rates in a passively aerated 

compost biofilter that are up to two orders of magnitude higher than those observed in 

this study. Based on mass transfer limitations and the maximum V,, values for CH, 

oxidation reported in Literature, their reported oxidation rate of 23,760 g*m-2*day-' seems 

physically impossible. Nevertheless, compost should be investigated as a potential 

biofilter material in laboratory column experiments to see whether the V,, values 

reported by Nozhevnikova et d. (1993) and Bender and Conrad (1992) are attainable. 
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6.2 Recommendations 

It is recommended that experiments be performed to evaluate the V,, kinetic parameter 

as a hc t ion  of soil properties such as specific surface area, organic matter content, and 

nitrogen content. These could be performed in an incubation chamber in which C& and 

O2 concentration were held constant for several weeks. Additional experiments should 

also be performed at variable O2 concentrations to investigate the inhibitory effect that O2 

concentrations in excess of 2% seem to have on the development of methanotrophic 

populations. The relationships determined between these variables and the V,, 

parameter could then be incorporated into the reactive-transport model developed in this 

study, and would result in a highly usefid model for designing soil covers or biofilters for 

optimal CJ& oxidation. 

It is also recommended that field-scale trials of surface casing vent gas treatment 

be considered. Even without optimization, the soil column experiments performed in this 

study demonstrate that significant quantities of C& could be treated by simply diverting 

casing gas into the soil adjacent to heavy oil wells, rather than venting it directly to the 

atmosphere. 
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APPENDIX A - Soil Column Experiment Data 

Table Al: % C& Oxidation in Sedge Peat 

Date # b y s  
APr-01 5 
Apr-02 6 
Apr-03 7 
Apr-07 11 
Apr-15 19 
May-06 40 
May-08 42 
May-13 47 
May-17 51 
May-20 54 
May-22 56 
May-25 59 
May-28 62 
Jun-01 66 
4-Jun 69 
7-Jun 72 
15-Jun 80 
21-Jun 86 
Jun-98 90 
Jul-99 97 
JuI-98 108 
JuI-98 115 
JuI-98 124 

Aug-98 137 
Aug-98 146 
Sept 3 160 

Sept. 1 t 168 
Sept. 15 172 
Sept 30 187 
Nov. 9 196 

Nov. I? 204 
Dec. 22 239 
Feb, 22 300 
Mar-99 314 

PM1 PM2 PM3 
- 

7.7 9.6 10-6 
7.7 6 11.1 
7.7 6.8 12.1 
10.6 8.4 I 1  -9 
22.7 22.5 28.6 
20.7 23.5 29 
26.8 30.4 35 
28.3 33 45.5 
26.3 32.9 40.9 
29.2 36.8 47.1 
30.2 38.5 59.5 
29.2 37.1 54.5 
42.1 45.2 75.6 
40.9 43.7 65.8 
43.5 45.6 73.4 
47.8 47.4 88.9 
46 46.A 85.8 

47.5 46.9 84.3 
45.7 43.7 91.4 
41 -5 41.5 87 
45.6 39.3 92.8 
46.5 39.5 92 
40.3 36.1 88.6 
37.5 34.9 85.3 
51.1 4q.2 85 
45.5 80.9 
45.5 78 
30.8 71 
33 70.3 

34.7 76.4 
25.5 56.9 
30.4 55.1 
24 54.2 

1 PM2 PM3 
1 0 . -  

31 0 327 1 64 
309 324 165 
31 0 327 166 
319 341 171 
342 329 1 64 
319 319 1 64 
31 9 31 0 165 
342 324 182 
319 310 167 
319 315 169 
319 319 181 
323 308 173 
348 319 181 
323 308 171 
323 319 178 
342 323 175 
323 308 175 
323 319 175 
319 308 181 
342 340 1 84 
342 346 200 
336 340 190 
325 330 190 
319 319 181 
319 325 178 
325 
325 
342 1 64 
342 138 
342 1 56 
336 160 
325 167 
274 153 



Table A2: C& Oxidation Rate in Sedge Peat (mass flux basis) 
I ICH, Oxidation (g*m'bdayJ) I 

Date 
APr-01 
Apr-02 
Apr-03 
Apr-07 
Apr4 5 
May-06 
May-08 
May-1 3 
May-1 7 
01 -May 
May-22 
May-25 
May-28 
Jun-01 
WJun 
07-Jun 
15-Jun 
21 -Jun 
25-Jun 
02- JuI 
1 3-Ju~ 
20-Jul 
2Wul 
1 1 - A u ~  
20-Aug 
Sept. 3 

Sept. 11 
Sept 15 
Sept. 30 
Nov. 9 

1 Nov, 17 
Dec. 2.2 
Feb. 22 1 08-Mar 

# Days 
5.0 

6.0 
7.0 
11.0 
19.0 
40.0 
42.0 
47.0 
51 .O 
54.0 
56.0 
59.0 
62.0 
66.0 
69.0 
72.0 
80.0 
86.0 
90.0 
97.0 
108.0 
1 15.0 
124.0 
137.0 
146.0 
160.0 
168 
172 

187.0 
196.0 
204.0 
239.0 
300.0 
314.0 



Figure Al: CX& Oxidation in Sedge Peat (mass basis) 

100 200 300 
Time (days) 

Table A3: % C 

Date 
May-06 
May48 
May-1 3 
May-1 7 

May-25 
May-28 
Jun-01 
W u n  
07 Sun 
1 N u n  
21-Jun 
2Wun 
02-Jul 
1 Wul 
2Wul 
294.11 
1 M u g  
20-Aug 
Sept 3 
Sept. 9 
Sept 1 I 
Sept 15 
Sept 30 
Nov. 9 

Nov. 17 
22-Oec 
Feb. 22 

& Oxidation Rates in SI 
% Oxidation in Column # 

SBI SB2 $83 
41 40.3 41.5 

40.5 35.4 36.4 
46.5 42 64.2 
52 46.5 n . 8  

51 .8 47.2 86.9 
54.7 49.2 9 1 
525 46.9 95.8 
49.9 46.3 96 
56.2 49.3 79.4 
51.1 45.4 77.2 
48.4 46.5 77.4 
47.4 47.2 71 -2 
427 46.3 67.2 
39.4 45.1 69+2 
37.5 49.6 61.3 
26.3 43.5 49.5 
26.8 47.5 53.1 
30.3 429 49 
23.5 35.9 44.7 
24.5 34.3 424 
29.3 39.3 46.5 
38.5 45.8 62 
42 428 64-9 

43.2 48.3 65.2 
20.4 31.2 53.4 
27.4 36.9 55.8 
39.2 429 60.3 
30.2 34.9 54.8 
32 36.6 51 

ringbank Loam 
CH4 Flow-Rates (glmzid) 
SB1 562 583 
m 

319 308 1 55 
319 310 1 57 
339 339 1 66 
319 308 1 63 
319 320 169 
319 302 1 66 
316 31 1 219 
339 310 229 
319 302 219 
31 9 308 222 
339 339 229 
31 9 310 219 
324 308 222 
319 310 210 
342 340 1 84 
342 346 200 
336 340 190 
319 329 212 
31 9 329 221 
319 329 210 
319 329 187 
291 282 172 
298 298 t 69 
339 343 198 
305 3ta tn 
300 320 in 
319 343 196 
319 328 183 



Figure A2: % C& Oxidation in Springbank Loam 

a, Col. $61 b. CoL 582 
(Uvg-319 @mZld) (Qa-28 glm'ld) 

100 200 
Time (drys) 

c. Col. S82 
(Qrvg-186 gm21d) 



Table A4: a Oxidation in Springbank Loam (mass flux basis) 

1 I CH, Oxidation (glmzlday ) I 
Date 

May-06 
May-08 
May-1 3 
May-1 7 
May-20 
May-22 
May-25 
May-28 
Jun-01 
04-Jun 
O7Jun 
I W u n  
21 Jun 
2Wun 
02-Jut 
1 Wul 
2oJul 
29Jul 
1 1 - A u ~  
20-Aug 
Sept 3 
Sept. 9 
Sept. 11 
Sept. 15 
Sept 30 
Nov. 9 
Nov. 17 
22-Dec 

rY Days 
6 

8 
I 3  
I 7  
20 
22 
25 
28 
32 
35 
38 
46 
52 
56 
63 
74 
8 1 
90 
103 
112 
1 26 
132 
1 34 
1 38 
1 53 
1 93 
201 
205 





