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ABSTRACT

Natural gas is an important transitional energye®to replace more carbon
intensive coal combustion in the face of climatarge and increasing global energy
demands. A significant proportion of natural gaserges (~20%) were recently
generated by microorganisms that degrade orgacticformations (i.e. coal, shale, oil)
in-situ to produce methane. Recent studies hawersiimat these microbial communities
may be potentially stimulated to generate more aretlo extend the lifetime (~10
years) of existing biogenic gas wells. This diss@rh investigates how microbial
coalbed methane (CBM) systems are impacted by geaichl conditions, microbial
community composition, and groundwater recharge.

The first study is a review and synthesis of taxgsbasic research and
commercial activities on enhancement of microbiBMCgeneration, and identification
of key knowledge gaps that need to be addressadviance stimulation efforts. The
second study couples water and gas geochemistnycWéracterization of microbial
communities in coalbeds in the Powder River BaBRE), Wyoming to investigate the
influence of microbiology on water and gas geoclsémi Geochemistry results indicated
that nutrients are likely source in situ from caald that all sulfate must be removed
from the system before methanogenesis will commdncesased archaeal (i.e.
methanogens) diversity was observed with decreasitigte concentration, while sulfate
reducing bacterial communities were different idlsvevith high sulfate concentrations
(sulfate reducing conditions) when compared to sweith low sulfate concentrations
(methanogenic conditions). The third study usedenghses to constrain the residence

time of groundwater associated with CBM in the PREBasured diffusional release rates



of 4He from PRB coals were ~800 times greater tiipical rates observed in sandstone
or carbonate aquifers, and measured 4He valuextaeded expected values from in-
situ decay of U and Th. Groundwater 4He resideimses ranged from <1 to ~800 years
using the measured diffusion rates versus ~130@¢009 years using a standard model.
Coal waters with the longest residence time hadhitpeest alkalinity concentrations,
suggesting greater extents of microbial methanagsnalthough there was no
relationship between groundwater “age” and metltameentrations or isotopic
indicators of methanogenesis.

Constraining the relationship between microbdivity (e.g. mechanisms of coal
biodegradation and methane generation), envirormhgabchemical conditions, and
groundwater flow is important to better understanldsurface hydrobiogeochemical
processes and to ensure the success of futurefgrogtated to stimulation of microbial

CBM.



CHAPTER 1: INTRODUCTION

1.1 Microbial Methane as an Energy Source

Increasing global energy demand and concerns atimdte change have led to
natural gas, which is less carbon-intensive antifpoy than coal combustion, being
considered an important transitional energy so(Bcandt et al., 2014; Heath et al.,
2014). It has been estimated that ~20% of the werdtural gas reserves are generated
by microbial degradation of organic rich geologierhations, such as coal seams, black
shales, and oil reservoirs (Rice and Claypool, J9B#&search has shown that in many of
these areas, microbial generation of methane &twe and ongoing process (e.g.
Gilcrease and Shurr, 2007; Ulrich and Bower, 2Q@8ies et al., 2010; Papendick et al.,
2011; Huang et al., 2013; Ritter et al., 2015)c8iproduction wells in areas of microbial
methane generation have relatively short lifesgat® years or less; Ayers, 2002;
Stearns et al., 2005), it has been suggested rifyanic matter biodegradation and
microbial methanogenesis might be stimulated ireotd extend the life of methane
producing wells and potentially generate methaomfareas with no previous history of
microbial methane generation (Ulrich and Bower,&QIbnes et al., 2010; Fallgren et al.,
2013; Ritter et al., 2015). Despite significantea@sh, relatively little is known about
how in situ hydrogeochemical conditions, rechange groundwater flow influence
microbial communities responsible for the breakd@f/noal and the generation of
methane (Ritter et al., 2015). Understanding thekionships will be key to
determining the feasibility and commercial vialyildf microbial methane stimulation

