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ABSTRACT 

Natural gas is an important transitional energy source to replace more carbon 

intensive coal combustion in the face of climate change and increasing global energy 

demands. A significant proportion of natural gas reserves (~20%) were recently 

generated by microorganisms that degrade organic-rich formations (i.e. coal, shale, oil) 

in-situ to produce methane. Recent studies have shown that these microbial communities 

may be potentially stimulated to generate more methane to extend the lifetime (~10 

years) of existing biogenic gas wells. This dissertation investigates how microbial 

coalbed methane (CBM) systems are impacted by geochemical conditions, microbial 

community composition, and groundwater recharge.  

  The first study is a review and synthesis of existing basic research and 

commercial activities on enhancement of microbial CBM generation, and identification 

of key knowledge gaps that need to be addressed to advance stimulation efforts. The 

second study couples water and gas geochemistry with characterization of microbial 

communities in coalbeds in the Powder River Basin (PRB), Wyoming to investigate the 

influence of microbiology on water and gas geochemistry. Geochemistry results indicated 

that nutrients are likely source in situ from coal, and that all sulfate must be removed 

from the system before methanogenesis will commence. Increased archaeal (i.e. 

methanogens) diversity was observed with decreasing sulfate concentration, while sulfate 

reducing bacterial communities were different in wells with high sulfate concentrations 

(sulfate reducing conditions) when compared to wells with low sulfate concentrations 

(methanogenic conditions). The third study uses noble gases to constrain the residence 

time of groundwater associated with CBM in the PRB. Measured diffusional release rates 
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of 4He from PRB coals were ~800 times greater than typical rates observed in sandstone 

or carbonate aquifers, and measured 4He values far exceeded expected values from in-

situ decay of U and Th. Groundwater 4He residence times ranged from <1 to ~800 years 

using the measured diffusion rates versus ~130 to 190,000 years using a standard model. 

Coal waters with the longest residence time had the highest alkalinity concentrations, 

suggesting greater extents of microbial methanogenesis, although there was no 

relationship between groundwater “age” and methane concentrations or isotopic 

indicators of methanogenesis. 

  Constraining the relationship between microbial activity (e.g. mechanisms of coal 

biodegradation and methane generation), environmental geochemical conditions, and 

groundwater flow is important to better understand subsurface hydrobiogeochemical 

processes and to ensure the success of future projects related to stimulation of microbial 

CBM. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Microbial Methane as an Energy Source 

 
Increasing global energy demand and concerns about climate change have led to 

natural gas, which is less carbon-intensive and polluting than coal combustion, being 

considered an important transitional energy source (Brandt et al., 2014; Heath et al., 

2014). It has been estimated that ~20% of the world’s natural gas reserves are generated 

by microbial degradation of organic rich geologic formations, such as coal seams, black 

shales, and oil reservoirs (Rice and Claypool, 1981). Research has shown that in many of 

these areas, microbial generation of methane is an active and ongoing process (e.g. 

Gilcrease and Shurr, 2007; Ulrich and Bower, 2008; Jones et al., 2010; Papendick et al., 

2011; Huang et al., 2013; Ritter et al., 2015). Since production wells in areas of microbial 

methane generation have relatively short lifespans (~10 years or less; Ayers, 2002; 

Stearns et al., 2005), it has been suggested that organic matter biodegradation and 

microbial methanogenesis might be stimulated in order to extend the life of methane 

producing wells and potentially generate methane from areas with no previous history of 

microbial methane generation (Ulrich and Bower, 2008; Jones et al., 2010; Fallgren et al., 

2013; Ritter et al., 2015). Despite significant research, relatively little is known about 

how in situ hydrogeochemical conditions, recharge and groundwater flow influence 

microbial communities responsible for the breakdown of coal and the generation of 

methane (Ritter et al., 2015). Understanding these relationships will be key to 

determining the feasibility and commercial viability of microbial methane stimulation 

projects. 
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 This study is focused primarily on investigating microbial methane generation in 

the coal beds of the Powder River Basin (PRB) in northeastern Wyoming and 

southeastern Montana, U.S.A. The PRB was one of the first large basins to undergo 

intensive development of microbial coalbed methane (CBM) resources and also one of 

the primary targets of commercial stimulation studies, and is therefore an important 

model for future CBM development and stimulation in other basins. The PRB is also an 

ideal laboratory for the study of microbial CBM processes because of an extensive 

network of CBM production (>24,000 wells during peak production, now around 9000 

wells; Ritter et al., 2015) and monitoring wells, which provide a unique opportunity for 

relatively high resolution (spatial and depth) sampling. 

  

1.2 Microbial Methanogenesis Background 

 

Microbial methanogenesis is a multi-step process that involves a consortium of 

bacteria and methanogenic Archaea that first break down complex organic matter into 

intermediate compounds (e.g. long chain fatty acids, alkanes, and low molecular weight 

aromatics; Orem et al., 2010), which are then biodegraded into substrates that are 

utilizable by methanogens (e.g. acetate, CO2 and H2, methanol, formate; Strapoc et al., 

2011) to generate methane. Typically, all other potential electron acceptors (e.g. ferric 

iron and sulfate) must be exhausted before microbial methanogenesis will proceed 

(MacGregor and Keeney, 1973; Claypool and Kaplan, 1974; Martens and Berner, 1974; 

Mah et al., 1977; Reeburgh and Heggie, 1977; Kuivila et al., 1988). Researchers have 

identified 2 dominant metabolic pathways for microbial methanogenesis: 1) CO2 
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reduction (hydrogenotrophic methanogenesis) and 2) acetate fermentation (acetoclastic 

methanogenesis) (Ferry, 1993). Methanogens may also use formate, methanol, carbon 

monoxide or other simple alcohols to generate methane (Strapoc et al., 2011). 

 
1.3 Microbial CBM Stimulation Methods 

 
 The motivation behind many studies into understanding geochemical conditions 

favorable for microbial methane generation and identification of metabolic pathways of 

methanogenesis is the potential for stimulating this process to generate more methane 

from coal and/or to generate methane more quickly. Jones et al. (2013) identified four 

main approaches for stimulation of microbial CBM generation: microbial stimulation, 

microbial augmentation, physically increasing microbial access to coal and distribution of 

amendments, and increasing the bioavailability of coal organics. Each approach could be 

used separately or in combination with other approaches to maximize the amount of 

methane generated in the shortest amount of time. Microbial stimulation is the primary 

approach that has been tested by companies in an attempt to stimulate methanogenesis 

(Ritter et al., 2015). 

 
1.4 Relationships between geochemistry and microbial communities 

 
Due to interest in stimulation of specific microorganisms associated with the 

process of microbial methane generation and the difficulty, time and cost involved in 

collecting and analyzing subsurface samples for microbiology, many researchers have 

focused on identifying geochemical indicators of metabolic pathways of methanogenesis 

(e.g. Whiticar et al., 1986; Whiticar, 1996; Ball et al., 2005; Conrad, 2005; Flores et al., 



13 
 

2008; McIntosh et al., 2008; Cheung et al., 2010; Wang et al., 2010; Str� po�  et al., 2011; 

Pashin et al., 2014). The typical approach has been to use carbon and hydrogen isotopes 

of CH4, CO2, and H2O to distinguish between CO2 reduction and acetate fermentation 

(e.g. Whiticar et al., 1986; Scott et al., 1994; Whiticar, 1996; Smith and Pallasser, 1996; 

Aravena et al., 2003; Faiz and Hendry, 2006; Gilcrease and Shurr, 2007; Flores et al., 

2008; McIntosh et al., 2008; Cheung et al., 2010; Weniger et al., 2012; Pashin et al., 

2014; Burra et al., 2014). Since CO2 reduction will generally result in a larger kinetic 

fractionation than acetate fermentation, � 13C values of CH4 and CO2 have specifically 

been applied to determine metabolic pathways in most areas where microbial CBM has 

been investigated (Whiticar et al., 1986; Scott et al., 1994; Smith and Pallasser, 1996; 

Whiticar, 1996; Aravena et al., 2003; Conrad, 2005; Faiz and Hendry, 2006; Harrison et 

al., 2006; Gilcrease and Shurr, 2007; Cheung et al., 2010; Kinnon et al., 2010; Osborn 

and McIntosh, 2010; Kandu�  et al., 2012; Weniger et al., 2012; Golding et al., 2013; Ni 

et al., 2013; Burra et al., 2014). This approach has been used despite complications which 

can alter isotope effects from kinetic fractionation (e.g. methane oxidation, transport 

(diffusion), substrate depletion (reservoir effects), mixing with thermogenic gases, or 

competing forms of microbial respiration that generate CO2; Bates et al., 2011). 

While the relationship between carbon isotopes of CH4 and CO2 has been widely 

applied to identify metabolic pathways of CBM, as more microbiology studies have been 

completed their results have often contradicted previous geochemical studies’ 

interpretations of metabolic pathway. For example, in the PRB, isotopic studies of 

produced gases have suggested that CO2 reduction is the dominant metabolic pathway in 

parts of the basin (Flores et al., 2008; Rice et al., 2008), while microbial enrichments 
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from the same area have suggested a predominance of acetoclastic methanogens (Green 

et al., 2008). Flores et al. (2008) also suggested that isotopes showed that acetoclastic 

methanogenesis was predominant in the northwestern portion of the PRB, although there 

are no microbiology studies to confirm this interpretation. This has led to the suggestion 

that carbon isotopes of produced gases may be more indicative of extent of 

methanogenesis (i.e., how much of the organic matter has been converted into methane 

versus alternative electron acceptor processes, such as sulfate reduction), rather than 

indicating the predominant metabolic pathway (Bates et al., 2011; Brown, 2011; 

Hamilton et al., 2014, 2015).  It was proposed that instead of an open system model that 

had been used in past studies, carbon utilization in CBM systems was better represented 

by a closed system model. Bates et al. (2011) used Rayleigh fractionation to calculate the 

fraction of the carbon pool remaining (calculated assuming the pool is predominantly 

CO2) using the following equation: 

� �� �
� �� � �	� �� 


	� � �

 

where � YF is the measure isotopic value of methane, � XF is the measured isotopic value of 

CO2, � Xo is the initial isotopic value of the CO2 pool, taken to be -26‰ (the average 

isotopic value for coal in the PRB), and f represents the fraction of the overall carbon 

pool remaining. Using this equation, higher values of f represent a lower extent of 

methanogenesis, while lower values of f represent a greater extent of methanogenesis. 

Using this approach, it might be possible to apply geochemical indicators to locate areas 

where more carbon is available for conversion to methane for stimulation projects. This 

approach could also help resolve some of the discrepancies between microbial studies 

and geochemical studies, especially if there is a relationship between extent of 
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methanogenesis and microbial community composition. However, few studies have used 

this approach, thus more research is needed to determine if extent of methanogenesis can 

be linked to microbiology. 

 

1.5 Residence time of water in the Powder River Basin  

 

 Constraining the residence time of water in sedimentary basins with large natural 

gas accumulations is important for determining the rates of microbial processes related to 

the generation of microbial gas resources (Schelgel et al., 2011), the sustainability of 

groundwater pumping for natural gas extraction (Le Gal La Salle et al., 2001; Wei et al., 

2013; Hagedorn, 2015), and the driving forces of basinal-scale fluid flow and solute 

transport (Ge and Garven, 1992; Manning et al., 2005; Gurdak and Qi, 2006; Stute et al., 

2007; Gupta et al., 2015). In sedimentary basins where groundwater residence times are 

expected to be less than ~50,000 years, 3H and 14C are commonly used age tracers. In the 

PRB, water is often too old to use 3H effectively, and the carbon-rich nature of the basin 

makes it difficult to use 14C since the addition of dead carbon from the degradation of 

organic matter dilutes 14C concentrations to below detection (Bates et al., 2011; Schlegel 

et al., 2011). Recent studies have effectively used noble gases to determine groundwater 

residence times in basins with properties similar to the PRB, and have used these results 

to correlate groundwater residence time with major recharge events, suggesting a possible 

association between microbial gas generation and groundwater recharge (Zhou and 

Ballentine, 2006; Schlegel et al., 2011). 
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 Very few attempts have been made to estimate the residence time of water in the 

PRB, and the studies that have been undertaken have been largely unsuccessful 

(Campbell et al., 2008; Bates et al., 2011). Darcy’s law calculations have been used to 

estimate residence times between 1,200 and 70,000 years (Pearson, 2002), while a recent 

groundwater model of the Tongue River watershed estimated residence times from 

modern to ~26,000 years with a mean residence time of ~6,300 years. Carbon-14 has 

been used to show a mean maximum age of 21,000 years for groundwater from an 

artesian well discharging from a sandstone aquifer adjacent to coal seams (Frost and 

Brinck, 2005). Another study attempted to use 3H and 14C of water to determine residence 

time, but found that residence time results from these tracers were often inconclusive and 

conflicting (Bates et al., 2011). Groundwater near recharge areas has been shown to have 

little to no 14C, even when 3H is present, suggesting that 14C in water in the basin is 

quickly diluted beyond detection due to the addition of dead carbon from coal 

biodegradation (Bates et al., 2011). Noble gases could be used to determine residence 

time in the PRB without the issues faced by these previous studies. Most noble gas 

residence time studies assume that helium generation and diffusion rates are reasonably 

constant for all crustal materials (e.g. Zhou and Ballentine, 2006; Schlegel et al., 2011). 

In order to validate these assumptions for PRB coals, aquifer material must be collected 

and analyzed for diffusion rates and concentrations of helium, uranium, and thorium. 

 
1.6 Research Objectives 
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In order to investigate the relationships between microbial community composition, 

hydrogeochemical conditions, recharge and groundwater flow, and microbial methane 

generation, this dissertation addresses three primary questions: 

1. What is the current state of research and commercial activity related to the 

stimulation of microbial coalbed methane, and what areas of research need to be 

addressed to further our understanding of microbial methane generation?  

2. What are the relationships between redox conditions, water and gas molecular and 

isotopic geochemistry, and microbial community composition in coal beds? 

3. What is the residence time of coal seam water in the PRB, and what are the 

relationships between recharge, residence time, and geochemical indicators of 

methanogenesis? 

To address these research questions, this dissertation presents three independent, yet 

related, studies on the relationships between microbial methane generation, water and gas 

geochemistry, microbial community composition, and residence time of water. The first 

study is a literature and patent review of natural processes that lead to microbial methane 

formation and stimulation methods for enhanced microbial coalbed methane generation. 

The study investigates what commercial projects have accomplished in field trials of 

microbial methane stimulation and identifies key knowledge gaps which need to be 

addressed in order to further microbial coalbed methane research and pilot to commercial 

stimulation efforts. 

The second study combines measurements of water and gas molecular and isotopic 

geochemistry with characterizations of microbial community composition in order to 

advance the understanding of how these factors influence coal biodegradation and the 
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related processes of sulfate reduction and microbial methanogenesis. The study utilizes 

monitoring and production wells to investigate spatial and depth variability of microbial 

communities and how this distribution is controlled by aqueous geochemical conditions 

that might be reflected in water and gas geochemistry and isotopes. The study was 

designed to address the hypothesis that extent of methanogenesis, as defined by Bates et 

al. (2011), may have some relationship to microbial community composition, and that 

these factors might also be related to nutrient availability and location within the basin.  

The study presented in the third paper uses noble gases to estimate the residence time 

of water in the PRB, and then investigates possible relationships between measured 

residence times and geochemical indicators of redox conditions. Previous studies have 

suggested a possible relationship between recharge and methanogenic conditions, since 

recharge could transport nutrients and/or methanogenic microorganisms to areas of 

methanogenesis and transport toxic waste products away from methanogens (e.g. Bates et 

al., 2011; Schlegel et al., 2011). This study hypothesized that the importance of recharge 

to microbial methane generation might be reflected in a relationship between waters with 

younger residence times (indicating areas close to recharge) and geochemical indicators 

of methanogenic processes, such as alkalinity and methane concentration. 

This dissertation is particularly focused on expanding knowledge of the inter-

relationship between microbial activity, geochemistry, and groundwater recharge and 

flow in areas with microbial methane generation, since few previous studies have 

combined hydrogeochemical measurements with characterization of microbial 

community composition.  
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1.7 Dissertation format 

 
As described above, three studies are presented in this dissertation, with a goal of 

expanding knowledge of the inter-relationship between microbial methane generation and 

microbial community composition, water and gas geochemistry, and groundwater 

recharge. Chapter 2 presents summaries of each of the three papers that make up this 

dissertation, highlighting key findings of each paper. The first paper has been published 

while the others have been prepared for publication in peer-reviewed journals. Papers are 

included in their complete form in the appendices. 

 

APPENDIX A. Enhanced microbial coalbed methane generation: A review of research, 

commercial activity, and remaining challenges. 

 

APPENDIX B. Controls on coal biodegradation and microbial methanogenesis: insights 

from coupled water, gas and microbial analyses. 

 

APPENDIX C. Using noble gases as residence time tracers to examine the effects of 

recharge and groundwater flow on microbial coalbed methane generation, Powder River 

Basin, USA.  
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CHAPTER 2: PRESENT STUDY 
 
 The research papers found in the appendix of this dissertation present study 

motivation, background, methods used, results of data collected, discussion and relevant 

conclusions from this study. This chapter summarizes the main conclusions of these 

papers, including (1) a review of research and commercial projects in order to identify 

key knowledge gaps and aspects of microbial methanogenesis where research should be 

focused, (2) coupled analysis of microbial and geochemical data to assess how 

geochemistry might be used in conjunction with microbiology to investigate redox 

conditions and metabolic pathways of methanogenesis, and (3) using noble gases to 

determine residence time of groundwater associated with natural gas accumulations in 

order to investigate how recharge is related to geochemistry and methanogenesis. These 

papers collectively address how microbial coalbed methane (CBM) systems are impacted 

by geochemistry, microbial community composition, and groundwater recharge and flow.  

 

2.1 Enhanced microbial coalbed methane generation: A review of research, commercial 

activity, and remaining challenges (Appendix A) 

 

 Since the discovery of active methane generation by microorganisms in organic-

rich basins, researchers and companies have been interested in the possibility of 

stimulating these microbes to increase methane generation. Researchers have focused on 

identifying aquifer conditions that are favorable for methanogenesis, characterizing 

microbial communities responsible for methane generations, and looked for geochemical 

indicators to distinguish areas with different metabolic pathways of methanogenesis. 



31 
 

Recently, several companies have conducted pilot scale field studies to determine the 

feasibility of commercial scale stimulation of microbial methane generation. Major 

findings from this study include: 

1) Research using geochemical indicators to identify metabolic pathways of 

microbial methane generation often contradict microbiology studies from the 

same region. Coupled geochemistry and microbiology studies are needed to better 

understand how water and gas chemistry is related to metabolic pathways of 

methanogenesis and microbial community composition. 

2) While bacterial communities associated with methane generation have been 

observed, little is understood about the role these communities play in the 

breakdown of coal and the generation of substrates utilized by methanogens for 

methane generation. 

3) More work needs to be done to determine what fraction of carbon in coal is 

available for biodegradation. Since regulators are particularly concerned with 

maintaining coal quality, indicators of biodegradation that occurs as a result of 

stimulation projects need to be developed.  

4) Several companies have carried out reportedly successful pilot-scale stimulation 

projects. Of the major stimulation techniques (microbial stimulation, microbial 

augmentation, physically increasing microbial access to coal and distribution of 

amendments, and increasing the bioavailability of coal organics), companies are 

currently focused on microbial stimulation and, to a lesser extent, physical 

increasing microbial access to coal. 



32 
 

5) Despite the reported success of pilot scale field studies, there is still uncertainty 

about how effective stimulation techniques will be as projects are carried out on a 

commercial scale and technology is used in other basins. 

6) In addition to in situ conditions and effectiveness of stimulation techniques, the 

regulatory environment and the effect of other methane sources on natural gas 

prices will play a critical role in determining the future viability of commercial 

microbial stimulation projects. 

 

2.2 Controls on coal biodegradation and microbial methanogenesis: insights from 

coupled water, gas and microbial analyses (Appendix B) 

 

 Natural gas is an important transitional energy source to replace more carbon 

intensive coal combustion in the face of climate change and increasing global energy 

demands. A significant proportion of natural gas reserves (~20%) were recently 

generated by microorganisms that degrade organic-rich formations (i.e. coal, shale, oil) 

in-situ to produce methane. One of the major goals of studies of CBM systems is to 

identify metabolic pathways of methanogenesis (i.e. acetoclastic versus 

hydrogenotrophic) with the goal of understanding how changes in aquifer conditions 

related to CBM production and microbial stimulation projects might affect active 

microbial methane generation. Studies using water and gas geochemistry measurements 

to identify metabolic pathway have often contradicted results from studies of microbial 

community composition. In order to better understand controls and mechanisms of 

microbial methane generation in coal beds, this study utilized water and gas samples from 
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7 monitoring wells and 16 coalbed methane production wells in the Powder River Basin, 

Wyoming, along with microbiology samples from 3 of the monitoring wells. Major 

findings of this study include: 

1) Significant methane concentrations were observed in 2 monitoring wells sampled. 

One of these wells was near the basin margin, while the other was closer to the 

center of the basin. Other wells sampled contained only trace concentrations of 

methane. 

2) Consistent with results of other studies, wells in methanogenic areas typically 

contained Na-HCO3 type waters, while other wells contained Na-SO4-HCO3 type 

waters. 

3) Nutrient concentrations (NH4, PO4) showed no correlation with methane 

concentration, with the exception that a well with recently recharged water had 

nutrient concentrations below detection limits. This suggests that nutrients are 

sourced in situ in coal aquifers rather than provided directly from recharge. 

4) Alkalinity increased with increasing methane concentrations, likely as a result of 

the buildup of CO2, which is a byproduct of microbial respiration associated with 

coal biodegradation. � 13C-DIC values also increased with increasing methane 

concentration, probably as a result of the preferential transfer of 12C to methane 

during the process of microbial methanogenesis. 

5) Sulfate concentrations decreased with increasing methane concentrations, and 

results suggested that nearly all sulfate must be removed from the system before 

methanogenesis will commence. � 34S-SO4 values showed no relationship to 
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methane concentration, but samples with relatively high sulfate concentrations 

(>5mM) had isotope values suggestive of a terrestrial evaporite source. 

6) For wells in the Canyon coal seam where microbiology samples were collected, 

archaeal diversity was greatest in the well with the highest methane concentration 

and lowest sulfate concentration, and archaeal diversity in coal seams increased 

with decreasing sulfate concentrations. The primary archaea present in the well 

with the highest methane concentration was the hydrogenotrophic methanogen 

Methanospirillum. Carbon isotopes of produced gases collected from this well 

suggested that hydrogenotrophic methanogenesis would be dominant, which 

agrees with the results of microbial studies. 

7) Bacterial diversity in coal was greater in all wells sampled compared to archaeal 

diversity. Wells with higher sulfate concentrations (2-10 mM) had a higher 

relative proportion of sulfate reducing bacteria than wells with low sulfate 

concentrations (<0.5 mM). The dominant species in wells with high sulfate were 

closely related to Desulfovibrio and Desulfobacteraceae, while the dominant 

species in low sulfate wells were closely related to Oxalobacteraceae. 

8) Using coupled microbiology and geochemistry helps to clarify the complex 

relationships between microbial community composition and water and gas 

geochemistry, which is important for understand how CBM production and 

attempted stimulation might affect in situ microbial CBM generation. 
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2.3 Using noble gases as residence time tracers to examine the effects of recharge and 

groundwater flow on microbial coalbed methane generation, Powder River Basin, USA 

(Appendix C) 

 
Constraining the residence time of water in sedimentary basins with large natural 

gas accumulations is important for understanding the rates of microbial processes 

associated with microbial gas generation, and for assessing the potential impacts of 

groundwater abstraction for natural gas production on water resources. In basins with 

organic-rich aquifer materials, traditional age tracers such as 3H and 14C have been 

largely ineffective at determining residence times. In order to address this problem, this 

study utilized noble gas concentrations, specifically the radiogenic ingrowth of 4He, to 

determine residence time for waters in the Tongue River watershed of the Powder River 

Basin. In order to accomplish this, water samples were collected from 11 monitoring 

wells and 5 coalbed methane production wells for measurement of noble gas composition 

and isotopes. In addition, in order to constrain the concentration and diffusion rate of 4He 

from aquifer materials, several coal and sandstone solid samples were collected and 

analyzed. Since it has been suggested that there could be a relationship between recharge 

water and microbial methane generation, residence times were compared to geochemical 

indicators of methanogenesis (methane concentration, carbon isotopes of produced gases, 

and alkalinity) to see if relationships would be reflected in these samples. Major findings 

of this study include: 

 

1) Measurements of 4He release from coal samples indicate that the diffusional 

release rate of helium from coals in the Powder River Basin is ~119x10-6 cm3 
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STP/L/yr, which is ~800 times greater than rates typically observed in sandstone 

or carbonate aquifers. 

2) The amount of 4He stored in aquifer coal and sandstone samples is far in excess of 

the amount of 4He that could be produced by the in situ decay of U and Th alone. 

This excess 4He is the result of helium stored within aquifer mineral grains prior 

to deposition. 

3) Using a standard release rate of helium from mineral grains (~0.5x10-6 cm3 

STP/L/yr), calculated residence times range from ~130 years to ~190,000 years. 

Since the release rate from coal is considerably higher than the standard release 

rate, and waters were sampled from wells completed in coal seams, these ages are 

likely unrealistically long and represent an upper bound for residence time of 

water. 

4) Using the diffusional release rate for coal measured in this study (~119x10-6 cm3), 

modeled residence times range from <1 year to ~800 years. Given the location 

and depth of samples collected, along with aquifer hydraulic conductivity, these 

residence times are likely unreasonably low. This suggests that water is not in 

contact with coal for the majority of its time in the subsurface, rather it’s likely 

also in contact with adjacent sandstone formations. 

5) A sensitivity analysis shows that even if 90% of the helium present in water is 

derived from diffusion from coal, on average water spends less than 10% of its 

time in the subsurface in contact with coal seams. 

6) Water isotopes measured confirm the results of previous studies that recharge in 

the western portion of the Tongue River watershed is recharged from the higher 



37 
 

elevations of the Bighorn Mountains. Recharge in the eastern portion of the basin 

is likely from older, lower elevation sources. 

7) Of the geochemical indicators of methanogenesis investigated (methane 

concentration, carbon isotopes of produced gases, and alkalinity), only alkalinity 

showed a clear relationship to residence time. 
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ABSTRACT 

 Coalbed methane (CBM) makes up a significant portion of the world’s natural gas 

resources. The discovery that approximately 20% of natural gas is microbial in origin has 

led to interest in microbially enhanced CBM (MECoM), which involves stimulating 

microorganisms to produce additional CBM from existing production wells. This paper 

reviews current laboratory and field research on understanding processes and reservoir 

conditions which are essential for microbial CBM generation, the progress of efforts to 

stimulate microbial methane generation in coal beds, and key remaining knowledge gaps.  

Research has been primarily focused on identifying microbial communities present in 

areas of CBM generation and attempting to determine their function, in-situ reservoir 

conditions that are most favorable for microbial CBM generation, and geochemical 

indicators of metabolic pathways of methanogenesis (i.e., acetoclastic or 

hydrogenotrophic methanogenesis). Meanwhile, researchers at universities, government 

agencies, and companies have focused on four primary MECoM strategies: 1) microbial 

stimulation (i.e., addition of nutrients to stimulate native microbes); 2) microbial 

augmentation (i.e., addition of microbes not native to or abundant in the reservoir of 

interest); 3) physically increasing microbial access to coal and distribution of 

amendments; and 4) chemically increasing the bioavailability of coal organics. Most 

companies interested in MECoM have pursued microbial stimulation: Luca 

Technologies, Inc., successfully completed a pilot scale field test of their stimulation 

strategy, while two others, Ciris Energy and Next Fuel, Inc., have undertaken smaller 

scale field tests. Several key knowledge gaps remain that need to be addressed before 

MECoM strategies can be implemented commercially. Little is known about the bacterial 
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community responsible for coal biodegradation and how these microorganisms may be 

stimulated to enhance microbial methanogenesis.  In addition, research is needed to 

understand what fraction of coal is available for biodegradation, and methods need to be 

developed to determine the extent of in-situ coal biodegradation by MECoM processes 

for monitoring changes to coal quality. Questions also remain about how well field-scale 

pilot tests will scale to commercial production, how often amendments will need to be 

added to maintain new methane generation, and how well MECoM strategies transfer 

between coal basins with different formation water geochemistries and coal ranks. 