Table AS: Gns Concentration Depth Profiles - March 8,1999 

a. Column PM2. Sedge Peat h=325gmz/d 

Deptn CH4 
(cm) (%I (%I (%) (%I 

(5 1-19 0.52 17.44 80.29 
10 5.28 1.71 16.07 76.95 
20 20.58 5.54 9 -28 64.60 
30 42.66 7.52 2.48 47.34 
40 52-04 7.16 0.71 40.09 
50 57.61 6.47 0.60 35.32 

b. Column PM3. Sedge Peat 0-=I 53g/rn2!d 

Depth CH4 2 0 2  N2 
(cm) (%I (%I (%I (%I 

o a8f  0.48 t r.95 80.10 
2 1.50 1.53 16.75 80.21 
12 2-99 3.40 T4.50 79.1 1 
22 4.68 5.47 1 1.75 78.10 
32 7.17 8.66 8.16 7 6.00 
42 12.14 10.80 4.58 72.48 
52 15.63 10.92 3 -42 70.03 
62 20.13 1 1.94 1.89 66.05 

c. Column RV1 Rockyview Dark Soil ~;298g/m'/d 

new' CH4 GO2 02 N2 
(cm) (016) (%I (%) (%I 
0 2.94 0-69 1 f -40 t8.9 f 
8 5.07 2.88 14.74 77.31 
18 10.52 6.25 10.00 73.22 
28 18.65 9.65 4.87 66.83 
38 27.09 10.53 2.24 60.14 
48 35.67 9.86 1.52 52.96 
58 39.69 8.55 1.72 50.05 
68 45.79 7.94 1.71 44.57 
78 49.66 7.02 1.36 41 -97 
88 53.072 6.16 1.621 39.15 



d. Column S61. Springbank cover soil t&,, =3l 9gimz/d 

Depth CH4 COZ 0 2  NZ 
(cm) (%I (%I (%) (%I 

0 I .2b 0.50 17.52 80. r4 
6 3.25 1 -70 16.25 78.80 
16 6.56 3.69 13-46 76.30 
26 8.43 5.42 1 1.49 74.66 
36 17.56 8.46 5.62 68.36 
46 22.59 9.88 3.89 63.65 
56 28.65 10.27 2.52 58.55 
66 34.79 10.21 0.90 54.1 0 
76 37.23 9.10 0.75 52-92 

e. Column SB2 Springbank cover soil 0~=324ht1~1d 
Depth CH4 GO2 02  N2 

f. Column 583. Springbank cover soil osu=l m 2 / d  
OePm 
(cm) (%I (%I ("m) (%I 

0 l 0 -48 17.95 8070- 
6 1.50 1.53 16.75 80.21 
16 2-99 3.40 14.50 79.1 1 
26 4.68 5.47 1 1 -75 78.10 
36 7.17 8.66 8.16 76.00 
46 12-14 10.80 4.58 72.48 
56 15-63 7 0.92 3-42 70.03 
66 20-1 3 f 1.94 1.89 66.05 
76 23-1 9 11.01 1.80 64.01 



APPENDIX B - Batch Experiment Data 

B.l Springbank Soil Kinetic Experiments: Column SB1 

Bottle 1 

2.33 3,416 0.031 20.200 
14.33 3.315 0.031 20.200 
18.89 3.401 0.031 20.200 
28.11 3.323 0.031 20.200 
141 -05 3.166 0.031 19.734 

Bottle 1 (empty bottlr) 

aottre 5 16 cm aeptn 

1.87 3.540 0.083 19.900 
13.87 3.540 0.094 20.426 
18.32 3.497 0.092 19.280 
27.87 3.480 0.096 19.287 
441.28 3.087 0.100 18.977 

uottle 7 zs cm aeptn 
nme(h) %GW4 vhdbz uhoz 

0.00 2.080 0.d8b 20.38[1 
2.25 2.084 0.133 19.881 
14.25 2,022 0.204 20.783 
18.67 2.019 0.210 19.227 
28.10 2.014 0.253 19.389 
141.32 1.673 0.568 18.870 



B.l Springbank Soil Kinetic Experiments: Column SBl (Continued) 

bottle 9 36 cm deptn 
I lme(h) %C;H4 Yo 

0.1 18 19.530 
2.13 2.430 0.151 19.771 
14.17 2.322 0.283 19.487 
18.55 2.213 0.324 18,975 
27.93 2.121 0.428 18.744 
141.35 0.841 1.321: 15.853 

Bottle 9 (36crn depth) 
3.0 

Bottle 11 ( a m  depth) 

- 
Bottle 16 ( e r n  depth) 

3.0 
25 

# 1.0 
0.5 
0.0 

0 20 40 
Time (hom) 



B.1 Springbank Soil Kinetic Experiments: Column SB1 (Continued) 
60- 17 (76cm depth) 

BORIe l? 
I ~me(h) %LH4 %m %U 
0.00 1.3m 0.21 0 7 9.m <+CH4 
1.98 1.132 0.274 18.999 s 1.0 +coq 13.92 0.250 0.610 18.630 
18.28 0.110 0.660 17.817 0.0 
20.31 0.087 0.693 18.287 o 20 40 

21.41 0.078 0.705 18.530 Time (hours) 
32-33 0.000 0.734 17.518 

Springbank soil: Column SBI 10-Mar-99 
Mass cf Mass of Tot. Mas8 Mass of Moisture 

Bottle # Depth bottle bottle+aoi 2-1 04 dry soil content 

(m) (9) (s) (9) (9) % dw wt- 

Reaction Rates - Column SB1, Q.,=319 glm21day 

60ffle# 
I 

3 
5 
7 
9 
11 
13 
15 
17 

'JePtn 
(cm) 

6 
16 
26 
36 
46 
56 
66 
76 

 as ~onsurnpuon mtes (mar b4) 
' cn, r ~ q d  

32.90 0.91 34 
4-51 0.9909 
15.73 0.9944 

208.76 0.9988 
234.97 0.9991 
311.04 0.9323 
767.86 0.9989 
1225.87 0.9997 

-0.81 0.4990 
4 1  -78 0.9662 
-175.73 0.9967 
-206.49 0.9969 
-241.85 0.9959 
-51 3.66 0-9981 
-420.96 0.9997 

q raqd 
42.83 0.148r 
47.78 0.4059 
120.60 0.4450 
569.71 0.9861 
553.17 0.9262 
825.80 0-5176 
674.39 0.7321 
690.43 0.8371 

L 



B.1 Springbank Soil Kinetic Experiments: Column SB1 (Continued) 

Soil Gas Concetnraff o m  and Reaction Rates 
Column SBl , k 4 = 3 t 9  gIm2/diay 

uepth CHI OX 
(em) % CH4 % 02 m ~ a r w .  

6 3.25 r 6.23 6.m 
16 6.56 13.46 13.13 
26 8.43 11.49 16.95 
36 17.56 5.62 205.74 
46 22-59 3-89 234.97 
56 28.65 2-52 31 1.04 
66 34.79 0.90 767.86 
76 37.23 0.75 1230.24 

CH, Consumption Rate vs KCH, 

Cot. S81 Eadie Hosftee Data 

CH4 vc, VIC 
(nrnoUWg d.w (llh g d.w.) 



