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Deuterium as a quantitative tracer of enhanced microbial 

coalbed methane production 

Kilian Ashley1, Katherine Davis2, Anna Martini3, Robin Gerlach2, Mathew Fields2, Jennifer McIntosh1 
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2Center for Biofilm Engineering, Montana State University, Bozeman, Montana, USA 
3Department of Geology, Amherst College, Amherst, Massachusetts, USA 

Abstract: 

 Microbial production of natural gas in subsurface organic-rich reservoirs (e.g. coal, shale, oil) can 

be enhanced by the introduction of limiting nutrients to stimulate microbial communities to generate 

“new” methane resources on human timescales. The few successful field experiments of Microbial 

Enhancement of Coalbed Methane (MECoM) relied on relatively qualitative approaches for estimating 

the amount of “new” methane produced during the stimulation process (i.e. extrapolation of pre-

stimulation gas production curves).  We have tested deuterated water as a tracer, initially in the 

laboratory, to more directly quantify the amount of “new” methane generated and the effectiveness of 

MECoM stimulation approaches.  Microorganisms, formation water, and coal obtained during a previous 

drilling project in the Powder River Basin, Birney, Montana were used to set up a series of benchtop 

stimulation experiments where we added incremental amounts of deuterated water to triplicate sets of 

stimulated microbes (methanogens). We hypothesized that as MECoM progresses, methanogens will 

incorporate the heavy water into new methane produced, as methanogens naturally uptake hydrogen 

during methanogenesis. The amount of hydrogen incorporated into methane from water is dependent 

on the methanogenic pathway (hydrogenotropic vs acetoclastic/methylotrophic). During the 

experiments, we saw a shift in the methanogenic pathway towards acetoclastic methanogenesis, which 

was indicated by a consistent shift in the enrichment of deuterium in the methane produced, 

methanogenic community, and a large kinetic fractionation. The enrichment of the methane as 

compared to the deuterium content of the water the microbes used followed a narrowly confined, 

predictable range of values.  This predictable enrichment of the methane allows us to propose a 

quantification scheme for the amount of methane produced in larger field scale stimulations, as we can 

compare the change in the overall deuterium content of the in-situ methane with the known value 

before the stimulation. The success of our proof-of-concept laboratory experiments suggests that 

deuterium may be used as a tracer of “new” natural gas resources in field- to commercial-scale MECoM 

projects. In addition, additions of deuterated water may also be useful as a tracer in bioremediation 

projects where large background pools of contaminants or degradation products hamper traditional 

quantification techniques, microbial enhanced oil recovery, or other subsurface carbon cycling 

pathways. 
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Introduction: 

Natural Gas (NG) accounts for roughly 25% of the world’s current energy production, and as 

global demand for energy increases NG production has been projected to drastically rise (USIEA, 2017).  

One proposed method of boosting current NG production in shallow coalbeds is Microbial Enhancement 

of Coalbed Methane (MECoM; Ritter et al., 2015). Methane derived from anaerobic microbial 

degradation of long-chain hydrocarbons has long been recognized as a significant fraction of the NG 

produced from coalbeds (Strąpoć et al., 2011). As these microbial communities are actively producing 

methane in low rank coals, such as in the Powder River Basin (PRB; Barnhart et al., 2016), the aim of 

MECoM is to stimulate the microbial communities in depleted coalbeds in order to increase methane 

production. Stimulation of these microbial communities is vital, as subsurface methanogenesis has been 

calculated to occur on century or millennia time scales (Jørgensen et al., 2016); and while even non-

stimulated laboratory rates can be much faster, they still occur on a month to century time scale 

(Hoehler & Jørgensen, 2013; Trembath-Reichert et al., 2017). Recent studies investigating strategies for 

stimulating subsurface methanogenic communities have generally shown that some stimulants (e.g., 

algal and yeast extracts) have proven to be commonly successful in laboratory experiments (Barnhart et 

al., 2017; Davis et al., 2018). However, there is no generally accepted method to quantify the outcome 

of field scale stimulations in order to either compare stimulants or test the success of MECoM regardless 

of the stimulant used.  