Addressing these knowledge gaps will be key in determining the feasibility and 

commercial viability of MECoM technology. 
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1. INTRODUCTION 

Coalbed methane (CBM) represents a significant portion of the world’s natural 

gas reserves, and it has been suggested that up to 20% of the world’s natural gas, 

including CBM, is microbial in origin (Rice and Claypool, 1981). However, drilling and 

maintaining microbial CBM is becoming less economical due to current, relatively low 

gas prices and competition from shale gas production, and due to the short life span of 

CBM production wells (10 years or less; Ayers, 2002; Stearns et al., 2005). Recent 

laboratory and field experiments have shown that not only has microbial CBM been 

generated in the geologic past and retained in the formation in commercial quantities, but 

that some sedimentary basins have active, on-going microbial methane generation (e.g., 

Cokar et al., 2013; Kirk et al., 2012; Martini et al., 2005; Str� po�  et al., 2007; Ulrich and 

Bower, 2008). Because methanogenesis is an active process, it may be possible to 

stimulate the microbial communities that have produced CBM to generate more methane 

from coal biodegradation on commercially relevant timescales (i.e., years).  If microbial 

CBM generation could be enhanced, the productive lifespans of depleted microbial CBM 

wells could be extended and/or new microbial methane could be generated in areas 

without prior history of gas production. Because existing infrastructure would be used for 

stimulation projects, stimulating microbial CBM generation could also reduce the 

environmental impact of CBM production by reducing the need to drill new wells as old 

wells become depleted. Enhanced microbial CBM generation could also be used to 

convert deep or thin, potentially unmineable coal deposits into methane, and similar 

strategies could be used to produce methane in gas depleted shales and from coal waste 

materials. The process of stimulating microorganisms to produce more methane from 
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existing production wells is known as enhanced CBM, or microbially enhanced CBM 

(MECoM). 

Starting about 2000, rising natural gas prices led to a rapid expansion of CBM 

development (drilling and production) in the United States, primarily in the San Juan, 

Powder River, Illinois, Gulf Coast, Black Warrior, and Appalachian basins, which is 

demonstrated by the increase in active production wells in the Powder River Basin 

(Figure 1; www.eia.gov). Coalbed methane in the Powder River Basin (PRB) is 

microbial in origin, while CBM in the San Juan, Illinois, Black Warrior, Appalachian, 

and Gulf Coast basins is a mixture of biogenic and thermogenic gas (Str� po�  et al., 2011).  

Development of CBM plays permitted greater access for researchers to coal formations to 

collect water and gas samples to study microbial CBM processes. In addition, as gas 

prices began to fall in summer 2008, commercial groups interested in MECoM were able 

to purchase wells for pilot field studies from companies that were divesting interest in 

CBM.  Around this time, the advent and use of hydraulic fracturing technologies opened 

up new petroleum and hydrocarbon reservoirs and provided the market with substantial 

amounts of natural gas. This has resulted in sustained low gas prices that have made it 

difficult for MECoM groups to continue to develop commercial technology. Shale gas 

wells typically cost substantially more to drill than CBM wells (several million dollars 

versus around half a million dollars for CBM wells, depending on depth of wells and 

technology used), but also produce significantly more gas per well. This means that a 

single shale gas well generates significantly more revenue than a CBM well. However, 

the process of hydraulic fracturing increases the production rate, not the ultimate supply, 

of hydrocarbons, and peak hydrocarbon production from hydraulic fracturing is predicted 
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to occur around 2030, and may occur much sooner (www.eia.gov; Patzek et al., 2013).  

In addition, the environmental hazards associated with hydraulic fracturing are still 

debatable and range from ecological, water quality, and induced seismicity (Burton et al., 

2014; Hallo et al., 2014; Maguire-Boyle et al., 2014). Increased regulation of shale gas 

practices could make coalbed methane production more competitive with shale gas 

production. Regardless of current market conditions and resources, strategies, such as 

MECoM, can help to fully utilize domestic energy resources. 

 In this paper, we review the state of scientific knowledge and major advances that 

have been made towards sustainable commercial MECoM technology, including what is 

known about coal biodegradation and methanogenesis, from both the basic research and 

commercial sectors.  We also identify key knowledge gaps that need to be addressed to 

further advance MECoM technology.  

  
 
2. NATURAL PROCESSES AND LIMITATIONS ON MICROBIAL 

METHANOGENESIS 

 
 Since the discovery of active microbial (biogenic) gas generation in coal bed 

reservoirs and the development of geochemical methods to distinguish biogenic from 

thermogenic gas, researchers have identified coal beds around the world where microbial 

gas was present (Str� po�  at al., 2011; Figure 2). Widespread occurrences of microbial 

CBM have allowed researchers collect co-produced formation water and gas in order to 

investigate in situ reservoir conditions which may promote or inhibit methanogenesis, 

indicators of microbial methanogenesis, and metabolic pathways of coal biodegradation 

and methanogenesis.  
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2.1 Microbial pathways for coal biodegradation and community composition 

Microbial conversion of coal to methane is a multi-step process that involves a 

consortium of bacteria and methanogenic Archaea (methanogens) (Jones et al., 2010, 

Str� po�  et al., 2011; Figure 3). While much of the process is poorly understood, it has 

been hypothesized that soluble organics (i.e., long chain fatty acids, alkanes, and low 

molecular weight aromatics; Orem et al., 2010) must first be released from the coal, then 

biodegraded by microorganisms into substrates (e.g., acetate, CO2 and H2, methanol, 

formate) that are utilizable by methanogens prior to the onset of methanogenesis, which 

produces CH4 and CO2 (Jones et al. 2010; Figure 3). This requires the activity of 

different groups of microorganisms that work together to catalyze the different steps of 

coal biodegradation. The solubilization and degradation of coal organic substrates can 

occur via aerobic or anaerobic pathways, depending on the environmental conditions, and 

these steps may be catalyzed by a wide variety of organisms including heterotrophic 

bacteria, fermenters, acetogens, syntrophs, and fungi (e.g., Beckmann et al. 2011; 

Fakoussa and Hofrichter, 1999; Jones et al. 2010; Haider et al., 2013; Scott et al., 1986; 

Silva-Stenico et al., 2007; Singh et al., 2012). In contrast,  methanogenesis is carried out 

by microorganisms, methanogens, that are strict anaerobes (Hoehler et al. 2010; Zinder 

1993). Methanogens are found in a wide range of subsurface environments, with their 

distribution primarily controlled by physicochemical factors (Hoehler et al., 2010). 

Within coal beds, the organic-compound-degrading bacteria likely provide methanogens 

the necessary substrates, e.g., acetate, CO2 and H2, to produce methane (Str� po�  et al., 

2011). The activity of methanogens is thereby limited by the availability of these 
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substrates, and the generation of these substrates is likely limited by the rate of 

solubilization of coal organics, although this has not been definitively demonstrated.     

 Studies of microbial community composition in CBM reservoirs have identified 

diverse assemblages of both Bacteria and Archaea (e.g., Barnhart et al., 2013; Green et 

al., 2008; Klein et al., 2008; Li et al., 2008; Midgley et al., 2010; Penner et al., 2010; 

Shimizu et al., 2007; Singh et al., 2011; Str� po�  et al., 2008b). DNA-based microbial 

community characterization studies have shown that bacterial diversity in CBM 

reservoirs is much higher than archaeal diversity (Barnhart et al., 2013; Penner et al., 

2010). Bacterial diversity in these reservoirs tends to be dominated by organisms within 

the Proteobacteria and Actinobacteria phyla, with members of the Firmicutes often 

representing a minor component of the community. The Proteobacteria represent a vast 

diversity of bacterial species. However, within coal reservoirs polycyclic-aromatic-

hydrocarbon(PAH)-degrading � -Proteobacteria and � -Proteobacteria, and syntrophic � -

Proteobacteria have been detected and are known to be associated with methanogens 

(Guo et al., 2012a, 2014; Meslé et al 2013a; Penner et al., 2010). The dominance of PAH-

degrading � -Proteobacteria could reflect in situ physicochemical conditions because 

PAHs are the main organic compound class detected in CBM produced water samples 

(Orem, et al 2014).  Actinobacteria were a major component of the in situ microbial 

community from coal beds in China and Canada (Guo et al., 2012a, 2014; Penner et al., 

2010). Many Actinobacteria possess the ability to degrade cellulose and hydrocarbons in 

aerobic environments but their role in anaerobic coal degradation has not been 

determined (Anderson et al., 2012; Meslé et al., 2013a). Shotgun metagenomic studies 

have also identified unexpectedly high proportions of genes for enzymes involved in 
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aerobic hydrocarbon metabolism in coal and CBM produced water samples (An et al., 

2013).   

 The association of Actinobacteria with aerobic hydrocarbon degradation and the 

detection of aerobic hydrocarbon degrading enzymes in coal beds could be the result of a 

greater number of studies defining enzymes involved in aerobic coal degradation (Kabe 

et al., 2004). It is also an indication of the need for more research investigating enzymes 

involved in anaerobic coal degradation (Kabe et al., 2004).  Although organisms in the 

Firmicutes phylum, which include fermenters and acetogens, are often a minor 

component of the in situ microbial community, they may dominate in laboratory 

microcosm experiments (Barnhart et al., 2013; Jones et al., 2010; Green et al, 2008; Li et 

al., 2008; Meslé et al., 2013b; Penner et al., 2010). Fermenters and acetogens could be an 

important part of methanogenic community composition, but may be enriched in 

laboratory experiments due to the addition of supplements added to the microcosms to 

stimulate methane production.   

 Recent research has begun to use metagenomics to identify the functional 

composition of microbial communities associated with the process of coal biodegradation 

and methanogenesis (An et al., 2013; Ghosh et al., 2014). Metagenomic studies also 

suggest Proteobacteria predominate the coalbed environment and further imply 

biochemical capabilities to degrade coal-associated kerogen and associated solvent-

extractable material (An et al., 2013; Ghosh et al., 2014).  In addition, although anaerobic 

populations are common and expected from coal-bed environments, both pyrotag SSU 

rRNA gene libraries and metagenomes suggest a high proportion of sequences indicative 

of aerobic, hydrocarbon-degrading bacteria that include Sphingomonads and 
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Actinobacteria (An et al., 2013).  However, the gene sequences suggestive of aerobic 

metabolism were more prevalent in shallow CBM samples as compared to deeper CBM 

samples.  Cultures with coal were also enriched with Actinobacteria compared to cultures 

from the same environment that did not receive coal (Barnhart et al., 2013).  These results 

suggest an important role for the Gram-positive Actinobacteria in coal degradation.   

 As for Archaea, a distribution of both hydrogenotrophic and acetoclastic 

methanogens have been observed in pyrotag libraries.  In the An et al. (2013) 

metagenome analysis, a distribution of sequences indicative of Methanomicrobiales and 

Methanosarcinales were observed.  It was also noted that core samples with a mixture of 

sequences indicative of both aerobic and anaerobic populations had higher proportions of 

Methanosarcina sequences.  The presence of Methanosarcina may suggest acetate-

dependent methanogenesis but may also be suggestive of intermittently oxygenated 

environments because these organisms can survive intermittent oxygen exposure in 

mixed communities.  In comparison to a deep coal seam in China (Eastern Ordos Basin), 

the methylotrophic methanogen, Methanolobus, was predominant in produced water 

(Guo et al., 2012).  In a separate study, enrichment cultures were compared to native coal 

material that was incubated down-well.  The native material had a higher abundance of 

sequences indicative of hydrogenotrophic methanogens while stimulated enrichments 

contained more sequences indicative of aceticlastic methanogens (Barnhart et al., 

unpublished results).  These results indicate that as with most other environments, the 

microbial populations enriched in laboratory cultures may not represent predominant 

populations in situ.  Further work is needed to understand the relationship between 
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environmental conditions, bacterial syntrophs, and potential hydrogenotrophic and/or 

aceticlastic methanogenesis. 

 Microbial community composition, function, and metabolic pathways are often 

distinct to a coal basin, and may even vary by location within a basin (Barnhart et al., 

2013; Penner et al., 2010; Str� po�  et al., 2011). For example, methanogenesis via CO2 

reduction is thought to be dominant in the Antrim Shale in the Michigan Basin (Martini 

et al., 1998; Waldron et al., 2007), whereas both acetoclastic and hydrogenotrophic (CO2 

reduction) methanogenesis have been detected in Powder River Basin coal beds 

(Barnhart et al., 2013; Flores et al., 2008; Green et al., 2008; Ulrich and Bower, 2008). In 

addition, pyrosequencing has shown that methylotrophic methanogenesis utilizing 

methanol and other methylated substrates is responsible for some microbial CBM 

generation in the Liulin coal beds of China (Guo et al., 2012a, 2012b).  For this reason, 

the ideal stimulation method for MECoM may be basin or sub-basin dependent, and 

nutrient treatments that are effective in one basin or area may not work in another 

(Mahaffey, 2012).   

   

2.2. In situ Reservoir Conditions for Microbial CBM Generation 

In situ reservoir conditions in areas of active microbial CBM generation must be 

understood in order to understand how changing natural conditions with MECoM 

projects might affect rates of methane generation. Methanogenesis occurs under 

anaerobic conditions (Rice and Claypool, 1981; Scott, 1999), typical of most subsurface 

organic-rich environments, such as coal seams, oil reservoirs, and black shales (Lovley 

and Chapelle, 1995). However, the matrix porosity of coals (pores typically <50 nm in 
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diameter) is usually too small for microorganisms (typically 1000-3000 nm) to inhabit 

(Scott, 1999). As a result, microbial communities that degrade coal and produce methane 

live mainly within fractures (cleats) in the coal seams (typically 3-10 � m wide), or at the 

interface of coal with overlying or underlying rock layers (Scott, 1999). This provides 

limited surface area for the microorganisms to interact with the coal. Increasing 

permeability of coal helps facilitate methane production (i.e., enhances transport of gas to 

the wellbore; Solano-Acosta et al., 2007), and would likely help carry injected nutrients, 

water, and/or microorganisms to additional coal surfaces.  

Because methanogenesis only occurs in aqueous environments, injecting water 

may also re-wet coals that have been dewatered during methane production, allowing 

methanogenesis to resume. Injection of water may also help to transport nutrients and 

remove waste products from microorganisms (Pfeiffer et al., 2008). Nitrogen, 

phosphorus, and trace metals are essential nutrients for microbial generation of methane 

from coal, and may be limiting in methanogenic environments (Bates et al., 2011; 

Gilcrease and Shurr, 2007; Penner et al., 2010). Although methanogens require trace 

metals (e.g., Ni and Co) for enzyme function, the ideal concentration is unknown (i.e., 

either too little or too much may inhibit methanogenesis) (Gilcrease and Shurr, 2007; 

Harris et al., 2008; Ünal et al., 2012). However, the introduction of a trace metal cocktail 

(iron, nickel, cobalt, molybdenum, zinc, manganese, boron, and copper) in the right 

concentration to cultures of methanogens from CBM produced water increased rates of 

methanogenesis from soluble electron acceptors (acetate, methanol, and CO2) (Ünal et 

al., 2012). Recent studies have also suggested that natural groundwater recharge enhances 

methanogenesis by either transporting microorganisms into organic-rich reservoirs, 
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providing moisture necessary for microbial activity, decreasing salinity, removing waste 

products, and/or transporting in nutrients necessary for microbial growth (Barnhart et al., 

2013; Jones et al., 2013; Martini et al., 1996; McIntosh et al., 2002; Schlegel et al., 2011; 

Shuai et al., 2013; Str� po�  et al., 2008a, 2010; Zhang et al., 2013). Reduction in salinity 

is key for promoting methanogenesis in basins with high salinities because these 

organisms prefer Cl- concentrations <3M (Doerfert et al., 2009; Hoehler et al 2010; 

Osborn and McIntosh, 2010; Oren 2011; Schlegel et al., 2011; Waldron et al., 2007).  

Methanogenesis is frequently observed in the presence of organic-rich substrates, 

such as coal, although the specific fraction of organic matter utilized is not necessarily 

known. Microbial gas has been detected in reservoirs in source rocks with a minimum of 

12-20% total organic carbon content (Martini et al., 1996; Walter et al., 2001). 

Laboratory studies have shown that microbial cultures produce more methane in cultures 

where coal is present versus cultures where it is absent (Papendick et al., 2011) and that 

critical microbial CBM organisms are attached to coal particles (Papendick et al. 2014). 

The thickness and spatial extent of organic-rich formations will also likely strongly 

influence gas storage capacity, as generated methane is adsorbed onto organic matter 

(Flores, 1998).  

 Several studies have also investigated how changing in-situ reservoir conditions 

might affect microbial methane production. Measurements of sulfate and methane 

concentrations in interstitial water from marine and freshwater sediments have suggested 

that methanogenesis and sulfate reduction are mutually exclusive due to competition for 

carbon substrates (Claypool and Kaplan, 1974; Hoehler et al 2010; Kuivila et al., 1989; 

MacGregor and Keeney, 1973; Lovley and Phillips, 1987; Mah et al., 1977; Martens and 
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Berner, 1974; Reeburgh and Heggie, 1977). In addition, laboratory tests on sediments in 

bioreactors have shown that the addition of sulfate to these reactors caused 

methanogenesis to cease (Abram and Nedwell, 1978; Cappenburg, 1975; Kamagata et al., 

1992; Winfrey and Zeikus, 1977). Other studies have shown that, in the absence of 

sulfate, sulfate reducing bacteria may play a role in the breakdown of coal organics into 

methanogenic substrates (Bryant et al., 1977; Cappenberg, 1975; Mah et al., 1977; 

Raskin et al., 1996; Tasaki et al., 1993; Traore et al., 1983; Wawrik et al., 2012).  

A recent study in organic-rich shale showed that aquifer conditions may shift 

from methanogenic to sulfate-reducing due to a pumping induced influx of sulfate-rich 

water from an underlying gypsum-containing carbonate formation(Kirk et al., 2012). 

Green et al. (2008) carried out laboratory studies that found increases in methane 

production when temperature was increased (from 22oC to 38oC), pH was lowered (from 

7.4 to 6.4), particle size was decreased, and a solvent was added (N,N-

dimethylformamide). However, another laboratory study found that methane production 

from coal was greatest when temperature was 35oC, pH was 7.0-7.5, and particle size was 

-60+15 µm (Gupta and Gupta, 2014). Laboratory studies have also found that bicarbonate 

did not stimulate methane production in coal slurries, but the addition of Zonyl FSN 

surfactant did enhance methanogenesis from coal (Papendick et al., 2011). It has also 

been suggested that using coal seams as CO2 sequestration reservoirs might also increase 

methanogenesis (Budwill et al., 2003; Faison and Crawford, 1993; Mayumi et al., 2013; 

McIntosh et al., 2010; Scott, 1999; Stricker et al., 2008; Tang et al., 2012), although 

others have suggested that the addition of CO2 may have no effect on methanogenesis 

because these systems are H2 limited rather than CO2 limited (Kirk, 2011; Papendick et 
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al., 2011; Shelton et al., 2014). Research into the effect of changing reservoir conditions 

has been primarily laboratory based. Further laboratory and field testing is needed to 

determine how changing in situ conditions will affect methane generation rates at the 

basin scale. 

2.3. Indicators of Methanogenic Pathway 

 Determining metabolic pathways is a key step in understanding MECoM 

processes, because understanding what microorganisms are present and producing 

methane is an important part of determining the best stimulation strategy. Given that the 

processes that convert coal to methane are difficult to observe in-situ, a major focus of 

basic research has been investigating tracers that can be measured in the laboratory or 

field as indicators of metabolic pathways of methanogenesis. Early researchers identified 

acetate fermentation and CO2 reduction as the primary pathways for methanogenesis in 

freshwater systems, and suggested that carbon isotopes (� 13C) of methane and CO2 and 

hydrogen isotope (� 2H) values of methane and water  could be used to distinguish 

between these two pathways in natural gas reservoirs (Ball et al., 2005; Cheung et al., 

2010; Conrad, 2005; Flores et al., 2008; McIntosh et al., 2008; Pashin et al., 2014; 

Str� po�  et al., 2011; Wang et al., 2010; Whiticar et al., 1986; Whiticar, 1996). These 

isotopic indicators, especially � 13C of methane and CO2, have subsequently been widely 

used in studies investigating metabolic pathways in microbial methane systems in coal 

and shale reservoirs (e.g., Aravena et al., 2003; Burra et al., 2014; Cheung et al., 2010; 

Faiz and Hendry, 2006; Gilcrease and Shurr, 2007; Golding et al., 2013; Harrison et al., 

2006; Kandu�  et al., 2012; Kinnon et al., 2010; Osborn and McIntosh, 2010; Ni et al., 

2013; Scott et al., 1994; Smith and Pallasser, 1996; Weniger et al., 2012). 
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 Application of isotopic indicators along with microbiology results (e.g., 

laboratory enrichments and DNA/RNA-based community characterization of coal 

samples and produced waters) in coal basins has revealed that the dominant microbial 

populations do not necessarily match isotopic indicators of metabolic pathways. For 

example, in the Gulf Coast Basin, isotopic studies have indicated that CO2 reduction was 

likely the dominant pathway of methane generation in Wilcox Group coal beds 

(McIntosh et al., 2010; Warwick et al., 2008), yet microbiology results have suggested 

that methylotrophic methanogens (Doerfort et al., 2009) or acetoclastic methanogens 

(Jones et al., 2010) may dominate methane generation. In the Powder River Basin, 

isotopic studies of produced gas have suggested that hydrogenotrophic methanogenesis 

was the dominant pathway (Flores et al., 2008; Rice et al., 2008), while some microbial 

enrichments from the same area of the basin have shown a predominance of acetoclastic 

methanogens (Green et al., 2008).  

Instead of being an indicator of metabolic pathways of methanogenesis, the 

relationship between carbon isotopes of CH4 and CO2 may more accurately describe the 

extent of methanogenesis (i.e., how much of the organic matter has been converted into 

methane versus alternative electron acceptor processes, such as sulfate reduction) (Bates 

et al., 2011; Brown, 2011; Hamilton et al., 2014, 2015; Vinson et al., 2012). Future work 

is needed to pair produced gas isotopic signatures, isotopes of acetate, and head space gas 

from laboratory experiments of various pathways of methanogenesis, with genomic data 

on microbial function to better constrain potential indicators of methanogenic pathways 

(e.g., Akob et al., 2014). 
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 3. POTENTIAL MECoM METHODS 

 While there are a number of potential MECoM techniques that could be applied, 

Jones et al. (2013) identified four main categories of MECoM techniques: microbial 

stimulation, microbial augmentation, physically increasing microbial access to coal and 

distribution of amendments, and increasing the bioavailability of coal organics. These 

approaches could be used separately or in combination to achieve continued generation of 

microbial CBM from existing CBM installations. 

3.1. Microbial Stimulation 

 Microbial stimulation involves the addition of nutrients (such as nitrogen and 

phosphorus) and/or micro-nutrients (such as vitamins and trace metals) to coal seams to 

stimulate methane production from microorganisms that are indigenous to the coal 

formations.   Nutrients may be added to coal to stimulate microbial growth where 

microbial methane generation is active in order to increase methane production, or added 

to areas where there is no history of methane production in an attempt to stimulate the 

growth of methanogenic communities and shift redox conditions to methanogenesis 

(Barnhart et al., 2013; Fallgren et al., 2013b; Jones et al., 2010). Although methanogens 

could be stimulated to produce more methane by simply adding acetate and/or CO2 and 

H2, the primary goal of microbial stimulation is to stimulate coal-dependent 

methanogenesis.  Therefore, it has been suggested that MECoM injections should target 

the colonizers and degraders of coal (i.e., “first biters”; Mahaffey, 2012; Schlegel et al., 

2013) to degrade the coal and produce intermediary products that can be converted to 

methane by methanogens. In the context of coal-dependent methanogenesis, one of the 
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main amendments studied has been cell extracts, e.g., yeast extract (Gilcrease and Shurr, 

2007).  While these types of cell extracts have high levels of nitrogenous compounds 

(e.g., amino acids), the extracts are a complex mixture of nitrogen, phosphorus, carbon, 

and other micronutrients.  Therefore, it is difficult to identify the exact stimulants that 

impact the microbial communities. Adding nutrients seems to be the primary approach of 

current commercial MECoM projects (See Supplementary Table 1 for patents; see also 

Luca: Mahaffey, 2012; Next Fuel: Fallgren et al., 2013b; Ciris: Ciris Energy, 2013).  

 

3.2. Microbial augmentation  

 Microbial augmentation is the process of adding new or additional 

microorganisms to coal in order to enhance or initiate microbial CBM production. 

Additions may consist of a single microorganism or a consortium of microorganisms 

(i.e., Bacteria and Archaea) with variable functions selected for in laboratory cultures. 

Microorganisms may be added because they are seen as more productive than the current 

active microorganisms in the coal beds, or because microbial CBM is not currently being 

produced due to a lack of microbial communities present in the coal. In addition to 

adding microorganisms to the coal bed, redox conditions or salinity of the coal bed may 

have to be adjusted to optimize the growth of native or exotic consortia. For example, 

methanogenesis may be limited in certain locations because of high (inhibitory) sulfate or 

chloride concentrations, which would need to be adjusted in conjunction with adding 

methanogenic populations. It may also be difficult to get permission from regulatory 

agencies to inject microorganisms into the subsurface, especially into aquifers, which are 
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used for drinking water. Very few research groups have pursued the microbial 

augmentation approach at the field scale (see http://www.arctech.com/micgas.html).  

  

3.3. Physically increasing microbial access to coal and distribution of amendments  

 Because microorganisms are typically too large for the pore matrix of coal (Scott, 

1999) and are limited to coal fractures (cleats), one MECoM technique is to increase the 

surface area available for microbial colonization. This may be accomplished through 

grinding of coal (typically ex-situ), creating a chamber in the coal seam through burning, 

fracturing the coal (e.g., hydraulic fracturing), dissolving coal using underground solution 

to create cavities or increase porosity, or other methods (Green et al., 2008; Scott, 1999). 

Coal cleat area could be used to estimate the available surface area of coal (Papendick et 

al., 2011; Scott, 2009), allowing for an estimation of how increasing coal surface area 

might increase in situ methane generation rates. While this approach might be useful on 

its own, it is more likely to be used in conjunction with microbial stimulation or 

augmentation in order to promote the colonization of newly exposed coal surfaces. 

 

3.4. Increasing the bioavailability of coal organics  

 The approach of increasing the bioavailability of coal organics involves 

chemically breaking down the coal geopolymers so that microorganisms along the 

pathway of generating methane from coal can use the byproducts. The biotic and abiotic 

process of breaking down coal into intermediates that methanogens can use to make 

methane is often considered a rate-limiting step in methanogenesis (Scott, 1999; Str� po�  

et al., 2011; Wawrik et al., 2012). Using a solvent or some other means (e.g alcohols or 



57 
 

esters of phosphorus: Downey, 2013; Downey and Verkade, 2012; surfactants: Papendick 

et al., 2011; biosurfactants: Singh and Tripathi, 2013; emulsified soybean oil: Akob et al., 

2014) to increase the bioavailability of coal organics could potentially bypass this rate-

limiting step. There has been some concern that this could alter the quality (i.e., BTUs; 1 

BTU is ~1055 joules) of the coal (Patriot Energy Resources, 2011), although laboratory 

studies have reported a maximum fraction of coal converted to methane of 0.44 wt.% 

(Papendick et al., 2011). It is also possible that amendments could include chemicals that 

are harmful to the methanogens or that could contaminate drinking water resources. 

Chemically increasing the availability of coal organics could be accomplished through 

adding chemicals to dissolve the coal matrix (Scott, 1999). Laboratory studies have 

suggested that the addition of a strong oxidant, such as potassium permanganate or 

hydrogen peroxide, may help to convert coal carbon to organic acids (KMnO4: Huang et 

al., 2013; H2O2: Jones et al., 2013). It has also been suggested that oxidation of coal 

during dewatering may increase the bioavailability of the coal, although laboratory 

studies have not clearly established whether this type of oxidation is beneficial (Gallagher 

et al., 2013; Jones et al., 2013).  

 
4. COMMERCIAL APPROACHES TO MECoM 

Rising natural gas prices around the year 2000 (Figure 1) led to the formation of 

several companies, including Luca Technologies, Inc., Ciris Energy, and Next Fuel, Inc., 

whose primary objective was to stimulate MECoM production (See also: Luca 

Technologies: Ulrich and Bower, 2008, Next Fuel: Fallgren et al., 2013a, Fallgren et al., 

2013b). Several other groups have some current interest in MECoM, even though it is not 

a primary business objective. At present, the primary focus of MECoM projects is adding 
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nutrients to stimulate indigenous microorganisms, but all have looked into other 

strategies for MECoM, including bioaugmentation, and increasing microbial access to 

coal organics through chemical or physical processes. Most MECoM projects are focused 

on trying to generate additional gas in areas where microbial CBM production is already 

present, because these areas already have important infrastructure in place (Figure 4). 

Additionally, existing methane means that MECoM projects have to generate less 

methane in order return treated wells to economic production levels. One exception is 

Next Fuel, Inc., which has moved to trying to generate new methane from areas where no 

microbial methane has previously been found. It should be noted that all information 

contained in this section is information that has been made public by the companies, and 

is often presented by companies in a purposefully vague manner to protect intellectual 

property. 

4.1. Companies with primary investments in MECoM technology  

4.1.1. Luca Technologies, Inc. 

Luca Technologies, Inc. was founded in April 2003 as Clearflame Resources, and 

officially became Luca Technologies, Inc. in July 2004. In 2006, Luca began field testing 

its proprietary coalbed natural gas farming technology (Figure 5). Luca owned and 

operated over 1,350 wells in the Powder River Basin in Wyoming, and also conducted 

field tests on wells owned by other parties in the Uinta Basin (Utah), San Juan Basin 

(New Mexico), and Black Warrior Basin (Alabama) (Figure 2; see also 

http://www.lucatechnologies.com/). In July 2013, Luca filed for bankruptcy due to 

financial struggles brought on, in part, by an inability to obtain a commercial scale permit 
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for MECoM in the Powder River Basin from the Wyoming Bureau of Land Management 

(BLM). Transworld Technologies, Inc. has since purchased Luca’s intellectual property. 