Springbank Soil Oxidation Kinetics at 10% C& (Col. SB1) June 22,1999 

eott~e 2s 3 
12 

BotUe 25 (56 cm depth) 
Tlme(h) "hGH4 % 

u.00 10.1 4 u,IJu 10 

1 -48 9.24 0.14 20.52 s 
3.82 7.92 0.24 18.47 0 6 

s 4 ; +m 
6-25 7.77 0.24 18.22 2 m a  - 
23.07 7.16 0.59 17.88 0 - 
50.32 5.79 1.02 16.62 o 100 200 300 
69.1 8 4.79 1.21 16.74 Time (hours) 
239.07 0.46 3.06 10.12 

~onle  26 56 cm aeptn 
"tIme(h) %CK4 740602 "/OW 10 Bottk 26 (56cm depth) 

0.UU 8.91 0.0 f 21-16 8 
1 -48 8.38 0.14 19.96 
3.92 7.56 

3 6 
0.20 18.57 

6.25 7.57 0.27 18.77 S .w 
O 4  

23.07 6.44 0.63 17.64 
2 6 0 2  

50.38 5.24 1.14 16.25 
69.23 4.50 

0 100 200 300 
1.46 15.80 Time (houm) 

239.07 0.08 3.33 9.46 

Springbank soil: SB1 
Ma- of Mass of Tot Mass Massof Moisture 

Bottle # Depth bottle bottltwsoi 24he104 dry soil content 
(m) (9) (9) (9) (9) % dry wt+ 

19 5ti ltif.193 lfm 1/d276-- 
20 56 167.559 179.149 17?.852 10.2925 12.60 

Reaction Rates 

Bottle # 
19 
20 

19 (2nd) 
20 (2nd) 

UePth 
(em) 

56 
56 
56 

' eas consumption mtes (mole howt --I) 

cH4 r4qd 
6692.24 
3481.05 0.9998 
549.67 0.9966 
528.25 0,9858 

GO, 
O . ~ ~ = ~ [ J . W O S  

-339.10 0,9944 
-180.06 0,9884 
-200.41 0.9982 

O2 raqd 

786.59 0.7739 
414.02 0.9860 
575.76 0.9944 



B.2 Springbank SOU Kinetic Experiments: Column SB2 
- -  . 

Bottle 2 (4cm depth) 
bottre 2 4 cm depth 4.0 

I lm(h)  '%om4 "/om2 %U2 
0.00 1.419 O.O& 19.339 

3 .O 

1.13 1.378 0.074 20.769 3 2.0 
6.95 1.476 0.082 21.006 1.0 
9.25 1.393 0,088 22.t 13 0.0 
13.27 1.444 0.087 20.386 o 10 20 30 

Time (horn) 

bottle 4 74 cm aeptn 
I ~me(h) %CH4 %bm Yo02 
0.00 1.4& 0.093 19.9 r2" 
1.20 1.508 0.112 20.769 
6.93 1-443 0.120 19.495 
9.15 1.317 0.123 19.472 
13.18 1.475 0.142 20.202 

sottre s 24 crn aeptn 
rcme(n) %Cn4 %L%Z u ! ~ z  
0.00 1 -466 0.166 20.33f 
1.18 1.477 0.219 20.410 
6.92 1.444 0.329 20.258 
9-17 1.431 0.360 19.510 

Bottle 8 34 cm aeptn 
Ilme(h) 4 u h ~ ~  
0.09 1.481 0.203 2 0 . m  
1.20 1.453 0.224 20.712 
6.93 1.212 0,710 19.410 
9.22 1.125 0.856 19.173 
13.02 0.908 1.051 17.409 

Botth 6 (Ucm depth) 

20 7 

0 5 10 
Time (hours) 

BotUe8 (34crn depth) 

t o  7 



B2 Springbank Soil Kinetic Experiments: Column SB2 (Continued) 

bottle 1 u cm aeptn 
~ l m ( h )  u/oLH4 "/0- u/002 

0.00 1.453 0.224 2 0 . r  
1.18 1.432 0.331 20.649 
6.92 1.208 0.627 18.275 
9-20 1.198 0.767 18.929 
12-92 1.078 0.943 18.333 

~ot t le  1 64 cm aeptn 
I lm(h) %CH4 % 

0.00 1.429 0.3f3 2 0 . 3 4 2  
1.25 1,149 0.542 19.227 
6.98 0.106 1.124 16.823 
9.33 0.003 1.197 17.423 
12.83 0.001 1.351 16.275 

Bottle 1 74 cm deptn 
nm(h) YOWL= '52 UZ 

CI-00 1.443 0.428 19.09 1 
1.30 7.283 0.555 18.443 
7.03 0.393 1.023 17.528 
9.43 0.142 1.197 17.423 
12-03 0.002 1.287 16.649 

0 5 10 15 
Time (hours) 

0.0 
0 5 10 15 

Time (horn) 

B d e  14 (64crn depth) 

0ottfe 16 (7- depth) 



B.2 Springbank Soil Kinetic Experiments: Column SB2 (Continued) 
Bottle 18 Blank (No CH4) 

Bottle 1 blatl k 2 5  
rlme(h) kCH4 %-2 u/002 20 

U.00 2.234 0.0138 20,412 3 1.5 

1.33 2.205 0.083 19.928 g 1.0 
7.08 2.150 0.085 19.351 0.5 
9.55 2.222 0.093 20.275 0.0 

0 5 to 15 
Tlme (how) 

Springbank soil: Column SB2 1 0-Mar-99 
Mass of Mass of Totmas8 Mass of Moisture 

Bottle # Depth bottle bottle+soi 4 h a l M  dry soil contmt 
(m) (9) (9) (9) (9) % d v w t  

L 4 76~130 iu!382 tu/.is zu.5Q37 1-13 

4 14 167.365 187.266 186.834 19.4695 2.22 
6 24 167.093 186.55 185.169 18.0762 7.64 
8 34 167.366 185.893 183.763 16.3974 12.99 
10 44 166.605 183.789 181.66 15,0546 14.14 
12 54 167.69 190.116 187.559 19.869 12.87 
14 64 167.467 189.08 186.609 19.1419 12.91 
16 74 166.796 188.809 186.636 19.8395 10.95 
18 blank 167.126 167.126 167.126 0 0.00 

Reaction Rates - Column SB2, &=319 g1m21day 

Bottle # 
2 
4 
6 
8 
10 
12 
14 
16 

UePtn GQS ~onsumpmn ~ a t e s  (md haw1 

O2 r-aqd 
0.00 0.1 91 3 

186.12 0.1246 
438.67 0.6444 
1543.33 0.9407 
1402.53 0.8123 
865.0? 0.9695 
26t5.14 0.9787 
908.49 0.9273 

(cm) cH4 wqd C V ~  f*qd 
4 0.00 0.8916 
14 
24 
34 
44 
54 
64 
74 

19.52 0.1523 
16.51 0.8943 

267.49 0.9916 
194.76 0.9794 
350.59 0.9994 
1217.32 0.9989 
743.00 0.9962 

-15-81 0.8961 
-117.44 0.9808 
-441.91 0.9886 
-382-30 0.9964 
-346.27 0.9947 
-578.44 0.9977 
-429.66 0.9989 



B.2 Springbank Soil Kinetic Experiments: Column SB2 (Continued) 

Soil Gas Concetnrations andReaction Rates 
Column SB2, h e 2 8  (i(m21day 

Rate of CH4 
(cm) % CH4 Oh 02 consumption 

6 2.8- 
16 6.63 13.57 19.52 
26 9.94 10.89 16.51 
36 14-80 7.33 267.49 
46 20.18 5.58 194.76 
56 25.84 3.21 350.59 
66 32.21 1.41 1217-32 
76 38.13 0.73 743.00 

CH, Consumption Rate vs %CH, 

0 
0 4 0 20 30 40 

% CH, 



B.3 Springbank Soil Kinetic Experiments: Column SB3 

30ttre 24 6 an depth 

0.00 3,588 0.706 27 -01 2 
1.37 3,502 0.107 20.609 

13.75 3.473 0.175 20.144 
18.95 3,330 0.165 20.349 

botue 23 1s cm aepm 
?lm(h) %CH4 u/oUL 

0.00 3.21 7 0.09 f 20.dV8- 
1.38 3.143 0.102 21.082 
13.80 3.079 0.170 20.130 
18.98 3.028 0.172 20.526 
37.53 2.931 0.182 20.132 

Bottle 21 38 cm aeptn 
I trneln) %c;H~ %Cb2 ui~oz 

g.00 3.260 U.SZ3 2 0 . z ! r  
1-38 2.987 0-570 19.607 

13.80 2.381 1-778 17.942 
48.97 2.056 2.098 17.612 
37.55 0.908 3-429 15.896 

Bottle 24 (6 cm depth) 
4.0 

0.0 
0 5 10 15 20 

Time (hours) 