projects.
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This study is focused primarily on investigatingcrabial methane generation in
the coal beds of the Powder River Basin (PRB) inhsastern Wyoming and
southeastern Montana, U.S.A. The PRB was one dfrtdarge basins to undergo
intensive development of microbial coalbed meth@t®M) resources and also one of
the primary targets of commercial stimulation stsdiand is therefore an important
model for future CBM development and stimulatiorother basins. The PRB is also an
ideal laboratory for the study of microbial CBM pesses because of an extensive
network of CBM production (>24,000 wells during ggaoduction, now around 9000
wells; Ritter et al., 2015) and monitoring wellgiish provide a unique opportunity for

relatively high resolution (spatial and depth) santp

1.2 Microbial Methanogenesis Background

Microbial methanogenesis is a multi-step proceasitivolves a consortium of
bacteria and methanogenic Archaea that first bdeakn complex organic matter into
intermediate compounds (e.g. long chain fatty aatlanes, and low molecular weight
aromatics; Orem et al., 2010), which are then lgoaiged into substrates that are
utilizable by methanogens (e.g. acetate, @ H, methanol, formate; Strapoc et al.,
2011) to generate methane. Typically, all otheepbél electron acceptors (e.qg. ferric
iron and sulfate) must be exhausted before mictohéhanogenesis will proceed
(MacGregor and Keeney, 1973; Claypool and Kapl8@4iMartens and Berner, 1974,
Mah et al., 1977; Reeburgh and Heggie, 1977; Kaigtlal., 1988). Researchers have

identified 2 dominant metabolic pathways for migeblmethanogenesis: 1) GO
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reduction (hydrogenotrophic methanogenesis) arat@jate fermentation (acetoclastic
methanogenesis) (Ferry, 1993). Methanogens mayaksdormate, methanol, carbon

monoxide or other simple alcohols to generate nrmeti{&trapoc et al., 2011).

1.3 Microbial CBM Stimulation Methods

The motivation behind many studies into understangeochemical conditions
favorable for microbial methane generation andtifieation of metabolic pathways of
methanogenesis is the potential for stimulating grocess to generate more methane
from coal and/or to generate methane more quidkiges et al. (2013) identified four
main approaches for stimulation of microbial CBMhggation: microbial stimulation,
microbial augmentation, physically increasing miiad access to coal and distribution of
amendments, and increasing the bioavailabilityoafl organics. Each approach could be
used separately or in combination with other apgiiea to maximize the amount of
methane generated in the shortest amount of tinnroblal stimulation is the primary
approach that has been tested by companies inean@tto stimulate methanogenesis

(Ritter et al., 2015).

1.4 Relationships between geochemistry and mickgbimmunities

Due to interest in stimulation of specific microargsms associated with the
process of microbial methane generation and thiewlify, time and cost involved in
collecting and analyzing subsurface samples forabiology, many researchers have
focused on identifying geochemical indicators otabelic pathways of methanogenesis

(e.g. Whiticar et al., 1986; Whiticar, 1996; Bdllat., 2005; Conrad, 2005; Flores et al.,
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2008; Mcintosh et al., 2008; Cheung et al., 201@ng/et al., 2010; Stpo et al., 2011;
Pashin et al., 2014). The typical approach has beease carbon and hydrogen isotopes
of CHs, CO,, and HO to distinguish between C@eduction and acetate fermentation
(e.g. Whiticar et al., 1986; Scott et al., 1994;it¢hr, 1996; Smith and Pallasser, 1996;
Aravena et al., 2003; Faiz and Hendry, 2006; Galseecand Shurr, 2007; Flores et al.,
2008; McIntosh et al., 2008; Cheung et al., 201en\Wer et al., 2012; Pashin et al.,
2014; Burra et al., 2014). Since ef@duction will generally result in a larger kireti
fractionation than acetate fermentatiol’C values of Cland CQhave specifically
been applied to determine metabolic pathways int @@as where microbial CBM has
been investigated (Whiticar et al., 1986; Scotlgt1994; Smith and Pallasser, 1996;
Whiticar, 1996; Aravena et al., 2003; Conrad, 20&4&z and Hendry, 2006; Harrison et
al., 2006; Gilcrease and Shurr, 2007; Cheung €2@1.0; Kinnon et al., 2010; Osborn
and Mcintosh, 2010; Kandet al., 2012; Weniger et al., 2012; Golding et2013; Ni