Luca held at least 13 patents related to its MECoM process (Supplementary 

Table 1). While the patents cover methods for all of the MECoM stimulation strategies 

mentioned above, Luca’s laboratory and field tests showed that its primary strategy was 

microbial stimulation through the addition of nutrients to coal seams in areas of 

commercial microbial CBM production. Luca’s primary goal was to acquire CBM 

production wells near the end of their economic production life in order to stimulate 

production of new gas with minimal drilling of new wells (Mahaffey, 2012; Figure 4). 

Luca began research by developing several amendment mixtures in the laboratory that 

were found to stimulate methanogenesis of native microorganisms. Luca’s amendment 

mixtures were made up of vitamins and minerals, multi-nutrients, cell vitality enhancers, 

and tracers (Patriot Energy Resources, 2011; Table 1). Once the best amendment 

mixtures were identified from laboratory studies, Luca tested their efficacy in Powder 

River Basin field tests. The most productive amendment mixtures were those that 

produced the most gas, and these successful amendments were used for further field 

studies (Mahaffey, 2012). 

Luca started a large scale pilot field test in 2006 on 260 wells in the Powder River 

Basin (named South Kitty unit). The wells had 40 or 80 acre spacing (~162,000 m2 or 

~324,000 m2) and amendments were added to wells using gravity (i.e., water level in the 

wellbore was increased to increase static pressure head and allow nutrients to flow down 

gradient into the coal seam). Amendment mixtures were added using coal formation 

water from other parts of the field in a recirculation process (i.e., water was pumped from 
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one set of wells to produce gas and then used to add amendments to other wells, thereby 

having little to no net water removal from the formation; Figure 6a). Treatments were 

added to wells for 1-2 months, and then allowed to “soak” (i.e., incubate) for an 

additional 1-2 months to allow the microorganisms to use added nutrients. Luca predicted 

it would take months or years for new gas to then be seen in treated wells (DeBruyn, 

2012). Of the 260 wells treated by Luca in the South Kitty pilot test, 58 had increased 

methane production in response to the nutrient mixtures added to them over the course of 

the pilot study. In order to determine whether their amendment mixtures had been 

successful, Luca used the production histories of all of their pilot wells to produce an 

expected production curve, and then measured the gas produced above this expected 

baseline to determine their estimated new gas produced (Mahaffey, 2012). Gas output 

was increased by an average of ~45 MCF (~1260 m3) per successfully treated well above 

expected production. Successfully treated wells returned to about 50% of original peak 

productivity (DeBryun, 2012). After ~5 years, the amount of additional gas in 

successfully treated wells began to decrease, indicating that amendments would need to 

be re-injected at roughly 5-year intervals, although this could vary in different coal seams 

and basins (DeBryun, 2012). 

One of Luca’s major objectives in adding nutrients was to shift the methanogenic 

community from one that was dominantly hydrogenotrophic to one that was dominantly 

acetoclastic. Luca did not give justification for changing the microbial community in 

their publications or publicly available presentations, but it was asserted that the greatest 

success in converting coal to methane was through acetoclastic methanogenesis in 

laboratory experiments.This corresponds to the findings of Jones et al. (2010), where an 
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increase in acetoclastic Methanosarcina and/or Methanosaeta were associated with 

methane production from coal. Measurements of microbial populations from their pilot 

study indicated that Luca was successful in shifting the methanogenic community in-situ 

in response to the nutrient amendments. The bacterial community also changed, but not 

necessarily in predictable or yet understandable ways. This may be a reflection of the 

greater natural diversity of the bacteria compared to the Archaea (methanogens) 

(Mahaffey, 2012). 

4.1.2. Next Fuel, Inc. 

 Next Fuel, Inc. was founded in 2007 and is headquartered in Sheridan, Wyoming. 

Next Fuel currently has operations in China and Inner Mongolia, Indonesia, and India 

(Figure 2). Next Fuel has also carried out tests in the Powder River Basin in Wyoming, 

but does not currently appear to be testing stimulation techniques there (http://www.next-

fuel.com/; Next Fuel Quarterly Report, 2013). 

   A patent search does not bring up any granted patents belonging to Next Fuel, but 

does show two recent patent applications. The most pertinent application to MECoM is a 

system for introducing nutrients to a coal seam (Jin and Craig, 2012), although the 

nutrients to be used are not listed. Injection of nutrient-rich fluid may be accomplished 

using gravity, similar to Luca’s approach, or through a series of pumping and injection 

wells, similar to Ciris Energy’s approach. Next Fuel appears to be focused solely on 

microbial stimulation as an MECoM strategy, with its primary targets being lignite coal 

seams in which there is no past history of microbial methane production (Next Fuel 

Quarterly Report, 2013).  
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Next Fuel’s strategy of targeting non-productive lignites is justified by lab 

experiments showing that coal with no prior history of commercial microbial methane 

production could be used to generate methane when nutrients are added (Fallgren et al., 

2013b; see also Jones et al., 2008, 2010). These experiments were performed on coal 

from three regions of the world, and while all samples produced measureable methane, 

some samples were more productive than others (Fallgren et al., 2013b). It is important to 

note that their process does not involve bioaugmentation; rather, microorganisms that are 

apparently already present in coal, but relatively inactive, are stimulated to convert coal 

to methane by the addition of nutrients (Fallgren et al., 2013b). The nutrient mixture is 

not publicly available, but is reported to have no carbonaceous constituents and to include 

basic chemical macronutrients (e.g., ammonium and phosphate) and micronutrients (e.g., 

vitamin mix) (Fallgren et al., 2013b). Amendments are said to be similar to those added 

in Green et al. (2008) (Minerals: NaCl; NH4Cl; KCl; KH2PO4; MgSO4·7H2O; 

CaCl2·2H2O. Trace metals: nitrilotriacetic acid; MnSO4·H2O; Fe(NH4)2(SO4)2·6H2O; 

CoCl2·6H2O; ZnSO4·7H2O; CuCl2·2H2O; NiCl2·6H2O; Na2MoO4·2H2O; Na2SeO4; 

Na2WO4. Vitamins: pyridoxine·HCl; thiamine·HCl; riboflavin; calcium pantothenate; 

thioctic acid; p-aminobenzoic acid; nicotinic acid; vitamin B12; mercaptoethanesulfonic 

acid (coenzyme M); biotin; folic acid.) and Jin (2007) (several different microcosm 

experiments, with various mixtures of ammonium chloride, potassium phosphate 

monobasic, sodium nitrite and milk used as stimulants) (Table 1).  

Next Fuel is currently performing nutrient injections in 16 wells in Indonesia, and 

has licensed MECoM technology to other companies for use in China (Future Fuel 

Limited) and India (unspecified). Injections have not commenced in India, and injections 
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in Indonesia and China have not yet produced commercial volumes of gas (defined in the 

license agreement as 2 million m3 of gas per 40,000 m2 of gas producing material of a 

specified thickness) (Next Fuel Quarterly Report, 2013). Next Fuel recently sold 

licensing rights to their technology in China, and currently has no plans for MECoM 

projects in areas where it controls the license for its technology (Next Fuel Quarterly 

Report, 2014). 

In addition to commercial MECoM technology, Next Fuel has published a paper 

from a laboratory study looking at microbial methane production related to coal rank 

(Fallgren et al., 2013a). This study showed higher rates of microbial methane production 

from coals of higher rank. This result is contrary to all other studies on microbial methane 

production and coal maturity (Str� po�  et al., 2011), and seems contrary to Next Fuel’s 

interest in targeting low-rank lignites for its stimulation procedure.  

4.1.3. Ciris Energy 

Ciris Energy was founded in 2007 and is headquartered in Centennial, Colorado. 

Ciris has projects in Australia and the Powder River Basin in Wyoming. Ciris began a 

pilot scale field test, known as the Antelope Project, in fall 2012 in the Powder River 

Basin (Figure 2). Ciris’ website also indicates that it has commercial projects in Australia 

(see http://cirisenergy.com). 

Ciris holds at least five granted patents, with several other patent applications 

appearing in the public record. As with Luca, Ciris’ patents and applications cover 

multiple potential MECoM stimulation strategies (Downey, 2013; Downey and Verkade, 

2012). Ciris’ process seems to differ from Luca’s in that fluid is continuously circulated 

under pressure through the coal seam. Ciris’ pilot test in the Powder River Basin shows 
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that it is primarily focused on microbial stimulation through the addition of nutrients, 

while also possibly increasing microbial access to coal by controlling reservoir pressure 

(i.e., fluid is injected at pressure slightly higher than reservoir pressures, which may 

increase the size of fractures and cleats) (Ciris Energy, 2013; Downey and Verkade, 

2012).  

Ciris’ MECoM approach introduces nutrients to the coal bed through a 

continuous-flow injection process. Nutrients are injected into the coal seam with water 

through an injection well under pressure, and the same amount of water is removed from 

the coal seam by production wells to continuously supply microorganisms with nutrients. 

This process circulates 1000-2000 barrels of water per day through the coal seam. The 

pilot project uses 4 injection wells surrounded by 13 production wells with 10 acre 

(~40,500 m2) spacing (Ciris Energy, 2013; Downey and Verkade, 2012; Figure 6b). All 

of Ciris’ wells are on private property, and were drilled as part of the Antelope Project. 

As of December 2013, no additional gas had been produced from Ciris’ pilot injections, 

although likely not enough time had passed to determine whether or not the injections 

were successful. Tracer tests performed by Ciris have indicated that injected nutrients are 

being consumed (Ciris Energy, 2013). As of July, 2014, Ciris had been awarded another 

10 year permit to continue its MECoM operation in Wyoming (see press release at 

www.cirisenergy.com). 

The exact composition of the nutrient mixture that Ciris uses has been kept 

confidential. Patents mention that amendment mixtures may contain one or more of the 

following: oxoacid ester of phosphorus, thioacid ester of phosphorus and/or hydrogen, 

carboxylic acids, esters of carboxylic acids, salts of carboxylic acids, oxoacids of 
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phosphorus, salts of oxoacids of phosphorus, vitamins, minerals, mineral salts, metals, 

and yeast extracts (Downey, 2013; Table 1). Esters would likely be used as solvents to 

break down coal, while other ingredients are likely used for microbial stimulation. 

4.2. Other companies with minor interest in MECoM 

4.2.1. Arctech 

Arctech was founded in 1988 and is based in Chantilly, Virginia. Arctech has 

projects that provide products to the agricultural, energy, and environmental market 

sectors. Arctech produces a variety of products from organic materials, consisting of 

fertilizers and products used for remediation of waste. These products are manufactured 

at a plant in South Boston,  

Virginia. Arctech holds patents for an in-situ and/or ex-situ MECoM process it calls 

MicGAS technology, although it is unclear if it is currently producing any methane 

utilizing this technology (http://www.arctech.com/micgas.html). Arctech has also 

partnered with Verso Enery and proposed a pilot study in Gippsland, Australia. This pilot 

study would convert coal to acetate in situ, then bring the acetate to the surface for 

conversion to methane (http://www.versoenergy.com/). 

Arctech’s MicGAS technology utilizes microorganisms from both tree-eating and 

humus-eating termites. These microorganisms are adapted to effectively convert coal to 

methane in a step wise process in which a culture of microorganisms is grown in 

increasing amounts of coal substrate (Srivastava and Walia, 1997). The process of 

converting coal to methane involves first converting coal to volatile organic compounds, 

followed by exposing these volatile organic compounds to microorganisms, which are 

naturally adapted in the laboratory, to convert the compounds to methane (Srivastava and 
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Walia, 1997). Leftover coal is then converted to humic matter for other products 

(http://www.arctech.com/micgas.html). Arctech claims that the process can be done in-

situ, but it is unclear whether any tests have been conducted to verify this claim. One 

patent (Srivastava and Walia, 1997) mentions that coal is ideally crushed and mixed with 

water to form a slurry, suggesting an ex-situ process. 

4.2.2. Synthetic Genomics, Inc. 

Synthetic Genomics, Inc. was founded in 2005 and is headquartered in La Jolla, 

California. In June 2007, Synthetic Genomics partnered with BP to investigate 

microbially enhanced conversion of subsurface hydrocarbons. Synthetic Genomics 

appears to be primarily responsible for laboratory studies, with BP likely handling any 

field-scale testing of technology that is developed. To date, it does not appear that any 

field tests have taken place (http://www.syntheticgenomics.com). 

Synthetic Genomics has two patents and two published patent applications related 

to MECoM. The first patent (Toledo et al., 2011) describes using microbial nucleic acid 

sequencing to determine gene products that are enzymes in a variety of pathways 

involved in the conversion of hydrocarbons to methane. This can then be used to 

determine stimulants, which can enhance methane production from hydrocarbon deposits, 

such as coal. The other published patent (Toledo et al., 2013) is an update of this 

material. One of the patent applications (Venter et al., 2010) is for a device for sorting 

cells in anaerobic environments which could potentially be used to sort cells for enhanced 

methane production from coal beds. The other patent application (Clement et al., 2012) 

discusses adding stimulants to enhance CBM production either in-situ or ex-situ. The 

nutrients listed in the patent are yeast extract, sulfur compounds (e.g., thiosulfate, sodium 
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thiosulfate, potassium thiosulfate, sulfuric acid, disulfuric acid, peroxymonosulfuric acid, 

peroxydisulfuric acid, dithionic acid, thiosulfuric acid, disulfurous acid, sulfurous acid, 

dithionus acid or polythionic acid), NH4Cl, KCl, vanadium and vanadium compounds 

(VCl3, VCl2, VCl), Na2SO3, MnCl2, Na2MoO4, FeCl3 or Na2SO4. The preferred stimulant 

is vanadium or vanadium compounds, sulfur, thiosulfate or sodium thiosulfate.  

4.2.3. ExxonMobil 

ExxonMobil holds one patent that is potentially related to MECoM. Its patent 

(Converse et al., 2003) describes stimulating microorganisms in underground 

hydrocarbon bearing formations to produce methane from hydrocarbons left behind after 

traditional production techniques have been completed. ExxonMobil proposes doing this 

by controlling chemistry, salinity, temperature and pressure, with the possibility of 

adding nutrients to enhance production. Nutrients included in ExxonMobil’s patent are 

major nutrients containing nitrogen and phosphorus, vitamins, trace elements, buffers for 

environmental controls, catalysts, including enzymes, and both natural and artificial 

electron acceptors (Table 1). Once again, many of these nutrients are similar to those 

listed by other companies, although many of the electron acceptors are not listed in any 

other patents. ExxonMobil’s process is mainly designed for use in recovery of methane 

from depleted oil reservoirs, although the processes may also be used for microbial 

stimulation in coal beds. ExxonMobil is also primarily concerned with altering reservoir 

environmental conditions, which is not the primary focus of other MECoM projects. It is 

unclear to what, if any, extent ExxonMobil has utilized the technology described in the 

patent. 
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4.3. Non-technological Obstacles to Commercial MECoM Implementation 

In addition to scientific considerations relating to MECoM approaches, MECoM 

projects face other obstacles that ultimately play a major role in determining their 

commercial viability, such as implementation costs, natural gas prices, and the regulatory 

environment of the specific field/basin areas.  The viability of stimulation methods is 

inextricably tied to the cost of implementation and price of natural gas. Most methods of 

stimulation likely fall in an area where they are feasible only if the price of gas is 

favorable and the infrastructure exists (e.g., existing CBM production wells and 

pipelines). After decades of somewhat stable prices, the wellhead price of natural gas 

increased significantly beginning in the year 2000, but then experienced a sharp decline 

in recent years (Figure 1). Where the price of natural gas settles in the future is likely to 

determine how viable certain MECoM methods are. Much of the recent drop in North 

American gas prices is related to the introduction of significant amounts of shale gas to 

the market. The price of natural gas in the future will depend on how much of this shale 

gas continues to come to the market, along with potential gas from other technologies 

that may not have been developed yet. Depending on the approach used, MECoM could 

be relatively inexpensive, especially in areas where existing infrastructure can be utilized 

(e.g., Powder River Basin), when production water is recirculated, and when injected 

nutrient amendments are comprised of readily available ingredients.  

The regulatory environment also plays a strong factor in whether or not an 

MECoM strategy can be implemented. For instance, as Luca Technologies prepared to 

transition from a field scale pilot test to commercial scale production, it was unable to 

implement its process due to U.S. BLM concerns about the impact of its process on the 



69 
 

coal resource (Patriot Energy Resources, 2011). Any effective MECoM technology must 

be able to meet the demands of regulators. In addition, in an area like the Powder River 

Basin, where MECoM targets are shallow, near surface coal mines, and in areas that may 

be used for drinking water, it would have to be shown that MECoM processes are not 

harming drinking water supplies or significantly degrading coal quality. It is also 

important to consider that Luca and Ciris have been able to claim that the nutrients being 

injected are all food quality. Other MECoM methods, such as injecting microorganisms 

or solvents, are unlikely to be able to make a similar claim and may therefore face stricter 

regulations than nutrient stimulation (Supplementary Table 1). 

  

5. REMAINING KNOWLEDGE GAPS 

While MECoM companies and basic research groups have all made significant 

progress in understanding the process of microbial CBM generation and moving MECoM 

technology toward commercial implementation, there are still several significant 

knowledge gaps remaining (Figure 7). For example, key questions remain about the 

mechanisms of coal biodegradation and methanogenic processes. Little is understood 

regarding microbial processes upstream of methanogenesis, especially what 

microorganisms are responsible for breaking down the coal, what fraction of the coal is 

most susceptible to microbial degradation, and how this process might be stimulated, 

including making less labile coal fractions more bioavailable. Studies are needed to 

determine the function of microorganisms found in association with methanogens in 

CBM reservoirs. In addition, methods need to be developed for quantifying if and how 

much coal is biodegraded by MECoM processes. It will be important to see if proxies can 
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be developed for biodegradation (e.g., the presence of specific organic constituents in 

coal waters) that are more cost effective to measure than extracting intact cores. Among 

other things, this would help to address  regulatory concerns about stimulation processes 

lowering coal BTU content (Patriot Energy Resources, 2011). It will also need to be 

determined who owns the methane generated from MECoM processes (i.e., is it a coal 

right or an oil and gas right). 

Further research also should focus on issues related to implementation and 

sustainability of MECoM processes. All of the projects examined have different methods 

of delivering nutrient amendments to microorganisms in coal seams. Companies must 

determine which amendments are the most effective, and find ways to efficiently deliver 

a sufficient amount of nutrients to the greatest area of coal possible. More work needs to 

be done to determine how effective each method is and what may be the best method of 

nutrient delivery. It will also be important to find a way to directly measure the amount of 

new methane produced by MECoM processes versus microbial methane that would have 

been produced without amendments. Luca used an expected production curve to show 

generation of new gas, but this may not be the best or most accurate method of measuring 

if and how much new methane has been produced, as it relies on estimation of how much 

gas a well would have produced without stimulation. Using tracers (e.g.,  stable isotopes) 

to label injected nutrients could help prove production of new gas as a result of nutrient 

injections. Pilot tests have also only been conducted in a limited number of coal basins, 

and the heterogeneous nature of coal seams makes it difficult to tell how well stimulation 

processes will work in different parts of coal basins and in different coal basins. While 

Luca was able to carry out a pilot test over several years, this represented only one 
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nutrient injection cycle, so it remains to be seen how often nutrients need to be added to 

coal seams to sustain economic methane production, and if nutrient injections are as 

effective after the first injection period. Pilot tests will also need to be scaled up to 

commercial scales to test the viability and sustainability of MECoM as a commercial 

process. 

  

6. CONCLUSIONS 

Basic and commercial research into MECoM technology has significantly 

increased our knowledge about the processes that lead to microbial generation of methane 

from coal. Basic research has provided insight into locations and environments where 

microbial CBM accumulations are present, what microorganisms may be producing 

methane in coal seams, what metabolic pathways may be utilized for producing methane, 

what hydrogeochemical indicators can tell us about methanogenic processes, and what 

conditions are most favorable for methane generation. Commercial research has shown 

that microbial methane production can be stimulated and has provided a template for 

moving laboratory experiments to the field.  

The amendment package used by Luca Technologies has proven to be effective in 

shifting the in situ coal methanogenic community to one dominated by acetoclastic 

methanogens, which Luca reported led to increased methane production rates in 

laboratory and field experiments. Field tests conducted by Luca Technologies produced 

new CBM in areas where methane production from existing wells had slowed.  Luca’s 

tests were limited in scale, since it was unable to implement larger-scale studies (i.e., 

commercial-scale) due to regulatory and economic hurdles. There was also little research 
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completed on what effect Luca’s amendments, or the amendment mixtures of other 

projects, had on the composition and function of microbial communities which provide 

substrates for methanogens. It is possible that the processes which provide substrates for 

methanogens could be further stimulated as well, leading to even more effective 

microbial methane generation from coal. Research into rate limiting steps and stimulation 

of these processes could significantly improve MECoM technology. Overcoming these 

obstacles and increasing the scale of successful pilot tests is a crucial next step in 

validating and implementing MECoM technology. 

Several key questions about methanogenic processes and the implementation of 

MECoM technology need to be addressed to demonstrate the viability of MECoM. In 

order for MECoM processes to be effective on a commercial scale, an understanding of 

what specific microbial communities are present and how they work in consortium to 

degrade coal must be developed. Once the microbial processes are understood and 

stimulation techniques are developed, research will need to focus on determining how 

well MECoM injections work over time and in different basins so that the most effective 

and economical MECoM processes can be implemented.  

 

Acknowledgements: The authors wish to thank PR3 Energy, the American Chemical 

Society Petroleum Research Fund (Grant #5101-ND2), NSF EAR (Grant # EAR-

1322805), NSF Earth Sciences Postdoctoral Fellowship (Grant # EAR-1249916), Carbon 

Management Canada, and the U.S. Geological Survey, Energy Resources Program for 

supporting this research. We also appreciated the comments of two anonymous 

reviewers, which helped to improve the manuscript. Any use of trade, product, or firm 



73 
 

names is for descriptive purposes only and does not imply endorsement by the U.S. 

Government. The authors declare no competing financial interest. 

 
 
 
 
 
 
  



74 
 

REFERENCES 

 

Abram, J.W., and Nedwell, D.B., 1978, Inhibition of methanogenesis by sulphate 

reducing bacteria competing for transferred hydrogen: Archives of Microbiology, 

v. 117, p. 89–92. 

Akob, D., Dunlap, D., Varonka, M., and Orem, W., 2014, Evaluation of Organic 

Compounds for Enhancing Microbial Coal Bed Methanogenesis: V.M. 

Goldschmidt Conference - Program and Abstracts, Vol. 24, pp. 19. 

An, D., Caffrey, S.M., Soh, J., Agrawal, A., Brown, D., Budwill, K., Dong, X., Dunfield, 

P.F., Foght, J., and Gieg, L.M., 2013, Metagenomics of hydrocarbon resource 

environments indicates aerobic taxa and genes to be unexpectedly common: 

Environmental Science & Technology, v. 47, p. 10708–10717. 

Anderson, I., Abt, B., Lykidis, A., Klenk, H.-P., Kyrpides, N., and Ivanova, N., 2012, 

Genomics of Aerobic Cellulose Utilization Systems in Actinobacteria: PLoS 

ONE, v. 7, p. e39331, doi: 10.1371/journal.pone.0039331. 

Aravena, R., Harrison, S.., Barker, J.., Abercrombie, H., and Rudolph, D., 2003, Origin 

of methane in the Elk Valley coalfield, southeastern British Columbia, Canada: 

Chemical Geology, v. 195, p. 219–227, doi: 10.1016/S0009-2541(02)00396-0. 

Ayers, W.B., 2002, Coalbed gas systems, resources, and production and a review of 

contrasting cases from the San Juan and Powder River basins: AAPG bulletin, v. 

86, p. 1853–1890. 



75 
 

Ball, P., Wheaton, J., Center, M.W., and Center, W., 2005, Investigation of Microbial 

Ecology, Structure, and Function in Coalbed Aquifers: Powder River Basin, 

Montana: Montana Water Center, Montana State University. 

Barnhart, E.P., De León, K.B., Ramsay, B.D., Cunningham, A.B., and Fields, M.W., 

2013, Investigation of coal-associated bacterial and archaeal populations from a 

diffusive microbial sampler (DMS): International Journal of Coal Geology, v. 

115, p. 64–70, doi: 10.1016/j.coal.2013.03.006. 

Bates, B.L., McIntosh, J.C., Lohse, K.A., and Brooks, P.D., 2011, Influence of 

groundwater flowpaths, residence times and nutrients on the extent of microbial 

methanogenesis in coal beds: Powder River Basin, USA: Chemical Geology, v. 

284, p. 45–61, doi: 10.1016/j.chemgeo.2011.02.004. 

Beckmann, S., Krüger, M., Engelen, B., Gorbushina, A.A., and Cypionka, H., 2011, Role 

of Bacteria , Archaea and Fungi involved in Methane Release in Abandoned Coal 

Mines: Geomicrobiology Journal, v. 28, p. 347–358, doi: 

10.1080/01490451.2010.503258. 

Brown, A., 2011, Identification of source carbon for microbial methane in 

unconventional gas reservoirs: AAPG Bulletin, v. 95, p. 1321–1338, doi: 

10.1306/01191110014. 

Bryant, M.P., Campbell, L.L., Reddy, C.A., and Crabill, M.R., 1977, Growth of 

Desulfovibrio in lactate or ethanol media low in sulfate in association with H2-



76 
 

utilizing methanogenic bacteria: Applied and environmental microbiology, v. 33, 

p. 1162–1169. 

Budwill, K., Beaton, A., Bustin, M., Muehlenbachs, K., and Gunter, W.D., 2003, 

Methanogenic activity on coal and sequestered CO2 for enhanced coalbed 

methane recovery: Greenhouse Gas Control Technologies. Elsevier Science Ltd,, 

p. 697–702. 

Burra, A., Esterle, J.S., and Golding, S.D., 2014, Coal seam gas distribution and 

hydrodynamics of the Sydney Basin, NSW, Australia: Australian Journal of Earth 

Sciences, v. 61, p. 427–451, doi: 10.1080/08120099.2014.912991. 

Burton, G.A., Basu, N., Ellis, B.R., Kapo, K.E., Entrekin, S., and Nadelhoffer, K., 2014, 

Hydraulic “Fracking”: Are surface water impacts an ecological concern?: 

Hydraulic fracturing versus surface waters: Environmental Toxicology and 

Chemistry, v. 33, p. 1679–1689, doi: 10.1002/etc.2619. 

Cappenberg, T.E., 1975, A study of mixed continuous cultures of sulfate-reducing and 

methane-producing bacteria: Microbial ecology, v. 2, p. 60–72. 

Ciris Energy, 2013, Antelope in situ bioconversion facility project description and 

update, Report submitted to the Wyoming Oil and Gas Conservation Commission, 

February 6, 2013. 

Cheung, K., Klassen, P., Mayer, B., Goodarzi, F., and Aravena, R., 2010, Major ion and 

isotope geochemistry of fluids and gases from coalbed methane and shallow 



77 
 

groundwater wells in Alberta, Canada: Applied Geochemistry, v. 25, p. 1307–

1329, doi: 10.1016/j.apgeochem.2010.06.002. 

Claypool, G.E., and Kaplan, I.R., 1974, The origin and distribution of methane in marine 

sediments, in Natural gases in marine sediments, Springer, p. 99–139. 

Clement, B.G., Ferry, J.G., and Underwood, S., 2012, Methods to stimulate biogenic 

methane production from hydrocarbon-bearing formations, Synthetic Genomics, 

Inc., US Patent Application 2012/0138290, published June 7, 2012. 

Cokar, M., Ford, B., Kallos, M.S., and Gates, I.D., 2013, New gas material balance to 

quantify biogenic gas generation rates from shallow organic-matter-rich shales: 

Fuel, v. 104, p. 443–451, doi: 10.1016/j.fuel.2012.06.054. 

Conrad, R., 2005, Quantification of methanogenic pathways using stable carbon isotopic 

signatures: a review and a proposal: Organic Geochemistry, v. 36, p. 739–752, 

doi: 10.1016/j.orggeochem.2004.09.006. 

Converse, D.R., Hinton, S.M., Hieshima, G.B., Barnum, R.S., and Sowlay, M.R., 2003, 

Process for stimulating microbial activity in a hydrocarbon-bearing, subterranean 

formation, ExxonMobil Upstream Research Company, US Patent 6,543,535, 

issued April 8, 2003. 

DeBruyn, R., 2012, presentation at Secondary Biogenic Coal Bed Natural Gas 

International Conference: 

http://wyocast.uwyo.edu/WyoCast/Play/ed61ca394a504d319168490bfaa4dd2a1d 



78 
 

Doerfert, S.N., Reichlen, M., Iyer, P., Wang, M., and Ferry, J.G., 2009, Methanolobus 

zinderi sp. nov., a methylotrophic methanogen isolated from a deep subsurface 

coal seam: International Journal of Systematic and Evolutionary Microbiology, v. 

59, p. 1064–1069, doi: 10.1099/ijs.0.003772-0. 

Downey, R.A. and Verkade, J.G., 2012, Method for optimizing in-situ bioconversion of 

carbon-bearing formations, Ciris Energy, Inc., US Patent 8,176,978, issued May 

15, 2012.  