Previous field-scale MECoM experiments have chosen a well-site of interest, injected water 

mixed with a stimulant into a coal bed, and sealed the well for the test duration, after which the well is 

pumped to produce the methane presumably generated in part by the stimulation (Figure 1) (Ritter et 

al., 2015). These stimulations have relied on the gas production curves generated from nearby wells 

(Figure 2) to estimate the amount of methane produced as a result of their stimulation, instead of a 

more quantifiable approach (Ritter et al., 2015). This method of assuming all the methane produced 

after the stimulation in excess of that predicted by the production curve is qualitative at best, and does 

not account for external factors that may lead to greater methane production. Such factors may include: 

methane released by shutting in of the well, spatial variation in nearby wells, or degassing of methane 

sorbed to the coal as a result of stimulant injection (Ertefai et al., 2010). In order to make MECoM a 

viable method of increasing coalbed methane production, a more quantitative determination for the 

effectiveness of such stimulations is needed. This study tested the feasibility of using deuterium 

enriched water as a quantitative tracer of new methane generation during a stimulation experiment.  

Methane produced through microbial methanogenesis can be differentiated by the different 

methanogenic pathways methanogens utilize to produce methane. Three such pathways 

(hydrogenotrophic, acetoclastic, and methylotrophic) have been found to dominate methanogenic 

growth (Bapteste et al., 2005). These three pathways have been differentiated by the carbon source 

used, and the origin of the hydrogen in the methane they produce (Thauer et al., 2008).  

Hydrogenotrophic:  4𝐻2 + 𝐶𝑂2 → 𝐶𝐻4 +𝐻2𝑂           Eqn 1 

Methylotrophic:  𝐶𝐻3𝑂𝐻 + 𝐻2 → 𝐶𝐻4 +𝐻2𝑂           Eqn 2 

Acetoclastic:   𝐶𝐻3𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2           Eqn 3 
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The Hydrogenotrophic pathway, which has been observed in the genes of the majority of 

methanogens (Bapteste et al., 2005), relies on carbon dioxide and hydrogen gas to produce methane. 

Given that the H source in hydrogenotrophy comes primarily from water rather than dissolved hydrogen 

gas (Daniels et al., 1980; Kawagucci et al., 2014), the deuterium content of the methane produced from 

this pathway reflects that of the water present in-situ in a 1:1 uptake ratio (Whiticar et al., 1986). In 

contrast to this, the two other methanogenic pathways, methylotrophic and acetoclastic, both produce 

methane using a methyl group as the carbon base. Consequently, the deuterium content of the 

methane resulting from these pathways exhibits a 1:4 mixing ratio with the in-situ water (Valentine et 

al., 2004). These differences in the mixing ratios have historically been used in determining the 

methanogenic pathway in field sites such as the Powder River Basin (Vinson et al., 2017). However, a 

problem arises when translating experimental data to field observations. PRB field observations indicate 

methane that is being produced by hydrogenotrophic methanogenesis based on the hydrogen isotope 

fractionation between CH4 and H2O. This conclusion is belied by characterizations of the in-situ microbial 

populations, which have demonstrated the presence of hydrogenotropic, methylotrophic, and 

acetoclastic methanogens in coalbeds (Strąpoć et al., 2008; Barnhart et al., 2013; Inagaki et al., 2015). 

This apparent contradiction has been hypothesized to be due to enzymatic incorporation of hydrogen 

from the in-situ water to the precursor molecules of acetoclastic and methylotrophic methanogenesis 

(Vinson et al., 2017). Conversely, this phenomenon could also be explained by nutrient constraints that 

limit the amount of methane produced by aceticlasts and methylotrophs as compared to 

hydrogenotrophic production. While this remains a thorny topic in translating experimental findings to 

field scale understanding, it is not expected to pose a significant problem for this study. 

