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Abstract 

Peatlands could play a significant role in global warming for two reasons: 1) peatlands release 

methane (CH4), which is a very potent greenhouse gas estimated to be responsible for a quarter of 

the temperature rise the world has experienced to date, and 2) peatlands are a natural source of 

atmospheric greenhouse gases, which means that unlike anthropogenic sources, they cannot be 

controlled through regulations or sustainable policies. Because emissions from peatlands are 

inevitable, it is paramount that they are quantified, and accounted for in the climate models used to 

determine emission reduction targets. Quantifying CH4 releases from peatlands is challenging 

because peatlands are highly variable ecosystems, and as a result they generate highly variable 

emissions. CH4 gets released from peatlands by diffusion in the aqueous phase, or by ebullition in 

the gas phase. Since diffusion is a constant process, it is more easily measured in the field, and 

therefore most previous emission estimates have been based solely on diffusion. However, it is now 

believed that ebullitive emissions make up the majority of methane emissions from peatlands.  

Ebullitive releases are poorly understood and are therefore challenging to predict. In order 

to better understand peatland CH4 emissions, a numerical model of CH4 flux from the water table 

in peatlands was developed. The model is based on physical processes and simulates diffusion, 

ebullition and gas-water mass transfer, and is populated by parameters measured in peat. The model 

was used to conduct a sensitivity analysis on the effect that different conceptual models of the peat 

profile have on emissions. It was found that changing the physical parameters of peat, such as its 

degree of decomposition or heterogeneity, did not affect the total flux from the water table, but did 

affect the magnitude and distribution of ebullition events. This is an important finding because 

large release events may bypass consumption above the water table and result in considerably more 

CH4 reaching the atmosphere than previously anticipated. It was also found that if only CH4 was 

modelled, and the carbon dioxide that is also present in peat was ignored, the outputs were 

comparable to reducing the CH4 generation rate by an order of magnitude.  
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Chapter 1 

Introduction 

1.1 Background 

The climate change debate is no longer if global warming is happening or not; it is now what 

courses of action can mitigate its effects. In the widely adopted Paris Agreement, an ambitious 

agreement to combat climate change and work towards a low carbon future, 185 countries have 

committed to limiting global temperature rise to between 1.5 and 2°C above pre-industrial levels. 

Upon ratifying the agreement, each country submitted a Nationally Determined Contribution 

(NDC), which sets the emission reduction targets they commit to achieving. Every five years 

starting in 2023, governments are required to report on their progress towards their NDC. Even in 

the most optimistic estimates of current policies, global temperatures are expected to rise 3°C (Hare 

and Hohne, 2019) (Figure 1.1).  

Canada is projected to exceed its NDC emissions target by 79 megatons (Environment and 

Climate Change Canada, 2019), meaning we are only projected to achieve 60% of the reductions 

we committed to. With the first reporting date quickly approaching, it is more important than ever 

that the most efficient policies and technologies are put in place to draw down atmospheric carbon 

levels. Importantly, to determine what the most effective regulations and policies are, the global 

budget of carbon sources and sinks must be understood and quantified (Dlugokencky et al., 2011). 

When speaking of atmospheric carbon, most attention is paid to carbon dioxide (CO2) 

because it exists at concentrations over two orders-of-magnitude greater than other trace gasses 

such as methane (CH4) and nitrous oxide (N2O) (Dlugokencky, 2019). But despite their lower 

abundance, the contribution of trace gasses to global warming could be significant because of their 

higher heat trapping capacity. For example, CH4 has 3.7 times the warming potential of CO2 per 

mole, warming the earth to a greater extent. 
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Figure 1.1: Climate Action Tracker 2100 global warming projections (Hare and Hohne, 2019) 

In 2011, CH4 had directly and indirectly contributed a quarter of the total radiative forcing, 

a proxy for temperature change, to the earth since 1750 (Dlugokencky et al., 2011). Despite its 

potency, CH4 presents a climate response opportunity because its residence time is 14.4 years, 

which is short compared to the 230-year residence time of CO2. This means that focusing on 

reducing CH4 emissions could be short term solution to limiting global temperature rise, because a 

reduction in emissions today would result in reductions in radiative forcing much sooner.  

The amount of CH4 in the atmosphere began increasing during the industrial revolution 

because of increased anthropogenic emissions from fossil fuel exploration, agriculture, waste 

management and biomass burning (Dlugokencky et al., 2011). This increase began to slow in the 

late 1990’s, and plateaued until about 2007 (Dlugokencky, 2019) (Figure 1.2). It was initially 

thought that the plateau was a result of industrialized countries getting control of fugitive CH4 

emissions from oil and gas extraction (Aydin et al., 2011). At this time, CH4 sources and sinks were 
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almost cancelling each other out, and CH4 emissions only had to be decreased a few percent to see 

atmospheric CH4 concentrations decrease (Dlugokencky et al., 1998). But the plateau was only 

temporary, and a renewed rise in atmospheric CH4 concentrations began in 2007. This renewed rise 

in CH4 was not foreseen, and was therefore not included in the climate models used as the basis for 

the Paris Agreement (Nisbet et al., 2019).  

 

Figure 1.2: Trends in global CH4 concentrations since 1983 (Dlugokencky, 2019) 

Isotopic signatures provide a means of distinguishing atmospheric CH4 based on its source, 

with positive values indicating that the source is fossil fuels, and negative values indicating that the 

source is biogenic. After 2007, the isotopic signature of atmospheric CH4 has been consistently 

negative, indicating that the proportion of CH4 from oil and gas is going down, despite a ~46% 

increase in natural gas production over the past decade with the introduction of horizontal drilling 

and hydraulic fracturing (Lan et al., 2019). Nisbet et al. (2019) proposed three explanations for this 

finding, which are not mutually exclusive. The first explanation is that there has been an increase 

in biogenic emissions. The second explanation is that fossil fuel emissions have increased, but the 

new emissions have a more negative signature, or the rise has been accompanied by a decline in 

other CH4 sources with positive signatures, such as biomass burning. Both the first and second 

hypotheses could have occurred simultaneously, as long as the increase in biogenic emissions 

outpaces the increase in fossil fuel emissions, shifting the signatures more negative. The third 

possibility is that the ability of the atmosphere to breakdown CH4 has decreased, so the atmospheric 
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lifetime of CH4 has increased and as a result steady emission fluxes, such as biogenic emissions, 

are making up more of the atmospheric burden. 

While it is clear that CH4 must be accounted for in the development of climate change 

policies, it is far from clear how. Before policies can be created to target CH4 emissions, the 

emission sources must be understood. The contribution of CH4 emissions from oil and gas have 

been reasonably well constrained (Hausmann et al., 2015). However, there is more uncertainty 

surrounding biogenic emissions. Biogenic CH4 emissions come from two main sources: agriculture 

and peatlands (Nisbet et al., 2016). Ruminants (e.g., cows, sheep) and rice paddies are mainly 

responsible for agricultural emissions. Flooded rice paddies and animal stomachs are both 

anaerobic environments, where microbes generate CH4 rather than CO2. Agricultural sources are 

termed an anthropogenic emission, because they are caused by human activities. Peatlands, on the 

other hand, are a natural CH4 source. Similar to agricultural sources, CH4 is generated in peatlands 

by anaerobic microbial activity that takes place within the waterlogged landform. However, unlike 

the anthropogenic agricultural sources, humans cannot control CH4 emission from peatlands, 

making it even more important that the inevitable emissions from peatlands, and the sensitivity of 

those emissions to climate change, are understood and accounted for in global carbon modelling 

efforts. 

The total amount of CH4 that enters the atmosphere each year has been quantified within 

±15% by atmospheric observations, and knowledge about the lifetime of CH4 (Dlugokencky et al., 

2011). These estimates are generated by taking the average of values from a globally distributed 

network of air sampling sites (Dlugokencky, 2019). They represent the amount of CH4 added to the 

atmosphere by human and natural sources. The observation network has been able to confirm that 

CH4 is the second most important greenhouse gas (Nisbet et al., 2019), however it has not been 

able to reliably determine the relative contributions of anthropogenic sources, biogenic sources and 

atmospheric breakdown of CH4 (Worden et al., 2017). Estimates of emissions per sector vary by 

up to a factor of 2 (Dlugokencky et al., 2011). This uncertainty renders us unable to develop 
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effective emission reduction plans, or project future CH4 emissions (Worden et al., 2017). In order 

to do these things, regional sources of CH4 need to be quantified. 

Perhaps the most poorly understood CH4 emission source is peatlands. CH4 is released 

from peat primarily though ebullition and diffusion (Charman, 2002). Diffusion is a constant, slow 

process that is easy to capture with standard measurement techniques. Ebullition (i.e., the 

movement of gas clusters through the peat profile) is highly variable in space and time, making it 

difficult to measure and quantify in the field (Peltola et al., 2018). Because diffusive releases are 

usually the emissions that get recorded, they were believed to be the dominant release mechanism. 

However, measurements specifically designed to capture ebullition events found that fluxes 

occurring over minutes to hours can exceed daily diffusive fluxes by orders of magnitude, 

potentially bypassing aerobic methane consumption that happens near the surface of peatlands 

(Comas and Wright, 2012). Furthermore, the higher rate of ebullition compared to diffusion can 

result in bypassing of CH4 oxidation to CO2 in shallow peat, thereby increasing the warming 

potential of greenhouse gases releases. Mechanistically modelling peatland CH4 emissions would 

help us understand what controls ebullition and determine the relative emissions from the two 

processes.  

There are several models of peatland CH4 emissions currently being used (Wetland-DNDC 

(Zhang et al., 2002), HIMMELI (Raivonen et al., 2017), MEGA (Ramirez et al., 2015a)). Wetland-

DNDC and HIMMELI are threshold-based models, in which ebullition occurs once a certain 

threshold of gas has built up in the peat profile though mass transfer. MEGA is a pore structure-

based model, in which gas movement in the domain is controlled by surrogate parameters 

representative of the physical parameters of peat. A model that combines both approaches, 

modelling the pore structure of peat as well as mass transfer driven bubble growth, is needed to 

accurately represent the controlling processes and study the complex interactions between those 

processes. Once validated against laboratory and field measurements, coupled mechanistic models 

could be used to incorporate CH4 emissions from peatlands into regional climate models, without 
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relying so heavily on extensive and labor-intensive field measurement campaigns and empirical 

relationships.  

A model based on the controlling mechanisms of CH4 release also has the potential to be 

used as a predictive tool by incorporating climate stressors, such as temperature and atmospheric 

pressure, to generate predictions of future CH4 emissions. The processes under which CH4 is 

generated in peatlands are highly sensitive to environmental conditions, such as temperature and 

water table depth (Raivonen et al., 2017). For example, paleorecords and present day studies 

indicate that peatlands show a strong positive feedback to increasing temperatures; temperature rise 

will cause CH4 emissions to increase, which will cause temperatures to rise further (Dlugokencky 

et al., 2011). Because of this sensitivity, the impacts that climate change will have on CH4 emissions 

is a major source of uncertainty in climate modelling (Comas et al., 2005).  

1.2 Research Objectives 

The goal of this research is to gain an understanding of the key aspects that control CH4 emissions 

from peatlands. This will be accomplished by developing a numerical model that simulates CH4 

transport in the water-saturated layers of peatlands, including both diffusion in the aqueous phase 

and ebullition of the gas phase. Input parameters will be based on independently measured peat 

properties. The specific research objectives are to: 

i. Develop a numerical model of multiphase gas migration in peat which includes the multiple 

transport mechanisms that take place in peatlands, as well as the mass transfer of multiple 

dissolved gases between phases, using macroscopic invasion percolation (macro-IP), 

ii. Compare simulations of stable drainage to independently measured air-water drainage 

curves in peat,  

iii. Simulate CH4 emissions under a variety of conditions to compare diffusive and ebullitive 

releases, 
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iv. Assess the sensitivity of simulated CH4 emissions to a variety of input parameters and 

conceptual models of the vertical peat profile, and 

v. Investigate the effects of including multiple gas constituents present in peat porewater on 

CH4 emission estimates. 

The results of this research will help guide peatland researchers regarding the number of 

sampling sites and frequency of sample collection required to accurately quantify peatland CH4 

emissions.  

1.3 Organization of Thesis 

This thesis is presented in a manuscript format, in which the results chapters (Chapters 3 and 4) are 

formatted for publication in peer-reviewed journals. Chapter 2 provides a literature review of the 

properties of peat and peatlands, capillary pressure-water saturation relationships in peat, and 

modelling free phase gas dynamics in peat. Chapter 3 presents a numerical model of CH4 transport 

and release from peatlands, as well as a demonstrative simulation using the model. Chapter 4 

presents a sensitivity analysis of simulated emissions to different conceptual models of the vertical 

peat profile. Chapter 5 presents the overall conclusions, as well as recommendations for 

applications of the work and further research. The appendix includes model verification, additional 

model outputs and simulations, an analysis of gas pool height sensitivity and a description of 

inverse transform sampling. Because of the nature of the manuscript format, there will be some 

overlap between this introduction in Chapter 1, the literature review in Chapter 2 and the 

background sections of Chapters 3 and 4.  
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Chapter 2 

Literature Review 

2.1 Properties of Peat and Peatlands 

Peatlands fall under the broad category of ‘wetland’, a geological feature defined by having water 

at or near the ground surface, low oxygen content soil, and specific biota (Charman, 2002). 

Wetlands are subdivided into mineral wetlands and organic wetlands. Mineral wetlands lack any 

substantial thickness or accumulation of organic remains. Organic wetlands have a thick layer 

(approximately 1.5 m) of preserved plant debris that has accumulated from previous years’ growth, 

overlain by a living plant layer. Peatland is another name for an organic wetland, and peat is the 

name given to the partly decomposed organic matter that makes up a peatland (Wieder and Vitt, 

2006). Since peat is of interest to a variety of disciplines, including ecology, agricultural science, 

biogeochemistry and engineering, many different peat classification systems exist. One system 

defines peat based on its organic matter content. In this classification system, a material qualifies 

as peat if it has over 65% organic matter (on a dry weight basis) and less than 20-35% inorganic 

content (Charman, 2002). Peat can also be defined based on its water saturation. By this 

classification system, peat is defined as any material composed of 88-97% water, 2-10% dry matter 

and 1-7% gas by volume in its intact, natural state (Charman, 2002). Inconsistent classification of 

peat arises because there are many variables it could be classified by, many of which are continuous 

rather than discrete.  

Peatlands are dynamic environments. They often first develop as mineral wetlands, then 

transition into peatlands under the influence of certain physical and biological conditions 

(Charman, 2002). The topography of the wetland must promote waterlogging for the transition into 

a peatland to occur. Waterlogging can be achieved by high levels of local groundwater flow and 

precipitation volume, as well as by concaved and impermeable underlying geology (Charman, 

2002). The rate of plant growth in a peatland must be higher than the rate of plant decomposition 
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to facilitate the buildup of organic matter. As a result, peatlands are typically made up of plants that 

decompose slowly. Peatland development is temperature sensitive, requiring enough heat to 

facilitate plant growth, but not enough to cause excessive evaporation (Charman, 2002). 

2.1.1 Peat Structure 

Peat is a highly heterogeneous material. Its heterogeneity can be described over two scales: the 

macroscopic scale, and the microscopic scale. The macroscopic variations in peat exist at the site 

scale, describing the spatial and temporal variability of the broader ecosystem. The microscopic 

variations exist within a peat profile, describing the local parameters of peat including the degree 

of humification, permeability, porosity and hydraulic conductivity.  

2.1.1.1 Macroscopic Properties 

Peatlands can be divided into two categories depending on the source of nutrient input: bogs and 

fens (Figure 2.1). A peatland is classified as a bog if it is ombrotrophic, meaning that nutrients are 

received only from the atmosphere through precipitation (Slater and Reeve, 2002). Bogs have a 

domed topography, which prevents nutrient inflow from groundwater or surface runoff. Because 

water inputs come from precipitation only, bogs are nutrient poor and have a low pH (i.e., < 4.2) 

(Glaser et al., 2004). The low nutrient content can only support a low-diversity plant community, 

dominated by sphagnum moss and ericaceous shrubs, both of which thrive in acidic environments. 

A peatland is classified as a fen if it is minerotrophic, meaning that nutrient input to the peatland 

comes from groundwater or surface water influx (Slater and Reeve, 2002). Fens have a flat or 

concaved topography, encouraging the infiltration of groundwater and surface water. They are 

characterized by having a higher pH (i.e., 6-6.5) (Glaser et al., 2004) and nutrient content. As a 

result of the higher nutrient availability, fens support more plant diversity, containing more 

abundant grass-like sedge plants and less sphagnum mosses.  
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Figure 2.1: Schematic of the classification system for wetlands 

Though there are a variety of moss types that can form peat, including sedges and brown 

mosses, sphagnum moss is the most dominant peat forming plant (Charman, 2002). Sphagnum’s 

rapid growth rate of 2-12 cm per year, coupled with its slow rate of decomposition lend it well to 

forming peat (Short, 2019). Sphagnum moss can flourish in environments that have low nutrient 

concentrations and low pH, both of which are characteristics of peatlands (Wieder and Vitt, 2006). 

Many properties of peat, including its compressibility and high void ratio, can be attributed to the 

structure of sphagnum. Sphagnum is composed of a main stem (10-15% of the plant), with tightly 

arranged clusters of leaves growing along it (85-90% of the plant) (Landva and Pheeney, 1980). 

The leaves are very thin and translucent, made of hollow water-filled hyaline cells and chlorophyll 

cells. There are over 160 species of sphagnum growing worldwide (Short, 2019).  

Peat has two defined layers in its vertical profile, each with distinct properties (Table 2.1). 

The top layer is termed the acrotelm. It consists of the growing surface, as well as the poorly 

decomposed plant remains near the surface of the peat. The rate of decay in this layer is typically 

high, with most of the decay happening in this zone (Wieder and Vitt, 2006). The acrotelm typically 

extends to a depth of 0.05-0.5 m, or to the lowest position of the water table during a drought 

(Kettridge and Binley, 2008). The acrotelm lies above the water table so air is present in the pore 

space of the peat, allowing aerobic processes to occur (Glaser et al., 2004).  

The layer of well decomposed, water saturated peat that lies below the acrotelm is called 

the catotelm (Kettridge and Binley, 2008). This layer extends below the water table, so it is oxygen 
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poor allowing anaerobic processes dominate (Glaser et al., 2004). Decay still proceeds in the 

catotelm, however it is at a much slower rate than in the acrotelm (Wieder and Vitt, 2006). 90% of 

the carbon mass in peatlands is contained in the catotelm because it has a higher density of 

decomposed material (Glaser et al., 2004). The average depth of peat across the globe is between 

1.3-1.4 m, with depths greater than 15 m rarely measured (Charman, 2002).  

Table 2.1 Characteristics of the acrotelm and the catotelm (Charman, 2002) 

Characteristic Acrotelm Catotelm 

Water Table Fluctuating Absent 

Water Saturation Variable Constantly Saturated 

Aeration Periodically aerobic Anaerobic 

Microbial Activity 
High with aerobic and 

anaerobic activity present 

Low with only anaerobic 

activity present 

Water Movement 
Relatively fast, variable from 

surface to base of acrotelm 

Very slow, constant 

throughout layer 

Exchange of Energy and 

Matter 
Rapid Slow 

2.1.1.2 Microscopic Properties 

The degree of humification is a microscopic property widely used to define peat. The degree of 

humification describes how broken down, or decomposed, an organic material is. Decomposition 

is a term that encompasses nearly all changes in organic matter after it has died (Wieder and Vitt, 

2006). The rate of decomposition is highly dependent on the surrounding environment, specifically 

the moisture content, oxygen availability, temperature, acidity and nutrient status (Wieder and Vitt, 

2006). Near the surface, peat has undergone little decomposition leaving it pale yellowish brown 

in color, with readily identifiable plant remains (Short, 2019). Older peat is darker brown, and the 

source of parent material becomes difficult to identify because of the advanced degree of 

decomposition (Short, 2019). The more decomposed a peat is, the greater its degree of 

humification. Higher degrees of humification result in denser peat, and therefore lower porosity 

and permeability. The most common measure of humification is the von Post scale, which assigns 

peat a ranking from H1 to H10, where H1 is completely ‘unhumified and muck free peat’ and H10 is 

‘completely humified peat, with no plant structures apparent’ (Stanek and Silc, 1977). The von Post 
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scale rankings show a strong statistical relationship with soil depth, color, hydraulic conductivity 

and pH.  

Another defining parameter of peat is its porosity. Peat typically has a porosity over 90% 

(Boelter, 1966; Comas et al., 2005; Kettridge and Binley, 2008; Letts et al., 2000; Rezanezhad et 

al., 2009) which is substantially higher than, for example, typical porosities of 25-50% in sand 

(Freeze and Cherry, 1979). There are two types of porosity within the peat matrix: the active 

porosity and the inactive porosity (Rezanezhad et al., 2009). The active porosity is the inter-plant 

pore space, which is the fraction of the total porosity (𝜃𝑇) that conducts water when the peat is 

saturated. The inactive porosity is the dead-end pore space that does not conduct water. The active 

porosity is usually greater than the inactive porosity, although the inactive porosity is still 

significant. An example pore breakdown for a sphagnum peat from northern Canada is 60% active 

porosity, 20% inactive porosity, 10% residual water held in films, adding to a 𝜃𝑇 of 90% 

(Rezanezhad et al., 2009). Another study measured an active porosity of 10-40% (Ours et al., 1997). 

3D analysis of the pore space in peat indicates that the active porosity can be treated as a 

single large pore space with a complex configuration, rather than a collection of discrete pores of 

variable sizes (Quinton et al., 2009). This large pore space provides an effective, continuous flow 

path for soil drainage, unhindered by the narrow openings, or throats, that would be present between 

discrete pores (Quinton et al., 2009). Most solute transport occurs in the active porosity of peat, but 

solute can also diffuse into the inactive porosity (Ours et al., 1997). The 𝜃𝑇 of peat stays fairly 

consistent at around 90% throughout the vertical peat profile, but active porosity decreases from 

about 80% near the ground surface to <50% in deeper, well-humified peat (Rezanezhad et al., 

2009).  

The permeability (and hydraulic conductivity) of peat is a highly heterogeneous property 

determined by the void ratio, pore size and configuration of flow channels (Mesri et al., 2007). 

Measurements from three different sites in northern Canada show a large range in hydraulic 

conductivities within the top 0.1 m of the peat of 10-1000 m/d, and a much lower, and narrower 
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range below a depth of 0.2 m of 0.5-5 m/d (Quinton et al., 2008). Heterogeneity in peat is caused 

by both variations in the degree of decomposition of peat, and by woody layers being incorporated 

into the peat profile. As the degree of decomposition in peat increases with depth, the diameter of 

soil pores decreases creating more resistance to flow (Quinton et al., 2009). As a result, hydraulic 

conductivity can drop two to three orders of magnitude throughout the vertical profile (Mesri et al., 

2007). Changes in the pore space with time, such as dilation of macropores within peat due to 

changes in porewater composition (Ours et al., 1997) or shrinkage of pores during drainage cycles 

(Schwärzel, 2002), also effect hydraulic conductivity. 

Peat is also highly anisotropic. One source of anisotropy within the peat profile is 

preferential fiber orientation. As compaction increases with depth, the peat fibers are forced into a 

horizontal orientation, inducing lower vertical hydraulic conductivity than horizontal conductivity. 

Anisotropy and heterogeneity are also caused by nonuniform decomposition horizontally within 

peat, as well as vertically, because of variations in water depth and vegetation types in the acrotelm. 

These different degrees of decomposition are preserved as peat continues to accumulate and 

become part of the catotelm, manifesting as different permeabilities throughout the lateral and 

vertical extent of the peat (Kettridge and Binley, 2008).  

The hydraulic conductivity of peat cannot be quantitatively described using traditional 

methods such as Darcy’s Law, the Hazen approximation and the Kozeny-Carmen equation. These 

methods are all built on the assumption that pores are circular in cross section and depend on 

empirical or theoretical coefficients to correct for non-circularity of pores. These correlations are 

valid for other porous media, such as sands, which are more consistent. However, they are not valid 

for peat due to the highly irregular shape and uneven pore size distribution. A possible method for 

calculating the permeability is to use X-Ray computed tomography to measure pores and flow paths 

(Kettridge and Binley, 2008), (Figure 2.2 and Figure 2.3) then use these values to directly determine 

the correlation factors. 
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Figure 2.2 3D image of gas clusters trapped within a peat sample at two different scales 

(Kettridge and Binley, 2008) 

 

Figure 2.3: 3D image of peat structure showing a) only sphagnum stems and b) sphagnum 

stems and branches (Kettridge and Binley, 2008) 

2.1.2 Methane in Peat 

Many gases are produced in peat from the decay of organic matter. The gases produced 

include CO2, CH4, nitrous oxide, nitric oxide, and dimethyl sulfide (Charman, 2002). The releases 

of CO2 and CH4 are of interest because they link peatlands to the global carbon exchange cycle, 

and therefor to climate change. The net ecosystem exchange of CO2 from peatlands fluctuates 

between positive and negative, averaging out to be neither a significant source nor a sink of CO2 

(Charman, 2002). Therefore, the most significant carbon source from peatlands is CH4. The 

processes governing CH4 movement through and release from peatlands are poorly understood. 
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Even less understood is the effect that global warming will have on peatland carbon exchange, and 

vice versa (Comas et al., 2005). 

2.1.2.1 Methane Production 

CH4 is produced in peat by methanogenic bacteria during the anaerobic decay of organic matter. 