et al., 2013; Burra et al., 2014). This approachlbeen used despite complications which
can alter isotope effects from kinetic fractionat{e.g. methane oxidation, transport
(diffusion), substrate depletion (reservoir eff@ctsixing with thermogenic gases, or
competing forms of microbial respiration that gexterCQ; Bates eal., 2011).

While the relationship between carbon isotopestdf @rd CQ has been widely
applied to identify metabolic pathways of CBM, asrexmicrobiology studies have been
completed their results have often contradictediptes geochemical studies’
interpretations of metabolic pathway. For examiplehe PRB, isotopic studies of
produced gases have suggested thatr€@uction is the dominant metabolic pathway in

parts of the basin (Flores et al., 2008; Rice .e28l08), while microbial enrichments

13



from the same area have suggested a predominaacetottlastic methanogens (Green
et al., 2008). Flores et al. (2008) also suggetstatisotopes showed that acetoclastic
methanogenesis was predominant in the northweptetion of the PRB, although there
are no microbiology studies to confirm this inteation. This has led to the suggestion
that carbon isotopes of produced gases may be indioative of extent of
methanogenesis (i.e., how much of the organic ma#s been converted into methane
versus alternative electron acceptor processel,aaisulfate reduction), rather than
indicating the predominant metabolic pathway (Batesl., 2011; Brown, 2011;
Hamilton et al., 2014, 2015). It was proposed thstead of an open system model that
had been used in past studies, carbon utilizatid®BM systems was better represented
by a closed system model. Bates et al. (2011) Rsstkigh fractionation to calculate the
fraction of the carbon pool remaining (calculatediaming the pool is predominantly

CQO) using the following equation:

where vr is the measure isotopic value of metharne,is the measured isotopic value of
CO, xo is the initial isotopic value of the G@ool, taken to be -26%o. (the average
isotopic value for coal in the PRB), ahcepresents the fraction of the overall carbon
pool remaining. Using this equation, higher valagkrepresent a lower extent of
methanogenesis, while lower valued oépresent a greater extent of methanogenesis.
Using this approach, it might be possible to ag@gchemical indicators to locate areas
where more carbon is available for conversion ttharge for stimulation projects. This
approach could also help resolve some of the ¢gistides between microbial studies

and geochemical studies, especially if there elaionship between extent of
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methanogenesis and microbial community composititmwever, few studies have used
this approach, thus more research is needed tondateif extent of methanogenesis can

be linked to microbiology.

1.5 Residence time of water in the Powder RiveirBas

Constraining the residence time of water in sedtany basins with large natural
gas accumulations is important for determiningrtiies of microbial processes related to
the generation of microbial gas resources (Schelgal., 2011), the sustainability of
groundwater pumping for natural gas extraction@a La Salle et al., 2001; Wei et al.,
2013; Hagedorn, 2015), and the driving forces airml-scale fluid flow and solute
transport (Ge and Garven, 1992; Manning et al.52@urdak and Qi, 2006; Stute et al.,
2007; Gupta et al., 2015). In sedimentary basinsrevlgroundwater residence times are
expected to be less than ~50,000 yehtsand'*C are commonly used age tracers. In the
PRB, water is often too old to udd effectively, and the carbon-rich nature of theiba
makes it difficult to usé*C since the addition of dead carbon from the deajianl of
organic matter dilute¥'C concentrations to below detection (Bates efafl1; Schlegel
et al., 2011). Recent studies have effectively usdile gases to determine groundwater
residence times in basins with properties simdahe PRB, and have used these results
to correlate groundwater residence time with megoharge events, suggesting a possible
association between microbial gas generation aodingiwater recharge (Zhou and