Laboratory MECoM stimulations have been shown to be dominated by aceticlasts (Jones et al., 

2010), giving an expectation of acetoclastic methanogenesis also dominating growth in field scale 

stimulation. Indeed, Ulrich & Bower (2008) found that adding acetate to PRB coalbeds resulted in the 

uptake of acetate and production of CH4, suggesting that acetoclastic methanogenesis was stimulated. 

Acetoclastic methanogenesis has been suggested as the most favorable methanogenic pathway due to 

the buildup of acetate in the early growth stages of a laboratory stimulation. Coal degradation to 

methane is first characterized by the degradation of coal into soluble organic intermediates (small 

polyaromatic hydrocarbons, long chain fatty acids, ketones, and a variety of others) (Strąpoć et al., 

2008), further degradation of those intermediates into simple organic compounds (acetate, formate, 

methanol, CO2, etc.), and finally methanogenesis can occur using those compounds. Acetate 

concentrations have been able to grow well past the threshold for methanogenesis due to the presence 

of other soluble organics that inhibit methanogenesis such as long chain fatty acids (Hatamoto et al., 

2007) and small polyaromatics (Qiu et al., 2004). Rapid acetoclastic production may then proceed once 

these soluble organics have been removed, which leads to their dominance in stimulations (Jones et al., 

2010).  

It is important to note that all of these methanogenic pathways either directly use water as a 

hydrogen source or use hydrogen gas that has equilibrated with water. Thus, every pathway 

incorporates deuterium into methane based on its relative abundance in the in-situ water (Valentine et 

al., 2004; Ritter et al., 2015). Therefore, we hypothesize that the deuterium content of the methane 

produced as the result of a MECoM stimulation will reflect the deuterium content of the in-situ water 

for all methanogenic pathways. We further hypothesize that deuterium enrichments of the in-situ water 

will result in predictable enrichments in the methane produced during the stimulation. Lastly, we expect 
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to be able to translate this enrichment in methane to a quantification of field scale stimulation 

effectiveness through a simple mixing model (Equation 4).  

       %𝑉𝑛𝑒𝑤 =
(𝐶𝑚𝑖𝑥−𝐶𝑜𝑙𝑑)

𝐶𝑛𝑒𝑤−𝐶𝑚𝑖𝑥
× 100%             Eqn 4 

 Where:   %Vnew = the relative abundance of methane resulting from the stimulation 

Cold = the concentration [ppm] of deuterium of the in-situ methane prior to 

stimulation 

Cnew = the concentration [ppm] of deuterium of the methane produced during 

the stimulation 

Cmix = the concentration [ppm] of deuterium in methane produced from the well 

after the stimulation and reflects the mixing of the two sources 

 

Methods: 

To determine the rate and degree of deuterium enrichment in the methane produced in a 

stimulation as compared to that of the in-situ water, subsurface conditions in the PRB were replicated in 

two benchtop stimulation experiments. These experiments were conducted using varying mixtures of 

99.99% D2O and in-situ PRB water in addition to algal stimulant amendments (SLA-04) following the 

protocols outlined by (Davis et al., 2018). The first experiment was run to verify the uptake of deuterium 

in the CH4 produced as a proof of concept (POC). After completion of this POC, it was determined that 

even though the δD-CH4 value of the methane produced showed deuterium enrichment, it did not reach 

a large enough level of enrichment to distinguish it from the large background present in the subsurface. 

The second experiment then served to greatly extend the range of δD values obtained by the POC by 

mixing significantly more 99.99% D2O with the PRB water. Each experiment had a different time 

constraint as the POC was only run until head space methane was detected in high enough 

concentrations to show growth (36 days), and the POC extension was run until the head space methane 

concentration no longer showed significant increases and reached steady state (114 days).  

All experiments used PRB coal from the Flowers-Goodale formation, obtained through a drilling 

project at the United States Geological Survey field site in Birney, MT (Barnhart et al., 2016). The coal 

was manually crushed and sieved into a uniform size distribution (0.85 – 2.0 mm) to serve as a solid 

media. Borosilicate glass beads of the same diameter were used as the solid media in the control 

experiments to ensure that all methane was produced via methanogenesis, not degassing of the coal. 