These bacteria primarily generate CH4 during fermentation, a series of anaerobic reactions that 

break down glucose to extract energy from it. In peatlands the substrate is acetate, which can be 

derived from peat material, or can be transported into the peat as dissolved organic carbon in the 

pore water (Charman, 2002). Some CH4 is also generated through the reduction of CO2 with 

hydrogen, both of which are available below the water table. Methanogenic bacteria are anaerobic, 

so the intrinsic peatland feature of a high-water table enables high rates of CH4 generation. The rate 

of CH4 production is controlled by temperature, peat composition, and nutrient and pH conditions 

(Charman, 2002). Higher temperatures have been correlated with very large increases in CH4 

production; for example, one lab study reports 6.6 times the CH4 emissions when incubation 

temperature was increased from 10-23 °C (Le Mer and Roger, 2001). This strong temperature 

dependence indicates that as global temperatures rise, there is the potential for peatlands to 

contribute more CH4 to the atmosphere. 

CH4 generation is not constant below the water table, and therefor neither are dissolved 

CH4 concentrations. It is expected that pore water concentration will gradually decrease with depth 

as temperature and amount of labile carbon decrease. However some studies show that the highest 

CH4 concentrations are found below a depth of 2 m (Bon et al., 2014; Glaser et al., 2004). The 

solubility of CH4 in water at 8.8 °C (the average temperature of in situ peat in a boreal peatland 

(Bon et al., 2014)) is 32.5 mg/L. There is a very wide range of dissolved CH4 concentrations 

reported in peatlands, from 3 mg/L (Waddington and Roulet, 1997) to close to 90 mg/L (Glaser et 

al., 2004). Most CH4 concentrations reported in the literature fall below 20 mg/L (Bon et al., 2014; 

Coulthard et al., 2009), indicating that the pore water in peat is not typically supersaturated.  
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Gaseous CH4 (also referred to as free phase CH4) is also found within peat (Kettridge and 

Binley, 2008). By some estimates the mass of CH4 found as free phase gas (FPG) can be up to three 

times greater than the mass of CH4 in the dissolved phase (Comas et al., 2008). The gaseous phase 

in peatlands is a multicomponent gas composed primarily of CH4 and CO2 (Bon et al., 2014). The 

formation of FPG from dissolved gases (nucleation) requires that the combined partial pressure of 

all volatile constituents in the dissolved phase exceeds a certain threshold. Nucleation of gas in a 

purely liquid phase requires a significant amount of energy (Strack et al., 2005), and would likely 

require the pore water to be supersaturated. However, it is expected that both water and gases phases 

are always present in some quantity in peat, allowing gaseous concentration to exist at lower pore 

water concentrations (Baird et al., 2004), and therefore mass transfer of CH4 between water and 

gas is described by Henry’s Law (Peltola et al., 2018).  

There are methanotrophs living in the aerobic layer of the peat which consume CH4. While 

CH4 travels through the waterlogged, anaerobic zone, there is little consumption because there is 

not enough oxygen for methanotrophs to initiate oxidation. However once CH4 leaves the catotelm 

and enters the oxic acrotelm, it can be readily oxidized into CO2 (Charman, 2002). Through this 

process, methanotrophs limit the amount of CH4 that reaches the atmosphere (Lai, 2009). 

2.1.2.2 Methane Transport by Diffusion 

CH4 is produced deep within the peat profile and migrates upwards towards the atmosphere, so 

transport mechanisms have a large impact on how much of the generated CH4 gets released. CH4 

moves through peat by three main pathways: diffusion, ebullition and plant mediated transport. 

Diffusion is the migration of CH4 in the dissolved phase through peat, driven by a concentration 

gradient that develops in the peat profile between high water concentrations where CH4 is generated 

at depth and low water concentrations where CH4 is consumed in the acrotelm, described by Fick’s 

Law (Lai, 2009). Over 99% of dissolved gas movement is through diffusion; advective transport in 

water plays a negligible role (Clymo and Bryant, 2008). Diffusive fluxes are slow compared to the 
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other two mechanisms, so unless the water table is above the peat surface, methanotrophs are able 

to consume most of the CH4 migrating by diffusion as it moves through the acrotelm (Charman, 

2002). Diffusive fluxes have been measured to range between 5 and 95 mg/m2/d in northern 

peatlands (Blodau, 2002; Romanowicz et al., 1995).  

2.1.2.3 Methane Transport by Ebullition 

Ebullition is the term used to describe CH4 migration as FPG. Although diffusion was initially 

believed to be the primary release mechanism of CH4 from peat (Comas et al., 2008), it is now 

widely accepted that ebullition is an important release mechanism, however estimates and 

projections of fluxes to the atmosphere are uncertain (Terry et al., 2016). Ebullition is thought to 

be triggered when some critical volume of gas is reached in the subsurface, and the excess gas 

migrates to the atmosphere as gas clusters (i.e., gas ganglia that occupy more than one pore). The 

threshold volume above which ebullition is triggered is generally considered to be 10% of the total 

peat volume, 20% at a maximum (Peltola et al., 2018). At this gas saturation, it is expected that the 

buoyancy forces associated with individual gas clusters exceed the retention (capillary) forces that 

have been holding the gas clusters in place, and the clusters will mobilize upwards.  

The movement of gas clusters through the peat profile is dictated by the structure of the 

peat (Ramirez et al., 2015a). Two conceptual models of ebullition in peatlands are discussed in the 

literature: the ‘deep peat’ model (Glaser et al., 2004) and the ‘shallow peat’ model (Coulthard et 

al., 2009) (Figure 2.4). In the deep peat model, CH4 is said to form at depths greater than 3 m within 

the peat profile, then get trapped by confining layers of woody peat as it moves upwards. The 

volume of gas clusters changes according the Henry’s Law (mass transfer between the water and 

gas phases) and the Ideal Gas Law, due to local changes in pressure, temperature and pore water 

concentration. In the deep peat model, gas migration through the confining layer is correlated to 

changes in atmospheric pressure or water table depth, both of which would alter the pressure 

applied to the gas cluster, and therefore its volume (Glaser et al., 2004).  
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In the shallow peat model, gas clusters are thought to form more readily in the top 1 m of 

peat because there is more abundant labile carbon, more regularly experienced high temperatures, 

and more trapped gas from water table rise providing nucleation sites for FPG formation in this 

region (Coulthard et al., 2009). The shallow peat model suggests that gas can accumulate in the 

shallow peat, even in the absence of woody layers. Physical parameters of the peat matrix alone, 

such as variability in the pore sizes and permeability of layers within peat, can create ebullitive 

releases ranging from steady to episodic (Ramirez et al., 2016, 2015b; Wright et al., 2018). In both 

conceptual models, when FPG exits the catotelm by ebullition, it migrates through the acrotelm 

primarily by advection. While methanotrophs are able to consume most of the dissolved CH4 

migrating slowly through the acrotelm by diffusion, the fast rate of FPG advection does not allow 

methanotrophs enough time to consume CH4. As a result almost all of the gas phase CH4 that 

reaches the unsaturated zone through episodic ebullition will be emitted to the atmosphere (Lai, 

2009). 

 

Figure 2.4: Schematic of the deep peat model of ebullition and the shallow peat model of 

ebullition (Bon et al., 2014) 
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Electrical Resistivity Imaging (ERI) is a minimally invasive geophysical technique that has 

been enlisted to indirectly monitor FPG in peat, gathering data to help link CH4 ebullition to its 

controlling mechanisms (Terry et al., 2016). ERI measurements suggest that the shallow and deep 

peat models are not mutually exclusive, but rather both occur to some extent. In response to changes 

in atmospheric pressure, FPG in shallow peat is released because of increases in gas cluster growth, 

and therefor increased buoyancy. When atmospheric pressure drops, gas volume in deep peat 

sometimes increases, potentially corresponding to accumulation beneath a confining layer, and 

sometimes decreases, potentially corresponding to rupture. Another potential controlling 

mechanism, water table elevation, was not found to be correlated to ebullition in the Terry et al. 

(2016) study.  

Several studies indicate that ebullitive CH4 releases make up a significant portion of the 

total peatland CH4 emissions (Comas et al., 2008; Coulthard et al., 2009; Glaser et al., 2004; Tokida 

et al., 2007). A summary of reported CH4 ebullition rates from peatlands by Coulthard et al. (2009) 

shows that measured ebullition rates cover a wide range, from 36-35000 mg CH4 /m2 /d, with an 

average reported ebullitive flux of 4575 mg CH4 /m2 /d. These ebullition fluxes far exceed the 

average diffusive emissions measured from northern peatlands. During large ebullition events, 

fluxes occurring over minutes to hours can exceed daily diffusive fluxes by orders of magnitude, 

making up 25% of the total weekly CH4 releases (Comas and Wright, 2012). Spatial variation in 

ebullition occurs because of variability in gas cluster generation in the peat, as well as preferential 

gas cluster trapping. Because of the horizontal orientation of sphagnum stems and branches, gas 

clusters tend to grow laterally (Kettridge and Binley, 2008).  

Traditional measurement methods are unable to capture the spatiotemporal variability of 

ebullition, resulting in the underestimation of CH4 fluxes from peatlands. The normal chamber 

method of measuring CH4 releases collects gas over an area of <1 m2, and samples are usually taken 

over a 20-30 min window each week. Estimating ebullition rates from this data assumes that CH4 

fluxes are steady over a timeframe of weeks. This sample frequency represents less than 0.3% of 
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the time, so even if ebullition events happen daily, the probability of capturing the event is 0.013 

(Coulthard et al., 2009). The Eddy covariance method, which measures vertical turbulent fluxes 

using loggers mounted on a tower, is used to measure CH4 fluxes over a large area, but this 

technique lacks the resolution needed to capture ebullition (Terry et al., 2016).  

2.2 Capillary Pressure-Water Saturation Relationships in Peat 

When multiple fluid phases are present in the pore space of porous media, such as water and gas in 

peat, a pressure difference exists at the interface between fluids. This discontinuity in pressure, 

termed capillary pressure (𝑃𝑐), is a microscopic property of each fluid-fluid interface; however, it 

is useful to define it macroscopically as the difference between the average pressures of each phase. 

The macroscopic relationship between air-water 𝑃𝑐 and water saturation (𝑆𝑤) is a defining 

characteristic of porous media. Plots of this relationship, also referred to in the literature as soil-

water characteristic curves or water retention curves, are widely used in modelling of porous media. 

Information is extracted from 𝑃𝑐-𝑆𝑤 curves using empirical expressions developed to describe the 

curves. 𝑃𝑐-𝑆𝑤 curves also serve as inputs in a variety of modelling applications, from plant-water 

availability models, to solute transport models, to invasion percolation models.  

It is common to describe mineral soils using 𝑃𝑐-𝑆𝑤 curves, and therefore the empirical 

expressions and parameters that describe them are well understood and documented in the 

literature. The use of 𝑃𝑐-𝑆𝑤 curves in organic soils, such as peat, is more limited. Peat, though also 

a porous media, has many unique characteristics that distinguish it from mineral soils. It has a 

distinct dual porosity, a highly variable hydraulic conductivity with depth, and a non-rigid pore 

structure, all of which affect its 𝑃𝑐-𝑆𝑤  relationships and necessitate a separate 𝑃𝑐-𝑆𝑤 analysis from 

mineral soils.  
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2.2.1 Water Retention in Peat 

2.2.1.1 Multiple Porosities 

Peat has three distinct porosities: 1) inter-plant pores; the spaces between individual moss plants 

and root channels, 2) intra-plant pores; the spaces between leaves, shoot and branches and 3) inner-

plant pores; the water bearing hyaline cells that exist in plant leaves, branches and stems. These 

three pore spaces create a tri-modal pore size distribution (PSD) in living moss, found in the surface 

layer of peat (Weber et al., 2017). As peat becomes more decomposed deeper within the profile, 

the PSD transitions to bimodal (Figure 2.5). Figure 2.5 A is the PSD for a living moss sample taken 

at a depth of 5-10 cm in the peat profile and Figure 2.5 B is the PSD for decomposed moss sample 

taken at a depth of 30-35 m.  

 

Figure 2.5: Pore size distribution in peat for A) living moss B) decomposed peat (Weber et 

al., 2016) 
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Both the bi- and tri-modal PSDs can be practically divided into an active porosity and an 

inactive porosity (Rezanezhad et al., 2012). In Figure 2.6, showing a 𝑃𝑐-𝑆𝑤  curve measured from a 

moderately decomposed peat sample, the active porosity is represented by the right portion of the 

curve, where over half of the water saturation is lost with a pressure increase of less than 10 cm. 

The vertical portion of the curve in the middle of the plot shows that over the pressure range of 

about 10 cm to 500 cm there is no change in water saturation. It takes close to 1000 cm of applied 

pressure to drain the inactive porosity, shown on the plot when the right portion of the curve flattens 

out at water saturations below 40%. The grey 𝑃𝑐-𝑆𝑤 curves for both sample A) and sample B) in 

Figure 2.5 also show a double drainage trend, indicating that both tri-and bi-modal distributions 

can be conceptualized as having an active and an inactive porosity.  

 

Figure 2.6: Pc-Sw curve showing the active porosity and inactive porosities in peat 

(Rezanezhad et al., 2012) 

2.2.1.2 Degree of Decomposition 

The volume fraction occupied by each of the porosities described above is controlled by the degree 

of decomposition of the peat material. There is some variation in the 𝜃𝑇 of peat in a profile, but this 
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variation is relatively small, only about 10% between surface peat and deep peat (Letts et al., 2000). 

However there is a large difference between the amount of water that is retained in peats of varying 

degrees of decomposition as they drain (Boelter, 1966). In undecomposed peats, the volume 

fraction of large pores is up to 80% of the porosity (Letts et al., 2000). One theoretical PSD for peat 

from a sample depth of 5 cm shows that 40-50% of the pores are larger than 300 µm and 20-30% 

are larger than 1000 µm (Price et al., 2008). The presence of large pores causes these peats to lose 

most of their water with minimal 𝑃𝑐 increase. As peat undergoes further decomposition, the volume 

fraction of small pores increases. Small pores are more difficult to drain, and therefor decomposed 

peat generally has higher water saturation at a given 𝑃𝑐 than undecomposed peat.  

2.2.1.3 Shrinkage 

Water saturation influences the volume of peat, with lower water saturations corresponding to 

smaller volumes. This phenomenon is seen both in the field, induced by changes in water table 

elevation or evaporation (Price and Whittington, 2010), and in 𝑃𝑐-𝑆𝑤 experiments in the lab 

(Schwärzel, 2002). The amount of shrinkage that a sample of peat experiences is dependent on the 

degree of decomposition of the peat, as well as the magnitude of 𝑃𝑐 during drainage (Schwärzel, 

2002). When peat undergoes shrinkage the largest pores collapse, increasing the volume share of 

small pores. Small pores retain more water at a given suction than large pores, so the water 

saturation of the peat will increase. Figure 2.7 shows two measured 𝑃𝑐-𝑆𝑤 curves for the same 

undecomposed (H2-H3) peat sampled from a depth of 95-105 cm, the only difference being that one 

curve considers shrinkage, and the other does not. The high-pressure region of the plot shows how 

taking shrinkage into account results in higher water saturations.  
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Figure 2.7: Two Pc-Sw curves from the same peat sample, one showing raw data, and one 

calculated taking shrinkage into account (Schwärzel, 2002) 

2.2.2 Characteristics of Capillary Pressure-Water Saturation Curves in Peat 

2.2.2.1 Entry Pressure 

In porous media, each pore space has an entry pressure (𝑃𝑒), which is the 𝑃𝑐 that must be exceeded 

before water will drain out of the pore and gas will invade it. In mineral soils, the 𝑃𝑒 has a positive 

value, so there is an initial pressure range on 𝑃𝑐-𝑆𝑤 curves where no water will drain from the pores. 

Shallow peat does not exhibit the same behavior. As shown repeatedly in the literature (da Silva et 

al., 1993; Letts et al., 2000; Price and Whittington, 2010), any increase in 𝑃𝑐 greater than a few cm 

is accompanied by an instantaneous decrease in water saturation. The lack of 𝑃𝑒 in shallow peat is 

demonstrated by the curves shown in Figure 2.8, where the water saturation decreases with any 

increase in pressure.  
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Figure 2.8: Pc-Sw curves for peat samples from fibric, hemic and sapric peat (Letts et al., 

2000) 

The drainage of shallow peat at low 𝑃𝑐 is an effect of its multiple porosities. At the pore 

scale, 𝑃𝑐 is inversely related to pore radius, which can be approximated as:  

𝑃𝑐 =
2𝜎𝑐𝑜𝑠Θ

𝑟 
 ( 2.1 ) 

where 𝜎 is the interfacial tension (for air-water drainage), Θ is the contact angle between water and 

solids and 𝑟 is the effective pore radius, and a contact angle of 0° is assumed. The very large 

macropores in the active porosity of shallow peat create a negligible 𝑃𝑒. Once the active porosity 

has drained, a large increase in pressure is required before water saturation drops again (Figure 

2.6).  

Most 𝑃𝑐-𝑆𝑤  measurements in peat have been done on shallow peats, where the mostly intact 

plant material creates large macro-pores. Fewer studies have been done on deep peat, which has 

undergone further decomposition, collapsing the large pores and altering the physical properties. 

Because the physical properties are so different, 𝑃𝑐-𝑆𝑤 curves in deep peat likely have different 

characteristics than 𝑃𝑐-𝑆𝑤 curves in shallow peat. For example, the saturated hydraulic conductivity 

of peat drops three orders of magnitude between relatively undecomposed peat and deeply humified 
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peat, from 2.8 × 10−2 cm/s to 1.0 × 10−5 cm/s respectively (Letts et al., 2000). The hydraulic 

conductivity of a deep peat puts it in the category of a silt (Freeze and Cherry, 1979). If the hydraulic 

conductivities of two media are known, as well as the macroscopic 𝑃𝑒 of one medium, Leverett 

scaling can be used to estimate the unknown macroscopic 𝑃𝑒 (Leverett, 1940). If the 𝑃𝑒 of shallow 

peat is taken to be 5 cm, the 𝑃𝑒 of deep peat is estimated to be around 150 cm, over an order of 

magnitude greater than shallow peat.  

2.2.2.2 Residual Water Saturation 

Moss in peatlands grows on its own remains, creating a decomposition gradient from the surface 

to the bottom of the peat profile (Price and Whittington, 2010). Therefore, the properties of peat 

are not consistent throughout the vertical profile. The surface layer of peat, termed fibric peat, is 

composed of living, or minimally decomposed moss which is highly permeable. It has a very high 

𝜃𝑇 of about 90%, as well as a high specific yield (𝑆𝑦) of 42% (Letts et al., 2000). Below the fibric 

layer lies the hemic layer. In this layer, 𝜃𝑇 only drops by 2% to an average of 88%, but 𝑆𝑦 drops 

by almost half to 26%. The bottom layer of the peat profile is called Sapric peat. The peat in this 

layer is deeply humified, creating a low permeability. Again 𝜃𝑇 drops by only 3% to 85%, but 𝑆𝑦 

drops by over a third to 15%. 

Residual water saturation, 𝑆𝑤𝑟
, is the water that cannot be drained from peat by gravity. 

Because 𝜃𝑇 and 𝑆𝑦 don’t change at the same rate, 𝑆𝑤𝑟
, increases with depth through the peat profile. 

This variation in 𝑆𝑤𝑟
 means that one 𝑃𝑐-𝑆𝑤 curve cannot be used to describe peat samples from 

different depth intervals, demonstrated by the 𝑃𝑐-𝑆𝑤 curves for each layer shown in Figure 2.8.  

2.2.2.3 Hysteresis 

The 𝑃𝑐-𝑆𝑤 relationship in peat is hysteretic, meaning that it differs depending on whether peat is 

undergoing imbibition or drainage. The large pores within peat are easily drained, so increases in 

pressure correspond to relatively large decreases in water saturation. Once peat has been drained, 

it becomes relatively hydrophobic, making it more difficult to rewet (da Silva et al., 1993). Peat 
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will not be fully saturated when it undergoes rewetting because air gets trapped in the pore space. 

(Price and Whittington, 2010). Hysteresis is closely related to pore geometry, so alterations of the 

spatial structure of peat due to shrinkage also contribute to hysteresis because of the accompanying 

volume changes. Hysteresis is more pronounced in surface layers of peat, where the moisture 

content varies by almost 30% between wetting and drying periods for a given pressure (Schwärzel, 

2002).  

 

 

Figure 2.9: Pc-Sw curve demonstrating hysteretic behavior (da Silva et al., 1993) 

2.2.3 Modelling Capillary Pressure-Water Saturation in Peat 

2.2.3.1 Capillary Pressure-Water Saturation Curve Fitting 

It is useful to fit empirical curves to measured 𝑃𝑐-𝑆𝑤 data for use in mathematical modelling and to 

compare between samples. There are variety of 𝑃𝑐-𝑆𝑤 models available, each with their own fitting 

parameters.  

2.2.3.1.1 van Genuchten Model 

The van Genuchten (vG) formula (van Genuchten, 1980) is the most commonly used empirical 

formula to model 𝑃𝑐-𝑆𝑤 in peat: 
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𝑆𝑒 = [1 + (𝛼𝑃𝑐)𝑛]−𝑚 
( 2.2 ) 

𝑆𝑤 = 𝑆𝑤𝑟
+ (1 − 𝑆𝑤𝑟

)𝑆𝑒 ( 2.3 ) 

where 𝑆𝑒 is the effective water saturation, and 𝛼, 𝑛 and 𝑚 are fitting parameters. The fitting 

parameter 𝛼 has dimensions of inverse length (e.g., 1/cm), and is analogous to the inverse of the 

𝑃𝑒. The fitting parameter 𝑛 is unitless, and reflects the pore-size distribution of the material 

(Tavangarrad et al., 2019). The fitting parameter 𝑚 is typically set to equal 1 − 1/𝑛 to reduce the 

degrees of freedom of the equation and make parameter optimization easier. In the vG model, any 

increase in 𝑃𝑐 is accompanied by a decrease in water saturation, so it is not able to model the low-

pressure range of media with non-zero 𝑃𝑒 values well. This is not an issue for modelling shallow 

peat since the 𝑃𝑒 is often low. The vG equation has been used to successfully model 𝑃𝑐-𝑆𝑤 in peat 

(da Silva et al., 1993; Gnatowski et al., 2010; Rezanezhad et al., 2012), but some studies pointed 

out that it was not able to represent the dual porosity present in peat (Dettmann et al., 2014; Weber 

et al., 2016) 

2.2.3.1.2 Peters Durner Iden Model 

Peters Durner Iden (PDI) is another empirical model that has been used to model 𝑃𝑐-𝑆𝑤 in peat. In 

this model, the water saturation is conceptualized as being the sum of the water trapped in films 

and the water in capillaries (Weber et al., 2016). Equation ( 2.2 ) is again used to calculate 𝑆𝑒, 

however 𝑆𝑒 is incorporated into the water saturation function through 𝑆𝑐 and 𝑆𝑛𝑐:  

𝑆𝑤 = (1 − 𝑆𝑤𝑟
)𝑆𝑐 + 𝑆𝑤𝑟

𝑆𝑛𝑐 ( 2.4 ) 

where 𝑆𝑐 and 𝑆𝑛𝑐 are the saturation function of water stored in full capillaries and the saturation 

function of non-capillary/adsorbed water, respectively. The PDI model is not widely used in the 

literature, perhaps because of the more complex inputs it requires. However, a recent study used 

both the PDI model and the vG model to fit experimental 𝑃𝑐-𝑆𝑤 data of thin non-woven fibrous 
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materials. They found that the Durner model is recommended when 𝑃𝑐-𝑆𝑤 data shows a clear 

bimodal behavior (Tavangarrad et al., 2019).  

2.2.3.2 Multi-modal Capillary Pressure-Water Saturation Models 

Both the vG and the PDI models presented above are built on the underlying assumption that the 

PSD of peat is uni-modal. This is commonly assumed in peat because low-resolution measurements 

can give the impression of a uni-modal pore system. However, as is shown in Figure 2.5, the PSD 

of peat is either bi- or tri- modal. When a multi-modal PSD is fit with a uni-modal function, the 

double inflection of the curve cannot be represented (Figure 2.10).  

 

Figure 2.10: Schematic of the misfit between measured Pc-Sw data and a uni-modal Pc-Sw 

curve fit (Durner, 1994) 

To represent the multiple pore spaces in peat, multi-modal models must be used. A multi-

modal model is a linear superposition of uni-modal curves, with 𝑆𝑒 calculated as: 

𝑆𝑒 = ∑ 𝑤𝑖[1 + (𝛼𝑖𝑃𝑐)𝑛𝑖]−𝑚𝑖

3

𝑖=1

 ( 2.5 ) 

where 𝑤 is the fraction of the total pore space that is occupied by each porosity 𝑖, and 𝑖 takes a 

value of 1-3 in peat, representing the number of distinct porosities in the porous medium. The sum 

of all the 𝑤𝑖 values must add to 1. Figure 2.11 shows an example of a multi-model curve, as well 
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as the two uni-modal curves that it is comprised of. This multi-modal curve is able to fit the double 

inflection seen in peat PSDs.  

 

Figure 2.11: Schematic of the combination of two uni-modal Pc-Sw curves to create a bi-

modal Pc-Sw curve (Durner, 1994) 

2.2.3.3 Capillary Pressure-Water Saturation Model Comparison 

Weber et al., (2016) presented a rigorous comparison of multi-modal forms of both the vG and PDI 

functions. In their study, each function was tested using a uni-, bi-, and tri-modal model on a living 

moss sample taken from a depth of 7.5 cm, as well as on a decomposed peat sample taken from a 

depth of 32.5 cm. The model outputs were compared based on their Akaike Information Criterion 

(AIC) values. Simply put, AIC is a metric used to quantifying information that is lost when reality 

is approximated with a model.  