3iiT 
uC02 

0 
0 10 20 30 40 

Time (houm) 

0 10 20 30 40 
Time (hours) 

0 10 20 30 40 
Time (hours) 



B.3 Springbank Soil Kinetic Experiments: Column SB3 (Continued) 

~ottre 20 46 cm aeptn 
rtrne(n) YOGH~, YO&L u / ~ ~ 2  
0.00 3.01 5 0.604 20.151 
1.38 2.973 0.720 20.017 
13.80 2.232 2.160 17.605 
18.98 1.848 2.568 17.1 29 
37-55 0.497 4.049 15.202 

~ottre 1s ss cm aeptn 
p Q %oz 

0.00 2.976 lr.688 19.861- 
1.37 2.81 1 0.816 18.295 
13-78 1.437 2.522 16.661 
18.97 0.888 2.939 16.150 
37.53 0.052 4.202 14.587 

~ottre I 15 6s cm aeptn 
1 lme(h) u / o T € z  XU2 

0 3.6 0 20.9 
6.37 1.853 0.995 19.014 
7.75 1.184 1.042 18.347 
20.15 0.079 2.928 15.532 
25.42 0.000 3.049 15.661 

 onr re i r rs  cm aeptn 
t tfE(h) %CH4 Yam w/002 

6.37 1.655 1.009 18.299 
7.75 1.089 1.196 17.898 

20.15 0.000 2.513 15.901 

10 20 30 40 
Time (houm) 

BoUe 19 (Mcm depth) 

0 10 20 30 40 
f ime (hours) 

Bottle 18 (Mcm depth) 

00 
0 t 0 20 30 

Time (hours) 

Bottle 17 (76cm depth) 

1 w - 

0 l o  20 30 
T~me (hours) 



B.3 Springbank Soil Kinetic Experiments: Column SB3 (Continued) 
Springbank soil: Column SB3 10-Mar-99 

Mass of Mass of Tot  Mass Mass of Moisture Initial 
Bottle # Depth bottle bottle+soi 24ha104 dry aoil content Moisture 

(cm> (9) @) (9) (g) % dry wt, % dry wt. 
24 0 111.01 1 9 m  190.531 19.32U8 0.83 9.4 
23 6 170.855 1 93.099 192.157 21.302 4.42 9.4 
22 16 170.566 f 86.618 185.777 15.2109 5.53 9.4 
21 26 171.245 187.837 186.123 14.8778 11.53 9.4 
20 36 171.199 186.026 184.132 12-9336 14-64 9.4 
19 46 172 -32 186.203 184.541 13.221 7 12.57 9.4 
18 56 170.754 189.563 187.546 16.7923 12.01 9.4 
17 66 170.943 193.158 191.428 20.4852 8.45 9.4 

Reaction Rates 

Depth CH,* Rae 
(cm) %CH4 K O 2  -w. 

6 1.50 16.1 3 3 /.Or 
16 2.99 14.50 33.68 
26 4-68 11.75 9.50 
36 7.17 8.16 423.40 
46 12.14 4.58 545.34 
56 15.63 3.42 857.1 1 
66 20.13 1.89 1872-11 
76 23.19 1.80 1625.70 

- 

CH, Conuumption Rafs vs %CH, 

= 2000 
5 1800 
* 1600 * 1400 u 
a, 1200 g law, 
o 800 

600 - 400 
200 

9 a 
0 5 10 15 20 

X CH, 

Bottle # 

4 
23 
22 
21 
20 
19 
18 
17 

1 

Depth 
(cm) 

6 
16 
26 
36 
46 
56 
66 
76 

Gas t'onsumption Rates (run01 hautUt1 w-') 
' 4 r*qd 

3 / -08 0 
33.68 0.9511 
9.50 0.4447 

423.40 0.9941 
545.34 0.9962 
857.11 0.9494 
1872.1 1 0.9893 
1625.70 0.9976 

* 
' o z 8 b ~  -20. 

-1 1.68 0.7649 
-52.16 0.8787 
-553.86 0.9935 
-752.03 0.9899 
-985.31 0.9932 
-880.67 0.9837 
-795.53 0.9995 

2 raqd 
122.61 0.6502 
112.35 0.6502 
242.64 0.5774 
776.99 0.97l1 
1090.62 0.9709 
1348.05 0.8873 
3008.48 1 .OOOO 
2013.80 1.0000 



B.4. C& Oxidation Rate Profdes 
Column SB1 -CHI  OxidaUon R.th Data &=3 1 9glm21d 

urromaed W1I.lJar KIComct  0, mmet - 
Depth Soil (OJ c n , o r m  p c w ~  v m u  oxnte CH4 OxfdaUon rate profile 

(cm) 
Col SBl 

% trmanvpdw.1 t r m a ~ ~ p a w - ~ ( ~ a w . )  

4 16.25 6.88 3.26 8 -46 
CH4 odbtlan ( m M g  d.w.) 

14 13.46 13.13 3.54 15.92 14.71 0 1.acla 2 . a  3.m 

24 11.49 16.95 2.08 
34 5.62 205.74 243 
44 3.89 234.97 2.45 
54 2.52 31 1.04 3.08 
64 0.90 767.86 2.53 
74 0.75 1230.24 1.3 

1.1 b= 0.75 
Partially (K,) Coned column CH, ox rate = 
Partially (KJ Coneded column CH, ox eff = 
C0mct8d column CH4 oxidation rate = 
Corrected CH4 oxidation efficiency = 

+Omdaum 
fate 
W I ~  
tar 021 

Column SB2 - CH4 Oxidation Rate Data Q,=328gidld 

Wtklju Kscamct 0,comct 
Depth Soil [OJ cn,olrnt. pcHj V m u  O X n m  CH4 Oxidation rat. profile 
(m) % ( m a w e w . )  ( 1  ~ ~ a w . ) [ m r o l ~ ~ g ~ w . )  

Col. 582 

6 16.93 0.00 1.42 0.90 0.00 
16 13.51 19.52 1.47 29.82 27.59 CH4 ad&Uon (nmouhfg dw.) 

0 1,ooo zm 3,000 
26 10.89 16.51 1.47 25.23 a 9 2  
36 7.33 267.49 1.48 407.74 354.56 
46 

3.23 350.59 1.45 538.22 400.70 
5.58 194.76 1.45 298.98 249.73 

56 
66 1.41 1,217.32 1.43 1an.91 1,055.2s 
76 0.73 743.00 1.44 1143.39 457.23 

Partially (K,) Correct column CH, ox rats = 176.4 9/* 
Partially (K,) Corrected column CH, ox eff = 55.2 % 

Comded column CH4 oxidation rate = 104.8 gldtd 
Comcted CH4 oxidation efficiency = 328 % 

Column SB3 - CHI  Oxidation Ratm Data C&=l83gldld 

Unromer Htlalju Ks- 0,eormt 
Depth Soil (OJ cn.0~- ~ H J  V ~ U  ox rate 
(an) % (mWWdw.)  (%I (mrdRllqQw.1 (rmPYNgdw.1 

6 t 6, r5 S /.US 3.6 68.97 64. f Z 
16 t4.50 33.68 3.21 41.55 38.62 
26 11.75 9.50 3.32 11.64 10.65 
36 8.16 423.40 3.26 520.81 458.96 
46 4.58 545.34 3.02 680.78 549.00 
56 3.42 857-11 2.92 1077.26 8t4.92 
66 1.89 187211 3.6 226214 1428.52 
76 1.80 1625.70 3.6 1964.39 1218.50 

Partially (KJ Correct column CH, ox rate = 270.5 Wm[a 
Partially (&) Corrected column CH, ox eff = 147.9 % 

CW 0x lb t&  nG profik 
CoC 583 

(dl- : : p $ l  +:: 

860 wim Ks) 

$0 

Corrected column Cff4 oxidation rate = 187.1 gimfld 
Corrected CH4 oxidation efficiency = 1023 % 