Further controls were run with coal present but without a methanogenic inoculum or were inoculated 

with no stimulants added to ensure that the methane produced was a result of the addition of 

stimulants to inoculated coal. The 26-mL Balch tubes containing these experiments were then flushed 

with a 5% CO2, and 95% N2 mixture. These were then sealed in order to maintain the anoxic conditions 

necessary for methanogenesis. The samples were then transferred to a glove bag where deoxygenated 

water enriched to varying concentrations of deuterium, microbes collected from the Flowers-Goodale 

formation, and an algal amendment (Davis et al., 2018) were added (Table 1). The microbes collected 

from the Flowers-Goodale are considered representative of the in-situ community of the coal seam and 

not just those suspended in the formation water, as they were collected as a biofilm on Flowers-
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Goodale coal substrates in a diffusive microbial sampler inoculated for several months (Barnhart et al., 

2013; 2016). As a last step, all inoculations were placed into dark conditions at 25oC for the duration of 

the experiment. In order to verify growth, 1-mL head space gas samples were drawn monthly, the 

concentration of methane in each was determined using Gas Chromatography. At the end of each 

experimental time period 1-mL head space methane samples were collected in gas-tight syringes, 

injected into 12-mL exetainers filled with N2 gas at 1-atm, and sent with 12-mL water samples to the 

University of California at Davis Stable Isotope Facility for D/H analysis (Yarnes, 2013).  

Results and Discussion: 

The first experiment acted as a proof of concept experiment to demonstrate a predictable 

uptake of deuterium from the in-situ water to the methane as a function of the deuterium 

concentration in the water. The head space methane collected at the end of the POC had δD-CH4 values 

that ranged from -414.0±2.8‰ to -6.5±2.8‰ (VSMOW), corresponding to an increase in the δD-H2O 

values from -133.8±0.6‰ to 166.2±0.6‰ (VSMOW). A linear regression of the data (R2 = 0.9872) 

showed an uptake of deuterium in the head space methane from the water according to the following 

equation: 

𝛿 𝐻 − 𝐶𝐻4 ± 2.8 = 0.31(𝛿 𝐻2 −𝐻2𝑂 ± 0.6) − 371.22           Eqn 5 

The data from the POC experiment was then plotted (Figure 3) in conjunction with the expected 

hydrogen isotope fractionation lines of both hydrogenotrophic and acetoclastic methanogenesis 

(Schoell, 1980; Whiticar et al., 1986) as well as data from the Powder River Basin (Barnhart et al., 2016; 

Ritter, 2015). Three notable trends are immediately apparent in this comparison. The fractionation in 

the head space methane produced using the in-situ PRB water is significantly lower when no D2O was 

added to the PRB water (as shown by the large decrease in the δD-CH4 value as compared to the PRB 

data), there is very tight grouping of the δD-CH4 values of the head space methane at each δD-H2O 

value, and the slope of the linear regression is similar to the observations expected if acetoclastic 

methanogens dominated methane production (Whiticar et al., 1986). The lower δD-CH4 values of 

experimental samples with no D2O added to the in-situ PRB water plot close to the acetoclastic 

methanogenesis hydrogen isotope fractionation line, as opposed to the PRB data which plots along the 

hydrogenotrophic line. This is most likely a result of a shift in the dominant methanogenic pathway as a 

result of the stimulation and the kinetic fractionation associated with acetoclastic methanogenesis 

(Whiticar et al., 1986). This evidence for a shift to acetoclastic methanogenesis is supported by the slope 

of the linear regression (0.31), which is similar to the 1:4 mixing ratio expected from acetoclastic 

methanogenesis. This agrees with previous work showing acetoclastic methanogenesis dominating 

stimulated methane production in the laboratory (Jones et al., 2010) and field (Ulrich & Bower, 2008). 