Weber et al. (2016) found that for both types of peat, the uni-modal vG and PDI models 

were unable to describe the data. The bi-modal models provided an acceptable fit to the data in low 

pressure ranges (< 130 cm) but did not match the data in high pressure ranges (> 300 cm). The tri-

modal models both improved the fit in the low-pressure range, however even the tri-modal vG 

model mismatched the data in the high-pressure range. The tri-modal PDI function matched 

measured data well over the entire moisture range and achieved the lowest AIC value.  



33 

Tri-modal PDI models may be the most accurate over the entire pressure range, however 

their increased modality means a greater number of fitting parameters are required. The improved 

fit that these models offer does not necessarily warrant their accompanied increase in complexity. 

Bi-modal models have been successfully applied (Dettmann et al., 2014; Rezanezhad et al., 2012), 

and some studies even achieved acceptable results using uni-modal models (Gnatowski et al., 2010; 

Schwärzel et al., 2006; Weiss et al., 1998) and found that higher modality models were over defined 

for low resolution data sets. The high-pressure range is rarely experienced in the field, so it is 

reasonable to limit the moisture range in a model. Limiting the range to pressure values experienced 

in situ reduces the number of fitting parameters required, and only marginally effect model 

performance. Several studies have shown that model results are heavily dependent not only on the 

type of model used, but also on the botanical origin of the peat and the degree of decomposition 

(Dettmann et al., 2014; Gnatowski et al., 2010), indicating that the latter two may impact model 

performance more than the modality.  

2.3 Modelling Free Phase Gas Dynamics in Peat 

Ebullitive CH4 releases from peatlands make up a significant portion of the total CH4 emissions, 

but a consensus is yet to be reached in the literature regarding the processes that control ebullition. 

The prevailing hypotheses are that ebullition is controlled either by the internal structure of peat, 

or by external forcings such as temperature, water table height or atmospheric pressure. The spatial 

and temporal variability of ebullition, along with the complex interactions between gas generation 

and release processes in peat, make it difficult to isolate which mechanisms control ebullition in 

the field. Modelling gas dynamics in peat can be a useful tool for testing these hypotheses. An 

accurate model could be used to quantify and predict CH4 emissions from peatlands so they can be 

accounted for in the global CH4 budget. Furthermore, a model that incorporates the mechanisms 

controlling CH4 emissions could be used to investigate the sensitivity of ebullition to climate-driven 

changes in various system parameters; for example, increased temperature or more frequent 
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changes in barometric pressure. Modelling ebullition in peat presents a challenge because models 

must be able to account for small-scale heterogeneities in peat material, while still maintaining the 

computational efficiency required to generate CH4 flux estimates at relevant scales. Peatland CH4 

ebullition models that exist today can be broken down into two broad categories: threshold-based 

approaches, and pore structure-based approaches.  

2.3.1 Ebullition Modelling Techniques 

2.3.1.1 Threshold-based Approaches 

Threshold-based ebullition models determine whether ebullition will occur or not based on the 

amount of CH4 present throughout the vertical profile of the peat. Wetland-DeNitrification-

DeComposition (Wetland-DNDC) (Zhang et al., 2002), the most established model currently used 

for predicting CH4 fluxes from peatlands, is an example of a threshold-based model. Wetland-

DNDC is built up from DNDC, which was originally developed as a process-based model to 

simulate carbon and nitrogen biogeochemical cycles in agricultural systems (Li et al., 1992). 

DNDC has since become the basis for models of many other ecosystems, including rice paddies, 

grazed pastures, forests and wetlands (Giltrap et al., 2010). The original model was adapted to form 

Wetland-DNDC by adding water table dynamics, growth of mosses and herbaceous plants, soil 

biogeochemical processes under anaerobic conditions, and CH4 and CO2 emissions terms.  

Wetland-DNDC is a holistic model of carbon dynamics in peatlands, simulating 

interactions between plant growth, hydrologic conditions, soil thermal conditions and soil carbon 

dynamics. The model takes daily climate data, soil and hydrological features and vegetation 

parameters as input, and can generate a variety of outputs including water table depth, soil 

temperature, and CH4 emissions. The soil profile in the model is subdivided into layers, each with 

its own uniform characteristics. Wetland-DNDC uses a threshold-based approach to model the 

change in CH4 content in each layer (∆𝑀):  
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∆𝑀 = 𝑀𝑃𝑅𝐷 − 𝑀𝑂𝑋𝐷 − 𝑀𝐷𝐹𝑆 − 𝑀𝐸𝐵𝐿 − 𝑀𝑃𝐿𝑇 
( 2.6 ) 

where 𝑀𝑃𝑅𝐷 is the rate of CH4 production, 𝑀𝑂𝑋𝐷 is the rate of CH4 oxidation, 𝑀𝐷𝐹𝑆 is the rate of 

CH4 diffusion between layers or to the atmosphere, 𝑀𝐸𝐵𝐿 is the rate of CH4 emission through 

ebullition and 𝑀𝑃𝐿𝑇 is the rate of CH4 emission through plant-mediated transport (Zhang et al., 

2002). 𝑀𝐸𝐵𝐿 is calculated by emitting mobile free phase gas directly to the atmosphere when the 

soil CH4 concentration is greater than 750 µmol/L. 𝑀𝐷𝐹𝑆 is calculated based on soil water CH4 

concentrations. Wetland-DNDC has a primary timestep of 1 day.  

Another threshold-based model is the HelsinkI Model of MEthane buiLd-up and emIssion 

for peatlands (HIMMELI) (Raivonen et al., 2017). HIMMELI was developed as a CH4 transport 

and oxidation model that can be added to models describing complete peatland carbon cycling. 

HIMMELI takes in the rate of anaerobic peat respiration, the water table depth, the temperature 

and the leaf area index (LAI) as input, and simulates transport, buildup and oxidation of CH4, 

oxygen (O2) and CO2 in a one-dimensional column of peat. The outputted fluxes of each component 

are separated by diffusion, plant transport and ebullition. Like Wetland-DNDC, HIMELLI operates 

on a daily time step. 

Ebullition occurs in HIMMELI when the sum of the partial pressures of dissolved CH4, 

CO2, O2 and N2 is greater than the atmospheric and hydrostatic pressures: 

∑𝑃𝑔𝑖
> 𝑃𝑎𝑡𝑚 + 𝑃𝑤 

( 2.7 ) 

where 𝑃𝑔𝑖
 is the partial pressure of constituent 𝑖, 𝑃𝑎𝑡𝑚 is atmospheric pressure and 𝑃𝑤 is hydrostatic 

pressure. If ebullition can occur, the fraction of each gas removed through ebullition is 𝑓𝑒: 

𝑓𝑒 =
∑𝑃𝑔𝑖

− (𝑃𝑎𝑡𝑚 + 𝑃𝑤)

∑𝑃𝑔𝑖

 ( 2.8 ) 

From 𝑓𝑒, the ebullition rate, 𝑄𝑒𝑏𝑢, is calculated using ideal gas law  

𝑄𝑒𝑏𝑢 = −𝑘
𝑓𝑒𝑃𝑔𝑖

𝜃𝑇

𝑅𝑇
 ( 2.9 ) 
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where 𝑘 is referred to by the authors as a time constant, 𝑅 is the universal gas constant and 𝑇 is 

temperature.  

HIMMELI simulates diffusive flux (𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛) in both water and air using a backwards 

difference, one-dimensional solution:  

𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 𝐷𝑒𝑓𝑓

(𝐶𝑤,𝑖−1 − 𝐶𝑤,𝑖)

𝑑𝑧
 ( 2.10 ) 

where 𝐷𝑒𝑓𝑓 is the effective diffusivity, 𝐶𝑤,𝑖−1 and 𝐶𝑤,𝑖 are the aqueous CH4 concentrations in layer 

𝑖 − 1 and layer 𝑖, respectively. At the interface between air and water, the model assumes that 

equilibrium is maintained according to Henry’s Law. Simulations using HIMMELI (Raivonen et 

al., 2017) revealed that CH4 fluxes are primarily dependent on the anaerobic respiration rate and 

the corresponding CH4 production rate that is inputted into the model. In steady-state tests, CH4 

emissions were also found to be sensitive to LAI and water table depth.  

Sensitivity analysis was done on HIMMELI to compare the outputs of the original model 

formulation (equation ( 2.9 )) to two other ebullition thresholds (Peltola et al., 2018): CH4 pore 

water concentration threshold, and gas volume threshold. The CH4 pore water concentration 

threshold calculates 𝑄𝑒𝑏𝑢 according to:  

𝑄𝑒𝑏𝑢 = 𝑘1/2 (𝐶𝑤 − 𝐻
𝑃𝑎𝑡𝑚 + 𝑃𝑤

𝑅𝑇
) ( 2.11 ) 

where 𝑘1/2 is referred to by the authors as the ebullition half-life and 𝐻 is the Henry’s law 

coefficient. The gas volume threshold calculates 𝑄𝑒𝑏𝑢 according to: 

𝑄𝑒𝑏𝑢 =
4𝜋𝑟𝑏𝐷𝑒𝑓𝑓𝑁𝑏𝑢𝑏

𝑉𝑤
(𝐶𝑤 − 𝐻𝜒

𝑃𝑎𝑡𝑚 + 𝑃𝑤

𝑅𝑇
) ( 2.12 ) 

where 𝑟𝑏 is bubble radius (assumed to be spherical), 𝑉𝑤 is the volume of pore water in the given 

model layer, χ is the CH4 mixing ratio and 𝑁𝑏𝑢𝑏 is the number of equally sized bubbles the gas is 

divided between.  

All three threshold approaches only produced ebullition events in deep peat. The annual 

CH4 releases between modelling approaches were similar, however there was up to an order of 
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magnitude variation between emissions from each approach at shorter time scales (i.e., one model 

had larger magnitude releases that occurred less frequently, and another had smaller magnitude 

releases that occurred more frequently). This means that each threshold approach could return 

different results when compared at daily time scales, or when calibrated against field data. While 

threshold-based approaches are a practical way to incorporate ebullition into peatland models, they 

may be oversimplified because they do not account for trapping that may be caused by the peat 

structure, or mass transfer interactions that may occur between phases.  There is also no approach 

available to link threshold values to variable system conditions.  

2.3.1.2 Pore Structure-based Approaches 

The Model of Ebullition and Gas storAge (MEGA) is the most prominent pore structure-based 

approach to modelling ebullition from peatlands (Ramirez et al., 2015a). The goal of MEGA was 

to develop a simple model of gas movement and storage in porous media that can be used to 

investigate the effect that pores structure and CH4 production have on ebullition (Coulthard et al., 

2009). MEGA is a 2 dimensional, cellular automaton sand pile model (Bak et al., 1987). This 

modelling technique was chosen over more rigorous models such as Computational Fluid 

Dynamics or Lattice Boltzmann models because it can represent the pore structure of peat, while 

retaining the computational efficiency required to be incorporated in ecosystem-scale models.  

In MEGA, the domain is a 2-dimensional grid, where each cell can contain either solid, gas 

or water. The solid cells are distributed throughout the domain, representing the pore structure of 

the peat. Bubbles are initiated in the simulation as gas filled blocks inputted in predetermined 

locations. As the simulation progresses, the bubbles advance according to a set of rules. Bubbles 

advance upwards at a constant velocity until they reach an impermeable shelf made up of solid 

blocks. When a shelf is reached, the bubbles stop advancing and pile up until a critical cluster slope 

is reached, at which time the pile of gas filled blocks will topple and once again mobilize upwards. 
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MEGA was first tested with a variety of solid shelf arrangements intended to represent a range of 

porosities and tortuosities. The simulations were compared to a physical model of the simulation, 

consisting of solid shelve in a water filled tank without porous media, and a good correspondence 

was found for bubble storage, bubble size and ebullition in the numerical and physical models. 

These tests confirmed that heterogeneity alone can turn a constant CH4 production rate into episodic 

releases of bubbles (Ramirez et al., 2015a).  

A field-scale simulation 10 m wide by 1 m deep was then conducted using MEGA to 

determine the effect that sampling effort in a field campaign has on ebullition estimates from peat 

(Ramirez et al., 2017). In this simulation, the shelf lengths were set to 5.7 mm, to match the length 

of sphagnum branches measured using x-ray tomography (Kettridge and Binley, 2008). Shelf 

locations were set randomly, with the spacing between shelves decreasing with depth in the profile, 

to represent more decomposed peat. The bubble production rate in the model was set to 0.025 g 

CH4 /m2/d, which is within the range measured in northern peatlands. The outputs of the model 

were analyzed several different ways to mimic a variety of spatiotemporal sampling efforts. The 

study determined that when using traditional field methods of sampling ebullition, there is an equal 

chance of overestimating and underestimating ebullition by up to 20%. If sampling effort is low, 

catching a large ebullition event can lead to large overestimations of flux. An hourly or daily 

sampling interval and greater than 14 sampling locations is recommended to accurately measure 

ebullition in the field (Ramirez et al., 2017).  

Most recently, a study was done comparing MEGA to field ebullition fluxes measured from 

gas traps, and to gas content distribution measured using Ground Penetrating Radar in the Florida 

Everglades (Wright et al., 2018). Two sites were modelled, each with high, medium and low gas 

production levels determined using the model of Wright and Comas (2016). The size of the domain 

in MEGA was set to match the peat depth at each site (1.3 m and 0.7 m), and the shelves were set 

to match the porosity of each site. Once again, MEGA showed that physical and structural 

properties of peat alone can reproduce the episodic ebullition patterns seen in the field. The study 
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concludes that the structure of peat is responsible for the episodic nature of ebullition, and 

environmental forcings are only a secondary driver.  

2.3.2 Macroscopic Invasion Percolation (macro-IP) 

Another modelling technique that satisfies the requirements of having fine spatial discretization, 

while maintaining the computational efficiency required to run site-scale multi-year simulations is 

macroscopic Invasion Percolation (macro-IP). Macro-IP is based on traditional invasion 

percolation (IP) at the pore scale, which was initially developed to study the multiphase flow of 

two immiscible fluids in porous media (Wilkinson and Willemsen, 1983). In multiphase flow, one 

fluid is invading pores while another is evacuating them. Multiphase flow occurs in many scenarios, 

such as in oil reservoir engineering, where the two fluids are oil and water, and contaminant 

hydrogeology, where the two fluids are some contaminant, such as creosote or perchloroethylene, 

and water. In peatlands, the generation of FPG creates a multiphase flow scenario where the two 

fluids are gas and water, and the decomposed plant matrix is the porous medium. IP can be used to 

model both drainage processes, where the invading fluid is non-wetting, and imbibition processes, 

where the invading fluid is wetting. Since gas migration in peatlands is a drainage process, IP will 

be discussed in this application, with the invading fluid being gas and the evacuating fluid being 

water.  

2.3.2.1 Technique Description 

The porous medium in IP is represented by a lattice of nodes, called sites, connected by bonds. The 

sites represent pore bodies, and the bonds represent pore throats. At one time, each site or bond can 

be either filled with gas or water (Wilkinson and Willemsen, 1983). Each bond is assigned a pore 

radius, 𝑟. 𝑃𝑒 of a bond can be calculated from 𝑟, using equation ( 2.1 ). A small throat has a higher 

𝑃𝑒, meaning that a higher gas pressure, 𝑃𝑔, would be required in a gas cluster to invade that bond. 

Contrastingly, a large throat has a lower 𝑃𝑒, and could be invaded at a lower 𝑃𝑔. During a simulation, 
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gas will progress along the path of least resistance, sequentially invading adjacent bonds with the 

smallest 𝑟.  

In macro-IP the porous medium is still represented by a lattice of nodes, but rather than 

representing pore bodies connected by throats, each node of the lattice represents a unit volume of 

the porous medium, containing both pore space and solids (Kueper and McWhorter, 1992). Instead 

of pore dimensions, each node is assigned a local-scale porosity, permeability and 𝑃𝑐-𝑆𝑤 

relationship. A major distinction between IP and macro-IP is that in the latter, a node can contain 

one or both fluids. As 𝑃𝑔 increases, invasion still proceeds along the path of lowest 𝑃𝑒 , invading 

blocks where equation ( 2.13 ) is satisfied; however once invaded, the saturation of the node is 

calculated based on its 𝑃𝑐-𝑆𝑤 relationship. 

𝑃𝑐 > 𝑃𝑒 
( 2.13 ) 

The original formulation of macro-IP is 𝑃𝑐 driven because invading fluid progression is decided 

based solely on 𝑃𝑒 of the adjacent nodes(Kueper and McWhorter, 1992; Yortsos and Satik, 1993).  

2.3.2.2 Modifications to Macro-IP 

The original formulation of macro-IP has been modified to more accurately represent realistic 

situations by adding buoyancy forces into the algorithm (Ioannidis et al., 1996; Wilkinson, 1984). 

Adding buoyancy means that instead of only needing to overcome 𝑃𝑒, 𝑃𝑔 must also be great enough 

to overcome the sum of 𝑃𝑒 and the 𝑃𝑤 in the invasion node. The new invasion requirement is termed 

the entry threshold, 𝑇𝑒 (Mumford et al., 2010): 

𝑃𝑔 > 𝑇𝑒 
( 2.14 ) 

𝑇𝑒 = 𝑃𝑒 + 𝑃𝑤 
( 2.15 ) 

𝑃𝑤 = 𝜌𝑤𝑔𝑧 
( 2.16 ) 
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where 𝜌𝑤 is the density of water, 𝑔 is gravity and 𝑧 is vertical depth. Including a water pressure 

gradient allows macro-IP to simulate the upwards migration of gas in situations where both 

capillary and buoyancy forces control gas migration. Note that for constant water depth and 𝑃𝑐 =

𝑃𝑔 − 𝑃𝑤, equation ( 2.14 ) simplifies to equation ( 2.13 ).    

Fragmentation and mobilization of gas clusters occurs when upwards migration of a non-

wetting invading fluid is buoyancy driven, but a decrease in 𝑃𝑐 with depth results in local imbibition 

and snap-off of that fluid (Glass and Yarrington, 2003; Wagner et al., 1997). As gas migrates 

vertically it shoots upwards periodically rather than advancing at a constant pace (Wagner et al., 

1997). When this happens, sometimes water will reinvade pores that had previously been occupied 

by gas, disconnecting some gas from the connected channel. Water is able to reinvade a pore when 

𝑃𝑔 is lower than the terminal threshold, 𝑇𝑡, of a block within the cluster (Mumford et al., 2010): 

𝑃𝑔 < 𝑇𝑡 
( 2.17 ) 

𝑇𝑡 = 𝑃𝑡 + 𝑃𝑤 
( 2.18 ) 

where 𝑃𝑡 is the terminal pressure. Combining the expansion condition, equation ( 2.14 ) and the 

fragmentation condition, equation ( 2.17 ) gives the mobilization condition: 

𝑇𝑒 < 𝑃𝑔 < 𝑇𝑡 
( 2.19 ) 

The disconnected gas can mobilize upwards independently and continue to fragment until its 𝑃𝑔 is 

no longer greater than any accessible 𝑇𝑒, at which point the cluster is trapped until its 𝑃𝑔 increases, 

either by coalescence with another gas cluster or by mass transfer.  

2.3.2.3 Combined Macro-IP Models 

A particularly useful property of macro-IP models is that they can be extended to model multiphase 

flow simultaneously with other processes. To include the processes of solute transport and mass 

transfer alongside of expansion, fragmentation and mobilization of a gas cluster, an equilibrium, 

multi-component partitioning model (Cirpka and Kitanidis, 2001) was combined with a macro-IP 
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model (Mumford et al., 2010). In this combined model, the total concentration of each component 

was updated assuming advective transport of the aqueous phase in the horizontal direction: 

𝜃𝑇

𝜕𝐶𝑇
𝑖

𝜕𝑡
= −𝑞

𝜕𝐶𝑤
𝑖

𝜕𝑥
 ( 2.20 ) 

where 𝐶𝑇
𝑖  is the total concentration of component 𝑖 in both the aqueous and the gaseous phases, 𝑡 

is time and 𝑞 is the specific discharge. Using the updated 𝐶𝑇
𝑖  values, the saturation of the 

multicomponent gas in each node was calculated based on local equilibrium partitioning: (Cirpka 

and Kitanidis, 2001)  

𝑃𝑔 = ∑
𝐶𝑇

𝑖 𝐻𝑖

1 + (
𝐻𝑖
𝑅𝑇 − 1) 𝑆𝑔𝑖

 ( 2.21 ) 

where 𝑆𝑔 is the gas saturation. Equation ( 2.21 ) was solved using a continuum approach (finite 

difference), and the resulting 𝑃𝑔 was then used to drive the macro-IP algorithm described above.  

Macro-IP has also been combined with an electrothermal model to investigate the effect of 

FPG formation during thermal remediation of the subsurface (Krol et al., 2011). The model 

coupling was performed by dividing each timestep into four distinct modules: electrical, thermal 

and flow, mass transport, and gas movement. The electrical module calculated the heat and voltage 

generated during electrical resistive heating. The thermal and flow module then used these values 

to generate the temperature distribution and velocity fields. The mass transport module operated 

using the mass transfer and solute transport algorithm in equations ( 2.20 ) and ( 2.21 ). Finally, the 

gas movement module runs macro-IP based on the 𝑃𝑔 calculated in the previous module to simulate 

multiphase flow. This electrothermal macro-IP model was further extended to include steam 

generation and flow making it applicable to a wider variety of gas generation in soil applications 

such as leaking geologically sequestered CO2 (Molnar et al., 2019). This study also compared the 

model against experimental electrical resistance heating data, validating combined macro-IP model 

results against laboratory data for the first time. 
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The flexibility of macro-IP to incorporate other processes, particularly solute transport in 

the aqueous phase and the mass transfer between gas and aqueous phases, lends it well to modelling 

CH4 emissions from peatlands because a combined macro-IP model could simulate the gas 

transport which is carried out by multiple processes.  
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Chapter 3 

Modelling diffusive and ebullitive methane emissions of from peat using 

a coupled macroscopic invasion percolation and mass transfer model 

Abstract 

The amount of methane (CH4) in the atmosphere has begun to rise again this decade after a period 

of no increase, but which CH4 sources are responsible for the renewed rise has not been determined. 

One potentially responsible and poorly understood emitter is peatlands. CH4 is released from peat 

by diffusion and ebullition, both of which are dependent on the structure of the peat matrix, as well 

as the environmental conditions of the peatland. Diffusion was believed to be the dominant release 

mechanism; however recent studies show ebullitive releases may make up the majority of 

emissions. Measuring ebullitive emissions in the field and extrapolating them to estimate long term 

emissions is unreliable because of their highly variable nature. Modelling provides a useful tool for 

understanding and predicting CH4 emission. In this study, a coupled macroscopic invasion 

percolation and continuum-based numerical model that mechanistically describes CH4 emissions 

from peat was developed. Measured capillary pressure-water saturation curves, which are a 

defining characteristic of peat, are used to link the model domain to real peat material. A simulation 

of CH4 generation, migration and mass transfer in a 2 m deep intact peat profile generated diffusive 

and ebullitive fluxes which both fall within the range reported in the literature. Average modelled 

diffusive emissions were an order of magnitude lower than average ebullitive emissions. Diffusive 

emissions fluctuated along with the ebullition events, indicating that the two processes are 

intricately linked, and cannot be modelled independently. Simulated ebullitive emissions were 

episodic, with releases happening on average every 2.5 days. The non-uniform distribution of 

ebullition events was solely caused by the peat matrix.  
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3.1 Introduction 

Methane (CH4) is estimated to be responsible for a fifth of the global warming caused by long-lived 

greenhouse gasses (Kirschke et al., 2013) because, although it exists at lower concentrations in the 

atmosphere than carbon dioxide (CO2) it traps 25 times more heat over a 100 year period (Boucher 

et al., 2009). CH4, although potent, has a relatively short atmospheric lifetime, so understanding 

and controlling emissions would quickly return environmental benefits (Dlugokencky et al., 2011). 

Atmospheric CH4 concentrations began to plateau in 1999 following a continuous rise since 

preindustrial times (Schaefer et al., 2016). However the plateau was short-lived, and CH4 

concentrations began rising again in 2007, now reaching new highs (Dlugokencky, 2019). The 

source of the renewed rise is unknown. It was initially believed to be caused by the coinciding rise 

in ‘fugitive emissions’ from the oil and gas industry, but the chemical fingerprints of atmospheric 

CH4 indicate biogenic emissions are the primary source (Nisbet et al., 2016). Biogenic emissions 

mostly come from agriculture and peatlands (Nisbet et al., 2016). Quantifying the relative 

contributions of each of these sources is necessary to inform and verify regional climate change 

policies (Dlugokencky et al., 2011). 

Peatland CH4 emissions are particularly difficult to quantify because they are highly 

transient and occur in heterogeneous environments. The main constituent of peatlands, Sphagnum 

moss, grows on top of decomposing older plants, so peatlands have accumulated a considerable 

amount carbon over thousands of years (Frolking and Roulet, 2007). The continual decay of organic 

matter in peat transforms the carbon into CH4 and CO2 through anaerobic microbial processes. The 

net ecosystem exchange for CO2 is approximately zero, as CO2 is emitted during decay but 

consumed during photosynthesis by surface plants, making CH4 emissions the main source of 

atmospheric carbon from peatlands (Charman, 2002). CH4 is transported through peat to the 

atmosphere by: 1) diffusion through pore water, 2) active transport through plants and 3) ebullition, 

the movement of gas clusters through the peat profile (Coulthard et al., 2009). 
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CH4 transported by diffusion is released steadily to the atmosphere. The relatively slow 

process allows for consumption of CH4 by methanotrophic bacteria as it moves through the 

anaerobic layer above the water table, resulting in release of carbon as CO2 (Ramirez et al., 2016). 