Downey, R.A., 2013, Stimulation of biogenic gas generation in deposits of carbonaceous 

material, Ciris Energy, Inc., US Patent 8,459,349, issued June 11, 2013. 

Faison, B.D., and Crawford, D.L., 1993, The chemistry of low rank coal and its 

relationship to the biochemical mechanisms of coal biotransformation., in 

Crawford, D.L., ed., Microbial transformations of low rank coals.: Boca Raton, 

Florida, CRC Press, p. 1–26. 

Faiz, M., and Hendry, P., 2006, Significance of microbial activity in Australian coal bed 

methane reservoirs—a review: Bulletin of Canadian Petroleum Geology, v. 54, p. 

261–272. 

Fakoussa, R.M., and Hofrichter, M., 1999, Biotechnology and microbiology of coal 

degradation: Applied Microbiology and Biotechnology, v. 52, p. 25–40. 

Fallgren, P.H., Jin, S., Zeng, C., Ren, Z., Lu, A., and Colberg, P.J.S., 2013a, Comparison 

of coal rank for enhanced biogenic natural gas production: International Journal 

of Coal Geology, v. 115, p. 92–96, doi: 10.1016/j.coal.2013.01.014. 



79 
 

Fallgren, P.H., Zeng, C., Ren, Z., Lu, A., Ren, S., and Jin, S., 2013b, Feasibility of 

microbial production of new natural gas from non-gas-producing lignite: 

International Journal of Coal Geology, v. 115, p. 79–84, doi: 

10.1016/j.coal.2013.03.003. 

Flores, R.M., 1998, Coalbed methane: from hazard to resource: International Journal of 

Coal Geology, v. 35, p. 3–26. 

Flores, R.M., Rice, C.A., Stricker, G.D., Warden, A., and Ellis, M.S., 2008, 

Methanogenic pathways of coal-bed gas in the Powder River Basin, United 

States: The geologic factor: International Journal of Coal Geology, v. 76, p. 52–

75, doi: 10.1016/j.coal.2008.02.005. 

Gallagher, L.K., Glossner, A.W., Landkamer, L.L., Figueroa, L.A., Mandernack, K.W., 

and Munakata-Marr, J., 2013, The effect of coal oxidation on methane production 

and microbial community structure in Powder River Basin coal: International 

Journal of Coal Geology, v. 115, p. 71–78, doi: 10.1016/j.coal.2013.03.005. 

Gilcrease, P.C., and Shurr, G.W., 2007, Making microbial methane work: The potential 

for new biogenic gas: World Oil,, p. 1–48. 

Ghosh, S., Jha, P., and Vidyarthi, A.S., 2014, Unraveling the microbial interactions in 

coal organic fermentation for generation of methane — A classical to 

metagenomic approach: International Journal of Coal Geology, v. 125, p. 36–44, 

doi: 10.1016/j.coal.2014.02.005. 



80 
 

Golding, S.D., Boreham, C.J., and Esterle, J.S., 2013, Stable isotope geochemistry of coal 

bed and shale gas and related production waters: A review: International Journal 

of Coal Geology, v. 120, p. 24–40, doi: 10.1016/j.coal.2013.09.001. 

Green, M.S., Flanegan, K.C., and Gilcrease, P.C., 2008, Characterization of a 

methanogenic consortium enriched from a coalbed methane well in the Powder 

River Basin, U.S.A.: International Journal of Coal Geology, v. 76, p. 34–45, doi: 

10.1016/j.coal.2008.05.001. 

Guo, H., Liu, R., Yu, Z., Zhang, H., Yun, J., Li, Y., Liu, X., and Pan, J., 2012a, 

Pyrosequencing reveals the dominance of methylotrophic methanogenesis in a 

coal bed methane reservoir associated with Eastern Ordos Basin in China: 

International Journal of Coal Geology, v. 93, p. 56–61, doi: 

10.1016/j.coal.2012.01.014. 

Guo, H., Yu, Z., Liu, R., Zhang, H., Zhong, Q., and Xiong, Z., 2012b, Methylotrophic 

methanogenesis governs the biogenic coal bed methane formation in Eastern 

Ordos Basin, China: Applied Microbiology and Biotechnology, v. 96, p. 1587–

1597, doi: 10.1007/s00253-012-3889-3. 

Guo, H., Yu, Z., Thompson, I.P., and Zhang, H., 2014, A contribution of 

hydrogenotrophic methanogenesis to the biogenic coal bed methane reserves of 

Southern Qinshui Basin, China: Applied Microbiology and Biotechnology,, doi: 

10.1007/s00253-014-5908-z. 

Gupta, P., and Gupta, A., 2014, Biogas production from coal via anaerobic fermentation: 



81 
 

Fuel, v. 118, p. 238–242, doi: 10.1016/j.fuel.2013.10.075. 

Haider, R., Ghauri, M.A., SanFilipo, J.R., Jones, E.J., Orem, W.H., Tatu, C.A., Akhtar, 

K., and Akhtar, N., 2013, Fungal degradation of coal as a pretreatment for 

methane production: Fuel, v. 104, p. 717–725, doi: 10.1016/j.fuel.2012.05.015. 

Hallo, M., Oprsal, I., Eisner, L., and Ali, M.Y., 2014, Prediction of magnitude of the 

largest potentially induced seismic event: Journal of Seismology, v. 18, p. 421–

431, doi: 10.1007/s10950-014-9417-4. 

Hamilton, S.K., Golding, S.D., Baublys, K.A., and Esterle, J.S., 2014, Stable isotopic and 

molecular composition of desorbed coal seam gases from the Walloon Subgroup, 

eastern Surat Basin, Australia: International Journal of Coal Geology, v. 122, p. 

21–36, doi: 10.1016/j.coal.2013.12.003. 

Hamilton, S.K., Golding, S.D., Baublys, K.A., and Esterle, J.S., 2015, Conceptual 

exploration targeting for microbially enhanced coal bed methane (MECoM) in the 

Walloon Subgroup, eastern Surat Basin, Australia: International Journal of Coal 

Geology, v. 138, p. 68–82, doi: 10.1016/j.coal.2014.12.002. 

Harris, S.H., Smith, R.L., and Barker, C.E., 2008, Microbial and chemical factors 

influencing methane production in laboratory incubations of low-rank subsurface 

coals: International Journal of Coal Geology, v. 76, p. 46–51, doi: 

10.1016/j.coal.2008.05.019. 

Harrison, S.M., Gentzis, T., Labute, G., Seifert, S., and Payne, M., 2006, Preliminary 

hydrogeological assessment of Late Cretaceous–Tertiary Ardley coals in part of 



82 
 

the Alberta Basin, Alberta, Canada: International Journal of Coal Geology, v. 65, 

p. 59–78, doi: 10.1016/j.coal.2005.04.009. 

Hoehler, T., Gunsalus, R.P., and McInerney, M.J., 2010, Environmental Constraints that 

Limit Methanogenesis, in Timmis, K.N. ed., Handbook of Hydrocarbon and Lipid 

Microbiology, Berlin, Heidelberg, Springer Berlin Heidelberg, p. 635–654. 

Huang, Z., Urynowicz, M.A., and Colberg, P.J.S., 2013, Stimulation of biogenic methane 

generation in coal samples following chemical treatment with potassium 

permanganate: Fuel, v. 111, p. 813–819, doi: 10.1016/j.fuel.2013.03.079. 

Jin, S., 2007, Enhancement of Biogenic Coalbed Methane Production and Back Injection 

of Coalbed Methane Co-Produced Water: Western Research Institute. 

Jin, S., and Craig, R.H., 2012, System and method for enhancing coal bed methane 

recovery, Next Fuel, Inc., US Patent Application 2012/0043084, published 

February 23, 2012. 

Jones, E.J.P., Harris, S.H., Barnhart, E.P., Orem, W.H., Clark, A.C., Corum, M.D., 

Kirshtein, J.D., Varonka, M.S., and Voytek, M.A., 2013, The effect of coal bed 

dewatering and partial oxidation on biogenic methane potential: International 

Journal of Coal Geology, v. 115, p. 54–63, doi: 10.1016/j.coal.2013.03.011. 

Jones, E.J.P., Voytek, M.A., Corum, M.D., and Orem, W.H., 2010, Stimulation of 

methane generation from nonproductive coal by addition of nutrients or a 

microbial consortium: Applied and Environmental Microbiology, v. 76, p. 7013–

7022, doi: 10.1128/AEM.00728-10. 



83 
 

Jones, E.J.P., Voytek, M.A., Warwick, P.D., Corum, M.D., Cohn, A., Bunnell, J.E., 

Clark, A.C., and Orem, W.H., 2008, Bioassay for estimating the biogenic 

methane-generating potential of coal samples: International Journal of Coal 

Geology, v. 76, p. 138–150, doi: 10.1016/j.coal.2008.05.011. 

Kabe, T., Ishihara, A., Qian, E.W., Sutrisna, I.P., and Kabe, Y., 2004, Coal and coal-

related compounds: structures, reactivity and catalytic reactions: Elsevier. 

Kamagata, Y., Kitagawa, N., Tasaki, M., Nakamura, K., and Mikami, E., 1992, 

Degradation of benzoate by an anaerobic consortium and some properties of a 

hydrogenotrophic methanogen and sulfate-reducing bacterium in the consortium: 

Journal of fermentation and bioengineering, v. 73, p. 213–218. 

Kandu� , T., Marki� , M., Zavšek, S., and McIntosh, J., 2012, Carbon cycling in the 

Pliocene Velenje Coal Basin, Slovenia, inferred from stable carbon isotopes: 

International Journal of Coal Geology, v. 89, p. 70–83, doi: 

10.1016/j.coal.2011.08.008. 

Kinnon, E.C.P., Golding, S.D., Boreham, C.J., Baublys, K.A., and Esterle, J.S., 2010, 

Stable isotope and water quality analysis of coal bed methane production waters 

and gases from the Bowen Basin, Australia: International Journal of Coal 

Geology, v. 82, p. 219–231, doi: 10.1016/j.coal.2009.10.014. 

Kirk, M.F., 2011, Variation in Energy Available to Populations of Subsurface Anaerobes 

in Response to Geological Carbon Storage: Environmental Science & 

Technology, v. 45, p. 6676–6682, doi: 10.1021/es201279e. 



84 
 

Kirk, M.F., Martini, A.M., Breecker, D.O., Colman, D.R., Takacs-Vesbach, C., and 

Petsch, S.T., 2012, Impact of commercial natural gas production on geochemistry 

and microbiology in a shale-gas reservoir: Chemical Geology, v. 332-333, p. 15–

25, doi: 10.1016/j.chemgeo.2012.08.032. 

Klein, D.A., Flores, R.M., Venot, C., Gabbert, K., Schmidt, R., Stricker, G.D., Pruden, 

A., and Mandernack, K., 2008, Molecular sequences derived from Paleocene Fort 

Union Formation coals vs. associated produced waters: Implications for CBM 

regeneration: International Journal of Coal Geology, v. 76, p. 3–13, doi: 

10.1016/j.coal.2008.05.023. 

Kuivila, K.M., Murray, J.W., Devol, A.H., and Novelli, P.C., 1989, Methane production, 

sulfate reduction and competition for substrates in the sediments of Lake 

Washington: Geochimica et Cosmochimica Acta, v. 53, p. 409–416. 

Li, D., Hendry, P., and Faiz, M., 2008, A survey of the microbial populations in some 

Australian coalbed methane reservoirs: International Journal of Coal Geology, v. 

76, p. 14–24, doi: 10.1016/j.coal.2008.04.007. 

Lovley, D.R., and Chapelle, F.H., 1995, Deep subsurface microbial processes: Reviews 

of Geophysics, v. 33, p. 365–381. 

Lovley, D.R., and Phillips, E.J., 1987, Competitive mechanisms for inhibition of sulfate 

reduction and methane production in the zone of ferric iron reduction in 

sediments: Applied and Environmental Microbiology, v. 53, p. 2636–2641. 

MacGregor, A.N., and Keeney, D.R., 1973, Methane formation by lake sediments during 



85 
 

in vitro incubation: Water Resources Bulletin, v. 9, 1153-1158. 

Maguire-Boyle, S.J., and Barron, A.R., 2014, Organic compounds in produced waters 

from shale gas wells: Environ. Sci.: Processes Impacts, v. 16, p. 2237–2248, doi: 

10.1039/C4EM00376D. 

Mah, R.A., Ward, D.M., Baresi, L., and Glass, T.L., 1977, Biogenesis of methane: 

Annual Reviews in Microbiology, v. 31, p. 309–341. 

Mahaffey, B., 2012, Presentation at Secondary Biogenic Coal Bed Natural Gas 

International Conference: 

http://wyocast.uwyo.edu/WyoCast/Play/1d376f5703c44109905b36effbcb49321d 

Martens, C.S., and Berner, R.A., 1974, Methane production in the interstitial waters of 

sulfate-depleted marine sediments: Science, v. 185, p. 1167–1169. 

Martini, A.M., Budai, J.M., Walter, L.M., and Schoell, M., 1996, Microbial generation of 

economic accumulations of methane within a shallow organic-rich shale:. 

Martini, A.M., Nüsslein, K., Petsch, S.T., and Siegfried, R.W., 2005, Enhancing 

microbial gas from unconventional reservoirs: geochemical and microbiological 

characterization of methane-rich fractured black shales: GTI-RPSEA GRI-

05/0023. Gas Technology Institute, Des Plaines, IL,. 

Martini, A.M., Walter, L.M., Budai, J.M., Ku, T.C.W., Kaiser, C.J., and Schoell, M., 

1998, Genetic and temporal relations between formation waters and biogenic 

methane: Upper Devonian Antrim Shale, Michigan Basin, USA: Geochimica et 



86 
 

Cosmochimica Acta, v. 62, p. 1699–1720. 

Mayumi, D., Dolfing, J., Sakata, S., Maeda, H., Miyagawa, Y., Ikarashi, M., Tamaki, H., 

Takeuchi, M., Nakatsu, C.H., and Kamagata, Y., 2013, Carbon dioxide 

concentration dictates alternative methanogenic pathways in oil reservoirs: Nature 

Communications, v. 4, doi: 10.1038/ncomms2998. 

McIntosh, J., Martini, A., Petsch, S., Huang, R., and Nüsslein, K., 2008, Biogeochemistry 

of the Forest City Basin coalbed methane play: International Journal of Coal 

Geology, v. 76, p. 111–118, doi: 10.1016/j.coal.2008.03.004. 

McIntosh, J.C., Walter, L.M., and Martini, A.M., 2002, Pleistocene recharge to 

midcontinent basins: effects on salinity structure and microbial gas generation: 

Geochimica et Cosmochimica Acta, v. 66, p. 1681–1700. 

McIntosh, J.C., Warwick, P.D., Martini, A.M., and Osborn, S.G., 2010, Coupled 

hydrology and biogeochemistry of Paleocene–Eocene coal beds, northern Gulf of 

Mexico: Geological Society of America Bulletin, v. 122, p. 1248–1264. 

Meslé, M., Dromart, G., and Oger, P., 2013a, Microbial methanogenesis in subsurface oil 

and coal: Research in Microbiology,, doi: 10.1016/j.resmic.2013.07.004. 

Meslé, M., Périot, C., Dromart, G., and Oger, P., 2013b, Biostimulation to identify 

microbial communities involved in methane generation in shallow, kerogen-rich 

shales: Journal of Applied Microbiology, v. 114, p. 55–70, doi: 

10.1111/jam.12015. 



87 
 

Midgley, D.J., Hendry, P., Pinetown, K.L., Fuentes, D., Gong, S., Mitchell, D.L., and 

Faiz, M., 2010, Characterisation of a microbial community associated with a 

deep, coal seam methane reservoir in the Gippsland Basin, Australia: International 

Journal of Coal Geology, v. 82, p. 232–239, doi: 10.1016/j.coal.2010.01.009. 

Next Fuel Quarterly Report, 2013, http://www.getfilings.com/sec-filings/130515/NEXT-

FUEL-INC_10-Q/, accessed February 5, 2015. 

Next Fuel Quarterly Report, 2014, 

http://www.sec.gov/Archives/edgar/data/1422949/000121390014003429/f10q031

4_nextfuel.htm, accessed February 5, 2015.  

Ni, Y., Dai, J., Zou, C., Liao, F., Shuai, Y., and Zhang, Y., 2013, Geochemical 

characteristics of biogenic gases in China: International Journal of Coal Geology, 

v. 113, p. 76–87, doi: 10.1016/j.coal.2012.07.003. 

Nuccio, V.F., 2000, Coal-bed methane: potential and concerns: US Department of the 

Interior, US Geological Survey. 

Orem, W., Tatu, C., Varonka, M., Lerch, H., Bates, A., Engle, M., Crosby, L., and 

McIntosh, J., 2014, Organic substances in produced and formation water from 

unconventional natural gas extraction in coal and shale: International Journal of 

Coal Geology, v. 126, p. 20–31, doi: 10.1016/j.coal.2014.01.003. 

Orem, W.H., Voytek, M.A., Jones, E.J., Lerch, H.E., Bates, A.L., Corum, M.D., 

Warwick, P.D., and Clark, A.C., 2010, Organic intermediates in the anaerobic 

biodegradation of coal to methane under laboratory conditions: Organic 



88 
 

Geochemistry, v. 41, p. 997–1000, doi: 10.1016/j.orggeochem.2010.03.005. 

Oren, A., 2011, Thermodynamic limits to microbial life at high salt concentrations: 

Thermodynamic limits to halophilic life: Environmental Microbiology, v. 13, p. 

1908–1923, doi: 10.1111/j.1462-2920.2010.02365.x. 

Osborn, S.G., and McIntosh, J.C., 2010, Chemical and isotopic tracers of the contribution 

of microbial gas in Devonian organic-rich shales and reservoir sandstones, 

northern Appalachian Basin: Applied Geochemistry, v. 25, p. 456–471, doi: 

10.1016/j.apgeochem.2010.01.001. 

Papendick, S.L., Downs, K.R., Vo, K.D., Hamilton, S.K., Dawson, G.K.W., Golding, 

S.D., and Gilcrease, P.C., 2011, Biogenic methane potential for Surat Basin, 

Queensland coal seams: International Journal of Coal Geology, v. 88, p. 123–134, 

doi: 10.1016/j.coal.2011.09.005. 

Papendick, S., Robbins, S., Tyson, G., Hamilton, S., Golding, S., and Gilcrease, P., 2014, 

The Importance of Coal Associated Microbes in Coal-To-Methane Consortia: 

V.M. Goldschmidt Conference - Program and Abstracts, Vol. 24, p. 1901. 

Pashin, J.C., McIntyre-Redden, M.R., Mann, S.D., Kopaska-Merkel, D.C., Varonka, M., 

and Orem, W., 2014, Relationships between water and gas chemistry in mature 

coalbed methane reservoirs of the Black Warrior Basin: International Journal of 

Coal Geology, v. 126, p. 92–105, doi: 10.1016/j.coal.2013.10.002. 

Patriot Energy Resources, 2011, Rough Draw Unit Form 2920-1 Land Use Permit Plan of 

Development Addendum, submitted to the Bureau of Land Management, 



89 
 

November 30, 2011. 

Patzek, T.W., Male, F., and Marder, M., 2013, Gas production in the Barnett Shale obeys 

a simple scaling theory: Proceedings of the National Academy of Sciences, v. 

110, p. 19731–19736. 

Penner, T.J., Foght, J.M., and Budwill, K., 2010, Microbial diversity of western Canadian 

subsurface coal beds and methanogenic coal enrichment cultures: International 

Journal of Coal Geology, v. 82, p. 81–93, doi: 10.1016/j.coal.2010.02.002. 

Pfeiffer, R.S., Ulrich, G.A., Vanzin, G., Dannar, V., DeBruyn, R.P., and Dodson, J.B., 

2008, Biogenic fuel gas generation in geologic hydrocarbon deposits, Luca 

Technologies, Inc., US Patent 7,426,960, issued September 23, 2008. 

Raskin, L., Rittmann, B.E., and Stahl, D.A., 1996, Competition and coexistence of 

sulfate-reducing and methanogenic populations in anaerobic biofilms.: Applied 

and Environmental Microbiology, v. 62, p. 3847–3857. 

Reeburgh, W.S., and Heggie, D.T., 1977, Microbial methane consumption reactions and 

their effect on methane distributions in freshwater and marine environment: 

OCEANOGRAPHY, v. 22. 

Rice, C.A., Flores, R.M., Stricker, G.D., and Ellis, M.S., 2008, Chemical and stable 

isotopic evidence for water/rock interaction and biogenic origin of coalbed 

methane, Fort Union Formation, Powder River Basin, Wyoming and Montana 

U.S.A.: International Journal of Coal Geology, v. 76, p. 76–85, doi: 

10.1016/j.coal.2008.05.002. 



90 
 

Rice, D.D., and Claypool, G.E., 1981, Generation, accumulation, and resource potential 

of biogenic gas: AAPG Bulletin, v. 65, p. 5–25. 

Schlegel, M.E., McIntosh, J.C., Bates, B.L., Kirk, M.F., and Martini, A.M., 2011, 

Comparison of fluid geochemistry and microbiology of multiple organic-rich 

reservoirs in the Illinois Basin, USA: Evidence for controls on methanogenesis 

and microbial transport: Geochimica et Cosmochimica Acta, v. 75, p. 1903–1919, 

doi: 10.1016/j.gca.2011.01.016. 

Schlegel, M.E., McIntosh, J.C., Petsch, S.T., Orem, W.H., Jones, E.J.P., and Martini, 

A.M., 2013, Extent and limits of biodegradation by in situ methanogenic 

consortia in shale and formation fluids: Applied Geochemistry, v. 28, p. 172–184, 

doi: 10.1016/j.apgeochem.2012.10.008. 

Scott, A.R., Kaiser, W.R., and Ayers Jr, W.B., 1994, Thermogenic and Secondary 

Biogenic Gases, San Juan Basin, Colorado and New Mexico--Implications for 

Coalbed Gas Producibility: AAPG bulletin, v. 78, p. 1186–1209. 

Scott, A.R., 1999, Improving coal gas recovery with microbially enhanced coalbed 

methane, in Coalbed Methane: Scientific, Environmental and Economic 

Evaluation, Springer, p. 89–110. 

Scott, C.D., Strandberg, G.W., and Lewis, S.N., 1986, Microbial solubilization of coal: 

Biotechnology progress, v. 2, p. 131–139. 



91 
 

Shuai, Y., Zhang, S., Grasby, S.E., Chen, Z., Ma, D., Wang, L., Li, Z., and Wei, C., 2013, 

Controls on biogenic gas formation in the Qaidam Basin, northwestern China: 

Chemical Geology, v. 335, p. 36–47, doi: 10.1016/j.chemgeo.2012.10.046. 

Shelton, J.L., McIntosh, J.C., Warwick, P.D., and Yi, A.L.Z., 2014, Fate of injected CO2 

in the Wilcox Group, Louisiana, Gulf Coast Basin: Chemical and isotopic tracers 

of microbial–brine–rock–CO2 interactions: Applied Geochemistry, v. 51, p. 155–

169, doi: 10.1016/j.apgeochem.2014.09.015. 

Shimizu, S., Akiyama, M., Naganuma, T., Fujioka, M., Nako, M., and Ishijima, Y., 2007, 

Molecular characterization of microbial communities in deep coal seam 

groundwater of northern Japan: Geobiology, v. 5, p. 423–433, doi: 

10.1111/j.1472-4669.2007.00123.x. 

Silva-Stenico, M.E., Vengadajellum, C.J., Janjua, H.A., Harrison, S.T.L., Burton, S.G., 

and Cowan, D.A., 2007, Degradation of low rank coal by Trichoderma atroviride 

ES11: Journal of Industrial Microbiology & Biotechnology, v. 34, p. 625–631, 

doi: 10.1007/s10295-007-0223-7. 

Singh, A.L., Singh, P.K., and Singh, M.P., 2012, Biomethanization of coal to obtain clean 

coal energy: a review: Energy, Exploration & Exploitation, v. 30, p. 837–852. 

Singh, D.N., Kumar, A., Sarbhai, M.P., and Tripathi, A.K., 2011, Cultivation-

independent analysis of archaeal and bacterial communities of the formation 

water in an Indian coal bed to enhance biotransformation of coal into methane: 

Applied Microbiology and Biotechnology, v. 93, p. 1337–1350, doi: 



92 
 

10.1007/s00253-011-3778-1. 

Singh, D.N., and Tripathi, A.K., 2013, Coal induced production of a rhamnolipid 

biosurfactant by Pseudomonas stutzeri, isolated from the formation water of 

Jharia coalbed: Bioresource Technology, v. 128, p. 215–221, doi: 

10.1016/j.biortech.2012.10.127. 

Smith, J.W., and Pallasser, R.J., 1996, Microbial origin of Australian coalbed methane: 

AAPG bulletin, v. 80, p. 891–897. 

Solano-Acosta, W., Mastalerz, M., and Schimmelmann, A., 2007, Cleats and their 

relation to geologic lineaments and coalbed methane potential in Pennsylvanian 

coals in Indiana: International Journal of Coal Geology, v. 72, p. 187–208, doi: 

10.1016/j.coal.2007.02.004. 

Srivastava, K.C., and Walia, D.S., 1997, Biological production of humic acid and clean 

fuels from coal, Arctech, Inc., US Patent 5,670,345, issued September 23, 1997. 

Stearns, M., Tindall, J.A., Cronin, G., Friedel, M.J., and Bergquist, E., 2005, Effects of 

coal-bed methane discharge waters on the vegetation and soil ecosystem in 

Powder River Basin, Wyoming: Water, Air, and Soil Pollution, v. 168, p. 33–57. 

Str� po� , D., Mastalerz, M., Dawson, K., Macalady, J., Callaghan, A.V., Wawrik, B., 

Turich, C., and Ashby, M., 2011, Biogeochemistry of Microbial Coal-Bed 

Methane: Annual Review of Earth and Planetary Sciences, v. 39, p. 617–656, doi: 

10.1146/annurev-earth-040610-133343. 



93 
 

Str� po� , D., Mastalerz, M., Eble, C., and Schimmelmann, A., 2007, Characterization of 

the origin of coalbed gases in southeastern Illinois Basin by compound-specific 

carbon and hydrogen stable isotope ratios: Organic Geochemistry, v. 38, p. 267–

287, doi: 10.1016/j.orggeochem.2006.09.005. 

Str� po� , D., Mastalerz, M., Schimmelmann, A., Drobniak, A., and Hasenmueller, N.R., 

2010, Geochemical constraints on the origin and volume of gas in the New 

Albany Shale (Devonian–Mississippian), eastern Illinois Basin: AAPG Bulletin, 

v. 94, p. 1713–1740, doi: 10.1306/06301009197. 

Str� po� , D., Mastalerz, M., Schimmelmann, A., Drobniak, A., and Hedges, S., 2008a, 

Variability of geochemical properties in a microbially dominated coalbed gas 

system from the eastern margin of the Illinois Basin, USA: International Journal 

of Coal Geology, v. 76, p. 98–110, doi: 10.1016/j.coal.2008.02.002. 

Str� po� , D., Picardal, F.W., Turich, C., Schaperdoth, I., Macalady, J.L., Lipp, J.S., Lin, 

Y.-S., Ertefai, T.F., Schubotz, F., Hinrichs, K.-U., Mastalerz, M., and 

Schimmelmann, A., 2008b, Methane-Producing Microbial Community in a Coal 

Bed of the Illinois Basin: Applied and Environmental Microbiology, v. 74, p. 

2424–2432, doi: 10.1128/AEM.02341-07. 

Stricker, G.D., Flores, R.M., Ellis, M.S., & Klein, D.A., 2008, Post-combustion CO2 

capture: let the microbes ruminate! In B. Sakkestad (Ed.), 33rd International 

Technical Conference on Coal Utilization and Fuel Systems: Proceedings, Coal 

Utilization and Fuel Systems, p. 11 (CD-ROM). 



94 
 

Tang, Y.-Q., Ji, P., Lai, G.-L., Chi, C.-Q., Liu, Z.-S., and Wu, X.-L., 2012, Diverse 

microbial community from the coalbeds of the Ordos Basin, China: International 

Journal of Coal Geology, v. 90-91, p. 21–33, doi: 10.1016/j.coal.2011.09.009. 

Tasaki, M., Kamagata, Y., Nakamura, K., Okamura, K., and Minami, K., 1993, 

Acetogenesis from pyruvate by Desulfotomaculum thermobenzoicum and 

differences in pyruvate metabolism among three sulfate-reducing bacteria in the 

absence of sulfate: FEMS microbiology letters, v. 106, p. 259–263. 

Toledo, G.V., Richardson, T.H., Stingl, U., Mathur, E.J., and Venter, J.C., 2011, Methods 

of identifying stimulants for biogenic methane production from hydrocarbon-

bearing formations, Synthetic Genomics, Inc., US Patent 7,977,056, issued July 

12, 2011. 

Toledo, G.V., Richardson, T.H., Stingl, U., Mathur, E.J., and Venter, J.C., 2013, Methods 

of enhancing biogenic production of methane from hydrocarbon-bearing 

formations, Synthetic Genomics, Inc., US Patent 8,448,702, issued May 28, 2013. 

Traore, A.S., Fardeau, M.-L., Hatchikian, C.E., Le Gall, J., and Belaich, J.-P., 1983, 

Energetics of growth of a defined mixed culture of Desulfovibrio vulgaris and 

Methanosarcina barkeri: interspecies hydrogen transfer in batch and continuous 

cultures: Applied and environmental microbiology, v. 46, p. 1152–1156. 