The tight grouping observed of the δD-CH4 values of the head space methane in each replicate confirms 

reproducibility of the results, and builds the case for the predictability needed to validate that the 

deuterium content of the methane produced as the result of a MECoM stimulation reflects the 

deuterium content of the in-situ water. Finally, when this grouping is paired with the low levels of 

uncertainty in predicting the data based on the linear regression (R2 = 0.9872) it is clear that enriching 

the deuterium content of the in-situ water during a stimulation leads to a predictable increase in the 

deuterium content of the methane produced during methanogenesis.  
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As the first experiment was only intended to be a POC and head space methane was obtained 

for isotope analysis after 36 days, the second experiment was designed to more accurately simulate the 

D2O concentrations and timeframe of a field scale simulation, and was run until methane production 

was observed to reach stasis (114 days) and used mixed D2O concentrations [ppm] that were roughly 

double that of the proof of concept. The head space methane from the POC extension showed δD-CH4 

values that ranged from -442.6±1.7‰ to 334.4±1.7‰ (VSMOW), corresponding to an increase in the δD-

H2O values from -125.5±0.8‰ to 1508.3±0.8‰ (VSMOW). A linear regression of the data (R2 = 0.9946) 

showed an uptake of deuterium in the head space methane from the water according to the following 

equation: 

     𝛿 𝐻 − 𝐶𝐻4 ± 1.7 = 0.44(𝛿 𝐻2 −𝐻2𝑂 ± 0.8) − 361.92          Eqn 6 

 In order to compare the two experiments, the data generated during the POC extension 

experiment was plotted in conjunction with that of the POC (Figure 4). Upon examination, the three 

trends that were present in the POC are evident in the POC extension. However, the most striking 

details of this plot come in comparing the two data sets. The most obvious difference between the two 

experiments is the slope of the POC extension experiment’s data (0.44), as compared to that of the POC 

data (0.31). The most striking similarities between the two are: a similar lowering of the δD-CH4 values 

when no D2O was added, the tight grouping of the δD-CH4 replicate values of the head space methane, 

and the low degree of uncertainty shown from the R2 values (0.9872 and 0.9946, respectfully). With a 

slope of 0.44, the uptake of deuterium in the head space methane in the POC extension experiment still 

resembles acetate fermentation (Fig. 4), but suggests a greater degree of pathway mixing between 

hydrogenotrophic and acetoclastic methanogenesis. We hypothesize this pathway mixing occurs during 

the longer time interval of the extended experiment compared to the POC, due to the H2 substrate 

reaching threshold concentrations for the methanogens to begin hydrogenotrophic methanogenesis 

(Thauer et al., 2008). This hypothesis is supported by a microbial community analysis of concurrently run 

stimulations (Davis et al., 2018), which used the same methods, but without deuterated water additions. 

This study showed a dominant presence of the genus Methanosaeta, obligate aceticlasts, and a minor 

presence of the genus Methanospirillum, obligate hydrogenotrophs.  

 The information gathered from these two experiments may be used in field scale stimulations to 

quantify their effectiveness. As noted above, the current method of stimulation involves the injection of 

a water-mixed stimulant. After determining the δD-H2O values of both the injection and formation 

water, a D2O spike can be added to the injection water to change the δD-H2O value to a desired value 

(Fig. 1). To determine the target δD-H2O value of the formation water as well as that of the ‘new’ 

methane after MECoM, the δD-CH4 value of the ‘old’ in-situ methane must be determined prior to 

injection. This δD-CH4 value can then be converted to a deuterium concentration of the formation 

methane which will be used in Equation 4 to determine a target value for the δD-CH4 value of the ‘new’ 

methane produced in the stimulation. This value is directly tied to the relative volume of methane 

generated by the stimulation, so an initial (conservative) estimate must be made for that volume. Once 

the target δD-CH4 value is calculated, it can then be used to determine the target δD-H2O value for the 

mixture of formation and injection water. This can be done simply by solving for δD-H2O value using 

Equation 6. After stimulant injection, the well is closed for the duration of the stimulation. The overall 