In contrast, CH4 transported by ebullition can accumulate below heterogeneities or woody layers 

within the peat profile and be released episodically. Episodic ebullition moves too quickly through 

the top anaerobic layer to allow for anaerobic consumption (Ramirez et al., 2016). Episodic 

ebullition events are difficult to capture in the field, so measurements of CH4 emissions may be 

underestimated (Coulthard et al., 2009). When a field program was designed specifically to capture 

episodic ebullition events, it was found that they made up over half of the total CH4 emissions 

during the monitoring period (Tokida et al., 2007).  

A process-based, physically-linked model of CH4 emissions from peatlands is necessary to 

quantify this potentially significant natural CH4 source. Currently, regional scale models (e.g., 

Wetland-DNDC (Zhang et al., 2002), HIMMELI (Raivonen et al., 2017)) contain volume 

threshold-based descriptions of ebullition, in which gas cluster growth is based on mass transfer 

from the aqueous to the gaseous phase, and ebullition occurs once the volume of gas in the domain 

has exceeded some threshold. These models are useful to provide rough estimates of ebullition, but 

solely mass transfer-based ebullition models cannot account for spatial and temporal variations in 

peat pore structure, potentially missing a major control of emissions. The estimated volume 

thresholds also cannot be transferred easily between peatlands that have different measured 

properties. There is a need for models capable of simulating gas movement and ebullition at large 

spatial and temporal scales, while representing the local pore structure of peat (Ramirez et al., 

2015a).  

Another model of CH4 release from peatlands that includes ebullition is the Model of 

Ebullition and Gas storAge (MEGA). MEGA simulates multi-phase flow in porous media using a 

cellular automaton sand pile model (Ramirez et al., 2015a) assuming the generation of pure CH4 

gas clusters at depth and omitting mass transfer to the aqueous phase. When compared to ebullition 
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patterns measured in the field, MEGA was able to replicate the magnitude and frequency of surface 

releases, as well as produce vertical gas content distribution patterns similar to those seen in a peat 

column lab sample. MEGA demonstrated that episodic ebullition can be caused solely by the 

internal structure of peat, and does not necessarily need to be triggered by external forcings such 

as changes in water table depth or atmospheric pressure (Ramirez et al., 2015b). However, in 

peatlands, gas-water mass transfer happens alongside ebullition, so to completely understand what 

controls emissions, models must simulate diffusive and ebullitive CH4 transport simultaneously, as 

well as the partitioning of CH4 between the aqueous phase where it is produced and the gas phase 

where it is transported as ebullition. MEGA also does not use measured physical parameters to 

populate the model domain.  

Invasion Percolation (IP) is a modelling technique that has been used to model multi-phase 

flow in porous media (Wilkinson and Willemsen, 1983), and has been applied to a range of oil-

water and gas-water flow in porous media applications. The model domain of IP consists of a matrix 

of pores and pore throats, each assigned an entry pressure value that dictates how easy or difficult 

it is for gas to enter each node, directing gas migration. Macroscopic IP (macro-IP) is a further 

modification of IP where each grid block represents a volume of porous medium containing both 

solids and pore space, rather than a single pore (Glass et al., 2001; Kueper and McWhorter, 1992). 

Fewer nodes are required to represent the porous medium using macro-IP, improving the 

computational efficiency of the model and allowing for simulation of larger domains. 

Modifications to macro-IP have been implemented to account for buoyancy (Ioannidis et 

al., 1996; Wilkinson, 1984) and fragmentation of rising gas (Glass and Yarrington, 2003; Wagner 

et al., 1997). The combination of those two modifications allows for the simulation of gas cluster 

(bubble) migration. The use of macro-IP has also recently been combined with traditional 

continuum-scale macroscopic modelling techniques to describe other processes, including gas-

water mass transfer, solute transport and heat transport (Krol et al., 2011; Molnar et al., 2019; 

Mumford et al., 2010). The success of these studies in combining multiple processes with macro-
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IP suggest that the combination of macro-IP with a continuum model of diffusion could be used to 

describe the coupled CH4 transport in peatlands.  

The objectives of this study are to: 1) develop a macro-IP model (MIPpeat) for CH4 

migration in peat that includes diffusive and ebullitive transport mechanisms, and mass transfer 

between aqueous and gaseous phases, 2) investigate a method of using information from capillary-

pressure saturation curves to physically link model parameters to in situ gas migration in peat, and 

3) demonstrate the use of MIPpeat to simulate emissions from a peat profile.  

3.2 Model Development 

3.2.1 Conceptual Model 

The model, referred to as MIPpeat, simulates diffusive and ebullitive gas migration in peat below 

the water table, over a two-dimensional profile that extends from a CH4 generation region at depth 

up to the water table near the peat surface (Figure 3.1). Both CO2 and CH4, the major constituents 

of the gas phase in peat (Bon et al., 2014) are considered. CH4 and CO2 are added to the system 

through constant biogeneration at the bottom of the domain. The model assumes that there is 

enough labile carbon available for methanogens to generate CH4 and CO2 at a rate that will exceed 

solubility limits in the pore water, causing dissolved gas to come out of solution and into the 

gaseous phase, as described by Henry’s Law. Dissolved gas that remains in solution is transported 

by diffusion, and the gaseous phase is transported by ebullition. The motivation behind this study 

is to understand ebullition, which is a saturated zone phenomenon, so the domain does not extend 

above the water table.  

Gas in the aqueous phase is transported by diffusion, generally from regions of high 

aqueous concentration at the bottom of the profile where biogeneration occurs, to regions of low 

aqueous concentration at the water table. However, diffusion can also be driven by aqueous 

concentration gradients between the regions close to gas clusters and those further away. Ebullition 

is initiated by an initially trapped (immobile) gas cluster placed at the bottom of the domain. Over 

time, gas partitions from the aqueous phase into the gaseous phase, resulting in pressurization and 
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then expansion. Once the height of the gas cluster is sufficient for buoyancy forces to overcome 

the capillary forces that are trapping it, the cluster fragments and mobilizes upwards through the 

domain.  

 

Figure 3.1: Conceptual model of CH4 transport processes in the peat profile from where it is 

generated at depth to where it is consumed above the water table, showing the domain 

modeled in MIPpeat, and key input parameters.  

MIPpeat is physically linked to measured peat properties through capillary pressure - water 

saturation (𝑃𝑐-𝑆𝑤) curves, which describe the amount of fluid that will drain from a porous medium 

under increments in capillary pressure. 𝑃𝑐-𝑆𝑤 curves are typically measured using stable drainage 

experiments, in which the gas pressure at the surface of saturated sample is incrementally increased, 

and the volume of liquid drained from the sample is measured. The experiments are termed ‘stable’ 

because gravity forces cause the non-wetting fluid to advance in an approximately uniform, stable 
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front. Drainage is considered ‘unstable’ if gas invades a saturated sample from the bottom, 

extending upwards as a gas finger under the influence of gravity (Saffman and Taylor, 1958). 𝑃𝑐-

𝑆𝑤 curves are a defining characteristic of porous media, and a controlling parameter for multiphase 

flow (Gerhard and Kueper, 2003).  

Peat contains two distinct pore spaces: the ‘inactive porosity’, which only drains at 

capillary pressures greater than 100 cm, and the ‘active porosity’, which drains easily at low 

pressures (Weber et al., 2017). The two distinct pore spaces arise because the sphagnum plants 

themselves retain water within the plant matrix. Evidence of the two pore spaces can be seen in the 

𝑃𝑐-𝑆𝑤  curve presented in Rezanezhad et al. (2012) (Figure 3.2), where over half of the water 

saturation is lost under less than 10 cm of 𝑃𝑐, but a substantial increase in 𝑃𝑐 is required to reduce 

the water saturation further. Only the active porosity is modelled in MIPpeat because gas dynamics 

are expected to occur in this region. 

 

Figure 3.2: Pc-Sw curve presented in Rezanezhad et al. (2012). Sw of the sample decreases to 

0.48 under a macroscopic Pc of less than 10 cm. To decrease the Sw further, the Pc must be 

increased by an order of magnitude. 
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The MIPpeat domain is divided into equally-sized grid blocks following typical 

applications of macro-IP (Glass et al., 2001; Krol et al., 2011; Kueper and McWhorter, 1992). Each 

grid block represents a collection of pores of various sizes, containing plant material, water and 

gas. 𝑃𝑐-𝑆𝑤  curves are used assign a 𝑃𝑒 to each grid block in the domain using Inverse Transform 

Sampling (ITS) (Glass et al., 2001; Mumford et al., 2010), as described in section 3.2.3. The 

distribution of 𝑃𝑒 values is used to simulate the peat material by setting how difficult or easy it is 

for gas to invade each grid block, thereby dictating the gas migration path subject to small-scale 

variations in the structure of the peat fabric. Different layers of peat (i.e., larger-scale variations) 

can be simulated by using different 𝑃𝑐-𝑆𝑤 curves a model input. For example, higher 𝑃𝑒 values limit 

gas flow, in the same way that woody or more decomposed layers would in peat. Lower 𝑃𝑒 values 

allow for relatively uninhibited progression of gas clusters within the peat matrix, mimicking less 

decomposed near-surface peat. It is important to note that MIPpeat does not account for the effects 

of peat compressibility on gas migration, and it is assumed here that the expansion of gas within a 

grid block is described by the local 𝑃𝑒 and 𝑃𝑐-𝑆𝑤 relationship (described below). The effects of 

matrix compressibility on gas migration in peat have not been well studied and require additional 

research for incorporation into numerical models. 

3.2.2 Governing Equations 

3.2.2.1 Diffusive Transport 

Diffusive transport is simulated using the two-dimensional form of Fick’s Second Law, with 

biogeneration included as a zero order rate source term: 

𝜕𝐶𝑇
𝑖

𝜕𝑡
= −𝐷𝑒𝑓𝑓 (

𝜕2𝐶𝑤
𝑖

𝜕𝑥2
+

𝜕2𝐶𝑤
𝑖

𝜕𝑧2 ) + 𝑅𝑏𝑖𝑜 ( 3.1 ) 

𝐶𝑇
𝑖 = 𝐶𝑤

𝑖 𝑆𝑤 + 𝐶𝑔
𝑖 𝑆𝑔 ( 3.2 ) 

where 𝐶𝑇
𝑖  is the total concentration of component 𝑖 (ML-3), 𝑡 is time (T), 𝐷𝑒𝑓𝑓 is the effective 

diffusion coefficient (L2T-1), 𝐶𝑤
𝑖  is the aqueous concentration of component 𝑖 (ML-3), 𝑥 is the 
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horizontal dimension (L), 𝑧 is the vertical dimension (L), 𝑅𝑏𝑖𝑜 is the rate of biogeneration (ML-3T-

1), 𝑆𝑤 is the water saturation (-), 𝐶𝑔
𝑖  is the gaseous concentration of component 𝑖 (ML-3), and 𝑆𝑔 is 

the gas saturation (-). In locations where there is no biogeneration, 𝑅𝑏𝑖𝑜 is set to zero. The use of a 

total concentration (𝐶𝑇) follows the approach of Cirpka and Kitanidis (2001) used to simulate 

aqueous phase transport coupled with multicomponent gas-water mass transfer, and represents the 

mass of solute per total volume of pore space (gas and water). Equation ( 3.1 ) is solved using a 

center-difference, explicit finite difference approximation.  

3.2.2.2 Gas-Water Mass Transfer 

Gas-water mass transfer is modelled using Henry’s Law and the Ideal Gas Law. The gas saturation 

in each grid block is calculated by setting the sum of pressure outside of a gas cluster equal to the 

sum of pressure inside the cluster, then solving the system of equations for 𝑆𝑔: 

𝑃𝑎𝑡𝑚 + 𝑃𝑤 + 𝑃𝑐 = ∑𝑃𝑔
𝑖 

( 3.3 ) 

where 𝑃𝑎𝑡𝑚 is atmospheric pressure (ML-1T-2), 𝑃𝑤 is the water pressure (ML-1T-2), 𝑃𝑐 is the capillary 

pressure (ML-1T-2), 𝑃𝑔
𝑖 is the partial pressure of component 𝑖 (ML-1T-2). The partial pressure of each 

component is related to its aqueous concentration using Henry’s Law: 

𝑃𝑔
𝑖 = 𝐶𝑤

𝑖 𝐻𝑖 
( 3.4 ) 

where 𝐻𝑖 is the Henry’s Law coefficient of component 𝑖 (T2L-2). 

𝑃𝑤 is calculated assuming hydrostatic conditions: 

𝑃𝑤 = 𝜌𝑤𝑔𝑧 
( 3.5 ) 

where 𝜌𝑤 is the density of water (ML-3), 𝑔 is gravity (LT-2) and 𝑧 is depth (L). 

𝑃𝑐 is calculated based on the 𝑃𝑐-𝑆𝑤 relationship of the peat being modelled. The van Genuchten 

(van Genuchten, 1980) model is the most commonly used 𝑃𝑐-𝑆𝑤 relationship in peat (Letts et al., 

2000; Liu and Lennartz, 2019; Rezanezhad et al., 2012; Schwärzel et al., 2006): 



57 

𝑆𝑤
𝑎𝑐𝑡𝑖𝑣𝑒 = [1 + (𝛼𝑃𝑐)𝑛]−𝑚 

( 3.6 ) 

𝑆𝑤
𝑎𝑐𝑡𝑖𝑣𝑒 =

1 − 𝑆𝑔 − 𝑆𝑤
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒

1 − 𝑆𝑤
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒

 ( 3.7 ) 

where 𝑆𝑤
𝑎𝑐𝑡𝑖𝑣𝑒 is the water saturation of the active porosity, 𝛼, 𝑛 and 𝑚 are the van Genuchten fitting 

parameters, and 𝑆𝑤
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 is the inactive porosity. In studies focused on unconsolidated porous 

media, where the van Genuchten model is commonly applied, 𝑆𝑤
𝑎𝑐𝑡𝑖𝑣𝑒 would be equivalent to the 

effective saturation and 𝑆𝑤
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 would be equivalent to the residual saturation.  To reduce the 

degrees of freedom, 𝑚 is set to equal 1 − 1/𝑛. Combining equations ( 3.6 ) and ( 3.7 ) gives an 

equation for 𝑃𝑐 in terms of 𝑆𝑔: 

𝑃𝑐 =
1

𝛼
[(

1 − 𝑆𝑔 − 𝑆𝑤
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒

1 − 𝑆𝑤
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒

)

−
1
𝑚

− 1]

1
𝑛

 
( 3.8 ) 

Using the combination of equation ( 3.2 ), equation ( 3.4 ) and the ideal gas law, 𝑃𝑔
𝑖 is calculated as 

(Cirpka and Kitanidis 2001): 

𝑃𝑔
𝑖 =

𝐶𝑇
𝑖 𝐻𝑖

1 + (
𝐻𝑖
𝑅𝑇 − 1) 𝑆𝑔

 ( 3.9 ) 

where 𝑅 is the universal gas constant (L2K-1T-2) and 𝑇 is temperature (K). 

3.2.2.3 Ebullitive Transport  

Ebullitive transport is modelled using macro-IP. An entry threshold (𝑇𝑒) and a terminal threshold 

(𝑇𝑡) is calculated for each grid block using the entry pressure (𝑃𝑒) value (Mumford et al., 2015): 

𝑇𝑒 = 𝑃𝑒 + 𝑃𝑤 
( 3.10 ) 

𝑇𝑡 = 𝑃𝑡 + 𝑃𝑤 
( 3.11 ) 

𝑃𝑡 = 𝑎𝑃𝑒 
( 3.12 ) 
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where 𝑃𝑡 is the terminal 𝑃𝑐, 𝑇𝑒 is the threshold gas pressure that a gas cluster must exceed before 

that grid block can be invaded by gas, 𝑇𝑡 is the threshold gas pressure that a gas cluster must drop 

below before that grid block can be reinvaded by water and 𝑎 is the ratio of 𝑃𝑡 to 𝑃𝑒. 

The macro-IP algorithm begins by identifying gas clusters within the domain. Gas-filled 

blocks in the domain that share a face (coordination number of 4) are considered as one gas cluster 

(Krol et al., 2011). Next, the algorithm locates the grid block adjacent to the cluster with the lowest 

𝑇𝑒 value, and the grid block within the gas cluster with the highest 𝑇𝑡 value. Based on the relative 

values of 𝑃𝑔, 𝑇𝑒, and 𝑇𝑡 the gas cluster will either expand, fragment or remain unchanged based on 

the following conditions:  

If equation ( 3.13 ) is satisfied, the gas cluster can both invade the 𝑇𝑒
𝑚𝑖𝑛 grid block, and evacuate 

the 𝑇𝑡
𝑚𝑎𝑥 grid block, resulting in cluster fragmentation (Wagner et al., 1997). If only equation ( 

3.14 ) is satisfied, the gas cluster can invade the 𝑇𝑒
𝑚𝑖𝑛 grid block but cannot evacuate the 𝑇𝑡

𝑚𝑎𝑥 grid 

block, resulting in cluster expansion (Figure 3.3). The gas cluster will continue to expand and 

fragment until neither condition is met, at which point mass is redistributed within the gas cluster 

using Ideal Gas Law, conserving the mass of each component. 

𝑇𝑒
𝑚𝑖𝑛 < 𝑃𝑔 < 𝑇𝑡

𝑚𝑎𝑥 
( 3.13 ) 

𝑇𝑒
𝑚𝑖𝑛 < 𝑃𝑔 

( 3.14 ) 
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Figure 3.3: Schematic of the macro-IP algorithm, with gas-filled blocks in blue, showing a) 

an initial gas cluster that undergoes b) expansion into the adjacent grid block with the lowest 

Te or c) fragmentation and mobilization into the adjacent grid block with the lowest Te with 

evacuation of the internal grid block with the highest Tt.  

3.2.2.4 Process Coupling 

MIPpeat couples transport processes using a split-operator approach (Mumford et al., 2010), in 

which diffusion and ebullition are performed sequentially at small time steps, using values 

calculated from the previous process to update the current process (Figure 3.4). Diffusion 

(equation( 3.1 )) is simulated over a time step (∆𝑡) using 𝐶𝑇 and 𝐶𝑤 values from the previous time 

step. Subsequently, ebullition and mass transfer (equations ( 3.3 )-( 3.14 )) are assumed to happen 

instantaneously (i.e., much faster than diffusion), using 𝐶𝑇 values from the previous diffusion step 

to update 𝐶𝑤, 𝑃𝑔 and 𝑆𝑔 values.  

     Initial gas bubble

a)

b) c)

    Expansion   Fragmentation

𝑇𝑒
𝑚𝑖𝑛

𝑇𝑡
𝑚𝑎𝑥

𝑃𝑔

𝑇𝑒
𝑚𝑖𝑛 < 𝑃𝑔

𝑇𝑒
𝑚𝑖𝑛 < 𝑃𝑔 < 𝑇𝑡

𝑚𝑎𝑥
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Figure 3.4: MIPpeat code design schematic showing process coupling. 

The solution of equation ( 3.1 ) was verified using the one-dimensional analytical solution 

for transient diffusion in a plane sheet with constant surface concentrations and a known initial 

distribution given in Crank (1975) (see Appendix A). Discrepancies of < 2 × 10−4 % between the 

numerical and analytical solutions were found for a grid size of 4 mm and a time step of 2000 s. 

The solution to equations ( 3.10 ) to ( 3.14 ) were verified by checking the mass balance. Mass was 

conserved in the gas phase during each time step. However, because water displacement from the 

domain is not simulated in macro-IP models, the overall mass balance is not satisfied. The grid size 

and time step were, therefore, selected to minimize the mass lost through water displaced from the 

domain, which was 4.2% for CH4 and 1.4% for CO2 in the last year of the five-year simulation 

presented in section 3.3.2. For both gasses, less mass was present in the domain at the end of the 

last year than was produced that year according to the biogeneration term in equation ( 3.1 ).  
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3.2.3 Assignment of Local Capillary Entry Pressures  

The 𝑃𝑒 field is generated from measured 𝑃𝑐-𝑆𝑤 curves, linking MIPpeat simulations to measured 

peat parameters. Inverse Transform Sampling (ITS) is used to assign the 𝑃𝑒 of each grid block (see 

Appendix G). ITS is a method of generating a series of random numbers that follow the same 

distribution as an inputted Cumulative Distribution Function (CDF). In this case, the input CDF is 

a van Genuchten curve, equation ( 3.6 ).  

There is no distinct 𝑃𝑒 in van Genuchten curves, so the van Genuchten-based modified 

model (Gerhard and Kueper, 2003) was used to assign the 𝑃𝑒 field. The modified model creates an 

artificial 𝑃𝑒 in the van Genuchten function by truncating the curve at a given 𝑃𝑐 value. The procedure 

for ITS is to first generate a series of uniformly distributed random 𝑆𝑤
𝑎𝑐𝑡𝑖𝑣𝑒 values between 0 and 

1, and then input these values into the inverted van Genuchten equation to solve for 𝑃𝑒: 

𝑃𝑒 =
1

𝛼
((𝑆𝑤

𝑎𝑐𝑡𝑖𝑣𝑒)
−1/𝑚

− 1)

1
𝑛

 
( 3.15 ) 

The 𝑃𝑒 values were then assigned to the domain as uncorrelated random values. In order to set the 

𝑃𝑒 field using ITS, van Genuchten fitting parameters (𝛼, 𝑛 and 𝑚) for measured 𝑃𝑐-𝑆𝑤 data 

representative of peat are required. These parameters can be determined by fitting measured 𝑃𝑐-𝑆𝑤 

data with a stable drainage simulation. To simulate stable drainage using MIPpeat, gas was initially 

emplaced along the top boundary of the domain (rather than in a single grid block near the bottom 

for simulation of diffusion and ebullition). 𝑃𝑔 within that gas was increased in increments as would 

be done in a drainage experiment, and gas invasion of grid blocks proceeds according to equation 

( 3.13 ) and ( 3.14 ). Calculation of the macroscopic 𝑃𝑐, using the increments in gas pressure and 

assuming 𝑃𝑤 = 0, and the average 𝑆𝑔 (over all grid blocks in the domain) was used to create 

simulated 𝑃𝑐-𝑆𝑤  data. A domain with width 6 cm and height 3 cm, using a grid size of 0.1 cm and 

neglecting mass transfer to the aqueous phase was used to match data from Rezanezhad et al. 

(2009), and the best-fit van Genucthen parameters were then used in subsequent simulations of 
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diffusion and ebullition in peat. The dimensions of the stable drainage simulation match the 

dimensions of the sample used by Rezanezhad et al. (2009).  

3.2.4 Implementation 

A five-year long simulation was run using MIPpeat to demonstrate the capability of the model to 

simulate coupled diffusion, ebullition and gas-water mass transfer in a peat profile. The model 

domain represents a relatively intact peat with a mean 𝑃𝑒 of 1.7 cm throughout the peat profile. The 

model domain is 220 cm deep by 30 cm wide, with biogeneration of CH4 and CO2 occurring at a 

depth of 200 cm to avoid numerical errors from interaction between the location of biogeneration 

and the bottom boundary condition. The input parameters for the simulation are given in Table 3.1. 

Each grid block has the same total porosity (𝜃𝑇) and inactive porosity (𝑆𝑤
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒), but a unique 𝑃𝑒 

assigned using ITS. The van Genuchten parameters used for ITS were obtained by using stable 

drainage to fit the active porosity portion of the 𝑃𝑐-𝑆𝑤 curve in Rezanezhad et al. 2012. 

The top boundary condition of the model is set to a constant aqueous concentration for both 

CH4 and CO2. The top aqueous concentration of CH4 is set to zero because of aerobic consumption 

above the water table, and the top aqueous concentration of CO2 is set to zero because of mixing 

with atmospheric air. The bottom and side boundary conditions are set to no flux of the aqueous 

components. Gas clusters cannot exit the bottom or side boundaries, and are removed from the 

domain once they reach the top boundary. The initial aqueous CH4 concentrations follow a linear 

gradient between zero at the top boundary and solubility (2.48 mol/m3 at 8.8C) at the bottom 

boundary. The initial aqueous CO2 concentrations also follow a linear gradient between zero at the 

top boundary and a concentration of 1.74 mol/m3 at the bottom boundary, based on the ratio of 

aqueous CH4 to CO2 given in Bon et al. (2014). 𝐷𝑒𝑓𝑓 in peat was taken to be the same for CH4 and 

CO2. Biogeneration of CH4 and CO2 are assumed to occur at equal rates (on a mole basis) and are 

assumed to occur at a depth of 200 cm across the width of the domain, representing anaerobic CH4 
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generation. The temperature is held constant at 8.8 degrees Celsius, matching measurements from 

Bon et al (2014) which show temperature staying constant at depth over a period of 8 months.  