Ulrich, G., and Bower, S., 2008, Active methanogenesis and acetate utilization in Powder 

River Basin coals, United States: International Journal of Coal Geology, v. 76, p. 

25–33, doi: 10.1016/j.coal.2008.03.006. 



95 
 

Ünal, B., Perry, V.R., Sheth, M., Gomez-Alvarez, V., Chin, K.-J., and Nüsslein, K., 2012, 

Trace Elements Affect Methanogenic Activity and Diversity in Enrichments from 

Subsurface Coal Bed Produced Water: Frontiers in Microbiology, v. 3, doi: 

10.3389/fmicb.2012.00175. 

Venter, J.C., Mathur, E.J., Toledo, G.V., and Chang, H.W., 2010, System and methods 

for anaerobic environmental microbial compartmentalized cultivation, Synthetic 

Genomics, Inc., US Patent Application 2010/0330651, published December 30, 

2010. 

Vinson, D.S., McIntosh, J.C., Ritter, D.J., Blair, N.E., and Martini, A.M., 2012, Carbon 

isotope modeling of methanogenic coal biodegradation: Metabolic pathways, 

mass balance, and the role of sulfate reduction, Powder River Basin, USA, in 

Geological Society of America Abstracts with Programs., GSA Charlotte, North 

Carolina. 

Waldron, P.J., Petsch, S.T., Martini, A.M., and Nusslein, K., 2007, Salinity Constraints 

on Subsurface Archaeal Diversity and Methanogenesis in Sedimentary Rock Rich 

in Organic Matter: Applied and Environmental Microbiology, v. 73, p. 4171–

4179, doi: 10.1128/AEM.02810-06. 

Walter, L.M., McIntosh, J.C., Martini, A.M., and Budai, J.M., 2001, Hydrogeochemistry 

of the New Albany Shale, Illinois Basin: Final Report to Gas Technology 

Institute, v. 1. 

Wang, A., Qin, Y., Wu, Y., and Wang, B., 2010, Status of research on biogenic coalbed 



96 
 

gas generation mechanisms: Mining Science and Technology (China), v. 20, p. 

271–275, doi: 10.1016/S1674-5264(09)60196-4. 

Warwick, P.D., Breland, F.C., and Hackley, P.C., 2008, Biogenic origin of coalbed gas in 

the northern Gulf of Mexico Coastal Plain, U.S.A.: International Journal of Coal 

Geology, v. 76, p. 119–137, doi: 10.1016/j.coal.2008.05.009. 

Wawrik, B., Mendivelso, M., Parisi, V.A., Suflita, J.M., Davidova, I.A., Marks, C.R., 

Nostrand, J.D., Liang, Y., Zhou, J., Huizinga, B.J., Str� po� , D., and Callaghan, 

A.V., 2012, Field and laboratory studies on the bioconversion of coal to methane 

in the San Juan Basin: FEMS Microbiology Ecology, v. 81, p. 26–42, doi: 

10.1111/j.1574-6941.2011.01272.x. 

Weniger, P., Franc� , J., Krooss, B.M., B� zek, F., Hemza, P., and Littke, R., 2012, 

Geochemical and stable carbon isotopic composition of coal-related gases from 

the SW Upper Silesian Coal Basin, Czech Republic: Organic Geochemistry, v. 

53, p. 153–165, doi: 10.1016/j.orggeochem.2012.09.012. 

Whiticar, M.J., 1996, Stable isotope geochemistry of coals, humic kerogens and related 

natural gases: International Journal of Coal Geology, v. 32, p. 191–215. 

Whiticar, M.J., Faber, E., and Schoell, M., 1986, Biogenic methane formation in marine 

and freshwater environments: CO2 reduction vs. acetate fermentation—Isotope 

evidence: Geochimica et Cosmochimica Acta, v. 50, p. 693–709. 



97 
 

Winfrey, M.R., and Zeikus, J.G., 1977, Effect of sulfate on carbon and electron flow 

during microbial methanogenesis in freshwater sediments.: Applied and 

Environmental Microbiology, v. 33, p. 275–281. 

Zhang, S., Shuai, Y., Huang, L., Wang, L., Su, J., Huang, H., Ma, D., and Li, M., 2013, 

Timing of biogenic gas formation in the eastern Qaidam Basin, NW China: 

Chemical Geology, v. 352, p. 70–80, doi: 10.1016/j.chemgeo.2013.06.001. 

Zinder, S.H., 1993, Physiological ecology of methanogens, in Methanogenesis, Springer, 

p. 128–206. 

  



98 
 

FIGURES 

Figures: 
 

 
Figure 1. U.S. wellhead price of natural gas (grey, no data since December 2012; 
Source: US EIA, 2015) and number of active coalbed methane wells in the Powder River 
Basin, Wyoming (black; Source: Wyoming Oil and Gas Conservation Commission). 1 
MCF is ~28 m3. 
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Figure 2. Map showing locations where microbial production of methane from coal has 
been observed (for basin names and references, see Str� po�  et al., 2011). Pilot tests have 
been performed by both Luca and Ciris in the Powder River Basin (red star). Luca has 
conducted tests in other basins in the United States (orange triangles). Next Fuel has 
conducted tests internationally (green squares), although the exact locations are 
unknown. All locations are approximate. 
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Figure 3. Steps for biodegradation of coal to methane. Figure adapted from Jones et al., 
2010. 
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Figure 4. Hypothetical gas (red) and water (blue) production curves for a typical 
coalbed methane well. The goal of microbially enhanced coalbed methane (MECoM) is 
to increase gas production during the decline phase, as illustrated in green. Figure 
adapted from Nuccio, 2000. 
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Figure 5. Timeline of commercial microbially enhanced coalbed methane milestones 
(Abbreviations used: MECoM-microbially enhanced coalbed methane; PRB-Powder 
River Basin, Wyoming; BLM-Bureau of Land Management). 
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Figure 6. Schematic diagrams of Luca Technologies’ approach (A) to Microbially 
Enhanced Coalbed Methane (MECoM) versus Ciris Energy’s approach (B). 
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Figure 7. Proposed Questions to be Addressed by Future Research 
 

Methanogenic process knowledge gaps 
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ABSTRACT 

Natural gas is an important transitional energy source to replace more carbon 

intensive coal combustion in the face of climate change and increasing global energy 

demands. A significant proportion of natural gas reserves (~20%) were recently 

generated by microorganisms that degrade organic-rich formations (i.e. coal, shale, oil) 

in-situ to produce methane. Studies using water and gas geochemistry measurements to 

identify metabolic pathway have often contradicted results from studies of microbial 

community composition. In order to better understand controls and mechanisms of 

microbial methane generation in coal beds, this study analyzed water and gas samples 

from monitoring and production wells in the Powder River Basin for water and gas 

elemental and isotopic geochemistry and microbial community composition. 

Consistent with results of other studies, wells in methanogenic areas typically 

contained Na-HCO3 type waters, while other wells contained Na-SO4-HCO3 type waters. 

Nutrient concentrations (NH4, PO4) showed no correlation with methane concentration, 

with the exception that a well with recently recharged water had low nutrient 

concentrations (below detection limits), suggesting that nutrients are sourced in situ from 

coal or silicate minerals in adjacent aquifers. Sulfate concentrations decreased with 

increasing methane concentrations, and � 34S-SO4 values of samples with relatively high 

sulfate concentrations (>5 mM) had isotope values suggestive of a terrestrial evaporite 

source. Wells with intermediate-to-high SO4 concentrations (2-10 mM) have bacterial 

populations dominated by Desulfosporosinus, unclassified Desulfobulbaceae, 

Desulfovibrio and Desulfobacteraceae, which are likely responsible for sulfate reduction 

in these coal seams. In contrast, under low SO4 conditions (<0.5 mM), bacterial 
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populations were dominated by Geobacter, Oxalobacteraceae, and Pelobacteraceae. The 

presence of these bacteria in low SO4 methanogenic wells versus high SO4 wells suggest 

they may play a role in coal biodegradation and/or the generation of methanogenic 

substrates from intermediate organic compounds. Archaeal diversity was observed to be 

greatest in the well with the lowest SO4 concentration (<0.5 mM), and archaeal diversity 

in coal seams increased with decreasing sulfate concentrations. All methanogens 

observed were hydrogenotrophic, with Methanospirillum dominating in low-to-

intermediate SO4 wells and Methanococcus dominating in the high SO4 well. Analysis of 

carbon isotopes of produced gases agreed with microbiology interpretations of metabolic 

pathways, and results from this study suggest that wells with high methane concentration 

and/or high extent of methanogenesis may be related to hydrogenotrophic 

methanogenesis. 
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1. INTRODUCTION 

As concerns about climate change and global energy demand increase, natural 

gas, which is less carbon-intensive and polluting than coal combustion for electricity 

generation, is becoming an important transitional fuel. Approximately 20% of natural gas 

resources are generated by microbes that degrade organic matter in geologic formations, 

such as coal seams, black shales and oil reservoirs, yielding methane (Rice and Claypool, 

1981). Recent laboratory and field studies have suggested that these microorganisms can 

likely be stimulated to generate methane faster than natural, baseline rates through the 

addition of nutrients  to coal seams (e.g. Gilcrease and Shurr, 2007; Ulrich and Bower, 

2008; Jones et al., 2010; Papendick et al., 2011; Huang et al., 2013; Ritter et al., 2015). In 

order to produce coalbed methane (CBM), large volumes of groundwater must be 

extracted from aquifers in order to depressurize the formation and release gas (e.g. up to 

64,000 liters per day per well for CBM production in the Powder River Basin), which 

may alter the in situ environmental conditions with unknown consequences for the 

microbial communities (Clarey et al., 2010). For example, a recent study in the Antrim 

Shale in the Michigan Basin showed that an influx of sulfate related to pumping for 

methane production shifted the dominant redox process from microbial methanogenesis 

to bacterial sulfate reduction (Kirk et al., 2012). Understanding the relationship between 

geochemistry and microbial community composition and the specific functions of 

members of the microbial community is key to identifying best methods for microbial 

CBM stimulation and how changes in coal seam aquifer conditions may affect microbial 

methane generation.  
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Much of the previous research into microbial CBM generation has focused on 

using aqueous and gas geochemistry to identify metabolic pathways of methanogenesis 

(acetate fermentation and CO2 reduction; e.g. Flores et al., 2008; Rice et al., 2008; 

Warwick et al., 2008; McIntosh et al., 2010). Separate studies have investigated the 

archaeal and bacterial communities in coal beds (e.g. Green et al., 2008; Klein et al., 

2008; Strapoc et al., 2008; Doerfert et al., 2009; Jones et al., 2010; Barnhart et al., 2013). 

However, few studies have measured water and gas geochemistry along with microbial 

community composition in order to investigate the relationship between them. In 

addition, geochemical and microbial studies carried out separately in the same basin have 

often yielded conflicting interpretations of metabolic pathway (Ritter et al., 2015).  

The purpose of this study is to combine water and gas molecular and isotopic 

geochemistry with characterizations of microbial community composition in order to 

advance the understanding of how these factors influence coal biodegradation and the 

related processes of sulfate reduction and microbial methanogenesis. Specifically, this 

study investigates spatial and depth variability of microbial communities in coals and 

how this distribution is related to aqueous environmental conditions that may be reflected 

in water and gas geochemistry and isotopic signatures. Microbial community analysis 

was compared to sulfate concentration to investigate the relationship between microbial 

community composition and aquifer redox conditions.  

This study is focused in the Powder River Basin (PRB) in Wyoming and 

Montana, one of the first large basins to undergo intensive development of microbial 

CBM. The PRB is especially useful for this study due to an extensive network of CBM 

production (>24,000) and monitoring wells, which provides a unique opportunity for 
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high-resolution (spatial and depth) sampling. Furthermore, the PRB is one of the few 

CBM plays with previously published apparent microbial and isotopic evidence for 

methanogenesis by acetate fermentation, in addition to CO2 reduction (Flores et al., 2008; 

Ulrich and Bower, 2008; Bates et al., 2011). 

2. BACKGROUND 

2.1. Microbial Methanogenesis 

Microbial methanogenesis represents the final major step of the biodegradation of 

organic carbon, which becomes thermodynamically favorable after alternative electron 

acceptors (e.g. ferric iron and sulfate) have been exhausted (MacGregor and Keeney, 

1973; Claypool and Kaplan, 1974; Martens and Berner, 1974; Mah et al., 1977; Reeburgh 

and Heggie, 1977; Kuivila et al., 1988). Degradation of organic matter under 

methanogenic conditions involves microbial consortia that break down complex organic 

matter into intermediate substrates such as acetate, CO2, and hydrogen (H2) (Jones et al., 

2010; Orem et al., 2010; Str� po�  et al., 2011). Methanogens then convert these simplified 

compounds to CH4 and CO2 by two dominant pathways: 1) CO2 reduction 

(hydrogenotrophic methanogenesis), and 2) acetate fermentation (acetoclastic 

methanogenesis) (Ferry, 1993). Sulfate reduction immediately precedes methanogenesis 

on the redox ladder, and sulfate reducing bacteria can outcompete methanogens for 

energy-yielding substrates if sulfate is present. The conditions leading to the development 

of sulfate reduction over methanogenesis are of particular interest to researchers 

investigating the potential of stimulating microbial methanogenesis (Ritter et al., 2015). 

 Carbon and hydrogen isotopes of CH4 and CO2 have been used to distinguish 

acetate fermentation and CO2 reduction in diverse subsurface environments, such as 
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coalbeds, organic-rich shales, and oil reservoirs (e.g. Whiticar et al., 1986; Scott et al., 

1994; Whiticar, 1996; Smith and Pallasser, 1996; Aravena et al., 2003; Faiz and Hendry, 

2006; Gilcrease and Shurr, 2007; Flores et al., 2008; McIntosh et al., 2008; Cheung et al., 

2010; Weniger et al., 2012; Pashin et al., 2014; Burra et al., 2014). One approach for 

distinguishing methanogenic pathways compares � 13C values of CO2 and CH4 to estimate 

the kinetic C isotope fractionation (� ; � 13CCO2-CH4 = (�  13CCO2+1000)/( �  13CCH4+1000). 

Previous reviews generally agree that CO2 reduction imparts a larger kinetic fractionation 

(greater � 13CCO2-CH4) than does acetoclastic methanogenesis (Whiticar et al., 1986; 

Whiticar, 1996; Conrad, 2005). Apparent � 13CCO2-CH4 can vary due to changes in 

substrate availability (e.g. acetate) (Conrad, 2005; Goevert and Conrad, 2009) and can be 

complicated by secondary effects such as methane oxidation, transport (diffusion), 

substrate depletion (reservoir effects), mixing with thermogenic gases, or competing 

forms of microbial respiration that generate CO2, especially sulfate reduction (e.g. Bates 

et al., 2011).  

The relative dominance of acetate fermentation versus CO2 reduction in various 

environments depends upon multiple factors, including nutrient and carbon availability, 

and salinity (Alperin et al., 1992; Zinder, 1993; Nakagawa et al., 2002; Warren et al., 

2004; Megonigal et al., 2005). For example, in high concentrations (	 20mM), PO4 can 

inhibit acetoclastic methanogenesis (Conrad et al., 2000), while at low concentrations, 

PO4 can enhance both acetate fermentation and CO2 reduction (Jarrell and Kalmokoff, 

1988; Lu et al., 1999). Limited organic supplies and longer water residence times have 

also been shown to favor CO2 reduction, whereas rapid recharge and large supplies of 

fresh organic matter have been shown to favor acetate fermentation in anoxic wetland 
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sediments (Nakagawa et al., 2002). Acetoclastic methanogens may be inhibited by toxic 

organic compounds (Warren et al., 2004; Jones et al., 2010) or high salinity (Waldron et 

al., 2007), 

CBM in the PRB is derived from microbial methanogenesis in low-rank coals 

(e.g. Flores et al., 2008). Microbial methane in the PRB was not only generated in the 

geologic past, but is actively being generated and has recently been stimulated in select 

wells by injection of nutrients (Green et al., 2008; Klein et al., 2008; Ulrich and Bower, 

2008; Barnhart et al., 2013; Ritter et al., 2015). A recent study showed that addition of 

acetate to cultures of microorganisms from PRB coal cores enhanced methanogenesis, 

but microbial community analyses were not reported (Ulrich and Bower, 2008). A 

separate study collected coal core samples and water samples from production wells PRB 

wells in Wyoming in order to characterize microbial communities (Klein et al., 2008). 

This study reported Methanocaldococcus, Methanothermococcus, Methanobrevibacter, 

Methanobacterium in the well water from the 2 production wells whereas only 

Methanobacterium and Methanothermococcus were observed in coal core samples (16 

core samples from 5 sites). A systematic characterization of bacterial and archaeal 

communities in PRB coal seams has not been reported, particularly in conjunction with 

hydrogeology and aqueous and isotope geochemistry. 

Studies utilizing carbon isotopes of CH4 and CO2 in the PRB have suggested that 

the dominant metabolic pathway for methane generation is CO2 reduction (Flores et al., 

2008; Rice et al., 2008), while some microbial enrichments have shown a predominance 

of acetoclastic methanogens (Green et al., 2008; Ulrich and Bower, 2008). Given these 

contradictory results, Bates et al. (2011) proposed that carbon isotopes of CH4 and CO2 



122 
 

may be more appropriately interpreted as indicators of the extent of methanogenesis, 

rather than indicators of metabolic pathway. In addition, they proposed that instead of an 

open-system model that had been used in past studies, carbon utilization in CBM systems 

was better represented by a closed-system model in which a pool of inorganic carbon was 

consumed by CO2 reduction. Bates et al. (2011) used a Rayleigh-type model to calculate 

the fraction of the carbon pool remaining (calculated assuming the pool is predominantly 

CO2) using the following equation: 

� �� �
� �� � �	� �� 


	� � �

 

where � YF is the measure isotopic value of methane, � XF is the measured isotopic value of 

CO2, � Xo is the initial isotopic value of the CO2 pool, taken to be -26‰ (the average 

isotopic value of bulk coal in the  PRB; Holmes et al., 1991), and f represents the fraction 

of the overall carbon pool remaining. Using this equation, higher values of f represent a 

lower extent of methanogenesis, while lower values of f represent a greater extent of 

methanogenesis. While geochemical analysis may provide less information about 

metabolic pathways of methanogenesis that previously thought, it is important to 

understand and develop geochemical indicators of microbial processes as they require 

less time and effort to collect and analyze than complete microbial community samples.  

Most studies identifying microbial communities associated with the conversion of 

organic substrates to methane have relied on formation water or core samples (Str� po�  et 

al., 2008; Jones et al., 2010; Midgley et al., 2010; Penner et al., 2010; Guo et al., 2012; 

Unal et al., 2012). However, research has suggested that microbial community 

characterization through the analysis of microorganisms in formation waters does not 

represent subsurface microbial processes (Alfreider et al., 1997; Penner et al., 2010) and 
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in-tact core samples are difficult and costly to collect aseptically. For this reason, down-

well incubations have been used as an alternative for community characterizations 

(Alfreider et al., 1997; Griebler et al., 2002; Peacock et al., 2004; Reardon et al., 2004), 

and this study utilizes a down well incubation technique with a diffusive microbial 

sampler (DMS) developed by Barnhart et al. (2013). Since microbial community 

measurements are time intensive to collect, geochemical parameters could be used to 

provide relatively quick results to help identify key areas where microbial sampling 

would be most beneficial.  

2.2. Powder River Basin Geology 

 The PRB is a drainage and structural basin located in southeastern Montana and 

northeastern Wyoming (Figure 1). The basin is bordered by the Bighorn Mountains to the 

west, Black Hills to the east, and the Casper Arch, Laramie Mountains, and Hartville 

Uplift to the south, covers ~20,000 km2, and is asymmetrical with the axis near the 

western edge (Flores et al., 2008). The basin was formed during the Laramide Orogeny, 

which also uplifted the surrounding mountains (Anna, 1986). The main coal-bearing unit 

is the Tertiary Fort Union Formation (700-1800 m thick), deposited 66-58 Ma (Bates et 

al., 2011). The uppermost Fort Union Formation (the Tongue River Member) contains 

sandstone, siltstone, shale, some carbonates and conglomerates, and regionally-extensive 

thick (up to 77 m) coals referred to as the Wyodak-Anderson coal zone (Flores, 2004). 

Coals were deposited in rivers, floodplains, and wetlands in the basin (Flores and 

Ethridge 1985; Flores, 1986; Lillegraven, 1993; Flores, 2004). CBM is typically 

extracted from coal seams in the Tongue River Member of the Fort Union Formation 

(Flores et al., 2008). Coals sampled in this study are located in the Wyodak-Anderson 
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coal zone (Canyon (Monarch/Carney) and Anderson coals) and the underlying coal beds 

(Cook and Wall coals; Figure 2).  

 The Wyodak-Anderson coal zone is a regional aquifer within the Fort Union 

Formation (Daddow, 1986; Lowry and Wilson, 1986; Bartos and Ogle, 2002) and has 

been a major target of CBM production since the 1990s. Methane is adsorbed onto 

organic matter in coal seams and held in place by hydrostatic pressure; thus coal 

formation waters must be extracted to produce natural gas. In the Powder River, ~17,000 

gallons (64,000 liters) of groundwater are extracted per day per well to produce CBM, 

which in some cases has led to major declines in the water table (up to 190 m; Clarey, 

2009). While groundwater pumping in some basins has produced changes in aqueous 

geochemistry of aquifers (e.g. Kirk et al., 2012), no changes in water chemistry 

associated with pumping for CBM production in the PRB have been observed (Wheaton 

et al., 2004). Where coals have burned near the surface, clinker deposits often form ridges 

and hilltops and act as hydrologic conduits to adjacent coals due to their high 

permeability (Heffern and Coates, 2004). In general, groundwater along the northwestern 

margin of the PRB (in the study area) flows from the Big Horn Mountains towards the 

northeast, in the same direction as the Tongue River (Lobmeyer, 1985).  

2.3. Aqueous Geochemistry of CBM 

 Several studies have investigated the geochemistry of CBM produced water in the 

PRB. These studies have shown that water from production wells in the PRB is primarily 

Na-HCO3 type (Lee, 1981; Van Voast, 2003; Brinck et al., 2008; Rice et al., 2008; Bates 

et al., 2011). Bicarbonate accumulates in CBM systems as a result of the respiration of 

CO2 from microbially mediated redox processes (e.g. sulfate reduction, methanogenesis; 
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Lee, 1981; Van Voast, 2003; Brinck et al., 2008). High Na+ concentrations are thought to 

be the result of ion exchange near recharge areas and calcite precipitation as a result of 

sulfate reduction (Brinck et al., 2008). In areas near the basin margin where 

methanogenesis is absent, waters contain significant concentrations of SO42- in addition 

to Na+ and HCO3
-
 (Meredith et al., 2010). High SO42- concentrations are thought to be the 

result of dissolution of gypsum and pyrite oxidation within the aquifer (Lee, 1981; Van 

Voast, 2003; Brinck et al., 2008). 

 Nutrients, such as nitrogen and phosphorus, are essential for the microbial 

generation of methane, and nutrient concentrations may be limiting in methanogenic 

environments (Gilcrease and Shurr, 2007; Penner et al., 2010; Bates et al., 2011). 

Concentrations of nitrogen and phosphorus compounds have been measured in the PRB, 

with total dissolved nitrogen concentrations ranging from 50 to 1000 µM, and phosphate 

concentrations ranging from below detection to 5 µM (Bates et al., 2011). Dissolved 

organic carbon (DOC) is also important to methanogenesis, as intermediate organic 

substrates, such as long-chain fatty acids, alkanes, and low-molecular-weight aromatics 

are utilized by methanogens to produce methane (Orem et al., 2010; Strapoc et al., 2011). 

Concentrations of DOC measured in produced and formation waters of the PRB have 

ranged from 0.11 to 0.93 mM (Orem et al., 2014). 

3. METHODS 

3.1. Water and Dissolved Gas Sampling 

  Samples were collected from 7 monitoring wells operated by the Montana Bureau 

of Mines and Geology (MBMG) and 16 CBM production wells (Figure 1; Table 1). All 

wells sampled were completed in single coal zones. Wells were selected in an attempt to 
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capture the area of transition between sulfate reduction and methanogenesis. Four of the 

monitoring wells were completed in the Anderson coal zone along Young’s Creek in 

Bighorn County, Montana. These wells were along a linear surface transect ~7 km long. 

The other 3 monitoring wells were completed in the Canyon Coal. Canyon coal wells are 

~20-35 km apart. Two of the canyon wells are located on the West side of the Tongue 

River, with one well along Young’s Creek and the other Northwest of the Tongue River 

Reservoir along Highway 314. The third Canyon well is located along Hanging Woman 

Creek on the east side of the Tongue River. Production wells sampled in 2011 were 

located just to the west of the Tongue River Reservoir, while those sampled in 2014 were 

located just to the east of the reservoir. 

Samples were collected after wells had been pumped for a sufficient amount of 

time to purge 3 well volumes of water from the well. All water samples were filtered 

through a 0.45 µm syringe tip nylon filter and stored on ice or in the lab at 4oC until 

analysis. Water samples for dissolved organic carbon (DOC) were filtered through 0.7 

µm pre-combusted glass fiber filters. Alkalinity was titrated within 12 hours of sample 

collection using the Gran-Alkalinity titration method (Gieskes and Rogers, 1973). 

Samples for major ions, nutrients, and trace metals were collected in 60 mL HDPE 

bottles with no headspace, and concentrated nitric acid was added to cation and trace 

metal samples for preservation. Samples for � 13C-DIC were collected in glass serum 

bottles, preserved with mercury chloride, and capped with no headspace. Samples for 

� 34S-SO4 and � 18O-SO4 were collected in 1 L HDPE bottles and concentrated nitric acid 

was added for preservation. Samples for DOC were collected in 30 mL combusted amber 

glass bottles. 
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  Major ion chemistry was analyzed at the University of Arizona Department of 

Hydrology and Water Resources. Major cations were analyzed with a Perkin-Elmer 

Optima 5100DV Inductively Coupled Plasma-Optical Emission Spectrometer (precision 

±2%). Major anions were analyzed using a Dionex Ion Chromatograph model 3000 with 

an AS23 analytical column (precision ±2%). Charge balance error was less than 5% for 

all measured waters, with the exception of water sampled from well WR-33, where 

charge balance error was 13.6%, which persisted even after reanalysis of all major ion 

components. Microbial respiration between sample collection and analysis of major ions 

may contribute to this charge balance error. � 13C-DIC (1-
  precision ±0.3‰), � 34S-SO4 

(1-
  precision ±0.15‰) and � 18O-SO4 (1-
  precision ±0.7‰) were analyzed at the 

University of Arizona Environmental Isotope Laboratory. Samples were measured on a 

ThermoQuest Finnigan Delta Plus XL continuous flow gas ratio mass spectrometer. 

 Dissolved gas samples were collected from monitoring wells using dissolved gas 

bottles from Isotech Laboratories, Inc. For all sampling campaigns (2009-2014), 

dissolved gas bottles were used to concentrate headspace gas from wells sampled. 

Samples for gas isotopes and gas composition were collected by filling a 5-gallon bucket 

with water. Next, the bottle was submerged and inverted. A hose from the well was then 

inserted into the bottle, and water and gas was allowed to flow into the bottle for 

approximately 5 minutes. The hose was removed, and the bottle was capped upside down 

and stored inverted on ice until it was sent to Isotech Laboratories for analysis. In 

addition to this, in order to measure dissolved methane concentration, an additional bottle 

was filled in a similar manner, but with the submerged bottle remaining upright instead of 

inverted. 
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 Gas samples from CBM production wells were collected using a wellhead gas 

sampler and IsoTubes from Isotech Laboratories, Inc. Samples were analyzed for gas 

composition, gas isotopes, and, for dissolved gas samples, methane concentration. Gas 

composition for all sampling techniques was measured using a gas chromatograph. Gas 

isotopes were measured by gas combustion and isotope ratio mass spectrometry (IRMS). 

Methane concentration was measured using a headspace equilibration technique 

developed by Isotech Laboratories, Inc. For some samples, hydrogen isotopes of methane 

were measured using Cavity Ring-Down Spectroscopy (CRDS). Detailed analysis 

information is available through Isotech Laboratories, Inc. (www.isotechlabs.com). 

3.2. Microbiology Samples 

Samples for microbial community analysis were collected from monitoring wells 

in the Canyon coal seam using a diffusive microbial sampler (DMS) (Barnhart et al., 

2013). The DMS cylinder (12.7 cm long and 6.4 cm in diameter) was filled with 25 g of 

sub-bituminous coal particles (>2mm but > 4mm) from the coal seam to be sampled. 

Coal particles were enclosed in a mesh within the DMS cylinder. DMS samplers were 

lowered into monitoring wells and allowed to incubate for 3 months, after which 

samplers were removed from wells using aseptic techniques and returned to the 

laboratory for analysis. Wells were each sampled twice for microbiology, once during 

summer (July through October) of 2010 and once during the spring (March through June) 

of 2012. 