δD-CH4 value of the in-situ methane will reflect the mixing of methane produced during the stimulation, 

given by the targeted δD-CH4 value, and the methane present in-situ prior to stimulation. The relative 

production of the stimulation can then be determined using Equation 4. Thus, the deuterium content of 
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the injection water can be used as a quantitative tracer of MECoM. This approach assumes: an 

understanding of the hydraulic properties of the coal seam (i.e., physical distribution of injected water 

and amendments), an understanding of the amount of in-situ water that will mix with the injected 

water, the water injected during stimulation will be well mixed (i.e., constant δD-H2O value), and that 

this mixing will be accomplished before large scale methanogenic growth (i.e. “new” methane δD value 

will reflect the well mixed “new” formation water δD value).  

The development of deuterated water as a tracer to quantify MECoM may have applications 

beyond just MECoM, as methanogenesis is only one of the possible pathways in which subsurface 

microbial life cycles carbon. Subsurface carbon cycling is a poorly understood field as it involves the 

syntrophic pairing of many microbial processes (Inagaki et al., 2015). Many of these microbial processes 

compete for limited nutrients, thus the insight gained by using deuterated water to quantify stimulated 

methanogenesis may be used to quantify the stimulation of other subsurface carbon cycling pathways. 

Deuterated water has previously been used as a tool to estimate metabolism in pathogens (Kopf et al., 

2016), determine the origins of hydrogen in lipid biosynthesis (Berry et al., 2015), analyze bacterial 

sulfate reduction (BSR; Campbell et al., 2009), quantify bioremediation (Vogt et al., 2016), and has 

recently been used with varying degrees of success as a method of quantifying non-stimulated 

methanogenesis (Yoshioka et al., 2008; Okumura et al., 2016; Trembath-Reichert et al., 2017). When 

considering that roughly half of all organic carbon degraded by anaerobic microbes is eventually 

converted to methane (Higgins et al., 1981), the importance of quantifying methanogenesis becomes 

apparent. Furthermore, adding deuterated water to stimulated processes has the capability to aid in 

their quantification even against large background concentrations. One such example may lie in 

bioremediation, as the addition of D2O can aid in quantifying the results of bioremediation efforts in 

large spills or where the products of bioremediation are already present in large concentrations. Finally, 

the addition of D2O may help in understanding the interplay between BSR and methanogenesis when 

stimulating methanogens in coal formations where BSR is present. 

 

Conclusions: 

 Reliable uptake of deuterium was observed for both inoculation series, with a δD-CH4 value 

range of –414.0±2.8‰ to -316.5±2.8‰ (VSMOW) for the POC experiment and a δD-CH4 value range of -

442.6±1.7‰ to 334.4±1.7‰ (VSMOW) for the POC extension experiment. The resulting δD-CH4 values 

were highly correlated with the in-situ deuterium content of the water (R2 = 0.9872 and 0.9946, 

respectfully). The POC showed a distinct acetate fermentation hydrogen isotope fractionation trend, 

which confirms previous work demonstrating the dominance of acetoclastic methanogenesis under 

stimulated laboratory and field conditions. The POC extension showed a mixed methanogenic pathway, 

which was dominated by acetoclastic methanogens and a small percentage of hydrogenotrophic 

methanogens. This mixture was likely due to the longer experimental time period, which allowed the 

hydrogenotrophs to utilize the byproducts of acetate fermentation. The predictability of the deuterium 

uptake in the laboratory experiments shows promise for the quantification of stimulated 

methanogenesis in the field using deuterated water as a tracer, which can also distinguish different 

stimulated methanogenic pathways. 
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 This tracer has applicability beyond quantifying methanogenic stimulation, and may be useful in 

tracing subsurface carbon cycling in areas such as: bioremediation, BSR, as well as a host of other carbon 

cycling processes that can be stimulated. The addition of deuterated water to bioremediation schemes 

may allow for the quantification of bioremediation effectiveness by examining the degradation products 

even when compared to large background concentrations. Using deuterated water may also allow for 

the quantification of BSR, and aid in understanding the interplay between BSR and methanogenesis.  
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Figures and Tables: 