Table 3.1: Model parameters and initial conditions for MIPpeat 

Parameter Description Value 

𝜌𝑤 Water density (𝑘𝑔/𝑚3) 1000 

𝑔 Gravity (𝑚/𝑠2) 9.81 

𝑃𝑎𝑡𝑚 Atmospheric pressure (𝑃𝑎) 101 325 

𝑅 Gas constant (𝑚3𝑃𝑎/𝑚𝑜𝑙/𝐾) 8.314 

𝛼 van Genuchten fitting parametera (1/𝑚) 67 

𝑛 van Genuchten fitting parametera 5.45 

𝑚 van Genuchten fitting parameter 0.8165 

𝑇 Temperatureb (°𝐶) 8.8 

𝑑𝑡 Time step (𝑠) 2000 

𝑃𝑡𝑜𝑝 Domain surface pressure (𝑐𝑚 𝐻2𝑂) 0 

𝑙𝑥, 𝑙𝑦, 𝑙𝑥 Domain width, depth and height (𝑚) 0.3, 0.004, 2.2 

𝑑𝑥, 𝑑𝑧 Grid discretizationc (𝑚) 0.004, 0.004 

𝑆𝑔
0𝑎𝑐𝑡𝑖𝑣𝑒

 Initial 𝑆𝑔 of the active porosity 0.1 

𝑆𝑔
𝑐𝑟𝑖𝑡𝑎𝑐𝑡𝑖𝑣𝑒

 Critical 𝑆𝑔 of the active porosityc 0.3 

𝑆𝑔
minactive

 Disconnected 𝑆𝑔 of the active porosity 0.15 

𝑆𝑤
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 Residual water saturationa 0.48 

𝐵𝐶𝐶𝑂2

𝑡𝑜𝑝
, 𝐵𝐶𝐶𝐻4

𝑡𝑜𝑝
 Aqueous top boundary condition (𝑚𝑜𝑙/𝑚3) 0,0 

𝐶𝐶𝑂2

𝑏𝑜𝑡 , 𝐶𝐶𝐻4

𝑏𝑜𝑡  Initial aqueous bottom condition (𝑚𝑜𝑙/𝑚3) 1.7350, 2.4786 

𝐻𝐶𝑂2
, 𝐻𝐶𝐻4

 Henry’s Law coefficients at 8.8 °𝐶d  (𝑚𝑜𝑙/𝑚3/𝑃𝑎) 1.9 × 10−3, 
5.0 × 10−4 

𝐷𝑒𝑓𝑓 Diffusion coefficient in peate (𝑚2/𝑠) 9.2 × 10−10 

𝑅𝑏𝑖𝑜 Biogeneration termf (𝑚𝑜𝑙/𝑚3/𝑠) 1 × 10−4 

𝜃𝑇 Porosityg 0.93 

𝑎 Ratio of terminal pressure to entry pressurec 1.75 
a(Rezanezhad et al., 2012). b(Bon et al., 2014). c(Mumford et al., 2010). d(Sander, 2015).  
e(Clymo and Bryant, 2008b). f(Wright and Comas, 2016). g(Comas et al., 2005) 

 

Initially, 𝑆𝑔
0 is assigned to a single grid block in the center of the domain at a depth of 200 

cm. As the simulation proceeds, this initial gas cluster expands, fragments and mobilizes due to 

mass transfer from the surrounding pore water. Constant biogeneration at this depth will cause 

continued expansion, fragmentation and vertical migration of the gas to the top of the domain. In 

parallel, diffusion will also transport mass to the top of the domain. The ebullitive flux (𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛) 
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and the diffusive flux (𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛) are recorded along the top boundary of the domain each time 

step, calculated as: 

where 𝜂𝑒𝑏𝑖𝑙𝑙𝑖𝑡𝑖𝑜𝑛 is the moles of gas released by ebullition during one time step (M), 𝑑𝑡 is the time 

step (T) 𝑙𝑥 is the width of the domain (L), 𝑙𝑦 is the thickness of the domain (L), 𝑉𝑏 is the volume 

of a grid block (L3), 𝐶𝑤
𝑡𝑜𝑝

 is the average water concentration along the top of the domain (ML-3) 

and 𝐵𝐶𝑡𝑜𝑝 is the top boundary condition (ML-3) (equal to zero). The magnitude of 𝑙𝑦 will have an 

impact on the magnitude of the flux reported, but not on the flux distributions.  

MIPpeat was used to simulate the vertical migration of CH4 through peat. This coupled 

ebullition and diffusion simulation represents a 30 cm-wide homogeneous profile of low-entry 

pressure (intact) peat below the water table, where CH4 is constantly generated at the bottom of the 

profile by anaerobic bacteria. Once generated, CH4 in the aqueous phase migrates upwards by 

diffusion. It also partitions to the gaseous phase and migrates upwards by ebullition. The two 

migration processes take place simultaneously, transporting CH4 up to the water table where it is 

released from the domain.  

3.3 Simulation Results 

3.3.1 Stable Drainage Simulation 

During a stable drainage simulation, the increase in 𝑃𝑤 with depth, and the corresponding increase 

in 𝑇𝑒, causes gas invading from the top to migrate laterally before migrating downwards (Figure 

3.5). The gas does not advance as a perfectly even front because of the variation in the 𝑃𝑒 field. 

That is, 𝑇𝑒 values do not necessarily increase linearly with depth, so occasionally it is easier for the 

𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 =
𝜂𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛

𝑑𝑡 ∗ (𝑙𝑥 ∗ 𝑙𝑦)
  ( 3.16 ) 

𝜂𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 = ∑
𝑃𝑔𝜃𝑇𝑆𝑔𝑉𝑏

𝑅𝑇
 ( 3.17 ) 

𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 𝐷𝑒𝑓𝑓 

(𝐶𝑤
𝑡𝑜𝑝

− 𝐵𝐶𝑡𝑜𝑝)

𝑑𝑧
  ( 3.18 ) 
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gas to expand downwards despite the increased 𝑃𝑤. This is consistent with expectations for stable 

air-water drainage.  

 

Figure 3.5: The domain of MIPpeat at three times during the stable drainage simulation, 

showing the domain a) near the start of drainage when Sw = 0.98, b) near the midpoint of 

drainage when Sw = 0.61, and c) near the end of drainage when Sw = 0.07.  

The MIPpeat stable drainage simulation shown in Figure 3.5 was used to fit the 𝑃𝑐-𝑆𝑤 data 

from Rezanezhad et al. (2012). Figure 3.6 shows the measured data from Rezanezhad et al. (2012), 

a van Genuchten 𝑃𝑐-𝑆𝑤 curve (equation ( 3.15 )) fitted to the measured data by varying 𝛼, 𝑛 and 𝑚, 

and a simulated 𝑃𝑐-𝑆𝑤 curve generated from an MIPpeat stable drainage simulation using the same 

𝛼, 𝑛 and 𝑚 as the van Genuchten curve to generate a distribution of local 𝑃𝑒 values according to 

the ITS procedure. To account for variability introduced by the random number generator used to 

set the 𝑃𝑒 field in MIPpeat, 100 stable drainage simulations were run, and each unique 𝑃𝑐-𝑆𝑤 curve 

is plotted. There is little variation between the 100 simulations, so all curves lie nearly coincident. 

The MIPpeat simulated 𝑃𝑐-𝑆𝑤 curve has a slightly lower entry pressure, and a slightly higher slope 

in the middle section than the van Genuchten curve. However, MIPpeat is able to recreate the water 

retention trends of the measured 𝑃𝑐-𝑆𝑤  data, intersecting 4 out of 5 of the measured data points. 

Based on these results, ITS was used to set the 𝑃𝑒 field in subsequent MIPpeat simulations to 

represent the drainage behavior in situ peat.  
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Figure 3.6: Stable drainage simulation fits to the active porosity of the Pc-Sw curve based on 

data from Rezanezhad et al. (2012). 100 stable drainage curves are plotted to account for 

variability from the random number generator used to assign the Pe field.  

3.3.2 Coupled Ebullition and Diffusion Simulation 

3.3.2.1 Transient CH4 Distribution 

The initial conditions set in the model are not representative of the stable conditions in a peatland. 

Therefore, the coupled ebullition and diffusion simulation was run for a five-year period to allow 

the CH4 production and migration processes to interact and reach pseudo-steady-state conditions. 

Pseudo-steady-state refers here to a time period over which the average CH4 fluxes (ebullitive and 

diffusive) do not change substantially. It is not a true steady-state, as both fluxes are episodic. The 

evolution of the gas phase and dissolved CH4 concentrations are shown in Figure 3.7.  There are 

no gas clusters present initially in the domain, except for a gas cluster in the center grid block at 2 

m depth (Figure 3.7a), and the 𝐶𝑤
𝐶𝐻4  profile follows a straight slope from 𝐵𝐶𝐶𝐻4

𝑡𝑜𝑝
 to 𝐵𝐶𝐶𝐻4

𝑏𝑜𝑡  (Figure 

3.7g). As dissolved CH4 is generated through biogeneration, it partitions to the gas phase and that 

gas expands and migrates. After 50 days of CH4 generation (Figure 3.7b), two gas fingers are 
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present, reaching a maximum height of 0.36 m (a depth of 1.64 m below the top of the domain). At 

this time the 𝐶𝑤
𝐶𝐻4 profile is heavily influenced by the local increases in 𝐶𝑤

𝐶𝐻4 surrounding gas 

clusters. The profile at 50 days shows greater 𝐶𝑤
𝐶𝐻4  values below -1.3 m, corresponding to the 

location of the trapped gas blocks (Figure 3.7g). Above -0.7 meters, the profile has not yet been 

affected by gas migration, and therefor lies coincident with the initial 𝐶𝑤
𝐶𝐻4  profile. A fringe of 

higher 𝐶𝑤
𝐶𝐻4 surrounds the gas fingers, particularly in the distributions after 50 and 200 days. This 

is due to partitioning of CH4 from the gas to the surrounding lower-concentration pore water 

followed by its aqueous phase diffusion. That higher concentration fringe shows that gas had 

migrated up to a depth of approximately 1.25 m prior to 50 days, but mass transfer out of the gas 

phase resulted in its complete dissolution.  

By 200 days (Figure 3.7c), the pore water in the bottom 0.3 m of the domain has become 

supersaturated. A gas pathway has reached the top of the domain, making the 𝐶𝑤
𝐶𝐻4  profile 

completely distinct from the initial 𝐶𝑤
𝐶𝐻4   profile. At the top of the domain, average 𝐶𝑤

𝐶𝐻4 values 

are still sensitive to cluster locations, however at the bottom CH4 has diffused to the lateral extents 

of the domain so the average 𝐶𝑤
𝐶𝐻4 is insensitive to gas locations. The gas pathway is a combination 

of long, connected gas clusters, with small gas clusters of a few blocks distributed in between. 

When gas clusters first move through the domain, they leave behind a trail of disconnected gas, 

referred to here as a wake, produced by fragmentation events. The wake establishes a pathway for 

future migration of mobile clusters. Disconnected gas in the wake remains immobile until another 

cluster from the bottom of the domain mobilizes and coalesces with the trapped gas. Because the 

gas hasn’t been in the top of the domain for long at this time, the fringe surrounding the gas cluster 

is relatively thin, and the 𝐶𝑤
𝐶𝐻4  at the lateral extents of the domain is still low.  
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Figure 3.7: Gas clusters (white) and aqueous CH4 concentrations (blue to yellow) after CH4 

generation for a) 0 days, b) 50 days, c) 200 days, d) 500 days, e) 1200 days and f) 1825 days 

showing the progression of gas fingers up from the CH4 generation zone at 2 m depth, and g) 

the average aqueous CH4 concentration throughout the peat profile at those six times. 

At 500 days (Figure 3.7d), two gas pathways have been established through the domain. 

Two distinct channels develop because as the gas fragments and mobilizes, new thresholds become 

available to the gas clusters, so different paths eventually get taken. The 𝐶𝑤
𝐶𝐻4 has stabilized to a 

nearly uniform value of 2.1 mol/m3 through the middle section of the domain (a depth of 0.5 to 1.5 

m), away from the influence of the boundaries, and as a result the 𝐶𝑤
𝐶𝐻4 

profile is completely 

insensitive to gas locations. After reaching a peak at 500 days, the average 𝐶𝑤
𝐶𝐻4  from -0.5 m to -

1.5 m is reduced to 1.9 mol/m3 at 1200 days (Figure 3.7e) before reaching 1.8 mol/m3 at 1825 days 

(Figure 3.7f). Throughout this progression, the gas fingers and their associated wakes have 

remained predominantly vertical and have not contacted the lateral boundaries of the domain.  
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The CO2 distribution throughout the domain (not shown) influences the CH4 distributions. 

𝐻𝐶𝐻4
 is lower than 𝐻𝐶𝑂2

, so CO2 preferentially remains in the aqueous phase for longer than CH4. 

Whereas CH4 enters the gas phase readily then gets transported shallower in the domain, CO2 

remains in the aqueous phase at the bottom of the domain at early time. Although CH4 and CO2 are 

produced at equal rates (on a mole basis), the gas clusters present in the domain at 50 days that 

undergo their first fragmentation near the CH4 generation zone are 95% CH4. As a result, CH4 that 

migrates upwards through diffusion can transfer into the aqueous phase at the top of the domain 

largely unaffected by multicomponent partitioning effects cause by the presence of CO2. CO2 

mainly migrates through diffusion so 𝐶𝑤
𝐶𝑂2  is insensitive to gas locations, advancing as a uniform 

high concentration front. By 500 days, the 𝐶𝑤
𝐶𝑂2 front has reached the top of the domain and 

competitive mass transfer reduces 𝐶𝑤
𝐶𝐻4 . 

3.3.2.2 Transient Emissions 

Ebullition did not begin until 67 days into the simulation (Figure 3.8), because ebullition is limited 

by CH4 generation, mass transfer to the gas phase, and gas cluster migration upwards through the 

domain. Initially, 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 events are small, less than 7,000 mg/m2/d, because they only consist 

of a few gas filled blocks with a high enough 𝑃𝑔 to traverse the entire domain and release. Most gas 

clusters that expand and mobilize do not have a high enough 𝑃𝑔 to reach the surface. Instead, they 

get trapped in the domain and remain immobile until coalescence with another mobilized gas 

cluster occurs, increasing 𝑃𝑔 until the newly combined cluster remobilizes. At 214 days into the 

simulation, the size of large 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 events increased to greater than 55,000 mg/m2/d, with 

smaller ebullition events happening between large events. Larger 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛  events are a result of 

more trapped gas distributed at shallower depths in the domain, so when clusters are mobilized 

from the deep region of biogeneration they coalesce with that trapped gas and accumulate mass. 

After the pathways have been established, fluxes are initially large because the gas that has built 

up in the bottom of the domain now has a conduit to reach the surface. At 314 days the size of large 
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𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 events increased again to 130,000 mg/m2/d. After 314 days, the size of large 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛   

events steadily decreased as the buildup of gas is depleted until reaching a pseudo-steady state that 

offsets production after four years. Small and very large ebullition events still occur between 

typically sized events.  

 

 

Figure 3.8: Flux data from five simulation years showing a) the instantaneous ebullitive flux 

(Jebullition), as well as the cumulative average ebullitive flux and b) the instantaneous diffusive 

flux (Jdiffusion), as well as the cumulative average diffusive flux.  

Unlike 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛, 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛  begins immediately as 𝐶𝑤
𝐶𝐻4  begins to redistribute from the 

initial concentration gradient set over the height of the domain, further supplied by biogeneration 

of CH4 and CO2 at a depth of 2 m. After an initial increase, the 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 for the first 58 days is 

nearly constant at 1.4 mg/m2/d. 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 begins to increase at 58.2 days, to a peak of 8.5 mg/m2/d 

at 58.8 days. This corresponds to the arrival of gas by ebullition close to the upper boundary of the 

domain, which highlights the importance of coupled ebullition and diffusion through gas-water 

mass transfer. In simulations where ebullition was not considered (results not shown) diffusive 

fluxes reach a maximum of 1.54 mg/m2/d throughout the five-year simulation, despite having the 

same CH4 generation rate. In the coupled simulation, 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 undergoes a series of increases and 



71 

decreases, with a maximum 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 of 79 mg/m2/d at 430 days, but being generally between 40 

and 70 mg/m2/d throughout the simulation. These results show that diffusion should not be expected 

to be steady, due to interaction with CH4 in repeatedly mobilized gas clusters. Instead, episodic 

ebullitive releases lead to unsteady diffusive releases due to gas-water mass transfer. However, the 

relatively narrow range and low magnitude of the diffusive releases relative to ebullitive releases 

may appear steady in field measurements.   

3.3.2.3 Steady State CH4 Distribution 

In the fifth year of the simulation, the cumulative average of the instantaneous diffusive flux 

changes by 1 mg/m2/d and of the ebullitive flux changes by 20 mg/m2/d (Figure 3.10), so the system 

is considered to have reached a pseudo-steady state. Within the pseudo-steady-state period (1450 

to 1825 days), two predominant gas fingers were present from the CH4 generation zone to the top 

of the domain, with a third short finger present in the top 0.45 m (Figure 3.9). The mean 𝑃𝑒 in the 

domain is 1.7 cm, with a standard deviation of 0.08 cm. The low variability in 𝑃𝑒 values means that 

decreasing 𝑃𝑤, and therefore 𝑇𝑒, with depth drives gas migration. As a result, gas preferentially 

migrates vertically, deviating from a direct vertical path when a high 𝑃𝑒 block is encountered. Gas 

pathways that have been established (i.e. wakes) are partly composed of trapped, disconnected gas 

clusters that are slowly dissolving and can be reconnected with only a small additional gas volume. 

Consequently, a large volume of gas can be mobilized out of the domain quickly (in few MIPpeat 

timesteps) once a gas cluster overcomes the locally high 𝑇𝑒 that has been confining it, because even 

though 𝑃𝑔 decreases as the cluster expands, the cluster can overcome most of the shallower 𝑇𝑒 

values because 𝑇𝑒 generally decreases with height due to decreasing 𝑃𝑤. The minimum cluster 

length required for fragmentation is approximately half of the 𝑃𝑒 value (expressed in cm of water) 

(Mumford et al., 2009), so in this domain most gas clusters only need to be longer than 0.85 cm 

long (three grid blocks) before fragmentation is possible. The short fragmentation height allows a 

wake of small disconnected clusters to develop through the domain.  
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For example, consider the gas distribution and aqueous CH4 concentrations between 

1575.23 and 1575.35 days (a span of 2.7 hours) (Figure 3.9). 𝐶𝑤
𝐶𝐻4  in the middle section of the 

domain (depths of -0.5 to -1.5 m) at this time is constant at 1.82 mg/m2/d. At 1575.23 days (Figure 

3.9a) there are two connected gas clusters (longer than a few blocks of trapped gas) in the bottom 

of the domain, one extending from a depth of 1.89 m to 1.74 m, and the other extending from a 

depth of 1.82 m to 1.59 m. Another gas cluster is trapped shallower in the domain extending from 

a depth of 1.08 m to 0.38 m. There are many disconnected gas-filled blocks present, left behind by 

gas clusters as they move upwards through the domain and fragment repeatedly, leaving a sparse 

trail of disconnected gas as a wake. There are several gas fingers present because when gas in the 

domain is very fragmented, the MIPpeat algorithm is frequently scanning different groups of gas 

filled blocks to find the lowest adjacent 𝑃𝑒, allowing different gas pathways to become available.  

At 1575.23 days (Figure 3.9a), none of the connected gas clusters have a high enough 𝑃𝑔 

to mobilize, so they are all trapped in the domain. 𝑃𝑔 is increasing in the clusters at the bottom of 

the domain because the high 𝐶𝑤
𝐶𝐻4  is driving mass transfer into the gaseous phase. At 1575.28 days 

(Figure 3.9c), the 𝑃𝑔 of the cluster extending from a depth of 1.82 m to 1.59 m satisfies its 

fragmentation conditions and the cluster mobilizes upwards, coalescing with the cluster near the 

top of the domain. 𝑃𝑔 of that combined cluster is now great enough for it to continue mobilizing 

upwards. Note that over short time intervals (hours), locations that gas has migrated away from are 

visible as local high aqueous concentration fingers (yellow in Figure 3.9). The tail of the combined 

cluster migrates to a depth of 0.84 m before 𝑃𝑔 no longer satisfies the mobilization condition and a 

portion of the cluster is re-trapped. Further mass transfer, gas migration and coalescence steps 

increase 𝑃𝑔 in that re-trapped cluster enough to mobilize, moving the tail to a depth of 0.48 m at 

1575.30 days (Figure 3.9d), 0.32 m at 1575.32 days (Figure 3.9e), and 0.06 m at 1575.35 days 

(Figure 3.9f) before becoming trapped again as a collection of smaller, discontinuous clusters.   
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Figure 3.9: Gas clusters (white) and aqueous CH4 concentrations (blue to yellow) during a 

release event happening 4.3 years into the simulation showing 6 consecutive time steps from 

a) to f).  

The magnitude of ebullitive releases depends on the gas distribution in the domain above 

the initially mobilized gas cluster. Because of the high 𝐶𝑤
𝐶𝐻4 from biogeneration, release events are 

initiated in the bottom of the domain. If little gas is stored as small, trapped clusters higher in the 

domain when a cluster is mobilized, it will either reach the top of the domain and result in a small 

ebullitive release or get trapped before reaching the surface. 𝐶𝑤
𝐶𝐻4 is not high enough in the top of 

the domain for the trapped cluster to grow due to mass transfer, so it will remain immobile, 

dissolving slowly, until another cluster coalesces with it, and the increased 𝑃𝑔 allows it to keep 

moving, as shown in Figure 3.9. If none of the mobilized gas clusters have had a 𝑃𝑔 high enough to 

reach the surface, a channel of immobile gas spanning the domain forms. When 𝑃𝑔 of the connected 

channel exceeds the restraining 𝑇𝑒 the entire gas channel will mobilize and generate a large release, 
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leaving behind a wake of disconnected gas blocks. After a large release, gas clusters at the bottom 

of the domain will begin to expand again, building up gas throughout the domain until the next 

large release.  

3.3.2.4 Steady State Emissions 

Ebullitive and diffusive fluxes during the pseudo-steady-state period are shown in Figure 3.10. The 

average 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 from 1460 to 1825 days is 410 mg/m2/d. This value falls within the range of 

𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 reported in the literature of 36-35,000 mg/m2/d (Coulthard et al., 2009) for Sphagnum 

peatlands, however the maximum instantaneous release event is 1.2×105 mg/m2/d, exceeding the 

measured range. As noted in section 3.3.2.2, ebullition in the simulations occurs as a series of 

instantaneous events, with each distributed across the timestep over which the flux is calculated, 

followed by a period of zero flux before the next ebullition event. The amount of time between 

ebullition events varies from 33 minutes to 7 days, with a mean release interval of 2.5 days. Large 

ebullition events (>1.0×105 mg/m2/d) happen at a mean interval of 7 days (with small release events 

still happening in the intervals between large events), and are consistently spaced with 35 of 53 

large ebullition events being between 6 and 9 days apart.  

Unlike the sparse distribution of ebullition events, diffusion is a continuous process. 

However, although it is continuous it is not steady. 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 fluctuates between 36.7 mg/m2/d and 

72.2 mg/m2/d, spiking just prior to ebullition events and depleting after ebullition events. This 

highlights the interaction between the gas and aqueous phases, with ebullition transporting CH4 

upwards in the peat profile, which increases diffusion, but also strips CH4 from the pore water upon 

release, which decreases diffusion. The average 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 is 61 mg/m2/d, which falls within the 

range reported in the literature for northern peatlands of 5 to 95 mg/m2/d (Blodau, 2002; 

Romanowicz et al., 1995). It is important to note that the average 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 is an order of magnitude 

lower than the average 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛, and three orders of magnitude lower than the maximum ebullitive 

release event of 1.2×105 mg/m2/d.  
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Figure 3.10: a) Ebullitive and b) diffusive CH4 flux from 4 to 5 years (pseudo-steady-state 

period) showing the instantaneous fluxes (black) and average fluxes (purple) over that time 

period.  

The ebullition frequency follows a bimodal distribution, with all events (other than 1 out 

of 149) being either greater than 105,000 mg/m2/d or less than 45,000 mg/m2/d (Figure 3.11). Of 

the 149 ebullitive releases, 34 are between 107,500 mg/m2/d and 110,000 mg/m2/d, and 52 are 

between 0 mg/m2/d and 2500 mg/m2/d. The 𝑃𝑒 field is constant throughout the duration of an 

MIPpeat simulation, so gas tends to follow the same few pathways through the domain, with minor 

variations caused by mass transfer effects. Gas following the same path will be controlled by the 

same limiting threshold blocks, resulting in the repetition of certain ebullitive release magnitudes. 
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Figure 3.11: Histogram of ebullition events from 4 to 5 simulation years in MIPpeat. The bin 

size in the histogram is 2500 mg/m2/d 

The use of a random number generator to assign the 𝑃𝑒 field means that different 𝑃𝑒 fields 

can be generated from the same input parameters. To test the sensitivity of the simulation to the 

random number generator, twenty 5-year simulations were run, each with a different random 

number generator seed but using the same cumulative distribution to define the local 𝑃𝑒 values. The 

variety of 𝑃𝑒 fields caused different gas distributions in the domain, with some simulations having 

multiple gas channels, and some to have only one. The average 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 across seeds was 431 

mg/m2/d, with a standard deviation of 12 mg/m2/d. The average 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 across seeds was 42 

mg/m2/d, with a standard deviation of 9 mg/m2/d. The low standard deviation on the ebullitive and 

diffusive fluxes indicates that while simulations are sensitive to the particular realization of the 

random 𝑃𝑒 field, that sensitivity is less than the difference between large and small ebullition events, 

or between ebullitive and diffusive fluxes. Therefore, overall conclusions based on this simulation 

are independent of that random field.  
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3.4 Summary and Conclusions 

A new coupled model (MIPpeat) was developed to a combine a macro-IP model of gas migration 

with a continuum model of diffusion and multi-component gas-water mass transfer to simulate CH4 

dynamics in peat. Local values of entry pressure were assigned based on measured air-water 

drainage curves, linking the model to physical properties of peat. Simulations of stable air-water 

drainage using MIPpeat matched published curves, indicating that this macro-IP approach can 

realistically represent the effects of pore structure on gas migration in peat. Using the validated 

entry pressures, CH4 generation, migration and mass transfer was simulated in a 2 m-deep peat 

profile. This coupled ebullition and diffusion simulation demonstrated that pseudo-steady-state 

ebullitive and diffusive CH4 emissions both fell within the range of measured emission fluxes 

reported in the literature. The average diffusive flux was an order of magnitude lower than average 

ebullitive flux, and over three orders of magnitude lower than the maximum instantaneous 

ebullitive flux, which is consistent with current conceptual models of CH4 release from peat. 