B.5 C& Oxidation Rate as a Function of 0 2  

B.5.1 Column SBl, 35cm depth 

Bottle r Initial O, = 4.966% 
~lme(h) %O2 

0 .  f 3 B  4.166 
1.55 1.349 4.038 
3.27 1.285 3.761 
4.25 1.308 3,906 

0 1 2 3 4 
Time (houn) 

1.20 1 I 
0 1 2 3 4 5  

Time (hours) 

0 1 2 3 5  
Time (hours) 

120 0 
0 1 2 3 4 5  

Time (houn) 



B.5.1 Column SB1,JScm depth (continued) 

1.40 
Bottle 9 (Initial 0 2  = 7.267%) 

0 1 2 3 4 5 
Time (hours) 

Bottle 13 lnitim2 = 1 0 . m  
rrrne(n) u / ~ ~ z  

U.00 1.354 1 0 . r  
1.37 1.344 11.020 
3.27 1.250 10.270 
4.22 1.239 10.285 

0 1 2 3 4 5 
Time (houn) 

0 1 2 3 4 5  
Time (hours) 

Bottle 15 (Initial 0 2  = 12029%) 

- - -  - 

0 1 2 3 4 5  
lime (hours) 



B.S.1 Column SB1,3km depth (continued) 
Bottle 17 (Initial 0 2  = 11.728%) 

1.40 

Tlme(h) %CH4 "/002 1.35 ' 
0 . 0  1.360 11./26 rn 

1.23 1.334 11.961 8 1-30 

3.25 1.249 11.301 * 1.25 

4.23 1.203 11 -174 1.20 

0 1 2 3 4 
Time (hours) 

Column S81- 36cm depth mass data 
Mass of Ma- of Maas of 

BotUe # bottle boffle+soil dry soil 
(9) (s) (s) 

3 167.2605 177.6508 8.991 766 

Reaction Rates & Eadie Hobtee Plot Data 



B.5.2 Column SB1,76cm Depth 

Bottle 2 Initial U2 = 0.782% 
Ttme(h) %GH4 

0.00 T.Zf4 0. mi! 
1-05 1.177 0.335 
1.63 1.148 0.408 

Bottle 8 Initial 0, = 
Time(h) %&4 

0.00 0.902 4,072 
0.65 0.821 4.195 
1.55 0.648 3.557 

Eottta 2 (Initial OD0.78X) 
1.4 

0.8 
0.0 0.5 1.0 1.5 2.0 

Time (houn) 

B d a  4 (Initial 024.7%) 

0.8 J ! !  
0.0 0.5 1.0 1.5 2 0  

Time (hours) 

0.0 0.5 1.0 1.5 2.0 
lime (houn) 

BOW 8 (Initial 024.07%) 

1 

0.0 0.5 1.0 1.5 2 0  
Time (hours) 



B.5.2 Column SBl, 76cm Depth (Continued) 

Bottle 1 Initial 0, = ~ 2 0 %  
Tlme(h) %m4 %UZ 
0-00 1.202 /.I90 
0-67 1.130 7.237 
1.55 0.958 6.712 

BottIe 1 Initial 0, = ~ 8 3 %  
Tlme(h) U/oGH4 

U.00 1 .dm / .831 
0.50 1.094 7.444 
1.57 0.942 7.414 

Bottle 9 Initial 0, = 16.m 
 TI^@) %m4 -mr 

0 1,191 16.1 /4 
0.42 1.114 15.785 
1.58 0.950 16.320 

BoWe 10 (Initial 02-7.20%) 

1 

0.0 0.5 1 .O 1.5 2.0 
Time (hours) 

0.8 1 I 
0.0 0.5 1 .O 1.5 2 0  

Time (hours) 

aottfe f8 (Initial 02W6.17%) 

0.0 0.5 1.0 1.5 20  ! 
Time (hours) I 

I 

Column SB1 76cm dapth mu data Reaction Rates & Eadie HoLtee Plot Data 

M888ofMurot  -of 
Bottk* bow boCUl+rd dry mil 

(0) (a) (9) 
L 101,134 1~- 11,- 
4 167.504 179.917 10.7426 
6 16f.192 179.314 10.4904 
8 167.361 179.718 10.6004 
TO 166.943 179.432 10.8082 
12 167.959 179.50 I 9.98836 
18 167.123 178.46 9-81 104 



B.6 C& Oxidation Rate as a Function of Moisture Content 

Column SB1,35cm Depth 

Bottle a N I . G . = ~ ~ %  
r~me(h) %CH4 %02 

0.09 3.223 T9.983 
23.50 3.050 19.211 
46.58 2.740 
93.65 1 16.64 

Bottle 9 m.c.=18% 
T~me(h) %CH4 %02 

0.W L I B  2 u . z  
23.45 2.37 18-92 
46.42 2.03 19.28 
93.60 0.65 16.27 

0 25 50 75 100 
ftnn (houn) 

djjE 
* 1.0 

0.5 
0.0 

0 25 SO 75 100 
Tim (houn) 



8.6 C& Oxidation Rate as a Function of Moisture Content (Continued) 

Bottle 11 (MC=ZOOh) 

0 s  
0 25 50 75 100 

Time (hours) 

0 25 SO 75 100 
Time (houri) 



Column SB1 - 36cm depth mass data 
Mass of mas of ~oisture M a s s  ot 

Bottle # bottle bottle+soi content dry soil 
CH, Oxidation Rate vs. M.C. 

CH, Reaction Rate 
(% d . ~ . )  ( m o i  hour" hd-') 

6.1 8 61.12 
10.71 229.89 
15.37 305.15 
23.64 214.01 
19.05 244.31 
27.28 145.40 



B.7 Cfi Oxidation Rate as a Function of Temperature 

Column SB1,35cm Depth 

CHI 8otHr 1 (Tr40C) 

o J I 
0 50 100 150 200 

Time (houn) 

0- 
0 50 100 150 200 

Time (houn) 



B.7 C& Oxidation Rate as a Function of Temperature (Continued) 

0 
0 20 TImo (hours) 40 60 

0 20 10 60 
Tim (houn) 

0 5  
0 50 100 150 200 

Tlnm (hours) 



B.7 C& Oxidation Rate as a Function of Temperature (Continued) 

0 
0 50 100 150 200 

Tlmr (hours) 

0 . 1 J  
0 20 40 60 

Tim (hours) 



B.7 C& Oxidation Rate as a Function of Temperature (Continued) 

0 
0 50 100 150 200 

Tlm (hours) 

0 50 100 150 200 
Tim (hours) 

BotW 16 (Bknk) 

0 50 100 150 200 
Timr (houn) 



B.7 CH( Oxidation Rate as a Function of Temperature (Continued) 

Bottle I7  blank 
Tl~"ne(h) % C H ~  %OZ 

0.00 2.24 19.96 
2.57 2.28 20.63 
7.50 2.1 8 1 9.92 

25.35 2.22 20.38 
51 -63 2.20 20.56 
145.65 2-11 20.28 Ttma (hours) 

0 50 100 150 200 
Tim (hours) 

0 50 100 150 200 
Tlme (hours) 

0 50 100 150 200 
Tim (houn) 



B.7 C& Oxidation Rate as a Function of Temperature (Continued) 

Boltk 21 (T4c) 
Bottle 21 TWC 3 

1 lme(h) %CH4 %92 q 

0.00 2.6 1 19.56 
2.75 2.67 20.1 7 

a 
0 

25.33 2.6 1 19.65 ;It 1 

51 -57 2.53 19.79 o 
145.83 2.43 19.44 o 50 100 150 200 

Tfmr (bun)  

0 SO loo 150 
Tim (hours) 



B.7 CH, Oxidation Rate as a Function of Temperature (Continued) 