 

 

Figure 1: Infographic representation of the idealized steps necessary to stimulate a coal seam, the 

addition of D2O allows for quantification of the stimulation based on the change in the δD-CH4 values of 

the in-situ methane as a result of the stimulation. Modified from Ritter et al. (2015). 
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Figure 2: Idealized gas production curve from a nearby well, which gives a qualitative measure of the 

increase in gas production after a stimulation. Modified from Ritter et al. (2015). 
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Figure 3: Plot of the δD-CH4 vs δD-H2O values for the first Proof of Concept (POC) experiment. Note the 

tight grouping of each replicate, the difference in δD-CH4 values of the POC versus Powder River Basin 

coalbed methane data (Barnhart et al., 2016; Ritter, 2015) at the same δD-H2O value, and the overall 

resemblance in the slope of the hydrogen isotope fractionation line to acetoclastic methanogenesis 

(Whiticar et al., 1986). 
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Figure 4: Plot of the δD-CH4 vs δD-H2O values for the Proof of Concept (POC) extension experiment. Note 

the tight grouping of each replicate and the similar δD-CH4 values of the POC and POC extension as 

compared to Powder River Basin (PRB) data at the same δD-H2O value. It is important to note the higher 

slope in the POC extension (0.44) versus the POC (0.31), which suggests mixing between acetoclastic and 

hydrogenotrophic methanogenesis (Whiticar et al., 1986).  

 

Table 1: Summary of deuterated water experiments using coal and glass beads (control), with and 

without algal extract amendments (SLA-04), and with and without native Powder River Basin coal-

associated microbial communities. Each experiment was performed in triplicate. 

 

Sample ID Inoculated? Solid Media SLA-04 CBM Water Deuterated Water added D2O δD-H2O

1g (g/L) mL uL/L ‰ (VSMOW)

D1 Yes Coal 0.5 Yes No 0 -133.8

D2 Yes Coal 0.5 Yes Yes 23.4 16.2

D3 Yes Coal 0.5 Yes Yes 31.2 66.2

D4 Yes Coal 0.5 Yes Yes 39 116.2

D5 Yes Coal 0.5 Yes Yes 46.8 166.2

Sample ID Inoculated? Solid Media SLA-04 CBM Water Deuterated Water added D2O δD-H2O

1g (g/L) mL uL/L ‰ (VSMOW)

C1 No Coal - Yes No 0 -125.5

C2 Yes Coal - Yes No 0 -125.5

C3 Yes Glass Beads - Yes No 0 -125.5

C4 No Coal - Yes Yes 20.8 8.3

C5 Yes Coal - Yes Yes 20.8 8.3

C6 Yes Glass Beads - Yes Yes 20.8 8.3

Sample ID Inoculated? Solid Media SLA-04 CBM Water Deuterated Water added D2O δD-H2O

1g (g/L) mL uL/L ‰ (VSMOW)

T1 Yes Coal 0.5 Yes No 0 -125.5

T2 Yes Glass Beads 0.5 Yes No 0 -125.5

T3 Yes Coal 0.5 Yes Yes 20.8 8.3

T4 Yes Glass Beads 0.5 Yes Yes 20.8 8.3

Sample ID Inoculated? Solid Media SLA-04 CBM Water Deuterated Water added D2O δD-H2O

1g (g/L) mL uL/L ‰ (VSMOW)

POC1 Yes Coal 0.5 Yes Yes 98.8 508.3

POC2 Yes Coal 0.5 Yes Yes 176.8 1008.3

POC3 Yes Coal 0.5 Yes Yes 254.8 1508.3

POC Extension - Controls

POC Extension - Treatments

POC Extension

Proof of Concept


	Kilian_Ashley_Thesis_Revisions
	Ashley_sba_watermark

	Thesis_GC_Kilian_Ashley_Revisions