3.2.1. DNA Extraction and Sequencing  

DNA was extracted from the coal and slurry from the DMS samplers and the 

bacterial and archaeal 16S-rRNA genes were amplified as previously described in 
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Barnhart et al. (2013). A 0.8% agarose gel in TAE buffer was used to check the PCR 

products for DNA of the correct size. The gel extracts were cleaned and concentrated 

using the Wizard SV Gel and PCR Cleanup System® (Promega, Madison, WI), and 

dsDNA was quantified with a Qubit fluorometer (Life Technologies, Carlsbad, CA, 

USA). Adaptors for 454 sequencing were ligated to the amplicons and were 

pyrosequenced in a Roche 454 GS-Junior (454 Life Sciences, Branford, CT, USA). The 

barcoded sequencing reads were separated by Roche’s image analysis and sequence 

assignment software providing high confidence in assigning sequencing reads to the 

appropriate sample. Pyrosequences were trimmed to one standard deviation below the 

mean (removed if shorter), subjected to varying Q cutoffs (25, 27, 30, and 32) allowing 

either 10% or 15% of the nucleotides to be below the cutoff, and removed if primer errors 

or ambiguous nucleotides were observed. Forward reads were carried through the 

analysis. A python script was used for data management and analysis as previously 

described (Bowen De León et al., 2012). Chimeras were removed using ChimeraSlayer 

(Haas et al., 2011). Qiime was used to select OTUs and R was used to standardize and 

group the OTUs in heat maps with Bray Curtis methods. The bacterial communities were 

diverse and only OTUs composing greater than 3% of the community were represented in 

the heat map. 

4. RESULTS 

4.1. Geochemistry 

In order to investigate relationships between geochemical parameters and redox 

conditions, wells are presented in order of increasing dissolved methane concentration 

(Figure 3). Dissolved methane concentrations ranged from 0.001 mg/L for water from 
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well WR-33, to 60.0 mg/L for water from well HWC-01. Water from wells WR-33, WR-

34, WR-48, WR-24, and CBM02-7CC all had methane concentrations below 1 mg/L, 

while water from wells SH-396 (12 mg/L) and HWC-01 (60 mg/L) had significant 

concentrations of dissolved methane (Table 4). 

Major ion concentrations were consistent between wells with similar methane 

concentrations. Sodium concentrations were high in all water samples (15-30 mM), 

except for water from well WR-33 (2 mM; Figure 4). In contrast, calcium, magnesium, 

potassium and chloride concentrations were low (< 1 mM) in all water samples, except 

for water from wells WR-33 and WR-24 (Figure 4). Calcium concentration in WR-33 

water was 3.2 mM, and magnesium concentration in water from wells WR-33 and WR-

24 was 6.7 and 1.2 mM, respectively. Alkalinity concentrations in water from the 

monitoring wells ranged from 7.3 to 25.4 meq/kg, with average alkalinity in water from 

production wells being 24.9 meq/kg. Sulfate concentrations ranged from below detection 

(<0.01 mM) in water from methanogenic wells (HWC-01 and SH-396) to 11.5 mM in 

water from well WR-24. All other major ion species were measured at or near the 

detection limit of the instrument, with the exception of NO3 in water from WR-33 (0.17 

mM; Table 2). 

 DOC concentrations in water from monitoring wells ranged from 0.06 to 0.79 

mM, with the average concentration in water from CBM production wells being 0.14 

mM. In water from monitoring wells, ammonium concentrations ranged from 0.04 to 

0.46 mM, while phosphate concentrations ranged from below detection (<0.3 µM) to 5.2 

µM (Table 2). Average ammonium concentration in water from production wells was 

0.15 mM, while average phosphate concentration was 2.2 µM.  
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� 13C-DIC values in water from monitoring wells ranged from -11.2‰ to 11.6‰, 

with water from production wells exhibiting an average of 5.2‰ (range of -12.7‰ to 

17.5‰; Figure 6). � 34S-SO4 values ranged from -0.3‰ to 21.1‰ in water from 

monitoring wells, with water from production wells having an average value of 12.8‰ 

(range of 2.1‰ to 101.4‰; Figures 6 and 7). Carbon isotopes of produced gases were 

also measured, with � 13C-CO2 values ranging from -20.4‰ to 2.0‰ for gases from 

monitoring wells (Table 4) and from -24.7‰ to 6.0‰ for gases from production wells 

(Table S4).  � 13C-CH4 values ranged from -85.2‰ to -65.1‰ for CH4 from monitoring 

wells (Table 4), and from -79.5‰ to -56.2‰ for CH4 from production wells (Table S4). 

4.2. Microbiology 

Samples collected from monitoring wells completed in the Canyon coal seam 

(WR-24, CBM02-7CC and HWC-01) in 2010 and 2012 provide insight into the microbial 

communities present in a coal seam and the temporal community changes that take place. 

The bacterial communities statistically grouped together by the specific well that was 

sampled and not by the different times the wells were sampled (Figure 8). The pyrotag 

analysis indicated the DMS samples from the WR-24 well (WR1 and WR2) had a higher 

relative proportion of sulfate reducing bacteria (Desulfosporosinus, unclassified 

Desulfobulbaceae and Desulfovibrio) than the bacterial communities in the other wells. 

Many of the operational taxonomic units (OTUs) were closely related to Desulfovibrio 

and Desulfobacteraceae which were also dominant in the DMS samples retrieved from 

the CBM02-7CC well. Desulfovibrio was detected in the HWC-01 DMS samples but 

OTUs closely related to Oxalobacteraceae, which has previously been detected from coal 
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tar contaminated and other coal-rich sediments (Kim et al., 2014; Grundger et al., 2015), 

were more dominant in these samples.  

The archaeal communities detected in the HWC-01 DMS were much more 

diverse than the DMS samples from the other wells. The 16S rRNA genes from the first 

DMS sample (HWC1) grouped with14 different archaeal taxa and 12 different taxa were 

identified from the second DMS (HWC2). Approximately 76% of the OTUs from HWC1 

and 93% from HWC2 were most closely related to the hydrogenotrophic methanogen 

Methanospirillum. Archaeal 16S rRNA genes only amplified from one of the DMS 

samples from the WR-24 and CBM02-7CC wells. CBM1 and WR2 would not amplify 

indicating the archaeal communities were below detection limits in those samples. The 

archaeal diversity was low in the CBM2 and WR1 samples that did amplify. The 

identified CBM2 archaeal community included Methanospirillum, an unclassified 

Thermoplasmata and an unclassified Crenarchaeota. Methanospirillum was the most 

dominant and the archaeal community was statistically more closely related to both of the 

HWC communities than the archaeal community detected in the WR1 sample. Only two 

Archaea were identified in the WR1 DMS and most (~99.9%) of the OTUs were closely 

related to the hydrogenotrophic methanogen Methanococcus.   

5. DISCUSSION 

Monitoring wells in the Anderson coal seam were chosen in order to observe how 

water and gas geochemistry evolved downgradient from recharge areas towards the basin 

center, along a flowpath. It was hypothesized that redox conditions would progress from 

sulfate reducing to methanogenic along the transect, with associated increases in methane 

concentrations. This result was anticipated since previous studies have shown redox 
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zonation and increasing extent of methanogenesis as samples are collected from organic-

rich aquifers along groundwater flowpaths (Lovely et al., 1994; Chapelle et al., 1995; 

Bates et al., 2011; McMahon et al., 2011). Once samples were analyzed, however, it was 

found that well SH-396, the monitoring well closest to the basin margin, contained a 

significant amount of methane and had the second highest methane concentration of any 

of the monitoring wells sampled (12 mg/L; Figure 3). Well WR-33, the second well along 

the transect, had no measureable methane (<0.001 mg/L), while wells WR-34 and WR-

48, which are furthest along the transect, contained trace amounts of methane (~0.02-0.04 

mg/L). Well WR-33 lies along a fault and had detectable 3H, suggesting that this well 

yielded recently recharged water. This is likely an indicator that wells in this transect do 

not lie along a single flow path.  

Unlike wells in the Anderson coal seam, monitoring wells in the Canyon coal 

seam were not expected to lie along a flowpath; however, similar relationships were 

expected to be observed between water and gas geochemistry from wells in the Canyon 

coal seam and their distance from basin margin and recharge areas. Canyon monitoring 

wells WR-24 and CBM02-7CC, which were closer to recharge areas, had low methane 

concentrations (~0.02-0.04 mg/L), while well HWC-01, which was farther from recharge 

areas, had the highest methane concentration of any of the monitoring wells samples (60 

mg/L; Figure 3). It is clear that factors other than depth and distance from the edge of the 

basin play a significant role in the development of methanogenic conditions. 

Low sulfate concentrations in wells with significant amounts of methane 

demonstrate that nearly all sulfate must be removed from the aquifer for methanogenesis 

to take place. Sulfate is often below detection in methanogenic aquifers, and previous 
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studies in various environments have suggested that sulfate concentrations must be 

<1mM for methanogenesis to commence (Lovley and Klug, 1983; Phelps et al., 1985; 

Whiticar et al., 1986; Capone and Kiene, 1988; Hoehler et al., 1998; Löffler and Sanford, 

2005; Finke et al., 2007). Wells with high dissolved methane concentrations (10-100 

mg/L) had Na-HCO3 type waters, while other wells sampled had Na-SO4-HCO3 type 

waters. This result is consistent with water chemistry measurements from CBM 

production wells in other studies in the PRB (Lee, 1981; Van Voast, 2003; Brinck et al., 

2008; Rice et al., 2008; Bates et al., 2011). Alkalinity concentration tends to increase 

with increasing methane concentration (Figure 6). This was expected, since CO2 is a 

byproduct of both sulfate reduction and methanogenesis (Lee, 1981; Van Voast, 2003; 

Brinck et al., 2008), and although CO2 reduction consumes CO2, more CO2 is produced 

than can be consumed and therefore alkalinity increases as these redox processes 

progress.  

It has been hypothesized that recharge might be a source of nutrients (i.e. nitrogen 

and phosphorus compounds) for methanogenic processes (Bates et al., 2011; Schlegel et 

al., 2011), and therefore nutrient concentrations would be expected to be higher near 

recharge areas and decrease as they are consumed in redox processes as water moves 

toward the basin center. However, ammonium concentrations were similar for water from 

all wells sampled in this study except well WR-33, which had no detectable ammonium. 

Well WR-33 also had no detectable phosphate. Well WR-33 was found to have relatively 

young water (recent recharge), which suggests that nutrients in coal associated waters 

may come from in situ sources rather than from recharge events. Pashin et al. (2014) 

found a correlation between NH3+NH4
+ and total dissolved solids in the Black Warrior 
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Basin, a similar microbial CBM area. They suggested that this could be the result of ion 

exchange between silicate minerals and formation water. Bates et al. (2011) also found 

lower concentrations of nitrogen species in wells near recharge areas, and concluded that 

dissolution from coal seams was likely the source of nitrogen species. There was no clear 

pattern between DOC concentration and wells with higher methane concentrations 

(Figure 5), suggesting a complex relationship between available carbon and the extent of 

methanogenesis. DOC concentrations in all monitoring and production wells were similar 

to concentrations observed in produced waters from the PRB and other coal basins (Orem 

et al., 2007; Bates et al., 2011; Orem et al., 2014). 

� 13C-DIC values generally increased with increasing alkalinity and methane 

concentrations (Figure 9). This result was expected, since redox processes such as sulfate 

reduction and methanogenesis preferentially use lighter carbon isotopes (12C), it is 

expected that the isotope value of the remaining carbon pool will increase as light carbon 

is utilized (Clark and Fritz, 1997). In contrast, � 34S-SO4 values showed no apparent 

relationship to methane concentration (Figure 6), although most of the methanogenic 

samples that were analyzed for � 34S-SO4 had non-detectable sulfate. Plotting � 34S-SO4 

versus SO42- concentration shows that most of the variability in � 34S-SO4 values occurs in 

samples containing sulfate at or below 5 mM (Figure 8). For samples with significant 

concentrations of SO42- (>5 mM), � 34S-SO4 values ranged from -0.3‰ to 6.5‰, 

suggesting a terrestrial evaporite (gypsum) or pyrite oxidation source for the SO4
2- (Clark 

and Fritz, 1997). This seems to confirm the suggestion by previous studies that high SO4
2- 

concentrations in parts of the PRB are the result of terrestrial evaporites (gypsum) 

dissolution and/or pyrite oxidation (Lee, 1981; Van Voast, 2003; Brinck et al., 2008). 
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Carbon isotopes of produced gases (CH4 and CO2) were interpreted using the 

concept of extent of methanogenesis (Bates et al., 2011), rather than the traditional 

approach of using them to determine metabolic pathway of methanogenesis (e.g. 

Whiticar et al., 1986). Production wells showed a broad range of extent of 

methanogenesis, with f values from ~0.9 to ~0.5. Only water from 2 of the monitoring 

wells, SH-396 and HWC-01, had high enough methane concentrations to measure � 13C-

CH4. Of these, well SH-396 had a lower extent of methanogenesis (f� 0.9 compared to 

f� 0.6). Well SH-396 also had a significantly lower methane concentration than well 

HWC-01. This suggests that extent of methanogenesis could be tied to the amount of 

methane present in the well, as was hypothesized, although more sampling needs to done 

in order to validate this result. 

Wells analyzed for microbial community composition were grouped by sulfate 

concentration, since sulfate concentration appeared to be a good indicator of dominant 

redox condition (i.e. sulfate reduction versus methanogenesis). Bacterial species were 

investigated because they are thought to be primarily responsible for coal biodegradation 

and the fermentation of soluble organics into substrates that are utilized by methanogens 

to generate methane (Strapoc et al., 2011; Ritter et al., 2015). Results of bacterial analysis 

of wells in this study showed bacterial diversity in all wells was much greater than 

archaeal diversity, consistent with previous studies in the PRB and other coal basins. 

However, there are not significant differences in bacterial diversity in high sulfate wells 

versus low sulfate wells. Since bacteria are vital to several processes that are important 

for sulfate reduction and methanogenesis, diversity of bacterial species is expected to be 

greater than archaeal diversity in CBM aquifers, as observed in this study (Penner et al., 
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2010; Barnhart et al., 2013). Bacterial communities in samples collected in 2010 were 

most closely related to samples collected from the same well in 2012, suggesting little 

temporal variability in wells over this time period. Residence times of water in this 

portion of the PRB estimated to be on the order of 103 to 104 years (Pearson, 2002; Frost 

and Brinck, 2005; Randle, 2014), so little variability in either geochemistry or microbial 

community composition would be expected over the sampling period.  

Studies investigating bacterial phyla associated with methanogens in coal seams 

have found a dominance of Proteobacteria and Actinobacteria, with members of 

Firmicutes appearing as a minor component of most communities (Penner et al., 2010; 

Barnhart et al., 2013). For samples collected in this study, bacterial communities were 

primarily comprised of Proteobacteria, with some members of Firmicutes present as 

well. In wells with moderate to high sulfate concentrations (WR-24, CBM02-7CC; 3 and 

12 mM, respectively), pyrotag analysis showed a predominance of the Proteobacteria 

Desulfosporosinus, unclassified Desulfobulbaceae, Desulfovibrio and 

Desulfobacteraceae (Figure 8). These bacteria are likely primarily responsible for sulfate 

reduction in these coal seams. In contrast, in the well with low sulfate concentration 

(HWC-01; <1mM), Proteobacteria Geobacter, Oxalobacteraceae, and Pelobacteraceae 

are the predominant species. Barnhart et al. (2013) observed a predominance of similar 

bacterial species in another methane-rich PRB monitoring well, and their relative 

predominance in high methane/low sulfate wells versus high sulfate wells could be an 

indicator that they are important for either coal biodegradation or intermediate substrate 

fermentation as part of microbial methane generation. 
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Archaeal community composition was also investigated in relation to sulfate 

concentration. Archaeal diversity was observed to be the highest in the well with low 

sulfate concentration (HWC-01), and archaeal diversity decreased with increasing sulfate 

concentration (Figure 9). Differences in archaeal diversity at different sulfate 

concentrations are likely the result of the ability of sulfate-reducing bacteria to out-

compete methanogens for substrates. In contrast to results of bacterial analysis, archaeal 

sequences from well CBM02-7CC (intermediate sulfate concentrations) were more 

closely related to well HWC-01 (low sulfate, <1mM), rather than well WR-24 (high 

sulfate, >5mM). All archaea observed were hydrogenotrophic, with Methanococcus 

dominating in well WR-24 and Methanospirillum dominating in wells HWC-01 and 

CBM02-7CC. A traditional interpretation of isotopes of produced gases from well HWC-

01 yields K/( � CH4-CO2 of 1.076, which would be interpreted as representing 

hydrogenotrophic methanogenesis (Whiticar et al., 1986). This is consistent with results 

from microbial analysis, although more samples will need to be collected from the PRB 

to further examine this result. Well HWC-01 also has a relatively high extent of 

methanogenesis (f� 0.6) compared to other wells in this study, which could suggest that 

areas with higher extents of methanogenesis are associated with hydrogenotrophic 

methanogenesis, although more microbiology samples will need to be collected from 

wells with varying extents of methanogenesis to test this hypothesis. 

6. CONCLUSIONS 

Methane concentrations, alkalinity, and sulfate concentrations were closely 

related for samples collected in this study. Water from wells with relatively high methane 

concentrations (10-100 mg/L) had high alkalinity concentrations (>15 meq/kg) and high 
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� 13C-DIC values (>5‰). � 13C-DIC values likely increase in wells as methane 

concentration increases because redox processes, such as sulfate reduction and 

methanogenesis, preferentially remove 12C from the available carbon pool. Sulfate 

concentrations decreased with increasing methane concentrations. Samples with 

significant concentrations of sulfate (>5 mM) had � 34S-SO4 values that ranged 

from -0.3‰ to 6.5‰, suggesting a terrestrial evaporite (gypsum) or pyrite oxidation 

source of sulfate. Sulfate concentrations were also shown to have a relationship with 

microbial community composition. Bacterial analysis of wells with intermediate-to-high 

sulfate concentrations (2-10 mM) showed a predominance of the Proteobacteria 

Desulfosporosinus, unclassified Desulfobulbaceae, Desulfovibrio and 

Desulfobacteraceae, which are likely responsible for sulfate reduction in coal seams of 

the PRB. In the well with low sulfate concentration (<0.5 mM), Proteobacteria 

Geobacter, Oxalobacteraceae, and Pelobacteraceae were the predominant species, 

suggesting that these bacteria may play a role in coal biodegradation and/or generation of 

methanogenic substrates from intermediate organic compounds as part of the 

methanogenic process. Archaea detected in all wells sampled were hydrogenotrophic, 

which agreed with traditional analysis of carbon isotopes of produced gases and 

suggested that there could be a relationship between hydrogenotrophic methanogenesis 

and high methane concentration and/or extent of methanogenesis. More microbial 

analyses will need to be completed on wells with a range of redox conditions, methane 

concentrations, and extents of methanogenesis to verify and validate these results.  

 These results demonstrate the connection between geochemistry and microbial 

community composition, and show the utility of understanding these relationships. The 
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time and cost involved in microbial community composition make paired geochemistry 

studies especially useful. Since geochemical parameters such as alkalinity, sulfate 

concentration, and methane concentration are relatively easy, inexpensive, and quick to 

sample and analyze, measurements of these parameters can be used to focus collection of 

microbial samples in areas where information gained will be most useful. Coupled 

microbiology and geochemistry sampling of wells with methane present is especially 

needed to more fully understand the relationship between extent of methanogenesis, 

location within the basin, and microbial community composition. These samples, when 

paired with samples from sulfate reducing wells, will also help to clarify the function of 

bacteria within the process of microbial methanogenesis. Addressing these issues will not 

only further understanding of microbial CBM basin dynamics, but help to ensure the 

success of future CBM stimulation projects.  
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FIGURES 

 

 
Figure 1. Map showing the locations of monitoring and production wells in the Powder 
River Basin that were sampled as part of this study and Bates et al. (2011). Line A to A’ 
shows the location of the conceptual cross section presented in figure 2. 
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Figure 2. Conceptual cross section of the area where samples were collected. Depths 
and thickness of coal seams, along with locations of faults, are only conceptual, and are 
presented to demonstrate the stratigraphy of coal and the complexity of hydrogeology in 
the area. Average monitoring and production well depths are reported for reference. 
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Figure 3. Dissolved methane concentrations observed in water from monitoring wells in 
the Canyon and Anderson coal seams. Wells are plotted in order of increasing methane 
concentration. 
  



158 
 

 

 
Figure 4. Plots of sodium (Na; a and b), calcium (Ca; c and d), magnesium (Mg; 
e and f), potassium (K; g and h), and chlorine (Cl; i and j) concentrations in 
water collected from monitoring wells in the Canyon and Anderson coal seams. 
An average value for water from several production wells in the area is plotted 
for comparison, with error bars representing the minimum and maximum values 
observed. Wells in each coal seam are plotted in order of increasing methane 
concentration. 
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Figure 5. Plots of dissolved organic carbon (DOC; a and b), ammonium (NH4; c and d) 
and phosphate (PO4; e and f) concentrations for water from wells in the Canyon and 
Anderson coal seams. An average value for water from several production wells in the 
area is plotted for comparison, with error bars representing the minimum and maximum 
values observed. Wells in each coal seam are plotted in order of increasing methane 
concentration. 
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Figure 6. Plot of alkalinity and � 13C-DIC (a,b) SO4 and � 34S-SO4 (c,d) for water from 
Canyon wells and Anderson wells. An average value for water from several production 
wells in the area is plotted for comparison, with error bars representing the minimum 
and maximum values observed. Wells in each coal seam are plotted in order of 
increasing methane concentration. 
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Figure 7. Plot of SO4 concentration versus � 34S-SO4 for water from monitoring and 
production wells. 
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Figure 8. Heat map showing relationships between bacterial community composition and 
sulfate concentration. Desulfosporosinus, unclassified Desulfobulbaceae and 
Desulfovibrio dominating in WR-24, Desulfovibrio and Desulfobacteraceae dominating 
in CBM02-7CC, and Oxalobacteraceae dominating in HWC-01. 
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Figure 9. Heat map showing the relationship between archaeal community composition 
and sulfate concentration in Canyon monitoring wells. Methanospirillum dominates in 
HWC-01 and CBM-02, while Methanococcus dominates in WR-24. 
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Figure 10. Plots of a) carbon isotopes of produced gases (� 13C-CO2 and � 13C-CH4) and 
b) alkalinity versus � 13C-DIC for water and gas from monitoring and production wells. 
For the plot of isotopes of produced gases, lines representing different extents of 
methanogenesis are plotted (f values; calculated after Bates et al., 2011). 
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TABLES 

Table 1. Monitoring well name, location, depth, and coal bed sampled 

Well Name 
Date 
Sampled Latitude Longitude 

Depth 
(m) Coal Bed 

SH-396 5/1/2014 45.04899 -107.00880 86 Anderson 

WR-33 4/29/2014 45.00668 -106.97600 50 Anderson 

WR-34 5/1/2014 45.00273 -106.96999 160 Anderson 

WR-48 4/28/2014 44.99385 -106.96600 51 Anderson 

WR-24 4/29/2014 45.02097 -106.98853 45 Canyon 

CBM02-7CC 4/30/2014 45.18007 -106.89061 80 Canyon 

HWC-01 4/30/2014 45.12535 -106.48363 71 Canyon 
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Table 2. Temperature, pH, dissolved oxygen and major ion chemistry for water from monitoring wells 

Well Name Temp 
Dissolved 

Oxygen  pH Na K Ca Mg Cl NO3 SO4 Alkalinity  

   (oC) %   (mM)             (meq/kg) 

SH-396 13.1 2.4 7.8 16.96 0.12 0.14 0.11 0.08 bmdl* 0.03 15.91 

WR-33 11.7 3.6 7.0 2.92 0.35 3.17 6.74 0.06 0.17 5.09 7.32 

WR-34 15.5 3.0 7.7 26.13 0.16 0.16 0.12 0.24 bmdl* 4.38 17.82 

WR-48 12.3 3.9 7.7 26.64 0.18 0.22 0.23 0.23 bmdl* 7.97 11.05 

WR-24 9.7 1.4 7.6 29.16 0.29 0.90 1.22 0.28 bmdl* 11.50 9.97 

CBM02-7CC 13.7 4.0 8.0 16.02 0.14 0.22 0.13 0.13 bmdl* 2.91 9.80 

HWC-01 13 1.3 8.0 27.49 0.16 0.16 0.10 0.50 bmdl* bmdl* 25.38 
*concentration was below detection limit of the 
instrument       
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Table 3.  Stable isotopes of water, DIC, and SO4 for water from 
monitoring wells 

Well Name � 2H-H2O � 18O-H2O � 13C-DIC � 34S-SO4 � 18O-SO4 

  ‰        

SH-396 -169.4 -21.7 -8.4 insuff.* insuff.* 

WR-33 -144.4 -18.8 -11.2 -0.3 -3.5 

WR-34 -164.9 -21.1 -10.4 19.6 1.3 

WR-48 -156.0 -20.1 -7.8 2.3 -7.5 

WR-24 -164.4 -21.2 -8.3 6.5 2.7 
CBM02-
7CC -164.6 -21.4 -7.5 21.1 -1.4 

HWC-01 -136.3 -17.9 11.6 7.7 insuff.* 
*[SO4] to low to measure isotopes 
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SUPPLEMENTAL TABLES 

  

Table S1.  Location, depth, and coal seam screened for coalbed methane production wells sampled 

Well Name 
Date 

Sampled Latitude  Longitude 
Depth 

(m) Coal Bed  

Consol 43M-1499 10/3/2011 45.04464 -106.91300 144 Monarch 

Consol-23C-1399 10/3/2011 45.04324 -106.90211 179 Carney 

Consol-23M-1399 10/3/2011   124 Monarch 

Consol-31C-3290 10/3/2011 45.00804 -106.85464 199 Carney 

Petersen 7-29-58-82 MZ/CR 10/6/2011 44.97613 -106.76998 376 Multiple 

Rucki Fed 1-9-57-82 MZ/CR 10/6/2011 44.93507 -106.74674 505 Multiple 

Trembeth 3-23-57-82 MZ/CR 10/6/2011 44.90754 -106.71326 527 Multiple 

Consol 43EC-1990 10/10/2011 45.02860 -106.87231 193 Carney 

Consol-23C-1990 10/10/2011 45.03003 -106.88097 190 Carney 

Consol 44M-2699 10/10/2011 45.01158 -106.91223 166 Monarch 

Dewey 43D1-2883 10/10/2011 44.97285 -106.86693 161 Dietz 1 

Dewey 43D3-2883 10/10/2011 44.97296 -106.86689 218 Dietz 3 

Visborg 19-0841 9FG 8/13/2013 45.11613 -106.74805 494 Flowers-Goodale 

Visborg 20-0841 9FG 8/13/2013 45.11575 -106.72936 524 Flowers-Goodale 

Visborg 13W-17-08-41 7/23/2014 45.12627 -106.74448 187 Wall 

Visborg 14WP-17-08-41 7/23/2014 45.12756 -106.73889 219 Wall 

Visborg 15W-17-08-41 7/23/2014 45.12666 -106.73339 202 Wall 

Rancholme 03CA-34-08-41 7/23/2014 45.09203 -106.69683 173 Canyon 

Rancholme 03CC-34-08-41 7/23/2014 45.09224 -106.69667 163 Cook 

B-1*  45.04338 -106.90198 123 Monarch 

B-2*  45.01153 -106.91225 166 Monarch 

B-3*  45.02862 -106.87233 192 Carney 

B-4*  45.02862 -106.87233 98 Deitz 1,2,3 

B-5*  44.99127 -106.93332 310 Carney 

B-6*  45.00807 -106.85457 198 Carney 

B-7*  44.97232 -106.90718 146 Monarch 

B-8*  44.97290 -106.86692 160 Dietz 1 

B-9*   44.96485 -106.82520 151 Dietz 2 

*Wells and data from Bates et al., 2011     
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Table S2.  Temperature, pH, and major ion concentrations for water from production wells 

Well Name Temp  pH Na K Ca Mg Cl NO3 SO4 Alkalinity  

   (oC)   (mM)             (meq/kg)  