Reaction Rator 

Sofl Ma18 and Mokture Content Data 
- -  

13 12 
14 12 
15 12 
16 BUNK 
17 BUNK 
18 BLANK 
19 4 
20 4 
21 4 
22 35 
23 35 
24 35 

of Ilk- of Mobtun Ma18 of 
Batth I b o w  botuwsoil tontont dry 8011 

(g) (9) (% W) (9) 
I 

1 1 b r . m  llU.ht>b 71.8 8.33 
2 167.1579 177.0598 11.8 8.86 
3 167.2625 175.308 11.8 7.20 
4 167.3654 176.8195 12.1 8.43 
5 167.3544 177-3022 12.1 8.87 
6 167.0933 175.266 12.1 7.29 
7 166-7877 175.6786 7.5 8.27 
8 167.374 175.6501 7.5 7.70 
9 167,191 175.6593 7.5 7.88 
10 166.605 175.4329 11.8 7.90 
I 1  167.1627 175.7514 11.8 7.68 
12 167.6918 176.4253 11.8 7.81 
13 166.m 175.6100 11.6 7.92 
14 167.4666 176.3891 11.6 8.00 
15 167.436 175,7726 1 t -6 7.47 
16 Blank Blank Blank 8 
17 Blank Blank Blank 8 
18 Blank Blank Blank 8 
19 167,1927 176.8098 11.8 8.62 
20 167.5573 176.4509 11.6 7-97 
21 167.5297 183.9627 11.6 14.72 

99.94 0.8893 
137.51 0.9858 
105.06 0.8548 
14.49 0.5303 
1125 0.6865 
11.04 0.2189 
18.54 0.8846 
14.53 0.9901 
7.86 0.9901 

102.49 0.9991 
116.03 0.9967 
93.46 0.9792 

105.95 0.2528 
38.09 0.4883 
119.01 0.5661 
-102.65 0.7578 
- 1  0.0253 
-21.76 0.2216 
-23.20 0.7144 
241 0.0063 
1.30 0.0063 

168.57 0.7867 
114.85 0.9500 
212.86 0.9070 

L 



Appendix C- Soil Column Drawings 

Figure Cl: Soil Column Top Cap Design 

Wr,: Y Y x x D D, TI=: SOIL MICROCOSM Page: Of: 

97 10 02 TOP CAP 
PROJECT: V. fter? M.Sc. Thesi3 

-PLEXIGwsS  

,-L/8" HPP 

0.6 in 

L/8' 0-Rlng- 

- -L. 

'-THRmED 

-\PL&XTGWS TUBE 
Section A-A 

4 EQUALLY SPACED 
THRU HOLES DIA,0.375 

/ 

X 
h 

32 2-725 

O-RING CEZZLS R2.875 
I - -I.!{ Ln O-RING 

Ga(XIVE CL 

- 3 - L f i  in 0.4 in  



Figure C2: Soil Column Bottom Cap Design 

DATE: Y Y  M K  O D :  TITLE: SOIL MICROCOSM Page: Of: 

97 1 0  02 ' BOTTOM CAP 
PROJECT: V. SteLnM-Sc. Thesis 

PREPARED BY: V. Stein CHKD BY: 

Section 6-8 

- 0 . 6  
DLR. 0.125 

!IEPTH DEPTH 0.763 

/"- 4 EQUAUV SPACED 
THRU HOLES DIA.0.375 

1 

I 

3 EQUALLY SPACED HOLES -' 

C I A .  0.25 DEPTH 0,375 

ROD 



Figure C3: Soil Column Design 

DATE: Y Y M bI D D 
/ cn I l o  / 02 

PROfECX: V. Stein Wc Thesis 
I 

i 

PREPARED BY: V. Stein ICHKD BY: I 

I 

TITLE: SOL COLUMN 
DESIGN 

Page: 01: 



Figure C4: Soil Column Perforated Plate Stand Design 

DATE: Y Y M M D D TITLE: SOIL KCROCOSM Page: Of: 

97 11 06 PERFORATED PLATE STAND 
PROJECT: V. Stein M-Sc. Thesis 

PREPARED BY: V. Stein 'CHKD BY: 



APPENDIX D - Binary Diffusion Coefficients 

Binary Diffusion Coefficients (T=293K, P=1 .013 bar) 
Gas1 Gas2 MI Hz Tcl Tc2 Vcl Vc2 [Jt2 

Diffusion Coefficients in Multi~omponent Mixtures 
~ixture Component Ratios 

CH4 0 2  cu2 N2 

0 0.1 5 0.25 0.6 
0.25 0.1 0.25 0.4 
0.5 0 0.5 0 
0.5 0.01 0.1 0.39 
0.02 0.1 9 0.02 0.77 

0 0.2 0 0.8 
a25 0.1 5 0 0.6 

0.5 0.1 0 0.4 
0.75 0.05 0 0.2 

DCW u02 UCO~ D NO 

m2/s m2/s m2is m2/s 

2 . # E m 7  
2.03E-05 1.97E-05 1.66E-05 1.89E-05 
1.76E-05 1.89E-05 1.76E-05 1.85E-05 
2.08E-05 2.1 OE-05 1.69E-05 2.06E-05 
2.1 8505 2.08E-05 1.62E-05 2.05E-05 
2.1 96-05 2.09E-05 1.62E-05 2.09E-05 
2.1 9E-05 2.1 3505 1.65505 2.1 5E-05 
2.19E-05 2.1 7E-05 1.69E-05 2.77E-05 
2.1 9605 2.21 €905 1.72505 2.1 8E-05 



APPENDIX E - Steady-State Numerical Model 

This appendix presents a failed attempt at obtaining a steady-state solution to Equation 5- 

1 1, which when given a soil's mass transfer and biological kinetic parameters as inputs 

would output soil gas concentrations and C& oxidation rates. A steady state solution 

was seen as desirable for its computational speed. However, a physically meaningful 

solution was unobtainable. 

To develop this model, the derivatives in the system of transport equations are set 

to zero, resulting in a simple 1-D boundary value problem. The reaction terms were also 

set to zero in this preliminary stage of the model's development. 

To ensure maximum accuracy in the finite difference form of Equation E-1, a central- 

dBerence scheme is used to create finite difference approximations of both of its terns: 

Based on figure 5-1, Equation E-2 becomes 

Combining Equations 5-5 and 5-6 and discretizing, the following expressions for v are 

obtained: 



Substitution of Equation E-4 into Equation E-3 results in a system of non-linear equations 

for each gas component, which may be solved using an iterative procedure in which the 

coefficients (in this case the v terms) are lagged. This results in a system of linear 

equations for each gas component, which can be solved using the equilibrium method- 

The systems of second order ODES are coupled, because they share the same total 

pressure, and consequently the same advective flow velocities. 

Lagging the coefficients in equation E-3 gives the following recurrence relationship, 

which is then used to generate an equilibrium matrix: 

where the K and Kt1 superscripts refer to the iteration#. 



Boundary Conditions 

Lower boundarv condition 

Again, to simply the model in its initial stage of development only two gases were 

considered, namely methane and air. For the two-gas case, the lower boundary condition 

for this problem consists of a constant methane flw and of an air flux equal to zero. 

e.g. kH4 = 2.25* 1 o4 m~l*rn-~*s-' J-=O 

This results in the following finite difference equation for C& (lower boundary is at node 

j=l). Node O is a false node, which is eliminated, in the next calculation. 

Combining Equations E-5 and E-6, and then eliminating the CC~4,i-I tems (i.e. the Ca4a 

terns): 

Umer boundarv condition 

The upper boundaries are assumed to be at constant (atmospheric) concentrations. 

i.e. CcH4=i.7ppm 

Cm = 41.25 mol/m3 
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Steady State Solution Procedure 

Solving a non-linear boundary value problem by lagging the coefficients is an iterative 

procedure that involves the following steps: 

1. Make an initial guess of the steady state concentration profiles; 

2. substitute the concentration values into the recurrence relation equations to generate 

an equilibrium matrix; 

3. solving the resulting equilibrium matrix to obtain a new concentration profile; 

4. go to step 2, repeating these iterations until the criterion for convergence is met. In 

this case, the solution was assumed to have converged once the change in 

concentrations between successive iterations was less than 5% for every node. 

The algorithm for carrying out the iterative procedure was first programmed using 

Mathcad and then in BASIC. By £%st programming the algorithm using Mathcad, and 

then using BASIC, it was possible to determine whether a simulation had failed to 

converge due to errors in the algorithm or errors in programming. 

Resulb of the Steady-State Solution 

Results Trial #I (obtained with a constant C& concentration profile for the initial guess) 

The algorithm converged to an unstable solution, as is depicted in the following graphs. 