Results also showed that ebullition increases diffusive fluxes and causes them to fluctuate, 

indicating that diffusive and ebullitive CH4 transport cannot be modelled independently. Simulated 

ebullitive events occurred on average every 2.5 days, with large events happening on average every 

7 days. Pore structure alone caused this episodic occurrence of ebullition events; simulation of 

environmental forcing was not required to cause episodic ebullition. Finally, the simulation showed 

that gas moves through the domain of intact peat (low entry pressure) not as individual bubbles, 

but through a gas pathway that is constantly connecting and fragmenting.  

MIPpeat offers a pore structure-based alternative to volume threshold-based models of 

methane release from peatlands, which can potentially be incorporated into regional scale emissions 

models. Since MIPpeat mechanistically simulates both diffusion and ebullition, it can give insights 

into the complex interactions between the two processes. The ebullition frequency results suggest 

that field programs which take measurements over short intervals for one day will not necessarily 

capture any ebullition events. Although episodic emission patterns were generated without external 
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forcings, including them in the model could change the distribution of release events, and allow an 

investigation of the effects of changing climate on methane emissions. Modelling CH4 generation 

at various depths, rather than only at the bottom of the domain, could also have an effect on the 

distribution of events. MIPpeat can be adapted to create different conceptual models of the peat 

profile, and future work will include testing the sensitivity of simulated emissions to different 

conceptual models.  
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Chapter 4 

Simulation of diffusive and ebullitive methane emissions from peat: 

sensitivity to key physical parameters 

Abstract 

Atmospheric methane is rising and the methane sources responsible for the renewed rise are 

unknown. Isotopic signatures indicate that the methane is mainly coming from biogenic sources, 

including peatlands. Methane emissions from peatlands add uncertainty to climate models because 

they are poorly understood, and as a result they are difficult to quantify and predict. Methane is 

released from peatlands through slow, constant diffusion, and rapid, episodic ebullition. Ebullitive 

methane releases are significant, with measured values exceeding diffusive releases by an order of 

magnitude, but the mechanisms that control ebullitive releases are unknown. A coupled 

macroscopic invasion percolation and mass transfer model (MIPpeat) was used to test the 

sensitivity of methane emissions to several hypothesized controlling mechanisms of ebullition. The 

model simulates the movement of a multi-component gas consisting of methane and carbon dioxide 

from where methane is generated at depth, up to the water table. The sensitivity analysis was split 

into three groups: 1) sensitivity to changing entry pressure, 2) sensitivity to macroscopic 

heterogeneity in the peat profile, and 3) sensitivity to the rate of gas generation and to the gas 

composition. It was found that in the first and second sensitivity groups, total emissions were 

constant, but the magnitude and frequency of emissions varied by several orders of magnitude. In 

the third sensitivity group, total emissions varied by two orders of magnitude. If a single component 

gas only containing methane was modelled, the emissions were comparable to underestimating the 

gas generation rate by an order of magnitude.  These results show that in order to accurately predict 

methane emissions, it is necessary to characterize not only the gas generation rate, but also the 

physical properties of the entire peat profile. 
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4.1 Introduction 

Anthropogenic greenhouse gas emissions are on a trajectory to raise global temperatures 1.5°C 

above pre-industrial levels between 2030 and 2052 (IPCC, 2018). However, if net zero 

anthropogenic CO2 emissions are sustained and net non-CO2 radiative forcing declines, it is 

predicted that global warming would peak at a temperature rise of 1.5°C over the next two to three 

decades (IPCC, 2018). Therefore, it may be possible to avoid the increased climate related risks to 

human health and security associated with temperature rises above 1.5°C, however action must be 

taken now (IPCC, 2018). Because of the time sensitive nature of the crisis, it is paramount that the 

most efficient policies and technologies are implemented to mitigate climate change. The global 

budget of methane (CH4), a particularly potent greenhouse gas, must be understood and quantified 

to help inform these policies and technologies (Dlugokencky et al., 2011). 

CH4 is present in the atmosphere at concentrations over two orders of magnitude lower 

than CO2 (Dlugokencky, 2019); however, because its warming potential is 3.7 times greater 

(Lashof and Ahuja, 1990), it is responsible for a quarter of the radiative forcing the earth has 

experienced since 1750 (Dlugokencky et al., 2011). The concentration of CH4 in the atmosphere 

has been continuously increasing since a brief plateau in the early 2000’s (Dlugokencky, 2019), 

despite better control of fugitive CH4 emissions from oil and gas extraction (Aydin et al., 2011). 

This renewed rise in CH4 concentrations was unforeseen, and was therefore not accounted for in 

the climate models used to predict the emissions reductions necessary to limit temperature rise to 

1.5°C (Nisbet et al., 2019). 

The majority of CH4 emissions come from fossil fuel production and use, agriculture and 

waste, biofuel and biomass burning, and peatlands (Global Methane Budget, 2018). The total 

emissions from all of these sources has been quantified by atmospheric observations, however the 

relative contributions of each source remains uncertain (Dlugokencky et al., 2011). Constraining 

peatland emissions has been particularly difficult because of the high variability in spatial and 

temporal emission (Peltola et al., 2018). Furthermore, the effects that climate changes associated 
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with global warming will have on the emissions from these dynamic, sensitive environments 

increases uncertainty in climate modelling (Comas et al., 2005) 

CH4 is released from peatlands by three mechanisms: 1) active transport by plants, 2) 

diffusion through pore water, and 3) ebullition, the movement of free-phase gas (FPG) (Charman, 

2002). Releases from the former two processes are lower than from ebullition (Chen et al., 2018), 

but by how much is difficult to predict because ebullition is highly variable and difficult to quantify 

through field measurements. Several hypotheses exist as to what controls the variability in 

ebullition events. Controlling mechanisms for ebullition can be broadly divided into external and 

internal forcings. External forcings are environmental factors that control ebullition from outside 

the peat matrix. For example, ebullition events have been linked to external forcings including 

diurnal temperature and wind cycles (Goodrich et al., 2011), changes in atmospheric pressure 

(Comas et al., 2011; Tokida et al., 2007) and fluctuations in water table height (Bon et al., 2014).  

Internal forcings are factors within the peat matrix that control ebullition (Figure 4.1). 

There are two prevailing conceptual models of internal forcings in peatlands: 1) the ‘deep peat’ 

model (Glaser et al., 2004) and 2) the ‘shallow peat’ model (Coulthard et al., 2009). The deep peat 

model postulates that dense layers of woody material get embedded within the more elastic peat 

profile as the peat is formed. These layers cause FPG to accumulate, eventually developing enough 

pressure to rupture the layer and release to the atmosphere episodically. The shallow peat model 

suggests that because there is a higher supply of labile carbon, a greater range of temperatures, and 

more trapped air to act as nuclei in the upper layer of peat, gas bubbles form more readily there. In 

the shallow peat theory, large volumes of gas can accumulate in the top 1 meter of peat in the 

absence of woody layers, solely due to the variability of the peat matrix. The deep and shallow peat 

models are not mutually exclusive (Terry et al., 2016).  
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Figure 4.1: Conceptual model of internal forcings controlling CH4 releases in peatlands. The 

color gradient (dark brown to light brown) represents the gradient in the degree of peat 

decomposition with depth. The texture in each gas-occupied region shows that the whole 

region is not necessarily gas filled, and contains peat material, water and sufficient gas to 

form connected gas clusters. The dark brown lenses represent woody layers embedded within 

the peat profile.  

Modelling gas dynamics in peat can be a useful tool for testing hypotheses concerning the 

controlling mechanisms of ebullition in peat. For example, the Model of Ebullition and Gas storAge 

(MEGA) is a cellular automaton model of gas dynamics in peat that has been used to investigate 

physical controls on ebullition (Ramirez et al., 2015b). MEGA demonstrated that a constant CH4 

generation rate can be transformed into an episodic ebullition signal without woody layers in the 

domain, or external forcings. The authors also found that the pore structure of peat impacted 

emissions. Simulations that have a lower porosity were found to store more gas and produce larger 

ebullition events. The simplicity of the cellular automaton modelling allows for field-scale 
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simulations (e.g. 10 m wide by 1m deep peat profile) to be run, while still describing the pore 

structure of peat on a mm-scale (Ramirez et al., 2017). 

Another modelling technique able to simulate large domains while representing the pore 

structure of peat on a mm-scale is macroscopic Invasion Percolation (macro-IP). The MIPpeat 

model developed in Chapter 3 is a model that uses macro-IP combined with a mass transfer module 

to model diffusive and ebullitive gas dynamics in peat. MIPpeat includes the multiple gas 

components present in peat and gas-to-water mass transfer. Like MEGA, a preliminary simulation 

on MIPpeat showed that a constant biogeneration rate can be transformed into an episodic ebullition 

signal solely by local variations in the peat structure, represented by the entry pressure. MIPpeat 

mechanistically describes CH4 dynamics in peat, so it can be modified to test a variety of conceptual 

models of the peat profile. In addition, the inclusion of diffusion along with ebullition in MIPpeat 

allows the relationship between those processes to also be investigated. 

The objective of this study is to use MIPpeat to conduct a sensitivity analysis on CH4 

ebullitive and diffusive emissions from peat to determine which model parameters impact 

emissions. CH4 dynamics in and release from peatlands were simulated in a variety of conceptual 

models designed to investigate the hypothesized controlling parameters of ebullition. The 

conceptual models include varying the entry pressure field, woody layer configurations and gas 

generation and composition. Emissions from each simulation were analyzed to determine how the 

magnitudes and distributions vary between conceptual models. 

4.2 Simulation Approach 

4.2.1 Model Description 

MIPpeat (described in detail in Chapter 3) was used to investigate the sensitivity of CH4 emissions 

to the conceptual model of the peat profile. MIPpeat is a coupled mass transfer, macro-IP model 

which simulates the production, diffusion and ebullition of CH4 and CO2 in peat. Diffusion is 

modelled using Fick’s second law, and ebullition is modelled using macro-IP, and is a modified 
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form of the models presented by Krol et al. (2011), Molnar et al. (2019) and Mumford et al. (2010). 

The domain in MIPpeat is divided into grid blocks and each grid block represents a macroscopic 

unit of peat consisting of both plant material and pore space. Each grid block is assigned an entry 

pressure (𝑃𝑒), from which an entry threshold (𝑇𝑒) and a terminal threshold (𝑇𝑡) are calculated.  

𝑇𝑒 = 𝑃𝑒 + 𝑃𝑤 ( 4.1 ) 

𝑇𝑡 = 𝑃𝑡 + 𝑃𝑤 ( 4.2 ) 

𝑃𝑡 = 𝑎𝑃𝑒 ( 4.3 ) 

where 𝑃𝑡 is the terminal pressure, 𝑃𝑤 is the water pressure, 𝑇𝑒 is the threshold pressure that a gas 

cluster must exceed before the grid block can be invaded by gas and 𝑇𝑡 is the threshold pressure 

that a gas cluster must drop below before a grid block can be reinvaded by water. The macro-IP 

algorithm determines whether a gas cluster can expand, or fragment based on the relative 

magnitudes of the gas pressure (𝑃𝑔), 𝑇𝑒 and 𝑇𝑡. 

If equation ( 4.4 ) is satisfied the gas cluster will fragment, and if equation ( 4.5 ) is satisfied the 

gas cluster will expand. Diffusive fluxes (𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛) and ebullitive fluxes (𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛) are recorded 

along the top boundary of the domain. 

The top boundary of the domain in MIPpeat has a constant concentration boundary 

condition on the aqueous concentrations (𝐶𝑤). The bottom and sides of the domain in MIPpeat have 

a constant flux boundary condition on 𝐶𝑤. Initially, 𝐶𝑤
𝐶𝐻4  is set to a gradient between the top 

boundary condition (𝐶𝑤
𝐶𝐻4 = 0 𝑚𝑜𝑙/𝑚3) and the initial bottom boundary condition (𝐶𝑤

𝐶𝐻4  set to 

solubility at a 2.2 m depth and 8.8C). 𝐶𝑤
𝐶𝑂2 is set to a gradient between the top boundary condition 

(𝐶𝑤
𝐶𝑂2 = 0 𝑚𝑜𝑙/𝑚3), and the initial bottom boundary condition (𝐶𝑤

𝐶𝑂2 set according to the ratio of 

𝐶𝑤
𝐶𝐻4 : 𝐶𝑤

𝐶𝑂2 given in Bon et al. 2014). Preliminary simulations showed that it takes four years to 

allow the processes to interact and the cumulative average of emissions to reach pseudo-steady-

𝑇𝑒
𝑚𝑖𝑛 < 𝑃𝑔 < 𝑇𝑡

𝑚𝑎𝑥 ( 4.4 ) 

𝑇𝑒
𝑚𝑖𝑛 < 𝑃𝑔 ( 4.5 ) 
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state conditions, in which the average CH4 fluxes (ebullitive and diffusive) do not change 

substantially (Chapter 3), so all simulations were run for five years, and the last year of data was 

used for analysis. It is not a true steady-state, as both fluxes are episodic. 

The 𝑃𝑒 field of MIPpeat is set using Inverse Transform Sampling (ITS) of a van Genuchten 

curve. To determine the van Genuchten fit parameters, a stable drainage (SD) simulation is run 

using MIPpeat, and the generated capillary pressure-water saturation (𝑃𝑐-𝑆𝑤) curve is matched to 

measured 𝑃𝑐-𝑆𝑤 data. Different types of peat material can be simulated by inputting different van 

Genuchten fitting parameters into the model. Table 4.1 gives the van Genuchten parameters used 

in each SD simulation to represent a range of peat materials, and Figure 4.2 shows the 𝑃𝑐-𝑆𝑤 curves 

that were generated using SD simulations. SD1 was fit to 𝑃𝑐-𝑆𝑤 data from Rezanezhad et al. (2012) 

(also used in Chapter 3), which was measured in a moderately decomposed peat sample. The 𝑃𝑒 of 

this sample is less than 2 cm.  

Table 4.1: The  value used as input for each stable drainage simulation, as well as the 

average and the standard deviation of the resulting Pe field 

Simulation ID: SD1 SD2 SD3 SD4 SD5 SD6 

𝛼 (1/𝑐𝑚) 0.67 0.10 0.04 0.02 0.01 0.005 

Mean 𝑃𝑒 (𝑃�̅�) (cm) 1.70 11.42 28.54 57.08 114.16 228.31 

Standard Deviation 𝑃𝑒 (cm) 0.08 0.51 1.26 2.53 5.06 10.11 

 

As the degree of peat decomposition increases, which is typical deeper within the peat 

profile, so too does the 𝑃𝑒 value. There are no measured 𝑃𝑐-𝑆𝑤 curves for deep peat reported in the 

literature, however permeability data from deep peat suggest that it is comparable to a silt material 

(Letts et al., 2000) and would therefore has a 𝑃𝑒 of around 100 cm. Preliminary SD experiments in 

samples from deep peat are consistent with this higher entry pressure (L. Slater, Personal 

Communication). In the absence of measured data, SD2 to SD6 were generated to represent a range 

of more decomposed peat materials, with mean 𝑃𝑒 values ranging from 11.42 cm to 228.31 cm, 

respectively. To account for the variability introduced by the random number generator used in 
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ITS, 100 SD simulations of each set of van Genuchten parameters were run and all 100 simulations 

are plotted in Figure 4.2. The low 𝑃𝑒 simulations (SD1, SD2 and SD3) show little variability 

between realizations, and therefore the 𝑃𝑐-𝑆𝑤 curves are all nearly coincident. The higher 𝑃𝑒 

simulations (SD4, SD5 and SD6) have more variability between realizations and therefore the 100 

SD simulations are more variable, so they create a thicker plot. There is more variability between 

simulations in higher 𝑃𝑒 fields because they have a higher standard deviation of 𝑃𝑒, so the ability of 

gas to invade downwards is more sensitive to the outlying 𝑃𝑒 values in each simulation 

 

Figure 4.2: Pc-Sw curves generated by MIPpeat stable drainage simulations. SD1 was fit to 

the data from Rezanezhad et al. (2012). SD2 to SD6 were generated to represent a range of 

more decomposed peat materials. The fitting parameters from these stable drainage 

simulations are used as input for MIPpeat.  Each set of axes shows 100 realizations of the SD 

simulations for the mean and standard deviation listed in Table 1.  
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4.2.2 Simulation Cases 

Ten conceptual models of the peat profile were developed to conduct a sensitivity analysis on CH4 

emissions. Conceptual Model (CM) 1 is the base case conceptual model with the parameters as 

described in Table 3.1. CM1 represents a relatively intact peat with a mean 𝑃𝑒 of 1.7 cm and no 

higher-entry pressure layers. A detailed analysis of the CM1 simulation is given in Chapter 3. Each 

of the other CMs were developed by altering the base case in the manner described in Table 4.3. A 

schematic of all the conceptual models is shown in Figure 4.3. The CM adaptations fall into three 

categories: 1) entry pressure, 2) heterogeneity, and 3) gas generation and composition.  

Table 4.2: Model parameters and initial conditions for MIPpeat 

Parameter Description Value 

𝜌𝑤 Water density (𝑘𝑔/𝑚3) 1000 

𝑔 Gravity (𝑚/𝑠2) 9.81 

𝑃𝑎𝑡𝑚 Atmospheric pressure (𝑃𝑎) 101 325 

𝑅 Gas constant (𝑚3𝑃𝑎/𝑚𝑜𝑙/𝐾) 8.314 

𝛼 van Genuchten fitting parametera (1/𝑐𝑚) 0.67 

𝑛 van Genuchten fitting parametera 5.45 

𝑚 van Genuchten fitting parameter 0.8165 

𝑇 Temperatureb (°𝐶) 8.8 

𝑑𝑡 Time step (𝑠) 2000 

𝑃𝑡𝑜𝑝 Domain surface pressure (𝑐𝑚 𝐻2𝑂) 0 

𝑙𝑥, 𝑙𝑦, 𝑙𝑥 Domain width, depth and height (𝑚𝑚) 300, 4, 2200 

𝑑𝑥, 𝑑𝑧 Grid discretizationc (𝑚𝑚) 4, 4 

𝑆𝑔
0𝑎𝑐𝑡𝑖𝑣𝑒

 Initial 𝑆𝑔 of the active porosity 0.1 

𝑆𝑔
𝑐𝑟𝑖𝑡𝑎𝑐𝑡𝑖𝑣𝑒

 Critical 𝑆𝑔 of the active porosityc 0.3 

𝑆𝑔
minactive

 Disconnected 𝑆𝑔 of the active porosity 0.15 

𝑆𝑤
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 Residual water saturationa 0.48 

𝐵𝐶𝐶𝑂2

𝑡𝑜𝑝
, 𝐵𝐶𝐶𝐻4

𝑡𝑜𝑝
 Aqueous top boundary condition (𝑚𝑜𝑙/𝑚3) 0,0 

𝐵𝐶𝐶𝑂2

𝑏𝑜𝑡 , 𝐵𝐶𝐶𝐻4

𝑏𝑜𝑡  Initial aqueous bottom boundary condition (𝑚𝑜𝑙/𝑚3) 1.7350, 2.4786 

𝐻𝐶𝑂2
, 𝐻𝐶𝐻4

 Henry’s Law coefficients at 8.8 °𝐶d  (𝑚𝑜𝑙/𝑚^3/𝑃𝑎) 1.9 × 10−3, 
5.0 × 10−4 

𝐷𝑒𝑓𝑓 Diffusion coefficient in peate (𝑐𝑚2/𝑠) 9.2 × 10−6 

𝑅𝑏𝑖𝑜 Biogeneration termf (𝑚𝑜𝑙/𝑚3/𝑠) 1 × 10−4 

𝜃𝑇 Porosityg 0.93 

𝑎 Ratio of terminal pressure to entry pressurec 1.75 
a(Rezanezhad et al., 2012). b(Bon et al., 2014). c(Mumford et al., 2010). d(Sander, 2015).  
e(Clymo and Bryant, 2008b). f(Wright and Comas, 2016). g(Comas et al., 2005) 
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Table 4.3: Conceptual model descriptions 

Conceptual 

Model 
Description Changes from Base Case 

CM1 Base Case, 𝑃�̅�~1.5 cm N/A 

Variations in entry pressure 
CM2 Homogeneous Intermediate Peat;  𝑃�̅�~50cm  𝛼 = 0.02 (SD4) 

CM3 Homogeneous Deep Peat; 𝑃�̅�~100 𝛼 = 0.01 (SD5) 

CM4 Homogeneous Very Deep Peat; 𝑃�̅�~200cm 𝛼 = 0.005 (SD6) 

Variations in heterogeneity 
CM5 1 m shallow peat (𝑃�̅�~1.5cm) over 1 m deep peat 

(𝑃�̅�~100) 

𝛼𝑡𝑜𝑝 = 0.67 (SD1) 

𝛼𝑏𝑜𝑡𝑡𝑜𝑚 = 0.01 (SD5) 

CM6 Shallow peat (𝑃�̅�~1.5 cm) with 10 cm thick 

𝑃�̅�~10 cm layer at 1 m 

𝛼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = 0.67 (SD1) 

𝛼𝑙𝑎𝑦𝑒𝑟 = 0.10 (SD2) 

CM7 Shallow peat (𝑃�̅�~1.5 cm) with 10 cm thick 

𝑃�̅�~25 cm layer at 1 m 

𝛼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = 0.67(SD1) 

𝛼𝑙𝑎𝑦𝑒𝑟 = 0.04 (SD3) 

Variations in gas generation and composition 
CM8 High biogeneration 𝑅𝑏𝑖𝑜 = 5 × 10−4  

CM9 Low biogeneration 𝑅𝑏𝑖𝑜 = 1 × 10−5  

CM10 CH4 only 𝑅𝑏𝑖𝑜
𝐶𝑂2 = 0  

𝐵𝐶𝐶𝑂2
= 0  

 

Figure 4.3: Schematic of the domains of all 10 conceptual models of the peat profile used for 

the sensitivity analysis. All Pe values are reported in cm. 
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4.2.2.1 Entry Pressure (CM2, CM3, CM4) 

The degree of decomposition in peat is one of its defining characteristics, and is thought to be a 

controlling factor on ebullition (Chen et al., 2018; Ramirez et al., 2016). CM2, CM3 and CM4 all 

represent peat materials with a substantially higher degree of decomposition than CM1. CM1 is the 

least decomposed peat material and CM4 is the most decomposed peat material. The degree of 

decomposition of the peat is incorporated into the model through the van Genuchten parameters 

used in ITS. CM2 uses the 𝑃𝑐-𝑆𝑤 curve from SD4, CM3 the 𝑃𝑐-𝑆𝑤 curve from SD5 and CM4 the 

𝑃𝑐-𝑆𝑤 curve from SD6.   

4.2.2.2 Heterogeneity (CM5, CM6, CM7) 

Another hypothesized controlling factor on ebullition is heterogeneities within the peat profile 

(Glaser et al., 2004; Terry et al., 2016). Heterogeneity can come from varying decomposition with 

depth or from lower permeability layers within the peat profile. CM5 is designed to test whether 

more decomposed peat material overlain by a relatively intact peat generates the same emission 

patterns as either decomposed or intact peat throughout the profile or generates an emission pattern 

distinct from both. The bottom half of the domain in CM5 uses the 𝑃𝑐-𝑆𝑤 curve from SD5 and the 

top half of the domain uses the 𝑃𝑐-𝑆𝑤  curve from SD1. CM6 and CM7 both have a 10 cm thick 

lower permeability layer at a 1 m depth in the domain representing a continuous woody layer. The 

layer in CM7 has a higher mean 𝑃𝑒 than the layer in CM6, to test the extent to which entry pressure 

of a layer affects emissions. The 𝑃𝑐-𝑆𝑤 curve from SD2 and SD3 are used for the layers in CM6 

and CM7, respectively.  

4.2.2.3 Gas Generation and Composition (CM8, CM9, CM10) 

The final three CMs are designed to test whether gas biogeneration rate and composition affect 

emissions. Biogeneration of gas in peat is controlled by temperature, peat composition, nutrient 

availability and pH conditions (Charman, 2002), and is therefore expected to vary with a changing 

climate. Gas generation in MIPpeat is simulated using a zero-order rate expression that is not 
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directly linked to these variables. As a screening approach, the zero-order biogeneration rate was 

simply increased or decreased. The biogeneration rate in CM8 is 0.5 orders of magnitude higher 

than CM1, and in CM9 is 1 order of magnitude lower than CM1. Both constituents of the gas phase 

in peat (CH4 and CO2) are modelled in CM1 to CM9. In CM10, only CH4 is modelled to determine 

if modelling CH4 independently will generate the same emissions, or if interaction between gasses 

is important.  