Consol 43M-1499 17.4 8.0 35.96 0.17 0.37 0.34 0.16 bmdl 10.43 14.77 

Consol-23C-1399 16.1 7.8 15.55 0.10 0.04 0.02 0.10 bmdl  15.30 

Consol-23M-1399        bmdl   

Consol-31C-3290 17.6 7.9 23.01 0.14 0.08 0.04 0.55 bmdl 0.01 22.61 

Petersen 7-29-58-82 MZ/CR 22.6 8.5 29.21 0.18 0.11 0.06 0.17 bmdl 0.05 29.20 

Rucki Fed 1-9-57-82 MZ/CR 27.5 8.3 31.02 0.18 0.11 0.05 0.19 bmdl  31.13 

Trembeth 3-23-57-82 MZ/CR 22.9 8.3 32.70 0.18 0.13 0.08 0.35 bmdl  32.96 

Consol 43EC-1990 20.0 7.8 20.20 0.12 0.10 0.04 0.12 bmdl  19.40 

Consol-23C-1990 21.3 8.0 20.06 0.12 0.07 0.03 0.24 bmdl  19.72 

Consol 44M-2699 18.8 7.9 20.80 0.15 0.11 0.06 0.72 bmdl 0.00 20.30 

Dewey 43D1-2883 18.0 7.9 20.00 0.11 0.09 0.08 0.17 bmdl  19.63 

Dewey 43D3-2883 21.8 7.9 22.99 0.14 0.12 0.06 0.52 bmdl  22.90 

Visborg 19-0841 9FG 25.4 8.5 26.73 0.16 0.09 0.04 0.42 bmdl 0.03 26.11 

Visborg 20-0841 9FG 26.8 8.8 34.66 0.25 0.14 0.09 0.67 bmdl 0.02 36.33 

Visborg 13W-17-08-41 19.4 8.1     0.35 bmdl 0.03 32.31 

Visborg 14WP-17-08-41 20.6 8.1     0.32 bmdl 0.03 34.94 

Visborg 15W-17-08-41 20.8 8.1     0.29 bmdl 0.03 36.81 

Rancholme 03CA-34-08-41 18.8 8.0     0.40 bmdl 0.03 33.21 

Rancholme 03CC-34-08-41 20.3 8.0     0.30 bmdl 0.03 37.35 

B-1* 17.4 8.0 16.12 0.06 0.04 0.02 0.09 bmdl 0.00 15.70 

B-2* 18.8 7.9 21.46 0.15 0.10 0.06 0.71 bmdl 0.07 21.10 

B-3* 19.2 7.8 19.82 0.12 0.09 0.04 0.13 bmdl  19.90 

B-4* 15.6 7.8 17.42 0.11 0.08 0.05 0.15 bmdl 0.00 18.00 

B-5* 22.0 7.7 21.37 0.13 0.10 0.06 0.50 bmdl 0.02 21.40 

B-6* 22.1 8.1 22.78 0.13 0.07 0.04 0.57 bmdl 0.00 22.80 

B-7* 17.8 8.1 18.99 0.10 0.06 0.03 0.44 bmdl 0.00 18.50 

B-8* 18.6 7.8 19.76 0.11 0.09  0.16 bmdl 0.00 20.70 

B-9* 19.4 8.2 28.17 0.15 0.11 0.08 0.21 bmdl   28.20 

*Wells and data from Bates et al., 2011          
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Table S3.  Stable isotopes of water, DIC, and SO4 for production well waters 

Well Name � 2H-H2O � 18O-H2O � 13C-DIC � 34S-SO4 � 18O-SO4 

  ‰         

Consol 43M-1499 -154.4 -20.1 -4.8 3.3 -2.2 

Consol-23C-1399 -164.2 -21.2 1.5 2.1  

Consol-23M-1399      

Consol-31C-3290 -152.6 -19.8 5.0  8.2 

Petersen 7-29-58-82 MZ/CR -140.4 -18.8 16.2 34.4 28.0 

Rucki Fed 1-9-57-82 MZ/CR -132.9 -17.8 15.9  17.3 

Trembeth 3-23-57-82 MZ/CR -128.6 -17.2 14.6  29.1 

Consol 43EC-1990 -163.0 -21.0 -2.7  33.7 

Consol-23C-1990 -161.0 -20.7 -2.4  29.6 

Consol 44M-2699 -163.6 -20.8 -11.0  37.9 

Dewey 43D1-2883 -144.5 -19.2 17.5   

Dewey 43D3-2883 -144.4 -19.5 16.1  29.7 

Visborg 19-0841 9FG -137.0 -18.8 -4.5 12.9 insuff.** 

Visborg 20-0841 9FG -140.6 -18.4 3.3 10.1 1.3 

Visborg 13W-17-08-41 -142.3 -19.1 15.4 6.0  

Visborg 14WP-17-08-41 -138.4 -18.4 15.6 17.4  

Visborg 15W-17-08-41 -134.6 -18.0 15.3 6.6 12.7 

Rancholme 03CA-34-08-41 -130.1 -17.2 14.0 7.9 12 

Rancholme 03CC-34-08-41 -131.2 -17.3 15.4 bmdl bmdl 

B-1* -155 -21.4 -3.4   

B-2* -153.7 -20.9 -12.7 27.5  

B-3* -153.6 -21.1 -3.9   

B-4* -163.1 -21.6 -4.9   

B-5* -152.6 -20.9 -3.5 101.2  

B-6* -146.3 -20 4.3   

B-7* -149.3 -20.4 -8.8   

B-8* -139 -19.2 15.9   

B-9* -128.1 -18.7 16.3     

*Wells and data from Bates et al., 2011     

**[SO4] to low to measure isotopes 
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APPENDIX C. USING NOBLE GASES AS RESIDENCE TIME TRACERS TO 

EXAMINE THE EFFECTS OF RECHARGE AND GROUNDWATER FLOW ON 

MICROBIAL COALBED METHANE GENERATION, POWDER RIVER BASIN, 

USA 
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ABSTRACT 

Constraining the residence time and flowpaths of water associated with biogenic 

gas accumulations in sedimentary basins is important for understanding the impact of 

groundwater recharge and aquifer conditions on microbial methane generation, and for 

assessing the potential impacts of groundwater extraction for natural gas production on 

water resources. For this study, radiogenic ingrowth of 4He was used to determine 

groundwater residence time in coal seams associated with microbial methane generation 

in the Tongue River watershed of the Powder River Basin. The amount of 4He stored in 

most aquifer coal and adjacent sandstone samples (7,584 to 95,786 µcc/kg ) was found to 

be far in excess of the amount of 4He that could be produced by in situ decay of U and Th 

alone (9,660 to 21,513 µcc/kg). In addition, measurements of 4He release from coal 

samples indicate that the diffusional release rate of helium from coals is ~800 times 

greater than rates typically observed in sandstone or carbonate aquifers. Using a standard 

release rate of helium from mineral grains, calculated residence times range from ~130 

years to ~190,000 years. Using measured coal diffusion rates, however, modeled 

residence times range from <1 year to ~800 years, which are unrealistically low. 

Residence times from both models provide a likely upper and lower bound on actual 

residence time of water in the basin. A sensitivity analysis shows that even when 90% of 

the helium present in water is derived from diffusion from coal, contact time with coal 

seams is still typically <10% of total residence time. This suggests that water must flow 

through sandstones for the majority of time in the subsurface before interacting with coal 

seams near wells sampled. Strontium isotope ratios of groundwater from monitoring and 

production wells range from ~0.7085 to ~0.7130, confirming that sandstones in the basin 
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are important flowpaths for groundwater. Groundwater residence times were compared to 

geochemical indicators of methanogenesis (methane concentration, carbon isotopes of 

produced gases, and alkalinity) to investigate the relationship between proximity to 

recharge and microbial methane generation. Only alkalinity was significantly related to 

residence time, suggesting that, while proximity to recharge may play a role in the 

development of areas of high methane concentration, other environmental factors are 

likely more important.  
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1. INTRODUCTION 

 Constraining the residence time of water associated with natural gas 

accumulations in sedimentary basins is important for determining the sustainability of 

groundwater pumping for energy extraction and water resources (Le Salle et al., 2001; 

Wei et al., 2013; Hagedorn, 2015), the driving forces of basinal-scale fluid flow and 

solute transport (Ge and Garven, 1992; Manning et al., 2005; Gurdak and Qi, 2006; Stute 

et al., 2007; Gupta et al., 2015), and rates of microbial processes responsible for biogenic 

gas generation (Schlegel et al., 2011b). Tritium and 14C are widely used groundwater 

residence time tracers due to relatively low cost and easy sampling protocols. However, 

in basins with significant accumulations of natural gas, water is often too old to use 3H as 

a tracer, and their carbon-rich composition makes it difficult to use 14C, since the amount 

of carbon added from organic matter and the modification of carbon isotope values due to 

microbial activity in the basin may dilute atmospheric contributions of 14C to the point 

where it cannot be measured (Bates et al., 2011; Schlegel et al., 2011b). Recent studies 

have used noble gasses to successfully determine residence times of water in organic-rich 

formations associated with natural gas and used these ages to correlate groundwater 

residence time with major recharge events, suggesting possible associations between 

microbial gas generation and basin recharge (Zhou and Ballentine, 2006; Schlegel et al., 

2011b). 

The Powder River Basin (PRB) in northeastern Wyoming and southeastern 

Montana is one of the most significant coalbed methane (CBM) plays in the United 

States, accounting for ~12.3% of the United States’ proven CBM reserves, and most of 

the CBM in the PRB has been generated by microbial degradation of coal (DOE, 2007; 
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Flores et al., 2008). In addition, coal seam aquifers are often a primary source of drinking 

water for small rural communities in the area (Wheaton and Metesh, 2002). In order for 

microorganisms to generate methane from coal, coal seams must have water present 

(Ritter et al., 2015), and aqueous geochemical conditions must be favorable to 

methanogenesis (e.g. Rice and Claypool, 1981; Zinder, 1993; McIntosh and Martini, 

2008; Schlegel et al., 2011a; Shelton et al., 2014). Extraction of methane from coal 

aquifers requires significant volumes of water to be removed from coal seams in order to 

lower hydrostatic pressure and allow methane to desorb from coal seams (Wheaton and 

Donato, 2004). This means that groundwater residence time can play a vital role in the 

process of methanogenesis by controlling the transport of organic material and nutrients 

to microbes in methanogenic areas (Nakagawa et al., 2002), controlling redox processes 

(Zhou and Ballentine, 2006; Bates et al., 2011; Schlegel et al., 2011b), and controlling the 

time it takes for aquifer systems to recover from significant groundwater extraction which 

may desaturate coal seams where active methanogenesis is taking place (Wheaton and 

Metesh, 2002; Wheaton and Donato, 2004). This study uses noble gas tracers to 

determine residence time of water in the PRB. 

After determining residence time of water in the PRB, the primary objective of 

this study is to relate residence time of water in the PRB to other geochemical parameters 

related to redox processes, such as sulfate reduction and methanogenesis, in order to 

verify relationships which have been suggested between recharge, geochemistry, and 

microbial methane generation (Bates et al., 2011; Schlegel et al., 2011b). It has been 

suggested that there may be a relationship between location in the basin (i.e. depth and 

distance from recharge areas) relative to recharge, recharge rates, and microbial 
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methanogenesis (Meredith et al., 2010; Bates et al., 2011) and that recharge may provide 

microorganisms or nutrients that are essential for microbial methane generation, reduce 

salinity to allow for methanogenesis, and/or transport toxic waste products away from 

methanogenic areas (Martini et al., 1996; McIntosh et al., 2002; Strapoc et al., 2008; 

Strapoc et al., 2010; Schlegel et al., 2011a; Barnhart et al., 2013; Jones et al., 2013; Shuai 

et al., 2013; Zhang et al., 2013). Bates et al. (2011) also suggested that location within the 

basin could influence extent of methanogenesis. For example, Meredith et al. (2010) 

showed that CBM wells near the western margin of the PRB, an area that Bates et al. 

(2011) showed was near recharge areas, had longer production lives and produced more 

methane that wells farther east in the basin. Given this, a relationship between 

concentration of methane, extent of methanogenesis, and/or geochemical indicators of 

redox processes and residence time of waters is expected. Understanding the relationship 

between geochemical indicators of redox processes and residence time can help further 

the understanding of how groundwater extraction for CBM production may impact 

microbial methanogenesis in organic rich basins. 

2. BACKGROUND 

2.1. Study Area 

2.1.1. Geology 

The PRB is a drainage and structural basin located in southeastern Montana and 

northeastern Wyoming (Figure 1). The basin is asymmetrical with the axis near the 

western edge and covers ~20,000 km2 (Flores et al., 2008). The basin was formed during 

the Laramide Orogeny, which also uplifted the surrounding mountains (Anna, 1986). The 

PRB is bordered by the Bighorn Mountains to the west, Black Hills to the east, and the 
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Casper Arch, Laramie Mountains, and Hartville Uplift to the south. Coals in the basin 

were deposited in rivers, floodplains, and wetlands (Flores and Ethridge 1985; Flores, 

1986; Lillegraven, 1993; Flores, 2004). The main coal-bearing unit is the Tertiary Fort 

Union Formation, which is ~700-1800 m thick and was deposited 66-58 Ma (Flores, 

2004). Coals sampled in this study are located in the uppermost portion of the Fort Union 

Formation, known as the Tongue River Member, which has been a major target of CBM 

production in the region (Flores, 2004). 

This study focuses particularly on the Tongue River Watershed, which lies along 

the Bighorn Mountains in the northwestern portion of the PRB. The Tongue River 

watershed was chosen because it contains an extensive network of monitoring wells 

completed in single coal seams that are maintained by the Montana Bureau of Mines and 

Geology (MBMG). In addition, many of the CBM production wells in this area are also 

completed in single coal seams, allowing for the collection of samples that are 

representative of individual coal units rather than a mixture of coal seams. The Tongue 

River Watershed has been a target for extensive CBM production due to relatively 

shallow coal seams (~60-150 m), which are also some of the most productive in the PRB 

(Flores et al., 2004). It has also been shown that there are greater amounts of methane 

produced from this area and production wells have longer lives compared to wells further 

east in the basin (Meredith et al., 2010), which could be the result of a longer period 

and/or faster rates of methanogenesis in this area due to its proximity to areas of recharge 

(Bates et al., 2011). 
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2.1.2. Regional Hydrogeology 

The Wyodak-Anderson coal zone is thought to be the most continuous 

hydrogeological unit within the PRB (Daddow, 1986; Lowry and Wilson, 1986; Bartos et 

al., 2002). Coal seams are considered to be the major aquifer in the region because they 

are generally more laterally continuous that interbedded sandstone units (Wheaton and 

Metesh, 2002). However, measured strontium isotope ratios of groundwater in the 

Tongue River watershed range from ~0.708 to ~0.712, suggesting that groundwater in the 

area flows through mixed sandstone/coal aquifers (Pearson, 2002; Campbell et al., 2008). 

Flow in the coal seams is thought to occur primarily along cleat faces (Wheaton and 

Metesh, 2002). Hydraulic conductivity of coal seams and sandstones in the area, as 

measured by aquifer tests, are similar (mean values of 0.131 and 0.128 m/day, 

respectively; Wheaton and Metesh, 2002). Some portions of the Tongue River watershed 

have extensive faulting, and the faults have been shown to be possible barriers to 

groundwater flow (Van Voast and Reiten, 1988). 

Recharge to the aquifer occurs through clinker deposits on the tops of ridges, and 

up-dip outcrops of sandstone and coal units. In the western portion of the Tongue River 

watershed, water flows eastward from the Wolf and Bighorn Mountains. In the eastern 

portion, groundwater flow is to the north (Wheaton and Metesh, 2002). Randle (2014) 

built a MODFLOW model to simulate groundwater flow through coal seams in the 

Tongue River Watershed. Particle tracking results from this model suggested primarily 

horizontal flow within the Tongue River watershed, with groundwater generally flowing 

from southwest to northeast. Results also suggested that groundwater in the far 
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northeastern portion of the basin flows along different flowpaths than water in the 

southern portion of the basin (Randle, 2014). 

 Stable isotope measurements of water (� 18O-H2O) from CBM production wells 

have been compiled for much of the PRB and used to determine likely areas of recharge 

(Rice et al., 2008; Bates et al., 2011). Using isotopes superimposed on potentiometric 

surface maps of the basin, Bates et al. (2011) showed that samples in the western portion 

of the Tongue River watershed had lower oxygen isotope values, suggesting that recharge 

there is likely from the Bighorn Mountains. Samples in the center of the watershed had 

higher values, suggesting mixing of water recharged at higher elevations with deeper 

basin water recharged from lower elevations at the southern and/or eastern margin of the 

PRB (Bates et al., 2011). 

2.1.3. Previous Residence Time Work 

There are few studies on the residence time of groundwater in the PRB (Campbell 

et al., 2008). Higher oxygen isotope values in the basin center versus the basin margin 

have been used to suggest that water in the center of the basin are original (connate) 

formation waters with residence times similar to the age of basin formation (~60 Ma; 

Rice et al., 2008). In contrast, Darcy’s Law calculations have been used to suggest 

residence times between 1,200 and 70,000 years (Pearson, 2002), while 14C has shown a 

mean maximum age of 21,000 years for groundwater from an artesian well discharging 

from a sandstone aquifer adjacent to coal seams (Frost and Brinck, 2005). Another study, 

which attempted to use 3H and 14C to determine the residence time of coal seam waters, 

found that residence time results from these tracers were often inconclusive and/or 

conflicting (Bates et al., 2011). Bates et al. (2011) found 3H in shallow groundwater 
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associated with coal, but little 14C, showing that 14C is an ineffective tracer in the area 

because it is quickly diluted by the addition of dead carbon from coal biodegradation. A 

groundwater flow model of the Tongue River watershed estimated residence times from 

~5,000 to ~80,000 years, with a mean residence time of ~22,000 years (Randle, 2014). 

These differences highlight the difficulty in using traditional tracers (3H, 14C) to 

determine residence time in these basins, due to complex hydrogeology and 

geochemistry. 

2.2. Noble Gas Residence Time 

 The non-reactive nature of noble gases (e.g. helium (He), neon (Ne), and argon 

(Ar)) makes them effective tracers of subsurface flow and migration. Noble gas elemental 

and isotopic compositions are preserved in shallow groundwater independent of 

microbial activity, chemical reactions, and changes in oxygen fugacity. The low 

terrestrial abundance and well-characterized isotopic composition of noble gases in 

various reservoirs (mantle, crust, hydrosphere, and lithosphere) make them powerful 

tracers of crustal fluids (Ballentine et al., 2002). 

Noble gases in subsurface aquifers are primarily derived from three sources: the 

mantle, the atmosphere, and the crust (Ballentine et al., 2002). In most shallow aquifers, 

such as the one investigated in this study, noble gas composition is a reflection of a 

mixture of inert gases from two distinct sources: the atmosphere (air saturated water 

(ASW): e.g. 20Ne, 36Ar, 38Ar, 84Kr) and the crust (4He and 21Ne* derived from the decay 

of uranium and thorium, and 40Ar* derived from the decay of 40K, where the * represents 

the proportion of gas derived from radioactive decay) (e.g. Ballentine et al., 2002). Noble 

gas signatures in crustal fluids are well constrained because they only fractionate by well 
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understood physical processes such as diffusion (e.g. Gilfillan et al., 2009; Zhou et al., 

2012). 

Determining groundwater residence time using noble gases is based on the 

generation of 4He in geologic formations (Torgersen, 1980; Torgersen and Clark, 1985; 

Solomon et al., 1996). Water in contact with these formations accumulates 4He as a result 

of the transfer of 4He from the solid to the water phase (e.g. Ballentine and Burnard, 

2002). If the rate of transfer of 4He is known, the residence time of the water can be 

determined by measuring the concentration of 4He in the water (Solomon et al., 1996). 

Using this principle, it has been suggested that 4He concentrations can be used to 

determine residence time on the order of 103-106 years (Mazor and Bosch, 1992; 

Solomon et al., 1996). Solomon et al. (1996) suggested that younger aquifers may also 

contain 4He in excess of what can be produced by U and Th decay, which is likely the 

result of 4He inherited by formation solids at the time of deposition. As a result, they 

suggested that 4He accumulation could be used to determine residence times on a scale as 

young as 101 years. 

 While the principles of using 4He concentrations to determine residence time are 

relatively simple, several factors may complicate the use of 4He for quantitative 

determination of residence time. First, there are often sources of 4He to the aquifer other 

than U and Th decay, and the relative contributions of these exogenous sources of helium 

(e.g. mantle 4He, 4He from other aquifer formations) must be estimated for accurate 

residence time determination (e.g. Torgersen, 1980). Additionally, in young aquifers, the 

amount of atmospheric 4He present in the water during recharge may make up a 

significant proportion of the 4He concentration. Measurements of other noble gases, such 
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as Ne and Ar, are often used in order to try and determine the amount of 4He contributed 

from the mantle and from recharge. The amount of 4He generated by in situ production is 

typically calculated using the equation (Torgersen, 1980): 
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where �  is the aquifer density, 
  is a parameter defining the efficiency of 4He transfer 

from the solid to the water, �  is the porosity, t is time, and J4 is the source function of 4He 

produced by U and Th decay in the aquifer defined as: 
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where [U] and [Th] are the concentrations of U and Th in the rock in parts per million. 

Since aquifer materials are typically not available for measurement, � , � , [U], and [Th] 

are frequently estimated by taking the average of published basin values. The amount of 

4He accumulated from an external flux is calculated using the equation (Zhou and 

Ballentine, 2006): 
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where J4 is the same as defined in equation 2, � crust is the density of the crust, H is the 

thickness of the crust, t is time, �  is aquifer porosity, and h is aquifer thickness. A major 

assumption in these calculations is that there is an average crustal 4He flux over the entire 

residence time of the groundwater, and that this flux is uniform across a basin (Schlegel 
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et al., 2011b). Solomon et al. (1996) showed that for shallow, short residence time waters, 

this assumptions may not be valid, since these aquifers often contain 4He in excess of 

what could be produced from the decay of U and Th over the lifetime of the aquifer since 

deposition. In these cases, it is important to collect and analyze aquifer solid samples in 

order to quantify 4He concentrations and diffusional release rates to determine accurate 

residence times (Solomon et al., 1996; Hunt, 2000). 

3. METHODS 

3.1. Water and Dissolved Gas Sampling 

Samples for this study were collected from 7 coal bed monitoring wells 

maintained by the MBMG, 4 nested coal bed monitoring wells installed by the USGS, 

and 5 CBM production wells in the Tongue River watershed in the northwestern portion 

of the PRB. All wells sampled were completed and screened in individual coal seams. 

Four of the MBMG monitoring wells were completed in the Anderson coal zone along 

Young’s Creek in Bighorn County, Montana (Figures 1 and 2; Table 1). These wells were 

along a linear surface transect ~7 km long. The other 3 MBMG monitoring wells were 

completed in the Canyon Coal. Canyon coal wells are ~20-35 km apart. Two of the 

canyon wells are located on the West side of the Tongue River, with one well along 

Young’s Creek and the other Northwest of the Tongue River Reservoir along Highway 

314. The third Canyon well is located along Hanging Woman Creek on the east side of 

the Tongue River. USGS wells sampled are located on a ~30 m x 30 m square plot and 

completed in the Knobloch, Nance, Flowers-Goodale and Terret coal seams. USGS wells 

were located just east of the Tongue River in the northern end of the Tongue River 

Watershed, near Birney, MT. CBM production wells sampled were located just east of 
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the Tongue River Reservoir, and were completed in Wall, Cook, and Canyon coal seams 

(Figures 1 and 2). Depth relationships and approximate thickness of coal seams sampled 

are shown in figure 3. 

Water samples were collected after wells had been pumped for a sufficient 

amount of time to purge 3 well volumes of water from the well. All water samples were 

filtered through a 0.45 µm syringe tip nylon filter and stored on ice or in the lab at 4oC 

until analysis. Samples for � 13C-DIC were collected in glass serum bottles, preserved 

with mercury chloride, and capped with no headspace. Samples for water isotopes (� 2H 

and � 18O) were collected in glass scintillation vials. Samples for tritium were collected, 

unfiltered, in 1 L HDPE bottles. Samples for 87Sr/86Sr were collected in 30 mL acid 

washed HDPE bottles. 

Samples for � 13C-DIC (1-
  precision ±0.3‰), � 18O (1-
  precision ±0.08‰), � 2H 

(1-
  precision ±0.9‰), and tritium (errors reported in table 4) were analyzed at the 

University of Arizona Environmental Isotope Laboratory. All results were presented in 

per mil (‰) using standard delta notation. � 13C-DIC was analyzed on a ThermoQuest 

Finnigan Delta Plus XL continuous flow gas ratio mass spectrometer and results were 

reported relative to Vienna PeeDee Belemnite (VPDB). The CO2 equilibration method 

was used to measure � 18O, while the Cr-reduction method was used to measure � 2H. � 18O 

and � 2H were analyzed on a Finnigan MAT-Delta S Isotope Ratio Mass Spectrometer, 

and results were reported relative to Vienna Standard Mean Ocean Water (VSMOW). 

Tritium samples were enriched and tritium concentration was analyzed by liquid 

scintillation counting using a Quantulus 1220. Samples for 87Sr/86Sr were analyzed at the 
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Duke University Isotope Laboratory on a Triton Thermal Ionization Mass Spectrometer 

(TIMS) with an analytical 1-
  precision of ±0.000004. 

 Dissolved gas samples were collected from monitoring wells using dissolved gas 

bottles from Isotech Laboratories, Inc. Samples for gas isotopes and gas composition 

were collected by filling a 5-gallon bucket with water. Next, the bottle was submerged 

and inverted. A hose from the well was then inserted into the bottle, and water and gas 

was allowed to flow into the bottle for approximately 5 minutes. The hose was removed, 

and the bottle was capped upside down and stored inverted on ice until it was sent to 

Isotech Laboratories for analysis. 

 Gas samples from CBM production wells were collected using a wellhead gas 

sampler and IsoTubes from Isotech Laboratories, Inc. Samples were analyzed for gas 

composition and gas isotopes. Gas composition for all sampling techniques was measured 

using a gas chromatograph. Gas isotopes were measured by gas combustion and isotope 

ratio mass spectrometry (IRMS). Due to low methane concentrations, hydrogen isotopes 

of methane were measured using Cavity Ring-Down Spectroscopy (CRDS) for some 

samples. Detailed analysis information is available through Isotech Laboratories, Inc. 

(www.isotechlabs.com). 

3.2. Noble Gases 

Produced water samples for major gas abundance (e.g. CH4, C2H6, N2, O2) and 

noble gas composition (He, Ne, Ar, and their isotopes) were collected directly from 

monitoring and production wells following protocols outlined in Darrah et al. (2014). 

Samples were collected in refrigeration-grade copper tubes that were flushed in-line with 

at least 50 volumes of produced water before being sealed with stainless steel clamps. For 
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production wells, gas samples from the wellhead were also collected in a copper tube for 

analysis. Samples were returned to the lab and the fluid (~25 cm3) was extracted from the 

copper tube on a vacuum line. Samples were sonicated for ~30 minutes to ensure 

complete transfer of gases to the sample inlet line (Solomon et al., 1995). Major gas 

components (e.g., N2, O2, Ar, CH4, C2H6) were measured using an SRS quadrupole mass 

spectrometer (MS) and an SRI gas chromatograph (GC) (Hunt et al., 2012; Darrah et al., 

2013). Isotopic analyses of noble gases were performed using a Thermo Fisher Helix SFT 

mass spectrometer at the Ohio State University Rare Gas Facility (e.g. Darrah and 

Poreda, 2012). Standard errors for noble gas concentrations (i.e. [4He], [22Ne], [40Ar]) 

were ±3%. Noble gas isotopic errors were approximately ±0.01 times the ratio of air (or 

1.4 x10-8) for 3He/4He ratio, <±0.5% and <±1% for 20Ne/22Ne and 21Ne/22Ne, 

respectively, less than ±1% for 38Ar/36Ar and 40Ar/36Ar, respectively (higher than typical 

because of interferences from C3H8 on mass=36). 

In order to evaluate the potential for in situ radiogenic production and/or release 

of 4He, coal solid samples were collected from surface outcrops of coal seams across 

Bighorn County in the Tongue River Watershed. Several coal solid samples were also 

provided by the USGS, which came from intact cores collected during the drilling of well 

MT-2T-11 at the USGS well site. Approximately 20 grams of sample were oven dried, 

lightly crushed, and sieved through a 63-micron sieve and the >63-micron fraction 

retained, dried, and weighed, then rinsed fully with deionized water and dried again at 

40oC overnight. In order to measure U and Th concentrations, splits of coal solid samples 

were digested using the SCP Science Digitube Digestion system with Teflon Digitubes. 

Samples (~150 to 200 mg) were digested at 80oC for six hours, evaporated to dryness, re-
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acidified using 2.0 mL of ultra-pure nitric acid, and diluted to 100 mL with 18 mega-ohm 

de-ionized water. Analysis of U and Th concentrations was completed using a Perkin 

Elmer DRC II ICP-MS following USEPA method number 200.8 (Darrah et al., 2009; 

Cuoco et al., 2013). 

In order to determine the diffusional release rate of 4He from air-dried samples, a 

step heating procedure was used following the methods of Hunt (2000). For each sample, 

~20 grams of dried rock was placed into an “on-line” stainless steel tube furnace and 

heated using an external resistive heater. Temperature was measured with 2 external 

thermocouples at the top and bottom of the chamber and maintained using a variable 

transformer. The average temperature between the two thermocouples was used, with an 

assigned temperature error of ±5oC. Incremental helium measurements were made on a 

Thermo Fisher Helix SFT noble gas mass spectrometer by peak height comparison to a 

calibrated air standard. Error for helium analysis was limited to less than 3%. Samples 

were heated to 50oC, 100oC, 200oC, 300oC, 400oC, and 500oC. Timing for each 

temperature step was long enough to allow helium to accumulate to measureable 

concentrations. The lowest temperature step accumulated helium for 10 days, while each 

successive step remained closed for ~2 hours. In order to correct helium concentration for 

air leakage, it was assumed that all 3He came from air, and the air component was 

subtracted from the overall helium concentration. The vastly different ratio of crustal 

(~1x10-8) versus atmospheric helium (1.39x10-6) ratios is confirmed by the high 

temperature release of helium with a 3He/4He ratio <0.03 Ra.  

Total concentration and isotopic composition of helium and neon was determined 

for bulk sandstone and coal samples by fusing ~20 mg of sample at 1800oC in a modified 
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Turner double-walled furnace as described by Poreda and Farley (1992) and Hunt (2000). 