Fig. 5-2a: Initial guesses for C& and air concentraon profiles 
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Fig. 5-2b: Concentration Protilea after first iteration (K=l) 

Fig. 5-2c: Concentration Profiles after 20d Iteration 
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Figure 5-2d: Concentration Profiles afler 5" Iteration (Convergence achieved) 
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When solving a non-linear boundary value problem using the method of lagging the 

coefficients, a good initial guess at the solution can reduce the number of iterations, and a 

bad initial approximation may not converge. However every initial guess made resulted 

in convergence to the same physically meaningless solution. An attempt was then made 

to reduce the Peclet number by decreasing the node spacing from 1 Ocm to 0. lcm. 

However this merely resulted in convergence to a physically meaningless solution with 

the same concentration magnitudes with a greater fkequency in oscillations. 

It is  hypothesised that the non-linear natw of this problem results in the absence of a 

unique solution. Unfortunately, the above procedure results in convergence to the 

physically impossible solution. 

Because the equilibrium method failed to produce a physically meaningfid 

solution, an attempt was then made to use an explicit non-steady state method, which wiff 

converge to a physically meaningful solution provided that the time-step size is small 

enough or the node-spacing is sufficiently large. 



APPENDIX F - C& Reactive Transport Model Source Code (in BASIC) 

'CH4ox I .bas 
'Soil methane bioIogical oxidation and transport model 
'In this version, four nodes are used, with a spacing of 20 cm 

DECLARE SUB ReacTran (co, visco) 
DECLARE SUB Viscocity (co, yo, vise()) 
DECLARE SUB Density (co, denso) 
DECLARE SUB PM~C (cQ) 
DECLARE SUB Difksivity (co, yo, DO) 
DECLARE SUB Plot (co) 

COMMON SHARED perno, pore, am, xi(), tempo, db 120, db130, db 140 
COMMON SHARED db230, db240, db340, n, fluxo, void(), mco, Gs, mu(), MO 
COMMON SHARED cox(), dt, dz, bulk(), confaco 

' V&abIes: 
' perm0 = soil's intrinsic permeability 
' p o d  = porosity 
' air0 = aeration porosity 
' xi0 = soil's reIative dimivity coefficienty 
' tempo = soil temperature 
' db 12,13,14,23,24,340 = binary diffision coefficients 
' n = number of nodes 
' flux() = gas fluxes (I=CH4,242,3=C02,4=N2)(in molfm2/s) 
void0 = void ratio 

' mcO = moisture content (as a ratio of the soil's dry weight) 
' Gs = soil particle density (g/m3) 
' mu() = viscocity of bulk fluid 
' dt = time-step size 
' dz = distance between nodes (in m) 
' bulk() = bulk density 
' moist = soil's initid moisture content 

FORj = 1 TO n 
porn = 1 - (bulk(jj / (Gs 10 A 6 (1 + moist))) 

NEXT' j 

'void ratio 
FORj= I TO n 

void(j) = pea) / (I - potfj)) 
NEXT j 

CONST Rid = 83 I4 'Universal gas constant 

'assign values to variables 
n = 4  
62=2 
dt = 15 



Gs = 2 5  
moist = ,094 
K02= 0.45 ' 0 2  half saturation constant (in moVm3) 
KCH4 = 0.3 1 ' CH4 half saturation constant (in moVm3) 
DIM c(4, n + I), perm@), por(n), temp@ + l), visc(n + I), D(4, n), dens@) 
Dm flux(4), rnu(4, n + 11, M(4), db12(n), db13(n), db 14(n), dbU(nf, db24(n), db34(n) 
DIM air(n), xi(@, void(n), mc(n), bulk(n), confac(n), cox(n) 

'buik density in g/m3 
FORj= I Ton 

buIk(j) = 1.163 10 "6 
NEXT j 

'moisture content 
FORj= I T o n  

mcQj = .094 
NEXT j 
mc(4) = .OO 165 
mc(3) = ,103 
mc(2) = ,135 
mc(1) = .1195 

'porosity 
FORj=ITOn 

p o a j  = 1 - (bulkti) / (Gs * LO " 6 * (1 + moist))) 
m j  

'void ratio 
FORj=ITOn 

voidQj = pa) / (1 - poru)) 
NEXT j 

'fiee air space 
FORj= I T O n  

air@ = (voidu) - mcoj Gs) / (I + voidbj) 
NEXT j 

'confac Eictor for converting reaction rates from nmol/h/gdw to moVm3/s 
FORj= 1 T o n  

confacu) = 2.778 10 " -13 bukQj) / (1 + mc) 
NEXT j 

'temperature (degrees Kelvin) 
F O R j = I T O n + I  

temp(j) = 293 
NEXT j 



'intrinsic permeability of soil 
FOR]= 1 T o n  

pennu) = 9.72 10 * -13 
NEXT j 

'initial gas concentrations 
FORj= lTOn+  I 
c(I,j)=7 10"-5 
c(2, j) = 8.62 
c(3,j) = -015 
c(4, j) = 32.63 
NEXT j 

'individual gas molar masses 
M(1) = 16 
M(2) = 32 
M(3) = 44 
M(4) = 28 

'individua1 gas viscocities 
FORj= I T O n + i  

mu(1, j) = (1.935 + .0305 tempu)) * 10 ^-6 
mu(3, j) = (-30212 + 256 * temp(j) - .00035 temp(j) "2)  10 A -6 
mu(4, j) = (.526 + .07 1 temp(j) - .000043 temp(j) A 2) 10 A -6 
mu(2, j) = mu(3, j) 

NEXT j 

'viscocity of bulk fluid (simplification) 
FORj= [ T o n +  1 

viscoj = 1.694 I0 A -4 
NEXT j 

'reIative diffisivity (due to porosity and tortuosity of soil) 
FORj=lTOn 

xi@ = 1 air@ A 2 1 por(j) A .666'Millington Quirk second model 
NEXT j 

'Binary di f i ion  coefficients 
FORj= 1 Ton  

dbl2(j) = 2.24 10 A -5 (temp@ 1293) A 1.8 1 xi03 
db130 = 1.76 10 " -5  (temp03 1293) A 1.81 xi03 
db140) = 2.18 * 10 "-5 (tempo 1293) A 1.81 xi@ 
db23(j) = 1.63 10 A -5 (tempGI 1 293) A 1.8 1 xi('j) 
db240 = 2.09 * 10 A -5 * (ternp(j) I 293) A 1.8 1 * xi@ 
db340j = 1.6 1 * 10 A -P (tempo) 1 293) A 1.8 1 xi(j) 

NEXT j 

' This is the main routine 
SCREEN 2 , I  
CLS 
6 = "###-##'V 

FOR t = f TO 1000000 
ReacTran co, visco 



IF t / 100 = MT(t I 100) TfEEN CLS : PRMT "t.="; : PRMT USING 6; t dt / 3600; : PRMT " hours": 
h t C  cO: Plot cg 
NEXT t 

END 

SUB Density (co, denso) 

'This subroutine calcuaItes the density of the gas mixture at each node 

FORj= 1 Ton 
dens(j) = (~(1,  j) 16 + c(2, j) 32 + c(3, j) * 44 + c(4, j) * 28) / 1000 

NEXT j 

END SUB 

'This subroutine calculates the difkivity of the four gases for each node 
'For now, a constant vaIue wiI1 be used for each node. An equation will 
'be added at a later date 
'note: gas# 1 =CH4, gas#2=02, gas#3=C02, gas#4=N2 

FORj= ITOn 
D(Lj) =(I -~(l,B)/((Y(2,B~db1201)+01(3,j)ldb13~~)+(y(4, j)/dbL4(j))) 
D(2, j) = (1 - YG, j)) 1 (@(I, j) db1203) + ( ~ ( 3 ,  J') J db230)) + (y(4, j) f db24(j))) 
D(3, j) = (1 - ~(3,j)) 1 ((y( 1, n / dbI301) + (~(2,  j) I db230) + w4,  J') I db34(j))) 
D(4, j) = (1 - ~ ( 4 ,  j)) ((Y( 1, JI) I db 14(j)) + (~(2,  j) ! db24U)) + (y(3, jj / db340))) 