4.3 Results and discussion 

4.3.1 Entry pressure  

4.3.1.1 Gaseous CH4 Distribution 

The gas structure observed in CM1, CM2, CM3 and CM4 after 1650 days, once the simulations 

have reached pseudo-steady-state, can be used to compare the effects of 𝑃𝑒 on ebullition in peat 

(Figure 4.4). There are two connected gas clusters observed in CM1, one extending from -1.94 m 

to -1.57 m and the other extending from -0.56 m to -0.16 m. There are wakes of disconnected gas 

left behind in two predominant pathways that connected gas clusters have previously travelled 

through the domain. The path of migration taken by the gas clusters is nearly vertical, with slight 

lateral deviations. The clusters are one or two blocks in width, resulting in a very low average 𝑆𝑔 

(averaged across the horizontal extent of the domain). In CM2, the gas finger is wider, and therefore 

the average 𝑆𝑔 is greater than CM1. Although the gas pathway still extends vertically, it deviates 

laterally more than CM1. The gas pathway in CM2 is less fragmented than CM1, never emptying 

to leave behind a disconnected wake. Instead there are connected gas clusters in close proximity to 

each other spanning the entire vertical extent of the domain. CM3 and CM4 follow the same trends, 

increasing in gas channel thickness and average 𝑆𝑔, with increased lateral deviation and less 

fragmentation as 𝑃𝑒 increases.  
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Figure 4.4: a) The average Sg versus depth for each simulation in the entry pressure sensitivity 

group; and domain plots showing gas clusters (white) and aqueous CH4 concentrations (blue 

to yellow) at 1650 days for b) CM1, c) CM2, d) CM3 and e) CM4  

Higher mean 𝑃𝑒 fields have a greater standard deviation in 𝑃𝑒, which causes the more 

wandering gas path. If all the 𝑃𝑒 values in a domain are uniform, gas migration would be perfectly 

vertical, solely driven by the 𝑃𝑤 gradient. However, if there is large variation between the 𝑃𝑒 of 

each grid block, the 𝑇𝑒 directly above the cluster is not necessarily less than a 𝑇𝑒 beside or below 

the cluster, causing the gas migration to be diverted from a direct vertical path and form a thicker 

gas finger. The standard deviations in 𝑃𝑒 values in CM2, CM3 and CM4 are so large that in some 

locations gas migrates downwards despite the increase in 𝑃𝑤. When the gas finger is 1 block thick 
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(4 mm), as it is in CM1, a single reinvasion can cause the gas cluster to fragment, leaving lots of 

small immobile gas clusters distributed in the domain. However, when the gas finger is thick, a 

single reinvasion will not disconnect the cluster, so there are fewer clusters in the domain, but 

clusters are generally larger, as seen in CM2, CM3 and CM4. 

4.3.1.2 Aqueous CH4 Distribution 

The 𝑃𝑒 field affects 𝐶𝑤
𝐶𝐻4 distributions in the peat profile (Figure 4.4). In all four 

homogeneous simulations, 𝐶𝑤
𝐶𝐻4  is high at the bottom of the domain, where biogeneration is taking 

place, and is zero along the top boundary. Between where it is affected by the boundaries, from 

approximately -0.50 m to -1.50 m, 𝐶𝑤
𝐶𝐻4  stabilizes to a nearly constant value. The average pseudo-

steady-state 𝐶𝑤
𝐶𝐻4  of the middle section of the domain is 1.81 mol/m3, 1.77 mol/m3, 1.88 mol/m3 

and 2.08 mol/m3 for CM1, CM2, CM3 and CM4, respectively. At the bottom of the domain, 𝐶𝑤
𝐶𝐻4 

is lower around the gas clusters than at the lateral extents of the domain, and at the top of the domain 

𝐶𝑤
𝐶𝐻4  is higher around the gas clusters than at the lateral extents of the domain.  

Gas in the domain acts as conduit for CH4 to move upwards from the region of high 𝐶𝑤
𝐶𝐻4   

due to biogeneration at depth, towards the region of low 𝐶𝑤
𝐶𝐻4  where it is depleted at the surface. 

When the surrounding 𝐶𝑤
𝐶𝐻4  is high, CH4 is transferred into the gaseous phase, causing the gas to 

gain pressure and expand upwards. As a result, at the bottom of the domain the 𝐶𝑤
𝐶𝐻4  is lower 

surrounding the gas cluster because dissolved CH4 is stripped from the water. As the gas moves 

upwards it enters a region of lower surrounding 𝐶𝑤
𝐶𝐻4 , and CH4 is transferred back into the aqueous 

phase, creating the fringe of higher 𝐶𝑤
𝐶𝐻4around gas clusters at the top of the domain. In high mean 

𝑃𝑒 simulations, a higher 𝑃𝑔 is required for the gas to mobilize. According to Henry’s Law, a higher 

𝑃𝑔 corresponds to a higher 𝐶𝑤
𝐶𝐻4  at equilibrium, causing CM4 to have the highest 𝐶𝑤

𝐶𝐻4  and CM1 

and CM2 have the lowest 𝐶𝑤
𝐶𝐻4 . 
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4.3.1.3 CH4 Flux Magnitude and Frequency 

The average 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 for CM1-4 ranges from 410 mg/m2/d to 462 mg/m2/d, and the average 

𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 ranges from 59 mg/m2/d to 72 mg/m2/d (Figure 4.5). The average 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 is an order 

of magnitude greater than the average 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛. Although the average emission fluxes do not vary 

substantially, there is variation in the magnitude and distribution of the ebullition events in each 

CM (Figure 4.6). CM1 produces the largest ebullition events, with a maximum event of 1.21 × 105 

mg/m2/d, that occur at an average interval of 12 times per month. The maximum ebullition events 

for CM2, CM3 and CM4 are an order of magnitude lower than CM1; 1.98 × 104 mg/m2/d, 

1.13 × 104 mg/m2/d and 0.87 × 104 mg/m2/d respectively. As the magnitude of the ebullition 

events decrease, their frequency increases. In CM4, which has the smallest maximum 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛, 

release events happen 25 times per day. The distribution of ebullition events for CM2, CM3 and 

CM4 is narrow, indicating that there is low variability in the magnitude of 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛. The 

distribution of events for CM1 is bimodal, with all the events being either less than 3.30 × 104 

mg/m2/d or greater than 1.10 × 105 mg/m2/d.  

 

Figure 4.5: Histogram of the average Jebullition, average Jdiffusion, maximum Jebullition and number 

of release events per month for all CMs. The colors of the bars correspond to the sensitivity 

grouping.  
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Figure 4.6: Instantaneous CH4 ebullitive fluxes versus time, as well as histograms of ebullition 

event magnitudes for a-b) CM1, c-d) CM2, e-f) CM3 and g-h) CM4. The bin size in each 

histogram is 2500 mg/m2/d. 

When a release event happens in CM1, the entire gas channel empties, leaving behind a 

few disconnected gas filed blocks because the low 𝑃𝑔 required to expand quickly drops below the 

fragmentation condition, equation ( 4.4 ). When a gas cluster expands, it will continue to fragment 

and mobilize until it reaches stable conditions. For fragmentation conditions to be satisfied in a 

uniform domain, clusters must be longer than approximately half of the 𝑃𝑒 value, expressed in cm 

of water. Mobile clusters in CM1 can fragment until they are within approximately 0.85 cm of the 

top of the domain, subject to the variability of 𝑃𝑒 in the domain. As a result, gas channels spanning 
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the entire domain can almost completely exit the domain, generating large releases. Large releases 

greatly deplete the amount of CH4 in the domain, so it takes time for enough CH4 to accumulate, 

mobilize and generate another release. In CM2, CM3 and CM4, a higher 𝑃𝑔 is required to expand 

so the fragmentation condition is not often satisfied. When fragmentation conditions are satisfied, 

clusters must be over 28.54 cm, 57.08 cm and 114.16 cm long to fragment in CM2, CM3 and CM4, 

respectively, so only a few blocks get reinvaded, resulting in smaller releases. However, since the 

gas channel is not drastically depleted, it does not take as long for 𝑃𝑔 to increase enough to generate 

another release. That is, the trapped gas left behind after a mobilization event is much closer to 

being reconnected than in domains with a lower average 𝑃𝑒 value. The variability of release 

magnitudes in CM1 is caused by the transient distribution of gas in the domain. If lots of gas has 

accumulated in the domain, an initially mobilized cluster will coalesce with other gas clusters as it 

rises, generating a big release. If there is little gas accumulation, the initially mobilized cluster will 

not accumulate mass as it travels upwards, and the release will be small. Releases are more 

consistent in CM2, CM3 and CM4 because the amount of gas in the domain stays relatively 

constant in time, so the same patterns of gas accumulation and release repeat.  These results show 

that the degree of peat decomposition is likely to play an important role in gas trapping and release, 

with more decomposed (higher 𝑃𝑒) peat creating higher gas saturations that vary less over time and 

create smaller, more frequent ebullition events.  

4.3.2 Heterogeneity  

4.3.2.1 Gaseous CH4 Distribution 

Gas pathways are strongly influenced by heterogeneities in the peat profile (Figure 4.7). The bottom 

half of CM5 has the same 𝑃𝑒 field as CM3, creating a thick, wandering gas finger. The top half of 

CM5 has the same 𝑃𝑒 field as CM1, creating a gas finger that is a few blocks wide and follows an 

almost vertical path that fragments and splits often. The average 𝑆𝑔 in the bottom half of the domain 

is higher than in the top half. At the time captured in Figure 4.7, there is a connected gas channel 
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traversing the top half of the domain and releasing. CM6 and CM7 both have a low 𝑃𝑒 layer halfway 

up the domain which causes gas to pool below the layer. The average 𝑆𝑔 in the gas pool is much 

greater than in the rest of the domain, with gas in the pool occupying 15% of the total porosity, 

which is 29% of the active porosity. In CM6, the gas pool reaches a maximum depth of 6.80 cm, 

before emptying to a minimum depth of 3.20 cm. At the time shown in Figure 4.7d, the pool is not 

at its maximum depth and has almost completely emptied following breakthrough of the low 𝑃𝑒 

layer. In CM7, the gas pool reaches a maximum depth of 22.80 cm before emptying to a minimum 

depth of 11.60 cm. At the time shown in Figure 4.7e the gas pool is at its maximum depth. The gas 

finger below the gas pool is split into different paths, leaving behind lots of disconnected gas. 

Above the gas pool, the gas breaks through in a single channel, which completely empties between 

release events.  

When gas reaches a high 𝑃𝑒 layer, the cluster will expand downwards because the 𝑇𝑒 of 

adjacent blocks below the cluster are lower than in the layer, despite the increased 𝑃𝑤. The gas 

cluster will continue to expand downwards until it reaches the depth where the 𝑇𝑒 values at the 

bottom of the pool are greater than the 𝑇𝑒 values in the layer, at which point gas will break through 

the layer. In a completely uniform 𝑃𝑒 field, the maximum depth of a gas pool is the difference 

between the 𝑃𝑒 of the layer and the 𝑃𝑒 of the background peat. The theoretical maximum pool depth 

for CM6 is 9.72 cm and for CM7 is 26.84 cm. The depth of the gas pools in the model are shallower 

because in a variable 𝑃𝑒 field, like those in MIPpeat, some blocks have a 𝑇𝑒 below the average, 

allowing gas to breakthrough when the pool is shallower. Once established, gas pools only drain 

until 𝑃𝑔 drops below the fragmentation condition and the gas finger above the layer snaps off, at 

which point it becomes easier to expand downwards and the pool begins to build up again.  
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Figure 4.7: a) The average Sg versus depth for each simulation in the heterogeneity sensitivity 

group; and domain plots showing gas clusters (white), aqueous CH4 concentrations (blue to 

yellow) and low permeability layers (brown) at 1650 days for b) CM1, c) CM5, d) CM6 and 

e) CM7  

4.3.2.2 Aqueous CH4 Distribution 

Similar to the heterogeneous simulations, 𝐶𝑤
𝐶𝐻4  is very high along the bottom boundary and zero 

along the top boundary of the domain, with pseudo-steady-state 𝐶𝑤
𝐶𝐻4 conditions being established 

in the middle section of the domain (Figure 4.7). The 𝐶𝑤
𝐶𝐻4 surrounding the gas is greater than at 

the lateral extents of the domain at the top, and less than at the lateral extents of the domain at the 

bottom. Heterogeneities, and their resulting impacts on gas dynamics, affect the pseudo-steady-
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state 𝐶𝑤
𝐶𝐻4 . In CM5, CM6 and CM7, the bottom half of the domain has a lower pseudo-steady-state 

𝐶𝑤
𝐶𝐻4  than the top half, although the difference is not substantial. The mean pseudo-steady-state 

𝐶𝑤
𝐶𝐻4  in the bottom half of the domain in CM5, CM6 and CM7 is 1.65 mol/m3, 1.63 mol/m3 and 

1.64 mol/m3, respectively, and the mean pseudo-steady-state 𝐶𝑤
𝐶𝐻4  in the top half of the domain is 

1.73 mol/m3, 1.79 mol/m3 and 1.83 mol/m3, respectively. 

The 𝐶𝑤
𝐶𝐻4 in the top and bottom halves of CM5 follows the opposite trend to CM1 and 

CM3; 𝐶𝑤
𝐶𝐻4  is higher in the region which has low 𝑃𝑒 values, and lower in the region which has high 

𝑃𝑒 values. This is a result of the distribution of 𝑃𝑔 created by the heterogeneities. While the gas first 

migrates through the bottom half of CM5, 𝑃𝑔 must be high to overcome the high 𝑃𝑒 values. 

However, once a gas channel is established into the low 𝑃𝑒 layer, 𝑃𝑔 does not have to stay as high 

for the channel to continue expanding. Once the gas reaches the lower 𝑃𝑒 region, it can easily 

expand into it, growing rapidly until it is long enough to fragment. When the large amount of gas 

in the bottom of the domain is forced into the thin finger in the top half of the domain, 𝑃𝑔 increases. 

The higher 𝑃𝑔 in the top layer results in a high pseudo-steady-state 𝐶𝑤
𝐶𝐻4, and the lower 𝑃𝑔 in the 

bottom layer results in a low pseudo-steady-state 𝐶𝑤
𝐶𝐻4 . A similar phenomenon happens when gas 

breaks through the layer in CM6 and CM7; a large volume of gas is forced into a thin finger, 

resulting in a high 𝑃𝑔 and therefore high 𝐶𝑤
𝐶𝐻4 above the layer.  

4.3.2.3 CH4 Flux Magnitude and Frequency 

The average 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛, which ranges from 408 mg/m2/d to 454 mg/m2/d, and the average 

𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛, which ranges from 35 mg/m2/d to 47 mg/m2/d, are fairly consistent between CM5, CM6 

and CM7 (Figure 4.5), and are not substantially different from those in the homogeneous domains 

(CM1-CM4). Like the homogeneous domains, the average 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 is an order of magnitude 

greater than the average 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛. The maximum release from CM5 is halfway between the 

maximum release in CM1 and CM3 (Figure 4.8). The release frequency of CM5 is closer to that of 
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CM1 than CM3.The maximum release in CM6 is just under double the size of the maximum release 

in CM1, and the maximum release in CM7 is just under triple the size. However, releases in CM6 

and CM7 are less than half as frequent. CM5 has frequently occurring events of a wide range of 

magnitudes. The magnitudes of release events from CM6 cover a wider range than CM5, but events 

are consistently a few evenly spaces sizes. Release events from CM7 are either very large, greater 

than 2.85 × 105 mg/m2/d, or small, less than 1.00 × 104 mg/m2/d. There are no mid-sized events 

in CM7. As noted for CM1-4, these results show that while the peat structure does not substantially 

affect the average ebullitive flux, it does affect the magnitude and frequency of individual release 

events.   

 

Figure 4.8: Instantaneous CH4 ebullitive fluxes versus time, as well as histograms of ebullition 

event magnitudes for a-b) CM1, c-d) CM5, e-f) CM6 and g-h) CM7. The bin size in the 

histogram is 2500 mg/m2/d.  



103 

Despite being composed of the same material as CM1 and CM3, CM5 does not mimic the 

release pattern of CM1 nor CM3. Releases in CM5 are smaller than CM1 because, whereas in CM1 

it is possible for a 2 m long gas channel to fragment and empty, gas can only completely drain in 

the top 1 m of the domain in CM5. Releases are less frequent than CM3 because gas clusters that 

expand into the low 𝑃𝑒 region from the high 𝑃𝑒 region do not immediately get released. When gas 

enters the low 𝑃𝑒 region, 𝑃𝑔 decreases as the cluster expands and fragments. Often the 𝑃𝑔 of a cluster 

is not great enough to traverse the domain, so the cluster gets trapped until another mobile cluster 

coalesces with it, increasing 𝑃𝑔. Once enough clusters have coalesced for 𝑃𝑔 to exceed the confining 

𝑇𝑒 , the cluster will remobilize and eventually release, but this process takes time so events are 

spaced out. The layered simulations (CM6 and CM7) generate even sparser releases because it 

takes time for a gas pool to develop deep enough to break through the layer. The releases in CM6 

are more variable because a lower 𝑃𝑔 is required than in CM7 to break through the layer, so 

sometimes gas clusters breakthrough the layer but do not reach the top of the domain, leaving 

trapped gas clusters in the domain. The variable distribution of gas results in variable release 

magnitudes. The releases in CM7 are either very large or very small. To break through the layer in 

CM7, a high 𝑃𝑔 is required, and therefore breakthroughs always reach the top and release. The 

releases are composed of a small initial release, from the pressurized gas channel first hitting the 

top of the domain, followed by a large release as the pool empties. Releases in CM7 are larger than 

releases in CM6 because the volume of the emptying gas pool in CM7 is greater.  

4.3.3 Biogeneration rate and gas composition 

4.3.3.1 Gaseous CH4 Distribution 

The gas migration pattern in CM8, CM9 and CM10 is consistent with the base case CM1, as 

expected because they all have the same 𝑃𝑒 field as CM1 (Figure 4.9). However, the amount of gas 

stored along the paths differ due to the differences in biogeneration rates and gas compositions. In 

CM8 (higher rate), there are more connected gas clusters in the domain than in CM1, and the gas 
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pathways have split more. In CM9 (lower rate), most of the gas pathway is composed of 

disconnected residual gas clusters, and gas fingers completely dissolve between ebullition events. 

CM10 is similar to CM9, with no gas in the top of the domain at the time shown in Figure 4.9e. 

The average 𝑆𝑔 for CM8, CM9 and CM10 are all similar to CM1, except in the top portion of CM9 

and CM10 where the 𝑆𝑔 is zero at this time in the absence of any gas phase. 

 

Figure 4.9: a) The average Sg versus depth for each simulation in the heterogeneity sensitivity 

group; and domain plots showing gas clusters (white) and aqueous CH4 concentrations (blue 

to yellow) at 1650 days for b) CM1, c) CM8, d) CM9 and e) CM10  

The high biogeneration rate in CM8 increases 𝐶𝑤
𝐶𝐻4 , causing more CH4 to come out of 

solution into the gas phase. As a result, gas clusters gain pressure, expand and fragment at a much 
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faster rate. The amount of gas in the domain at any given time is not substantially higher than CM1, 

but gas moves through the domain much faster. The low biogeneration rate in CM9 increases the 

time required for 𝑃𝑔 in the gas clusters to satisfy expansion and fragmentation conditions. As a 

result, releases are infrequent, and the wake left behind in the domain is not replenished as often, 

sometimes completely dissolving between release events. When only CH4 is modelled in CM10, 

the 𝑃𝑔 is reduced because there is no longer any partial pressure contributed by CO2. The resulting 

gas dynamics are similar to CM9. The results of CM10 show the importance of considering multi-

component mass transfer in simulations of ebullition, where failure to account for the contribution 

of CO2 to gas production and migration is equivalent to underestimating CH4 production by an 

order of magnitude.  

4.3.3.2 Aqueous CH4 Distribution 

The 𝐶𝑤
𝐶𝐻4 of CM8, CM9 and CM10 is effected by the top and bottom boundary conditions, but like 

CM1-7 reaches a constant pseudo-steady-state value in the middle section of the domain (Figure 

4.9). The average 𝐶𝑤
𝐶𝐻4 in the middle sections of CM8, CM9 and CM10 is 1.42 mol/m3, 2.16 

mol/m3, and 2.23 mol/m3, respectively. The presence of gas affects 𝐶𝑤
𝐶𝐻4  at the top and the bottom 

of the domain in CM8 and CM9 the same way is does in all previous simulations. However, in 

CM10 the 𝐶𝑤
𝐶𝐻4 is insensitive to gas in the top and bottom of the domain, showing a constant 𝐶𝑤

𝐶𝐻4  

across the lateral extents of the domain.  

The 𝐶𝑤
𝐶𝐻4 in CM8 is lower than CM1 because the increased biogeneration rate 

supersaturates the water to a greater degree, causing more CH4 to come out of solution into the gas 

phase, and get released from the domain. The 𝐶𝑤
𝐶𝐻4 in the mid-section of CM9 is greater than the 

𝐶𝑤
𝐶𝐻4  in CM1 because the bottom of the domain does not get super-saturated to the same extent, so 

less CH4 comes out of solution into the gas phase. As a result, more CH4 travels up the domain by 

aqueous diffusion resulting in a higher 𝐶𝑤
𝐶𝐻4 . A similar phenomenon happens in CM10, which also 
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has a higher mean 𝐶𝑤
𝐶𝐻4 than CM1. When two constituents (CH4 and CO2) are simulated, 

competitive mass transfer occurs. CH4 preferentially transfers into the gas phase in regions of high 

𝐶𝑤
𝐶𝐻4 , then gets transported up the domain and released through the top boundary. CO2 prefers to 

remain in the aqueous phase so 𝐶𝑤
𝐶𝑂2 at the top and bottom boundaries of the domain is high enough 

to sustain the gas phase, constantly providing a conduit for CH4 to transfer into the gas phase at the 

bottom of the domain, depleting 𝐶𝑤
𝐶𝐻4  around the gas, and to transfer out of the gas phase at the top 

of the domain, increasing 𝐶𝑤
𝐶𝐻4  around the gas. When CO2 is not included in the simulation, as in 

CM10, gas phase CH4 cannot be sustained, but rather mobilizes from the bottom of the domain 

once 𝑃𝑔 is great enough, or dissolves in the top of the domain once 𝑃𝑔 is low enough, so 𝐶𝑤
𝐶𝐻4  at 

the boundaries of the domain remains unaffected.  

4.3.3.3 CH4 Flux Magnitude and Frequency 

Average 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 and 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 are sensitive to the changes in biogeneration and gas composition 

investigated in CM8-10 (Figure 4.5). The average 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛  for CM8 is 1930 mg/m2/d, 5 times 

greater than the base case CM1. The average 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛  in CM9 and CM10 is 3 mg/m2/d. The 

maximum 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 in CM8 is 1.45 × 105 mg/m2/d, but the majority of ebullition events are under 

0.88 × 105 mg/m2/d. The events are slightly smaller than CM1, but events happen over 6 times 

more frequently, 75 times per month. The maximum 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛  in CM9 and CM10 is 7.04 × 103 

mg/m2/d and 9.57 × 103 mg/m2/d, respectively. The average 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 in CM8 is 58 mg/m2/d, two 

orders of magnitude less than 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛. Releases in CM9 and CM10 are very infrequent, occurring 

once a month (Figure 4.10). The distribution of releases in CM8 is wide, with peaks at 2.00×105 

mg/m2/d and 6.90×105 mg/m2/d. CM9 and CM10 both have narrow distributions, showing 

consistency between their sparse events.  

It is important to note that the average 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 in CM9 and CM10 is greater than the 

average 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛, 16 mg/m2/d and 15 mg/m2/d, respectively, however the instantaneous ebullition 
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events still far exceed diffusive fluxes (Figure 4.5). Of the ten conceptual models investigated in 

this study, CM9 and CM10 are the only ones that showed higher average diffusive than average 

ebullitive releases. The results of CM9 show that dominant release by ebullition is not necessarily 

a feature of all peatlands, and will depend on the rate at which gases are produced, the depth of 

production and the upper boundary condition. However, if large ebullition events bypass CH4 

consumption above the water table, they could still contribute most of the atmospheric CH4 loading. 

The results of CM10 show that failure to account for the effect of other gases can lead to critical 

errors in predicted system behavior. 

 

Figure 4.10: Instantaneous CH4 ebullitive fluxes versus time, as well as histograms of 

ebullition event magnitudes for a-b) CM1, c-d) CM8, e-f) CM9 and g-h) CM10. The bin size 

in the histogram is 2500 mg/m2/d. 
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The low average 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛  in CM9 and CM10 is a result of the release event spacing. The 

magnitude of individual release events are similar to those of CM4, but because events are so 

infrequent the average 𝐽𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛 is very low. Events in CM8 and CM1 are of similar magnitude 

because the domain only has the capacity to hold a certain volume of gas, but the high biogeneration 

rate in CM8 results in events happening very frequently. The variability in 𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 is a result of 

different 𝐶𝑤
𝐶𝐻4  gradients in the top of the domain. In all cases, 𝐶𝑤

𝐶𝐻4  at the top of the domain is held 

at zero. An increased 𝐶𝑤
𝐶𝐻4  near the top boundary from more frequent ebullitive emissions increases 

𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛, as shown in CM8. The opposite happens when the biogeneration rate is lowered, and 

therefore less frequent ebullition decreases 𝐶𝑤
𝐶𝐻4  near the top of the domain, lowering emissions, 

as shown in CM9. This coupling between diffusion and ebullition brought about by the dissolution 

of mobilized gas clusters also causes episodic diffusive releases (Chapter 3), although with less 

variability than ebullitive releases. The range in size of release events in CM8 is a result of the rapid 

gas dynamics in the domain. Gas pathways split more often, and therefore there are more possible 

gas distributions throughout the domain, creating releases of different sizes.  

4.4 Summary and Conclusions 

The degree of decomposition (𝑃𝑒), the heterogeneity, and the gas generation rate and composition 

in peat are all internal forcings hypothesized to effect CH4 emissions from peatlands. MIPpeat was 

used to conduct a sensitivity analysis of CH4 emissions from peatlands in response to each of these 

internal forcings. Simulations from ten different conceptual models of the peat profile showed that 

emissions are sensitive to all tested internal forcings to some extent. Changing the degree of 

decomposition and the heterogeneity of the system did not change the average emissions but did 

change the magnitude and distribution of individual ebullitive events. Simulations of relatively 

intact peat (lower 𝑃𝑒) produced larger, more infrequent emissions than simulations of peat with 

higher degrees of decomposition (higher 𝑃𝑒). The presence of lower permeability layers in the 

system (representative of woody layers) caused pooling of the gas, producing large magnitude, 
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infrequent events. Changing the biogeneration rate effected both the annual average and the 

magnitude and distribution of ebullitive emissions. Modelling a single component gas consisting 

solely of CH4 returned results similar to underestimating the biogeneration rate by an order of 

magnitude.  