Ballentine, 2006; Schlegel et al., 2011).
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Very few attempts have been made to estimatestfidance time of water in the
PRB, and the studies that have been undertakenbdemrelargely unsuccessful
(Campbell et al., 2008; Bates et al., 2011). Dartgv calculations have been used to
estimate residence times between 1,200 and 70418 yPearson, 2002), while a recent
groundwater model of the Tongue River watersheidhestd residence times from
modern to ~26,000 years with a mean residence timé,800 years. Carbon-14 has
been used to show a mean maximum age of 21,008 feagroundwater from an
artesian well discharging from a sandstone aqgaifggicent to coal seams (Frost and
Brinck, 2005). Another study attempted to tideand!‘C of water to determine residence
time, but found that residence time results froeséhtracers were often inconclusive and
conflicting (Bates et al., 2011). Groundwater negharge areas has been shown to have
little to no“C, even whenH is present, suggesting tH4€ in water in the basin is
quickly diluted beyond detection due to the additod dead carbon from coal
biodegradation (Bates et al., 2011). Noble gasakideze used to determine residence
time in the PRB without the issues faced by thesgipus studies. Most noble gas
residence time studies assume that helium generatid diffusion rates are reasonably
constant for all crustal materials (e.g. Zhou amtlétine, 2006; Schlegel et al., 2011).
In order to validate these assumptions for PRBs;@ajuifer material must be collected

and analyzed for diffusion rates and concentratadrigelium, uranium, and thorium.

1.6 Research Objectives
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In order to investigate the relationships betweérabial community composition,
hydrogeochemical conditions, recharge and groureiwktw, and microbial methane
generation, this dissertation addresses three priqueestions:

1. What is the current state of research and comnexciity related to the
stimulation of microbial coalbed methane, and wdrats of research need to be
addressed to further our understanding of micrabiethane generation?

2. What are the relationships between redox conditimaser and gas molecular and
isotopic geochemistry, and microbial community cosipon in coal beds?

3. What is the residence time of coal seam watererPRB, and what are the
relationships between recharge, residence timegaadhemical indicators of
methanogenesis?

To address these research questions, this dissempaesents three independent, yet
related, studies on the relationships between mialonethane generation, water and gas
geochemistry, microbial community composition, aesidence time of water. The first
study is a literature and patent review of natpratesses that lead to microbial methane
formation and stimulation methods for enhanced oli@ coalbed methane generation.
The study investigates what commercial projectel@complished in field trials of
microbial methane stimulation and identifies kepwiedge gaps which need to be
addressed in order to further microbial coalbednhae¢ research and pilot to commercial
stimulation efforts.

The second study combines measurements of wategasnoholecular and isotopic
geochemistry with characterizations of microbiahoounity composition in order to

advance the understanding of how these factonsanfle coal biodegradation and the

17



related processes of sulfate reduction and micrombgghanogenesis. The study utilizes
monitoring and production wells to investigate sggaind depth variability of microbial
communities and how this distribution is controlledagueous geochemical conditions
that might be reflected in water and gas geocheyrestd isotopes. The study was
designed to address the hypothesis that extenetifanogenesis, as defined by Bates et
al. (2011), may have some relationship to microbemhmunity composition, and that
these factors might also be related to nutrienti@wdity and location within the basin.

The study presented in the third paper uses n@degto estimate the residence time
of water in the PRB, and then investigates possdliionships between measured
residence times and geochemical indicators of redoxlitions. Previous studies have
suggested a possible relationship between reclaadenethanogenic conditions, since
recharge could transport nutrients and/or methamogricroorganisms to areas of
methanogenesis and transport toxic waste produayg tom methanogens (e.g. Bates et
al., 2011; Schlegel et al., 2011). This study hlgpsized that the importance of recharge
to microbial methane generation might be refleateal relationship between waters with
younger residence times (indicating areas closedarge) and geochemical indicators
of methanogenic processes, such as alkalinity agtiane concentration.