NEXT j 

END SUB 

SUB Plot (cO) 
' This subroutine plots a graph of the concentration profiles 

DIM da(4) 
da(1) = &HFFFF 
da(2) = &HFOF 
da(3) = &HI I I I 
da(4) = &H1FI I 
LINE (230,80)-(230, 180) 
LINE (430,80)(430, 180) 
FORi = lTO4  

FORj= 1 T o n  
XI = MT(c(i,j) 200 / 4127 +230) 
yL = INT(-I00 j dz+ 180 + [NT(& * 100)) 
x2 = INT(c(i, j + I) 200 14127 +230) 
y2 = MT(-100 Q +- 1) dz+ 180 + MT(& 100)) 



LINE (x 1, Y 1 )-(x2t y2), , , dam 
NEXT j 

NEXT i 
END SUB 

SUB PrintC (c0) 
DIM cp(4, n) 

'prints tabIe of concentrations 

'convert concentrations from rnoVm3 to % 
FORi= 1 TO4 

FORj= 1 T o n  
cp(i n =  100 c(i, j) (~(1 ,  j) + c(2, j) + e(3. j) + c(4, j)) 

NEXT j 
NEXT i 

tit§ = "node % CH4 % 0 2  % C02 % N2 CH4ox(rnhin)" 
anp$ = " # ##,#####I ##.##### ##.##### ##.M ###.Wn 
P R M T  tit$ 
FOR j = n TO 1 STEP -1 

PRINT USING mps; j; cp( 1, j); cp(2. B; cpt3,B; cp(4. j); cox(j) 
tot = tot + cox(j) 

NEXT j 
coxp = 100 * tot / (flux(1) 22295) 
PEUNT 
PRMT "%CH4 Oxidized = "; coxp 
P R M T  
PRlNT "node DsoiVDair" 
FOR j = n TO 1 STEP -1 

PRINT j; " '*; xi@ 
NEXTj 

END SUB 

SUB ReacTran (co, visco) 
This subroutine calculates the changes in gas concentrations due to 
'advection, diffusion and microbial oxidation using a pndictor- 
'corrector method to solve the differential equations 

'Variables: 
' D(i j)=Diffisivi~ of gas i at node j 
' dens@ = density at node j (in g(rn3) 
' P(jj = Pressure at node j (in Pa) 
' Q(i J] = molar flux of gas i into node j 
' y(i J) = molar hct ion of gas i at node j 
r(i& = production rate of gas i at node j due to biological reaction 
' (moVdrn3) 
' vrn(ij3 = max of gas i at node j in m o W g  dew. 

DIM D(4, n), dens@), P(n + I), Q(4, n + I) 



DIM ~ ( 4 ,  n + 11, r(4, n), rl(4, n), r2(4, n), cs(4, n t I), v ~ ( s ,  n) 

'Calculate mole fractions 
FORi= I T 0 4  

F O R j = I T O n + l  
~ ( i j )  = c(i,j) 1 (d l ,  j) + c(2, j) + c(3, j) + c(4, j)) 
NEXT j 

NEXT i 

Viscocity CO, yo, visco 
Dif i iv i ty  co, yo, DO 

'Calculate densities and pressures 
FORj= t T O n + l  
' denso) = (~(1, j) t6 + c(2, j) * 32 + c(3,j) 44 + c(4 , j) 28) I 1000 
PO-) = Rid * temp03 (c(1, j) + c(2, j) + c(3, j) + c(4, j)) 

NEXT j 

Vmax kinetic parameten for CH4 
vm(l,4) = -10 
vm(l,3)=-111 
vm(l,2) = -272 
m(1,  1) -924 

FORj= I T o n  
' IF c(2, j) < 124 THEN vo2 = c(2, j) 1 I 2 4  ELSE vo2 = 1 

v02 = c(2, j) 1 (c(2, j) + K02) 
VCH4=c(l,Jc)/(KCH4+c(I, j)) 
r( 1, j) = vm(1, j) vo2 VCH4 confaca) 
r(3, j) = vrn(3, jj vo2 VCH4 confacu) 
r(2, j) = 1 5 * r( I, j)'oxygen 
cox0j = -r( I, j) * 22295 dz ' n.b. converts fiom moUm3ls to ml/min 
r(4, j) = 0 
r(3,j) =--8 r(I,j) 'carbon dioxide 

NEXT j 

'CaIcuIate fluxes 
Q(1, 1) = flux(l) 
'note e.g. Q(l,2) refers to the flux of gas I inw node 2 
FORi= I T O 4  
cs(i, n + I) = c(i, n + I) 

FORj=2TOn 
Q(i, j) = <(Wi, j) + D(i, j - I)) / 2) (c(i,j) - c(i, j - 1)) f dz 
k = ((permQj + penno - I)) 1 2) / ((viscQj + visca - 1)) / 2) 
Q(i, j)=Q(i, j ) -k ((c(i,j)+c(i, j - 1))/2) (Pu)- P(j - I))/  dz 

Q(iy n + I) = -D(L n) (c(ii n + I )  - c(i, n)) / (&/ 2) 
k = perm@) / ViScCn + I) 
Q(i,n + I) =Q(i  n +  I) - k f  c(i, n+ 1) * (P(n+ I) -P(n))/ (&/2) 

NEXTi 



FORi= 1 TO4 
FORj=lTOn 

rl(i, j) = r(i, j) I air(j) + (Q(i, j) - Q(i, j + 1)) 1 (dz * air@) 
cs(i, j) = c(i, j) + dt * rl(i, j) 

NEXT j 
NEXT i 

FORj=lTOn 
' IF cs(2, j) < 1.24 THEN vo2 = cs(2, j) / 124 ELSE vo2 = 1 

v02 = cs(2, j) / (cs(2, j) + K02) 
VCHJ = cs(1, j) / (KCH4 + cs(1, j)) 
r(1, j) = vm(l, j) vo2 * VCH4 confaco) 
r(3, j) = vm(3, j) * vo2 VCH4 confac(j) 
r(2, j) = 1.5 * r( 1, j)'oxygen 
coxti) = -r(l, j) * 22295 dz' n.b. converts from rnoW/s to mumin 
r(4, j) = 0 
r(3, j) = -.8 r( 1, j) 'carbon dioxide 

NEXTj 

'Calculate fluxes 
Q(1,l) = flux(l) 
'note e.g. Q(1,2) refers to the flux of gas 1 into node 2 
FORi=ITO4 
FORj=2TOn 

Q(i, j) = -((D(i, j) + D(il j - I)) / 2) (cs(i, j) - cs(i, j - I)) / dz 
k = (@em@ + pemQ - 1)) I 2) / ((visc(j) + visc(j - 1)) 1 2) 
Q(i, J3 = Q(i, j) - k ((cs(i, j) + cs(i, j - 1)) / 2) * (PO - P(j - I)) 1 dz 

m j  
Q(i n + 1) = -D(i, n) * (cs(i, n + 1) - cs(i, n)) / (dz / 2) 
k = perm(n) / visc(n + 1) 
QO, n + 1) = Qf i, n + t ) - k cs(i, n + I )  (P(n + 1) - P(n)) I (dz / 2)  

NEXT i 

FORi= I TO4 
FORj= 1 Ton 

r2(i J3 = r(i, J3 aim + (Ui, n -  Q(i, j + 1)) (dz air(i)) 
c(i, j) = c(i, j) + dt / 2 (rI(i, j) + R(i, j)) 

NEXTj 
NEXT i 

END SUB 

SUB Viscocity (co, yo, visco) 
'This subroutine calcuIates the viscocity of the gas mimure at each node. 



th(i, k) = (1 + (mu(i, j) / mu& j)) A .5 (M(k) / M(i)) A 25) A 2 
th(i, k) = th(i, k) l(2.8284 * (1 + M(i) / M(k)) A .5) 

NEXT k 
NEXT i 
NEXT j 

FORj=ITOn+l 
visc(j) = 0 
FORi= 1 TO4 

FORk= I TO4 
IF k o  iTHEN s u  =sum+th(i, k) y(k,j)/y(i,J') 

NEXT k 
viscu) = visc(j) + mu(i, Jc) / ( I  + sum) 
sum=o 

NEXT i 
NEXT j 

END SUE3 