The modelled emissions patterns are unique for each internal forcing. This indicates that 

comparing emission patterns from MIPpeat to field data could provide a non-invasive means of 

inferring the composition of the entire peat profile, and also shows that accurate prediction of 

emission patterns requires detailed information concerning model input parameters. The large 

range in magnitude of ebullition events could impact CH4 consumption above the water table.  

Therefore, even if average simulated fluxes at the water table are not sensitive to parameters that 

describe the peat structure, emissions to the atmosphere could be sensitive to those parameters 

because of the relationship between the magnitude of individual releases and methane oxidation in 

aerobic layers. Although CH4 is the component of concern, the simulations show that it is necessary 

to include additional gas components in models, or simulations could return unrealistic system 

behavior, including under predictions of emissions. If multiple gas components are accounted for, 

it is the methane generation rate that dictates the average flux at the water table.  

The effects of internal forcings on CH4 emissions does not preclude the potential for 

external forcings to affect emissions as well. In future work, MIPpeat could be used to test the 

sensitivity of emissions to external forcings, such as temperature and atmospheric pressure 

fluctuations because gas migration and mass transfer are related directly to pressure and solubility. 

The response of emissions to climate change scenarios, such as temperature rise or flooding, could 

also be modelled. In addition, it is expected that regional-scale CH4 emissions models, such as 

DNDC, could use MIPpeat as the ebullition process model, incorporating a pore-structure-based, 

physically-linked description of ebullition into regional models for the first time.  
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Chapter 5 

Conclusions and Recommendations  

5.1 Summary and Conclusions 

CH4 is emerging as an important contributor to climate change, but the global CH4 budget is poorly 

understood and is therefore difficult to manage. A particularly difficult source of CH4 to quantify 

is peatlands because their emissions are highly transient and occur in heterogeneous environments. 

In this study, a coupled macroscopic invasion percolation and mass transfer model (MIPpeat) was 

developed to better understand peatland CH4 emissions through simulation. MIPpeat simulates CH4 

generation at depth in a peat profile, and its subsequent migration to the water table by diffusion 

and ebullition, as well as mass transfer between water and gas. MIPpeat is linked to physical 

properties of peat using measured air-water drainage curves to assign an entry pressure field, which 

represents the pore structure of the simulated peat. MIPpeat can be adapted to simulate different 

conceptual models of the peat profile by using different air-water drainage curves to assign entry 

pressures, creating peats of different degrees of decomposition or profiles with macro-scale 

heterogeneities. Diffusive and ebullitive CH4 fluxes from the water table are tracked throughout 

the simulations, as are the gaseous and aqueous CH4 distributions throughout the peat profile.  

MIPpeat was used to investigate the sensitivity of CH4 emissions to different internal 

forcing mechanisms. The three sensitivity groups investigated were entry pressure variations, 

heterogeneities, and gas generation and composition. In the entry pressure sensitivity group, the 

entry pressure of a homogeneous peat profile was varied to create domains that ranged from intact 

(𝑃�̅� = 1.7 cm) to highly decomposed (𝑃�̅� = 228 cm) peat. Episodic ebullition was observed in all 

homogeneous simulations, indicating that continuous gas production can be turned into episodic 

ebullition solely by the peat fabric. Average diffusive fluxes were increased by the occurrence of 

ebullition, and instantaneous diffusive fluxes fluctuated in response to ebullitive releases, 



113 

indicating that that the two migration processes interact, and cannot be modelled independently. 

Average CH4 emissions were found to be insensitive to the entry pressure field, with the pseudo-

steady-state ebullitive and diffusive fluxes from the water table falling within the ranges reported 

in the literature for northern Sphagnum peatlands. Simulated pseudo-steady-state average diffusive 

fluxes were an order of magnitude below average ebullitive fluxes, supporting the theory that 

ebullition makes up the majority of peatland emissions. However, the magnitude and distribution 

of ebullition events was sensitive to the entry pressure field. As the average entry pressure 

increases, the magnitude of ebullition events decreases, but the frequency of release events 

increases. This is an important finding because even though the distribution of ebullition events 

does not impact the total flux from the water table, it could impact the flux to the atmosphere 

because of interactions in the vadose zone. For example, if emissions are small and constant they 

are more likely to be consumed aerobically above the water table and not reach the atmosphere, 

however if emissions are large and rapid, they may bypass consumption and reach the atmosphere.  

In the heterogeneity sensitivity group, the effect of adding macroscopic heterogeneities to 

the peat profile was investigated. The emission pattern from a simulation that has intact peat (𝑃�̅� =

1.7 cm) overlaying decomposed peat (𝑃�̅� = 114 cm) was unique from both an entirely 𝑃�̅� = 1.7 cm 

or an entirely 𝑃�̅� = 114 cm profile, indicating that information about the entire peat profile must 

be known to correctly understand and predict emissions. As with the entry pressure field sensitivity, 

macroscopic heterogeneities did not affect average fluxes. However, when a low permeability layer 

spans the lateral extents of an intact peat profile, the releases almost double in size, but happen half 

as often because it takes time for a gas pool to develop and break through the layer. Because releases 

in layered systems are so infrequent, the likelihood of capturing them in field measurements is low. 

All macroscopically heterogeneous simulations generated unique emissions patterns, indicating 

that the magnitude and distribution of measured ebullition events could be compared to simulated 

emissions patterns, and used to make inferences about the composition of the peat profile.  



114 

Unlike the entry pressure and heterogeneity sensitivity groups, changing gas generation 

rate or composition did change the average emissions. Emissions are very sensitive to the 

biogeneration rate; increasing the biogeneration rate by half of an order of magnitude generated 

four times higher average ebullitive emissions and decreasing the biogeneration rate by an order of 

magnitude generated so few release events that the average ebullitive flux is negligible. This shows 

that while the pore structure can affect the atmospheric flux by controlling the size of ebullition 

events, the magnitude of the average flux from the water table is dictated by the biogeneration rate. 

The results also indicated that modelling a multicomponent gas is important; if only CH4 is 

modelled, and CO2 is not included, the results were similar to underestimating the biogeneration 

rate by an order of magnitude. 

5.2 Recommendations for Future Work 

Further work is required to measure air-water drainage curves representative of in situ peat for a 

range of decomposition. These curves are difficult to measure because of the compressibility and 

shrinkage behavior of peat, and as a result have not been widely reported in the literature, 

particularly for deeper peat materials. However, they are integral to linking the model simulations 

to a variety of real peat material. Once an accurate method of measuring air-water drainage curves 

has been developed, the model should be validated. This could be done using controlled column 

experiments in a laboratory environment, and by comparing simulation results to measured 

emissions from a site, using entry pressures of the peat material at that site as input. The sensitivity 

analysis conducted in this study should be further extended to include 2D simulations, allowing the 

interaction of gas pathways from various nucleation points to be investigated. A larger variety of 

macroscopically heterogeneous conceptual models, such as broken layers or biogeneration 

throughout the profile, should also be simulated. Although this work showed that episodic 

ebullition can be caused solely by internal forcings, the existence of external forcing may effect 

emissions as well. The impact of external forcings, such as temperature and atmospheric pressure 
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variations, can be simulated by MIPpeat because gas migration and mass transfer are based off of 

pressure and solubility. The impact of climate change scenarios, such as temperature rise or 

flooding, on emissions could also be investigated.  The model could be extended to include 

additional biologic processes such as production and consumption of CH4. 

5.3 Contributions  

The contribution of this work to the field of CH4 emissions from peatlands is the first model that 

combines both mass transfer and pore structure to describe ebullition of CH4 from peat. This 

research offers an alternative conceptual model of gas in peat. Unlike the current prevailing 

conceptual models which show individual spherical gas bubbles rising through the peat 

independently, the simulations presented in this research suggest that gas should be conceptualized 

as an interconnected network of irregularly shaped ganglia which is constantly fragmenting and 

reconnecting. It is expected that the results of this sensitivity analysis can help inform field 

campaigns by providing information about release event spacing that can be used to develop a field 

sampling plan, making it more likely that release events are captured. The simulated release pattern 

could also be used by researchers to make inferences about peat properties thought out the profile. 

It is expected that MIPpeat could be incorporated into regional scale CH4 emissions models, such 

as DNDC, as the ebullition module; incorporating a physically linked, mechanistic description of 

ebullition into such models for the first time.  
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Appendix A 

Model Verification 

Analytical Diffusion 

The diffusion code was verified using the 1D analytical solution for non-steady-state diffusion in a 

plane sheet with constant surface concentrations and an initial distribution 𝑓(𝑥) given in Crank 

(1975). The solution is: 

𝐶 = 𝐶1 + (𝐶2 − 𝐶1)
𝑥

𝑙
+

2

𝜋
∑
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where 

𝐶 = 𝐶1,      𝑥 = 0,     𝑡 ≥ 0, 

𝐶 = 𝐶2,      𝑥 = 𝑙,     𝑡 ≥ 0, 

𝐶 = 𝑓(𝑥),     0 < 𝑥 < 𝑙,     𝑡 = 0 

 

The 2D numerical diffusion code was run with a constant concentration across the bottom of the 

entire domain, forcing diffusion in 1D. The numerical solution matched the analytical solution, 

with a maximum error of 1.8 × 10−4% at a grid block size of 4 mm and a timestep of 2000 s (Figure 

A.1).  
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Figure A.1: Analytical and numerical solution for diffusion over 2.2 m, with a constant top 

boundary condition of 0 mol/m3 and a constant bottom boundary condition of 2.4786 mol/m3. 

The grid size of the numerical solution is 4 mm and the timestep is 2000 s. At the time plotted 

(15.8 years), 𝑪𝑾 halfway down the domain is 25% of the bottom boundary. Every 20th data 

point of the numerical solution is plotted for clarity  

 

MIP Mass Balance 

Macroscopic invasion percolation does not account for displaced mass in the aqueous phase.  

Therefore, the overall mass balance cannot be closed on the entire system. But no amount of 

constituent should be lost or gained during ebullitive transport, so a mass balance can be performed 

on the ebullition step. Each iteration, the number of moles in the system before and after ebullition 

are calculated according to ideal gas law, and compared to ensure no mass was lost.  

𝜂1 = 𝜂2 

∑
𝑃1𝑉

𝑅𝑇
= ∑

𝑃2𝑉

𝑅𝑇
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Although the overall mass balance is not expected to be perfectly closed, the total mass lost from 

the system was calculated for each CM (Chapter 4) using the equation presented below to ensure 

that losses were not substantial. The mass loss from the system never exceeded 10%, which can be 

attributed to mass lost in displaced water.  

%𝑙𝑜𝑠𝑡 = 1 −
𝑔𝑎𝑠𝑠𝑡𝑜𝑟𝑒𝑑 + 𝑔𝑎𝑠𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

+ 𝑔𝑎𝑠𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑𝑒𝑏𝑢𝑙𝑙𝑖𝑡𝑖𝑜𝑛

𝑔𝑎𝑠𝑠𝑡𝑜𝑟𝑒𝑑𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦
+ 𝑔𝑎𝑠𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑

× 100 

 

Conceptual Model %𝐶𝐻4𝑙𝑜𝑠𝑡 

CM1* 4.24 

CM2 0.44 

CM3 0.31 

CM4 -0.03 

CM5 2.94 

CM6 5.27 

CM7 6.15 

CM8 6.06 

CM9 8.55 

CM10 7.77 

*Mass loss of CO2 was also tracked in the CM1 simulation and was 1.44% 

Table A.1: The percentage of CH4 mass lost in each CM 
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Appendix B 

Five-year Flux Plots (CM1 - CM10) 

Each of the 10 CMs (Chapter 4) was run for 5 years, and only the last year of data was analyzed. 

This was done to allow the model to reach a pseudo-steady-state before any analysis was done on 

the outputs. This appendix shows ebullition data from the entire five year simulation for each CM. 

 

Figure B.1: Ebullitive emissions for five years of simulation from the 𝑷𝒆 sensitivity group 
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Figure B.2: Ebullitive emissions for five years of simulation from the heterogeneity sensitivity 

group 
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Figure B.3: Ebullitive emissions for five years of simulation from the gas generation and 

composition sensitivity group  
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Appendix C 

Additional Model Runs 

This appendix includes extra CMs that were simulated, but not included in the results section.  

CM11-Base case with 2 nucleation points 

 

Figure C.1: 𝑪𝒘
𝑪𝑯𝟒(𝒙, 𝒚) from CM11 

 

Figure C.2: Ebullitive and Diffusive fluxes for the last year of CM12 
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CM12-Base case with a broken layer 

 

 

Figure C.3: 𝑪𝒘
𝑪𝑯𝟒(𝒙, 𝒚) from CM12 

 

Figure C.4: Ebullitive and Diffusive fluxes for the last year of CM12 
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CM5.1- 0.3 m intact peat over 1.7 m decomposed peat  

 

Figure C.5: 𝑪𝒘
𝑪𝑯𝟒(𝒙, 𝒚) from CM5.1 

 

Figure C.6: Ebullitive and Diffusive fluxes for the last year of CM5.1 

• Emissions smaller than CM5, larger than CM3 

• Emissions less frequent than CM5, more frequent than CM3 
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CM13-2D simulations 

 

Figure C.7: 𝑪𝒘
𝑪𝑯𝟒(𝒙, 𝒚) from CM13 at 50 days 

 

 

Figure C.8: 𝑪𝒘
𝑪𝑯𝟒(𝒙, 𝒚) from CM13 at 70 days 
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Appendix D 

Random Number Generator Seed Sensitivity 

CM1 was run 20 times to test the sensitivity of the model to the seed used in ITS to generate the 𝑃𝑒 

field. This appendix shows the results of all 20 simulations. Results generated using a seed of 2 

were presented in Chapters 3 and 4.  

Random number 

generator seed 

Average ebullitive flux 

(mg/m2/d) 

Average 

diffusive flux 

(mg/m2/d) 

1 423 58 

2 410 61 

3 437 40 

4 429 37 

5 417 40 

6 447 38 

7 419 53 

8 431 47 

9 431 54 

10 441 40 

11 432 34 

12 435 38 

13 442 37 

14 404 58 

15 449 40 

16 425 40 

17 442 39 

18 426 37 

19 437 30 

20 420 49 

average 431 42 

standard deviation 12 9 

Table D.1: Summary of flux data from the 20 seed sensitivity 
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Figure D.1: Ebullitive emissions in the last year of simulation from CM1, seed 1 to 5 



128 

 

Figure D.2: Ebullitive emissions in the last year of simulation from CM1, seed 6 to 10 
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Figure D.3: Ebullitive emissions in the last year of simulation from CM1, seed 11 to 15 
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Figure D.4: Ebullitive emissions in the last year of simulation from CM1, seed 16 to 20 
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Figure D.5: Diffusive emissions in the last year of simulation from CM1, seed 1 to 5 
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Figure D.6: Diffusive emissions in the last year of simulation from CM1, seed 6 to 10 
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Figure D.7: Diffusive emissions in the last year of simulation from CM1, seed 11 to 15 
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Figure D.8: Diffusive emissions in the last year of simulation from CM1, seed 16 to 20 
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Figure D.9: 𝑪𝒘
𝑪𝑯𝟒(𝒙, 𝒚) at 5 years from CM1, seed 1 to 5 
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Figure D.10: 𝑪𝒘
𝑪𝑯𝟒(𝒙, 𝒚) at 5 years from CM1, seed 6 to 10 
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Figure D.11: 𝑪𝒘
𝑪𝑯𝟒(𝒙, 𝒚) at 5 years from CM1, seed 11 to 15 



138 

 

Figure D.12: 𝑪𝒘
𝑪𝑯𝟒(𝒙, 𝒚) at 5 years from CM1, seed 16 to 20 
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Appendix E 

Time Step Sensitivity 

MIPpeat numerically solves for diffusive and ebulitive transport over a timestep, dt. The results of 

timestep-based numerical models are often sensitive to dt. If the chosen dt is large, the simulations 

may be unstable, and if the chosen dt is small, the simulation will be computationally expensive. A 

stability criterion was used to determine the dt above which a simulation would be unstable: 

𝜆 =
𝐷𝑒𝑓𝑓𝑑𝑡

𝑑𝑧2
 

A 𝜆 value greater than 0.5 means that the simulation will be unstable. Setting 𝜆 to 0.5 and solving 

for dt shows that any dt less than 8696 seconds will generate a stable solution.  

To investigate the sensitivity of the model to dt, it was run with a dt of 250, 500, 1000, 

2000 and 4000 seconds. Increasing dt results in smaller ebullition fluxes, however the average 

ebullitive and diffusive releases are insensitive to the time step. This indicates that in all cases the 

amount of mass that is being emitted is the same. Ebullition in the field is thought to happen nearly 

instantaneously. The mass fluxes change depending on the timestep over which the release is 

collected, because the instantaneous mass release is being divided over the timestep to give a flux. 

If the instantaneous release is being distributed over a larger timestep, the resulting flux will be 

smaller.  

To confirm that the results of all simulations are similar, and the differences arise from 

processing the data, each data set was converted to 2000 s data by averaging datapoints over  

2000 s divided by each dt. So, for example, every 8 data points for the 250 s data were averaged to 

create 2000 s data.  
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Figure E.1: Ebullition fluxes from 4000 s timestep, and the same data converted to a 2000 s 

timestep 

 

Figure E.2: Ebullition fluxes from 2000 s timestep, and the same data converted to a 2000 s 

timestep 
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Figure E.3: Ebullition fluxes from 1000 s timestep, and the same data converted to a 2000 s 

timestep 

 

Figure E.4: Ebullition fluxes from 500 s timestep, and the same data converted to a 2000 s 

timestep 
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Figure E.5: Ebullition fluxes from 250 s timestep, and the same data converted to a 2000 s 

timestep 

Regardless of the dt set in the model, all simulations show similar maximum ebullition magnitude, 

and ebullition frequency distribution plots, meaning that the modeled results are similar regardless 

of dt. Knowing this, a dt of 2000 s, or 33.33 minutes, was chosen for the suite of simulations. This 

value was chosen so that the outputs are comparable to data measured in the field using the normal 

chamber method, commonly used to measure peatland emissions, in which samples are taken over 

a 20-30 minute time period. 
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Appendix F 

Pool Height Sensitivity 

The size of grid block used in macroscopic invasion percolation (macro-IP) modelling has an 

impact on the maximum gas pool depth that will develop under a low permeability layer. When gas 

is injected in the bottom of a macro-IP model domain, it chooses where to go based on the threshold 

entry pressures, 𝑇𝑒, of the grid blocks surrounding the cluster. Figure F.1 shows two pseudo-

homogeneous layers, where 𝑃𝑒
1 < 𝑃𝑒

2. The layers are pseudo-homogeneous because the macro-IP 

algorithm requires cells have different 𝑃𝑒 values, so the domain cannot be truly homogeneous. 

However, the 𝑃𝑒 fields can be set to have a very narrow range. Since 𝑃𝑤 , and therefore 𝑇𝑒 , decreases 

with increasing height above the bottom of the domain, the gas cluster will expand directly upwards 

through layer 1, shown in Figure F.1a). When the gas cluster reached layer 2, the 𝑇𝑒
2 is greater than 

𝑇𝑒
1, so the cluster will begin to expand downwards, shown in Figure F.1b). At a certain depth, the 

water pressure at the bottom of the pool will be great enough such that the available 𝑇𝑒
2 values 

becomes less than the available 𝑇𝑒
1 values, and the gas cluster will begin to expand upwards again. 

The depth when breakthrough occurs can be calculated by setting 𝑇𝑒
1 = 𝑇𝑒

2. 

𝑇𝑒
1 = 𝑇𝑒

2  

𝑃𝑤
1 + 𝑃𝑒

1 = 𝑃𝑤
2 + 𝑃𝑒

2  

𝑃𝑤
2 + 𝜌𝑤𝑔𝐻𝑚𝑎𝑥 + 𝑃𝑒

1 = 𝑃𝑤
2 + 𝑃𝑒

2  

𝐻𝑚𝑎𝑥 =
𝑃𝑒

2−𝑃𝑒
1

𝜌𝑤𝑔
  

where 𝜌𝑤 is water density, 𝑔 is gravitational acceleration and 𝐻𝑚𝑎𝑥 is the maximum height of the 

gas pool.  
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Figure F.1: Gas Pool buildup and breakthrough in homogeneous conditions 

Since 𝑃𝑒
2 is nearly homogeneous, once the gas cluster invades one cell in the layer, it can invade 

the entire layer because 𝑇𝑒 will decrease as 𝑃𝑤 decreases with height. If the layers are not 

homogeneous, this is not necessarily the case. There could be a low, easy to invade, 𝑇𝑒 at the edge 

of the layer, like what is shown in Figure F.2a), but a higher 𝑇𝑒 surrounding the grid block which 

hinders progression of the gas cluster. Instead of expanding up though the low permeable layer, the 

gas pool will continue to expand downward, shown in Figure F.2b). Several blocks in the low 

permeability layer could be invaded before the gas cluster is able to migrate high enough for the 

decreased water pressure to outweigh the increased 𝑃𝑒, and a flow path through the entire layer is 

formed, shown in Figure F.2c).  

 

Figure F.2: Gas pool buildup and breakthrough in heterogeneous conditions 
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The effect that heterogeneity has on pool height is dependent on the degree of the heterogeneity 

and on the grid size of the domain. The invasion of a larger grid block corresponds to a greater 

decrease in 𝑃𝑤, so the possible invasion blocks will have a lower 𝑇𝑒 , meaning that invading further 

grid blocks is easier, and pools will be smaller. The equations below give the relationship between 

grid size and heterogeneity required to mobilize upwards.  

𝑇𝑒
1 > 𝑇𝑒

3  

𝑃𝑤
1 + 𝑃𝑒

1 > 𝑃𝑤
3 + 𝑃𝑒

3  

𝑃𝑤
3 + 𝜌𝑤𝑔(𝐻 + ∆𝑥) + 𝑃𝑒

1 > 𝑃𝑤
3 + 𝑃𝑒

3  

𝜌𝑤𝑔𝐻 + 𝜌𝑤𝑔∆𝑥 > 𝑃𝑒
3 − 𝑃𝑒

1  

𝜌𝑤𝑔∆𝑥 > 𝑃𝑒
3 − 𝑃𝑒

1 − 𝜌𝑤𝑔𝐻  

𝜌𝑤𝑔∆𝑥 > 𝑃𝑒
3 − 𝑃𝑒

1 − 𝜌𝑤𝑔 (
𝑃𝑒

2−𝑃𝑒
1

𝜌𝑤𝑔
)  

𝜌𝑤𝑔∆𝑥 > 𝑃𝑒
3 − 𝑃𝑒

2  

∆𝑥 >
𝑃𝑒

3−𝑃𝑒
2

𝜌𝑤𝑔
  

where 𝑇𝑒
3 is a 𝑇𝑒 in layer 2 that is not on the edge of the layer. This indicates that if the domain is 

very heterogeneous, therefore 𝑃𝑒
3 − 𝑃𝑒

2 is large, larger grid sizes will result in smaller pools. 

To test the effect of grid size on pool height, a domain was created with a low permeability bottom 

half and a high permeability top half. The ratio of 𝑃𝑒
2: 𝑃𝑒

1 was set to 7:1, corresponding to a 60 mm 

theoretical pool height. Simulations were run on three different 𝑃𝑒 fields of varying heterogeneity, 

and four different grid sizes. 50 iterations were run for each grid size, each having a different, 

uniformly distributed random field. The results of the simulations are shown in the figures below: 
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Figure F.3: Homogeneous Grid Size Sensitivity 
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Figure F.4: Mildly Heterogeneous Grid Size Sensitivity 
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Figure F.5: Severely Heterogeneous Grid Size Sensitivity 
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Appendix G 

Inverse Transform Sampling Method 

Inverse random sampling (ITS) can be used to generate a series of random numbers that follow the 

same distribution as a given cumulative distribution function (CDF). The formal definition of ITS 

is: 

Generate 𝑈~𝑈𝑛𝑖𝑓(0,1) 

Let 𝑥 = 𝑓−1(𝑈) 

ITS was used to create a random entry pressure field from a measured Pc-S curve. In this case, the 

van Genuchten (van Genuchten, 1980) empirical Pc-S relationship was used as the input CDF. 

Brooks Corey (1964) can also be substituted into step 2. ITS was implemented into MIPpeat using 

the following steps: 

1. Generate an array of randomly distributed uniform numbers between 0 and 1 (rand 

function in MATLAB) 

2. Derive 𝑓−1(𝑈): 

𝑆𝑒 = (1 + (𝛼𝑃𝑒)𝑛)−𝑚  

𝑦 = 𝑆𝑒; 𝑥 = 𝑃𝑒  

𝑓(𝑥) = (1 + (𝛼𝑥)𝑛)−𝑚  

𝑦 = (1 + (𝛼𝑥)𝑛)−𝑚  

𝑥 = (1 + (𝛼𝑦)𝑛)−𝑚  

𝑦 =
1

𝛼
(𝑥−

1

𝑚 − 1)

1

𝑛
  

𝑓−1(𝑥) =
1

𝛼
(𝑥−

1

𝑚 − 1)

1

𝑛
  

3. Calculate an array of 𝑃𝑒 values from 𝑈: 

𝑥 = 𝑓−1(𝑈)  

𝑥 =
1

𝛼
(𝑈−

1

𝑚 − 1)

1

𝑛
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𝑃𝑒 =
1

𝛼
(𝑈−

1

𝑚 − 1)

1

𝑛
  

This method of setting the 𝑃𝑒 field for simulations is not a fit based method, it takes in the 

macroscopic van Genuchten parameters of a measured 𝑃𝑐 − 𝑆𝑤 curve, and using them can create a 

𝑃𝑒 field which generates the same 𝑃𝑐 − 𝑆𝑤 curve in an MIP stable drainage simulation. 
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