This dissertation is particularly focused on expagdknowledge of the inter-
relationship between microbial activity, geochenyisand groundwater recharge and
flow in areas with microbial methane generationcsifew previous studies have
combined hydrogeochemical measurements with claraation of microbial

community composition.
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1.7 Dissertation format

As described above, three studies are presentédsidissertation, with a goal of
expanding knowledge of the inter-relationship be&mvenicrobial methane generation and
microbial community composition, water and gas ¢eoaistry, and groundwater
recharge. Chapter 2 presents summaries of eatie ttitee papers that make up this
dissertation, highlighting key findings of each paprhe first paper has been published
while the others have been prepared for publicatigreer-reviewed journals. Papers are

included in their complete form in the appendices.

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

commercial activity, and remaining challenges.

APPENDIX B. Controls on coal biodegradation andnwiical methanogenesis: insights

from coupled water, gas and microbial analyses.

APPENDIX C.Using noble gases as residence time tracers toiegdhre effects of

recharge and groundwater flow on microbial coalimedhane generation, Powder River

Basin, USA
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CHAPTER 2: PRESENT STUDY

The research papers found in the appendix offibgertation present study
motivation, background, methods used, results tf dallected, discussion and relevant
conclusions from this study. This chapter summarthe main conclusions of these
papers, including (1) a review of research and cernaral projects in order to identify
key knowledge gaps and aspects of microbial metpamesis where research should be
focused, (2) coupled analysis of microbial and geotcal data to assess how
geochemistry might be used in conjunction with widtology to investigate redox
conditions and metabolic pathways of methanogenasd (3) using noble gases to
determine residence time of groundwater associattdnatural gas accumulations in
order to investigate how recharge is related teigemistry and methanogenesis. These
papers collectively address how microbial coalbedhane (CBM) systems are impacted

by geochemistry, microbial community compositiond groundwater recharge and flow.

2.1 Enhanced microbial coalbed methane generatiosaview of research, commercial

activity, and remaining challenges (Appendix A)

Since the discovery of active methane generatjomicroorganisms in organic-
rich basins, researchers and companies have biegested in the possibility of
stimulating these microbes to increase methanergeoe. Researchers have focused on
identifying aquifer conditions that are favorabde methanogenesis, characterizing
microbial communities responsible for methane gatnans, and looked for geochemical

indicators to distinguish areas with different nbetiec pathways of methanogenesis.
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Recently, several companies have conducted piédé dield studies to determine the
feasibility of commercial scale stimulation of nobral methane generation. Major
findings from this study include:

1) Research using geochemical indicators to identéyaimolic pathways of
microbial methane generation often contradict nb@imgy studies from the
same region. Coupled geochemistry and microbiokigglies are needed to better
understand how water and gas chemistry is relategetabolic pathways of
methanogenesis and microbial community composition.

2) While bacterial communities associated with methgareeration have been
observed, little is understood about the role tloesemunities play in the
breakdown of coal and the generation of substr#ttksed by methanogens for
methane generation.

3) More work needs to be done to determine what fvaati carbon in coal is
available for biodegradation. Since regulatorspamicularly concerned with
maintaining coal quality, indicators of biodegradatthat occurs as a result of
stimulation projects need to be developed.

4) Several companies have carried out reportedly sstdepilot-scale stimulation
projects. Of the major stimulation techniques (wi¢al stimulation, microbial
augmentation, physically increasing microbial asdescoal and distribution of
amendments, and increasing the bioavailabilityoafl organics), companies are
currently focused on microbial stimulation andatkesser extent, physical

increasing microbial access to coal.

31



5) Despite the reported success of pilot scale fitldiss, there is still uncertainty
about how effective stimulation techniques willdseprojects are carried out on a
commercial scale and technology is used in othginba

6) In addition to in situ conditions and effectivene$stimulation techniques, the
regulatory environment and the effect of other rapéhsources on natural gas
prices will play a critical role in determining tiigture viability of commercial

microbial stimulation projects.