Excess 21Ne was determined by subtracting the atmospheric ratio of 21Ne/22Ne from the 

measured ratio and multiplying it by the measured concentration of 22Ne (Hunt et al., 

2012). An air standard of known volume was used for calibration for 22Ne and 4He 

concentrations. 

4. RESULTS AND DISCUSSION 

4.1. Noble Gas Residence Times 

4.1.1. 4He in Solid Samples 

4He and 21Neexcess concentrations were measured in coal and sandstone solid 

samples collected from outcrop and core in the PRB, and results are given in Table 2.  

Helium concentrations for the bulk samples range from 7.6 to 95.8 µcc/g. The steady state 

helium concentration is calculated for a modeled grain size using the U concentrations 

given in table 2 and an approximate diffusion coefficient of 2.0x10-20 cm2/sec.  In general, 

the measured helium concentrations are considerably higher than the anticipated helium 

contents assuming in-growth throughout the age of the coal seams and the measured U 

and Th concentrations (Figure 4). Measured excess 4He likely represents stored helium 

within the sample (Hunt, 2000; Dowling et al., 2003; Carey et al., 2004). 

Along with [4He], concentrations of excess 21Ne were measured.  Measured 

4He/21Ne* are much lower than the production ratio of 4He/21Ne* =22x106 for the typical 

oxygen-rich silicate crust. Currently accurate estimates of 4He/21Ne* production in 

carbon-rich coal are unknown, but because there is minimal oxygen present for 4He to 

impinge upon and produce nucleogenic 21Ne*, the in situ production rate of 4He/21Ne* 

would likely be expected to be considerably higher than 22x106. These lower 4He/21Ne* 
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ratios are likely directly related to the amount of diffusional 4He loss during geological 

processing (burial, uplift, neotectonic fracturing, or the onset of water-rock interactions). 

In most crustal setting, bulk rock samples experience a bulk loss of both 4He and 21Ne*, 

which commonly relate to average grain size, porosity, and fracture intensity (Hunt, 

2000; Hunt et al., 2012; Darrah and Poreda, 2012). [4He] in three samples was 

approximately what would be expected to have been produced by radioactive decay since 

basin rocks were deposited. One of these samples was from the interface between the 

Calvert coal and a sandstone just above it, while the other 2 samples were from the 

middle of the sandstone above the Flowers-Goodale coal seam (Figure S1). These areas 

with lower 4He concentrations could represent areas of preferential flow, as more water 

flowing through an area would remove more 4He from the rocks due to diffusion. 

4.1.2. Diffusional Release of 4He from Solid samples 

Diffusional release of 4He from coal solid samples was measured using a stepwise 

heating experiment, with results presented in Table 3.  Release numbers have been 

corrected for the air component by assuming all 3He is from air from either air leakage 

into the vacuum line or trapped air in the sample itself. The release rates with increasing 

temperature are linear and contain similar slopes on the Arrhenius plots of all three 

samples until a temperature of ~200oC. This suggests similar diffusion coefficients over 

the temperature interval of 22-200oC throughout the three samples from different coal 

seams. In the temperature steps beyond 200oC (300, 400, 500oC), the total amount of 4He 

release decreases dramatically suggesting that 4He release is nearly complete (or at least 

only remaining in trace, highly retentive mineral phases). For these reasons only the 50 to 

200oC temperature steps are included when calculating the Arrhenius curves.  
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The regression of these release rates to in situ temperatures (~15oC) is considered 

to be valid over the measured temperature intervals observed in this study. Values for 

release rates range from 442 to 491µcc/kg/yr of radiogenic 4He. Importantly, these rates 

of 4He production are ~800 times faster than typical production rates from sandstone and 

carbonate aquifers (Hunt, 2000; Dowling et al., 2003; Carey et al., 2003). 

In order to model helium release from the aquifer protolith, a model solution from 

Crank (1979) for diffusion from a spherical solid was utilized. The model uses individual 

grain sizes within an aquifer sample and computes helium release per unit mass of 

sediment.  This release rate in turn is converted to the accumulation rate in water through 

the use of porosity and bulk sediment density values (Marine, 1979) following Hunt 

(2000). 

The model computes a mean helium concentration and uses the diffusional 

constant as determined for coal on the Arrhenius plot. In order to estimate the initial 4He 

concentration, the nucleogenic production ratio of 4He/21Ne* is used, acknowledging that 

the true 4He/21Ne* in oxygen-poor and carbon-rich coal is likely significantly greater. By 

measuring the excess amount of 21Ne (21Neexcess=(21Ne/22Nem-21Ne/22NeAtm)* 22Netotal) 

from the aquifer material and multiplying it by the production ratio, the initial helium 

concentration is determined and compared to measured 4He. Because the 21Ne diffusion 

coefficient is several orders of magnitude less than helium, the model assumes no loss of 

21Ne following the method of Hunt (2000).  

4.1.3. 4He residence times 

Combined elevated [4He] and low 3He/4He, and high 4He/20Ne unambiguously 

indicate the addition of 4He in groundwater from this study area is dominated by a 
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crustal/radiogenic source. Helium concentrations in our dataset range from ~110 x10-6 

cm3 STP/L (~2 times ASW) to ~95,417 x10-6 cm3 STP/L. The 3He/4He ratio decreases in 

waters sampled from 1.204 Ra (water from well WR-33; ASW values plus small 

contributions from the in-growth of tritiogenic 3He) to a uniformly crustal isotopic 

composition of 0.012 Ra with increasing [4He] and 4He/20Ne (Figure 5).  

Before groundwater residence time from the release of 4He can be calculated, 

exogenous sources of helium or the presence of two phase effects need to be identified. 

Other noble gas isotopes can be used to separate out these components. Fluid migration 

in the crust and phase partitioning both lead to predictable gas isotope fractionation 

patterns (Gilfillan et al., 2009; Darrah et al., 2014). 20Ne/36Ar and 84Kr/36Ar vs. [4He] are 

compared to preclude the presence of exogenous helium and/or phase separation (Figure 

6). The [4He] shows no correlation to anticipated ASW noble gas fractionation patterns 

that should accompany fluid migration or phase partitioning. For these reasons, it is 

anticipated that the accumulation of excess radiogenic [4He] occurs with time during 

groundwater migration and therefore provides a record of groundwater residence time.  

Groundwater residence times are commonly calculated using a model assuming 

30% porosity (a typical value for sandstone and carbonate aquifers; Fetter, 2001), 

measured quartz diffusion coefficients, and a 1-D radial diffusion model. The measured 

average initial [4He] of 4.4 x 10-5 cm3 STP/g of mineral grains from aquifers in this study 

was also used. One significant point of uncertainty is the rate and magnitude of helium 

release in coal seams from this basin.  If one assumes the typical calculated maximum 

release from shallow aquifer lithologies of ~0.5x10-6 cm3 STP/L/yr in sandstone, the 

residence time of groundwater in this study ranges from ~130 years in well WR-33 up to 
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1.91x105 years at USGS well MT-FG-11 (Table 4). This model is applicable if it is 

assumed that groundwater flows through adjacent sandstone aquifers for the majority of 

its residence time in this area. If one assumes that the coal seams themselves dominate 

groundwater transport, the diffusional release of helium from coal grains must be 

considered. Based on our measured diffusional rates (119 x10-6 cm3 STP/L/yr), the 

anticipated residence times decrease dramatically. The coal only age dates range from ~4 

years to ~800 years (Table 4). Results of other residence time studies suggest residence 

times closer to the standard sandstone model than the coal only model (Pearson, 2002; 

Frost and Brinck, 2005; Randle, 2014). Based on well depths and completion records, it 

is clear that the groundwater is currently in contact with coal seams, but ages based on 

only contact with coal are impossibly low. Therefore, the actual residence time of water 

is likely a result of contact with both sandstone and coal aquifers.  

 The sensitivity of groundwater residence time to helium inputs from the two 

different diffusional models (standard versus coal release rates) was tested for three 

different scenarios. For each scenario, it was assumed that some fraction of measured 4He 

came from diffusion from sandstone aquifers, while the remaining fraction came from 

coal. The scenarios tested were 90% sandstone (10% coal), 50% sandstone (50% coal), 

and 10% sandstone (90% coal). Residence times were calculated for sandstone and coal 

portions of 4He separately and then added together to get a total estimated residence time. 

Results of these tests are presented in Table 5. While the portion of helium derived for 

sandstone versus coal cannot be determined with the measurements from this study, the 

results of the sensitivity analysis clearly show that water contact time with the coal seams 

must be relatively short for all samples collected. Even in the 10% sandstone scenario, 
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contact time with coal is typically <10% of the total residence time of water calculated 

using this method. This result is contrary to previous studies, which have suggested that 

coal seams are the primary aquifer units (Wheaton and Metesh, 2002), and suggests that 

water spends most of the time in sandstones before flowing through coals to wells 

sampled. 

4.2. Relationships Between Geochemistry and Residence Times  

 Isotopes of water can be used as indicators of the source of recharge to an aquifer, 

and therefore it would be expected that isotope values would be related to residence time 

(e.g. Clark and Fritz, 1997; Bates et al., 2011). For water samples collected in this study, 

values of � 18O are generally higher with increasing residence time (Figure 7). Lower 

values of � 18O represent water that was recharged at higher elevations/colder 

temperatures. In this case, all samples with lower � 18O values and shorter residence time 

are located on the west side of the Tongue River, where recharge water likely come from 

the Bighorn Mountains (Bates et al., 2011; Randle 2014; Figure 8). Waters with higher 

� 18O values and longer residence times were observed on the east side of the Tongue 

River, and are likely recharged from various ridges in the area that separate the Tongue 

River watershed from the Powder River watershed. These results agree with previous 

studies which have used regional flow gradients and water isotope values to show local, 

high elevation recharge in areas near the Bighorn Mountains, and regional, lower 

elevation recharge in other areas of the PRB (Lobmeyer, 1985; Daddow, 1986; Rice et 

al., 2008; Bates et al., 2011; Randle, 2014). 

 Strontium isotope ratios (87Sr/86Sr) of water from wells sampled were measured 

and compared to residence time to investigate groundwater flowpaths in the Tongue 
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River watershed. Strontium isotope ratios ranged from ~0.7085 to ~0.7130 (Table 6). 

These values are consistent with strontium isotope ratios of groundwater in the Tongue 

River watershed measured in other studies, which suggested that aquifers in the area were 

comprised of mixed sandstone and coal units (Pearson, 2002; Campbell et al., 2008). 

These results support the results of the sensitivity analysis, which suggested that 

groundwater in the Tongue River watershed spends most of its time in contact with 

sandstone. In addition, strontium isotope ratios tend to vary widely at short residence 

times, while at long residence times values seem to stabilize between 0.7085 and 0.7090 

(Figure 10). Previous studies have suggested that these lower values reflect more 

influence from sandstone (Pearson, 2002; Campbell et al., 2008). This means that waters 

with longer residence time may have more interaction with sandstone than shorter 

residence time waters. 

It was also expected, based on the work of Bates et al. (2011) and Pantano (2012) 

that there could be a relationship between residence time and geochemical indicators of 

redox process such as sulfate reduction and methanogenesis that are active in the PRB. 

One indicator of this could be methane concentration, as active microbial methane 

generation in the PRB would be expected to accumulate higher methane concentrations 

with time. In contrast, active flushing of the aquifer could promote methane generation 

by removing toxins and transporting nutrients to methanogenic communities, suggesting 

that shorter residence times might be associated with higher methane concentrations 

(Nakagawa et al., 2002; Bates et al, 2011; Schlegel et al., 2011b). Water from wells in 

this study seem to have higher methane concentrations with longer residence times, 

although the relationship is not very strong, as there are wells with relatively short 
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residence times that have detectable methane and wells with longer residence times with 

no methane present (Figure 9). This suggests that there is a complex relationship between 

recharge and transit time that controls the amount of methane present in coal seams in the 

PRB.  

Work by Bates et al. (2011) suggested that extent of methanogenesis might be tied 

to location within a basin, and therefore be related to residence time. Carbon isotopes of 

produced gases (� 13C-CH4 and � 13C-CO2) are used to assess extent of methanogenesis, 

and therefore it was expected that these parameters might have a relationship with 

residence time. However, once residence times were calculated, no relationship was 

observed (Figure 10). � 13C-CH4 values were relative consistent for gas from all wells 

sampled (between -60‰ and -65‰), except for gas from well SH-396 (-85‰), which had 

much lower concentrations of methane compared to the other wells. � 13C-CO2 values 

appeared to be more related to redox condition than residence time, with gas from wells 

with high methane concentrations having higher � 13C-CO2 values (>-10‰) than wells 

with low methane concentrations (<-15‰). 

 Alkalinity is another indicator of redox processes that was expected to have a 

relationship to residence time, since alkalinity is a byproduct of both sulfate reduction 

and methanogenesis and so would be expected to accumulate in areas of the PRB where 

these processes have been active longer (Lee, 1981; Van Voast, 2003; Brinck et al., 

2008). Water collected from monitoring wells did show an increase in alkalinity with 

residence time, while water from production wells all had high alkalinity concentrations 

(>30meq/kg) regardless of residence time (Figure 10). The reason for higher alkalinity 

values in production wells may be that pumping to lower hydrostatic pressure and 
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produce methane also allows CO2 to desorb from coal, increasing the alkalinity of water 

near the production well. Regardless, it seems that groundwater pumping associated with 

methane production may alter geochemistry. 

 Relatively high alkalinity and methane concentrations in waters sampled indicate 

that microbial methane generation from coal is occurring in several of the wells sampled. 

These results do not seem to agree with the results from noble gas concentrations and 

strontium isotope ratios that suggest that water is in contact with sandstone, and not coal, 

for most of the time it is in the subsurface. Several situations could account for elevated 

alkalinity and methane despite longer sandstone contact time. These situations include: 

(1) redox processes are taking place in the sandstones, with dissolved organic carbon 

being provided by the coal, (2) redox process may happen quickly in the short time water 

is in contact with coal, increasing the alkalinity and methane to the concentrations seen in 

<800 years; and/or, (3) longer residence time, lower alkalinity sandstone water mixes 

with shorter residence time, higher alkalinity coal water when wells are pumped for 

sampling. There is not enough data available in this study to determine which, if any, of 

these processes account for elevated alkalinity and methane concentrations in water with 

only short residence times in coal. From the data collected, it seems likely that sandstones 

are the primary units involved in fluid transport from recharge areas, while coals are 

likely host for microbial activity that is responsible for much of the fluid geochemistry. 

5. CONCLUSIONS 

 Using noble gases to determine residence time and flowpaths of groundwater 

requires assumptions about the production and diffusion rate of helium in aquifer 

materials. While these assumptions may be valid for many systems, excess amounts of 
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helium and high helium diffusion rates from coal samples in this study underscore the 

need to test these assumptions when applying this technique to unique aquifer systems. 

Without proper understanding of aquifer material properties, noble gas residence time 

estimates will not provide meaningful results. 

While it has been suggested that residence time of water in foreland basins, such 

as the PRB, may be as old as the age of deposition of the basin, the results of this study 

show that residence time in the PRB is significantly younger than the depositional age of 

the basin. The oldest observed residence times in this study were ~200,000 years, 

suggesting that groundwater has circulated through the basin multiple times since 

deposition. In addition, it has traditionally been assumed that coal seams are the major 

aquifer unit in the PRB. The results of stepwise heating experiments in this study, 

however, suggest that rates of 4He diffusion from coal seams are too high for water to be 

in contact with coal throughout the time it’s in the subsurface. In addition, strontium 

isotope ratios suggest a mixed influence of sandstone and coal aquifers in the area. These 

results show that sandstone units are at least as important as coal units as flowpaths for 

groundwater in the Tongue River watershed. 

It was expected that there might be a relationship between geochemical indicators 

of methanogenesis and residence time. However, only alkalinity showed a clear 

relationship with residence time. While there may be an association between residence 

time and microbial methane generation, it is clear from these results that other factors 

besides proximity to groundwater recharge areas play a significant role in the 

development of methanogenic conditions. In addition, elevated alkalinity in production 

wells sampled suggests that groundwater pumping for CBM production is potentially 
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impacting in situ aqueous geochemical conditions. While the results of this study are 

specific to the Tongue River watershed, these results may be applied to other coal basins 

with similar geology and geochemistry to better understand how basinal hydrogeology 

may influence microbial generation of natural gas resources. 
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FIGURES 

 
 
Figure 1. Location map of wells sampled as part of this study. Triangles show locations 
of monitoring wells in the Anderson coal seam, circles show locations of monitoring 
wells in the Canyon coal seam, squares show locations of production wells, and the 
diamond shows the location of 4 monitoring wells sampled at the United States 
Geological Survey (USGS) site. The A to A’ line represents the location of the conceptual 
cross section presented in Figure 2. 
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Figure 2. Conceptual cross section of the portion of the Tongue River watershed where 
sampled wells are located. Depths of coal, locations of faults, and depths and 
relationships of wells are conceptual only and placed on the cross section to show 
approximate hydrogeologic relationships the area. 
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Figure 3. Relative depth and thicknesses of coal seams in which wells sampled in this 
study were completed. Relative distance between coals and thicknesses are approximate 
and vary with basin location. Stratigraphic column modified from Wheaton and Donato 
(2004). 
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Figure 4. Expected versus measured 4He for solid samples of coal and sand. Expected 
4He concentrations are calculated using measured uranium and thorium concentrations 
of solid samples (Table 2). 
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Figure 5. Ratio of 3He/4He in water samples collected from monitoring wells (triangles: 
wells in Anderson coal seam; circles: wells in Canyon coal seam; diamonds: wells at 
U.S. Geological Survey test site) and production wells (squares) versus the ratio in air 
(R/Ra) plotted versus the (a) inverse of 4He concentration and (b) 4He/20Ne (b). 
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Figure 6. Plot of (a) 20Ne/36Ar and (b) 84Kr/36Ar versus inverse of 4He concentration in 
waters from monitoring wells (triangles: wells in Anderson coal seam; circles: wells in 
Canyon coal seam; diamonds: wells at U.S. Geological Survey test site) and production 
wells (squares). 
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Figure 7. Relationship between residence time and water isotopes. (a) Relationships 
between water isotopes (� 2H-H2O versus � 18O-H2O) show water is meteoric. The global 
meteoric water line (GMWL) plotted for reference. (b) Residence time versus � 18O-H2O. 
Samples of water from monitoring wells (triangles: wells in Anderson coal seam; circles: 
wells in Canyon coal seam; diamonds: wells at U.S. Geological Survey test site) and 
production wells (squares) are plotted.  
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Figure 8. Spatial map showing � 18O-H2O values (in per mil) plotted next to well 
locations for monitoring wells (triangles: wells in Anderson coal seam; circles: wells in 
Canyon coal seam; diamonds: wells at U.S. Geological Survey test site) and production 
wells (squares). For monitoring wells at the United States Geological Survey (USGS) 
site, isotope values shown are in order of shallowest (top) to deepest (bottom) coal seam 
(i.e. Knobloch, Nance, Flowers-Goodale, Terret). 
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Figure 9. Dissolved methane concentration of water from monitoring wells (triangles: 
wells in Anderson coal seam; circles: wells in Canyon coal seam; diamonds: wells at 
U.S. Geological Survey test site) and production wells (squares) versus residence time. 
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Figure 10. Plots of indicators of methanogenesis and water-rock interaction versus 
residence time. (a) and (b) show isotopes of produced gases (� 13C-CH4 and � 13C-CO2, 
respectively), (c) shows alkalinity, and (d) shows strontium isotopes (87Sr/86Sr). Samples 
of water from monitoring wells (triangles: wells in Anderson coal seam; circles: wells in 
Canyon coal seam; diamonds: wells at U.S. Geological Survey test site) and production 
wells (squares) are plotted. 
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Figure S1. Measured and expected 4He with depth and geologic formation. Expected 4He 
concentrations are calculated using uranium and thorium concentrations measured in 
samples (Table 2). 
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TABLES 

Table 1.  Locations and depths of wells sampled 

Well Name API # 
Sampling 
date Latitude Longitude 

Depth 
(m) Coal Interval 

CBM Production Wells       

Visborg 13W-17-08-41 25-003-22074 7/23/2014 45.12627 -106.74448 187 Wall 

Visborg 14WP-17-08-41 25-003-22648 7/23/2014 45.12756 -106.73889 219 Wall 

Visborg 15W-17-08-41 25-003-22076 7/23/2014 45.12666 -106.73339 202 Wall 

Rancholme 03CA-34-08-41 25-003-22192 7/23/2014 45.09203 -106.69683 173 Canyon 

Rancholme 03CC-34-08-41 25-003-22190 7/23/2014 45.09224 -106.69667 163 Cook 

       
Monitoring Wells (Montana 
Bureau of Mines and Geology)       

SH-396  5/1/2014 45.04899 -107.00880 86 Anderson 

WR-33  4/29/2014 45.00668 -106.97600 50 Anderson 

WR-34  5/1/2014 45.00273 -106.96999 160 Anderson 

WR-48  4/28/2014 44.99385 -106.96600 51 Anderson 

WR-24  4/29/2014 45.02097 -106.98853 45 Canyon 

CBM02-7cc  4/30/2014 45.18007 -106.89061 80 Canyon 

HWC-01  4/30/2014 45.12535 -106.48363 71 Canyon 

       
Monitoring Wells (U.S. 
Geological Survey)       

MT-2K-09  7/26/2014 45.43508 -106.39222 47 Knobloch 

MT-2N-11  7/26/2014 45.43508 -106.39222 65 Nance 

MT-2FG-11  7/23/2014 45.43508 -106.39222 118 Flowers-Goodale 

MT-2T-09   7/26/2014 45.43497 -106.39206 161 Terret 
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Table 2.  Measurements from coal solid samples 

Sample Name 
Sample 
Depth U Th Measured 

4He 
4He/21Ne Expected 

4He* 
% He 

Retained 

  (m) (ppm)   (µcc/kg) (x10 6) (µcc/kg) (%) 

Outcrop Samples          

PRB-1  1.416 5.510 37804 6.25 18693 202% 

PRB-2   0.987 6.244 67246 1.24 16985 396% 

PRB-3  1.467 4.214 92272 13.25 16906 546% 

PRB-4  0.836 3.265 79160 11.03 11056 716% 

PRB-5  0.924 7.144 32599 5.32 18038 181% 

PRB-6  0.861 2.314 52480 4.26 9660 543% 

PRB-7  1.015 5.219 46616 1.54 15487 301% 

PRB-8  1.358 3.417 95786 12.65 14853 645% 

PRB-9  1.514 3.624 58543 7.65 16255 360% 

PRB-10  2.156 4.145 36940 3.65 21476 172% 

PRB-11  0.874 5.000 32414 8.41 14172 229% 

PRB-12  0.910 4.878 26874 1.26 14215 189% 

PRB-13  0.691 5.210 24796 3.15 13274 187% 

PRB-14  1.024 4.916 25750 5.80 15051 171% 

PRB-15  1.677 6.144 19446 3.69 21513 90% 

PRB-16  1.224 5.414 26155 2.42 17230 152% 

PRB-17  0.988 4.788 61472 6.79 14593 421% 

PRB-18  1.844 4.670 40548 4.06 20219 201% 

Lebo-1  1.045 6.510 76996 2.21 17817 432% 

Core Samples        

Knobloch 48.6 1.201 3.998 59872 6.21 14744 406% 

Top Calvert Interface 51.0 0.621 3.478 7584 1.69 9947 76% 

Bottom Calvert Interface  53.3 0.847 5.011 46814 7.99 14005 334% 

Sand above Flowers-Goodale 105.0 0.625 4.698 12454 11.69 11978 104% 

Sand above Flowers-Goodale 106.1 1.246 4.845 13452 6.14 16445 82% 

Sand above Flowers-Goodale 106.2 0.514 6.519 52357 4.14 14225 368% 

Flowers-Goodale 2nd Core 110.1 1.014 5.145 42147 4.21 15359 274% 

Flowers Goodale 114.7 0.687 4.161 41461 8.16 11521 360% 

Flowers Goodale 115.8 0.874 5.145 19848 7.99 14408 138% 

Flowers-Goodale 2nd Core 117.6 0.874 3.698 47155 2.14 12029 392% 

Flowers Goodale 118.3 0.981 4.314 62246 9.14 13769 452% 

Flowers Goodale 118.3 0.754 4.871 24156 9.14 13145 184% 

Bottom Parting Flowers-Goodale 118.7 0.545 4.674 17945 7.14 11395 157% 

Below Flowers Goodale 119.8 0.825 4.161 19241 5.85 12454 154% 

Sand below Flowers-Goodale 121.3 1.414 6.244 39451 12.98 19890 198% 

Sand below Flowers-Goodale 121.3 0.944 4.799 38719 3.54 14317 270% 

Witham Coal 124.3 0.945 3.795 58257 6.16 12667 460% 

Witham Coal 124.6 1.214 3.874 87955 2.35 14627 601% 

Terret Upper Contact 163.2 1.315 7.145 68144 16.14 20693 329% 
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Table 4.  Concentrations of tritium and selected noble gases, and R/Ra. Residence times calculated using standard and 
coal diffusion models 

Well Name Tritium  4He 20Ne 36Ar 84Kr R/Ra Residence Time 

  (T.U.)  Error  10-6 cm 3 STP/L   (Years) 

CBM Production Wells        
Standard 
Model 

Coal 
Diffusion 
Model 

Visborg 13W-17-08-41 <0.8  178.8 389.2 1550.0 66.8 0.513 2.7E+02 1.5E+00 

Visborg 14WP-17-08-41 0.7 0.31 875.5 234.9 954.9 38.3 0.135 1.7E+03 7.4E+00 

Visborg 15W-17-08-41 1.0 0.38 791.3 309.6 1026.6 39.0 0.201 1.5E+03 6.6E+00 

Rancholme 03CA-34-08-41 2.0 0.40 19579.9 330.8 1044.5 71.9 0.024 3.9E+04 1.6E+02 

Rancholme 03CC-34-08-41 <1.0  2710.2 251.4 956.2 34.3 0.057 5.3E+03 2.3E+01 

          
Monitoring Wells ( Montana 
Bureau of Mines and Geology)          

SH-396   544.6 254.3 1307.0 89.6 0.244 1.0E+03 4.6E+00 

WR-33 9.4 0.48 110.1 257.1 1516.3 7.1 1.204 1.3E+02 9.3E-01 

WR-34   862.4 189.1 1220.5 96.3 0.078 1.6E+03 7.2E+00 

WR-48 0.6 0.29 491.9 221.9 1247.3 45.5 0.356 8.9E+02 4.1E+00 

WR-24   880.6 298.0 1235.7 95.1 0.162 1.7E+03 7.4E+00 

CBM02-7cc   1014.1 245.2 1356.5 101.2 0.116 1.9E+03 8.5E+00 

HWC-01   52401.5 156.2 553.5 35.1 0.012 1.0E+05 4.4E+02 

          
Monitoring Wells (U.S. 
Geological Survey)          

MT-2K-09 <0.5  6149.7 264.0 1225.6 34.4 0.028 1.2E+04 5.2E+01 

MT-2N-11 0.8 0.26 17788.3 223.3 1160.1 46.9 0.024 3.5E+04 1.5E+02 

MT-2FG-11 <0.9  95417.5 124.7 996.9 21.9 0.013 1.9E+05 8.0E+02 

MT-2T-09 <1.0   59004.9 132.0 1104.2 33.6 0.013 1.2E+05 5.0E+02 
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Table 6.  Measured geochemical indicators of methanogenesis and recharge source 

Well Name Alkalinity 
Methane 
Concentration 

� 13C-
CO2 

� 13C-
CH4 

� 2H-
H20 

� 18O-
H2O 

  (meq/kg) (cc/L) ‰       

CBM Production Wells       

Visborg 13W-17-08-41 32.3 14.0 bmdl -59.5 -142.3 -19.1 

Visborg 14WP-17-08-41 34.9 46.3 0.1 -60.0 -138.4 -18.4 

Visborg 15W-17-08-41 36.8 75.4 1.3 -59.9 -134.6 -18.0 

Rancholme 03CA-34-08-41 33.2 47.9 3.4 -62.1 -130.1 -17.2 

Rancholme 03CC-34-08-41 37.4 47.0 bmdl -60.6 -131.2 -17.3 

       
Monitoring Wells (Montana 
Bureau of Mines and Geology)       

SH-396 15.9 8.9 -19.3 -85.8 -169.4 -21.7 

WR-33 7.3 0.1 -20.4  -144.4 -18.8 

WR-34 17.8 1.8 -20.3  -164.9 -21.1 

WR-48 11.1 2.6 -16.7  -156.0 -20.1 

WR-24 10.0 1.1 -17.7  -164.4 -21.2 

CBM02-7cc 9.8 0.5 -17.0  -164.6 -21.4 

HWC-01 25.4 76.0 2.0 -69.1 -136.3 -17.9 

       
Monitoring Wells (U.S. 
Geological Survey)       

MT-2K-09 12.7 4.1 -22.4  -139.0 -17.9 

MT-2N-11 14.5 3.0 -26.5 -64.5 -137.5 -17.8 

MT-2FG-11 23.3 62.6 -6.0 -66.6 -136.9 -18.0 

MT-2T-09 20.0 58.8 -8.8 -68.3 -135.2 -17.7 

 
 