2.2 Controls on coal biodegradation and microbiatlranogenesis: insights from

coupled water, gas and microbial analyses (AppeBjlix

Natural gas is an important transitional energyse to replace more carbon
intensive coal combustion in the face of climatarge and increasing global energy
demands. A significant proportion of natural gaserges (~20%) were recently
generated by microorganisms that degrade orgacticformations (i.e. coal, shale, oil)
in-situ to produce methane. One of the major goatdudies of CBM systems is to
identify metabolic pathways of methanogenesis &cetoclastic versus
hydrogenotrophic) with the goal of understanding/lebhanges in aquifer conditions
related to CBM production and microbial stimulatjgmojects might affect active
microbial methane generation. Studies using watdrgas geochemistry measurements
to identify metabolic pathway have often contraglictesults from studies of microbial
community composition. In order to better underdteontrols and mechanisms of

microbial methane generation in coal beds, thidystuilized water and gas samples from
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7 monitoring wells and 16 coalbed methane produaatiells in the Powder River Basin,
Wyoming, along with microbiology samples from 3tloé monitoring wells. Major
findings of this study include:

1) Significant methane concentrations were observednonitoring wells sampled.
One of these wells was near the basin margin, whéether was closer to the
center of the basin. Other wells sampled contaordy trace concentrations of
methane.

2) Consistent with results of other studies, wellsgthanogenic areas typically
contained Na-HCetype waters, while other wells contained NasHHT O3 type
waters.

3) Nutrient concentrations (NKHIPQ;) showed no correlation with methane
concentration, with the exception that a well withently recharged water had
nutrient concentrations below detection limits.sTbuggests that nutrients are
sourced in situ in coal aquifers rather than preslidirectly from recharge.

4) Alkalinity increased with increasing methane conraions, likely as a result of
the buildup of CQ@ which is a byproduct of microbial respiration @sated with
coal biodegradation*C-DIC values also increased with increasing methane
concentration, probably as a result of the pretébtransfer of?C to methane
during the process of microbial methanogenesis.

5) Sulfate concentrations decreased with increasirthane concentrations, and
results suggested that nearly all sulfate museb®ved from the system before

methanogenesis will commencé?!S-SQ values showed no relationship to

33



6)

7

8)

methane concentration, but samples with relatitaedi sulfate concentrations
(>5mM) had isotope values suggestive of a teradstxiaporite source.

For wells in the Canyon coal seam where microbiplegmples were collected,
archaeal diversity was greatest in the well with lighest methane concentration
and lowest sulfate concentration, and archaeatsliyan coal seams increased
with decreasing sulfate concentrations. The prinaachaea present in the well
with the highest methane concentration was thedggirotrophic methanogen
MethanospirillumCarbon isotopes of produced gases collected frasmiéll
suggested that hydrogenotrophic methanogenesisivibk@ulominant, which
agrees with the results of microbial studies.

Bacterial diversity in coal was greater in all wedampled compared to archaeal
diversity. Wells with higher sulfate concentratiq@s10 mM) had a higher
relative proportion of sulfate reducing bacteriarttwells with low sulfate
concentrations (<0.5 mM). The dominant speciesetiswith high sulfate were
closely related t@esulfovibrioandDesulfobacteraceasyhile the dominant
species in low sulfate wells were closely relate@xalobacteraceae.

Using coupled microbiology and geochemistry hetpslarify the complex
relationships between microbial community compositind water and gas
geochemistry, which is important for understand I&BM production and

attempted stimulation might affect in situ micrddt88M generation.
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2.3 Using noble gases as residence time tracersaimine the effects of recharge and
groundwater flow on microbial coalbed methane gatiem, Powder River Basin, USA

(Appendix C)

Constraining the residence time of water in sediamgrbasins with large natural
gas accumulations is important for understandieg#tes of microbial processes
associated with microbial gas generation, and $sessing the potential impacts of
groundwater abstraction for natural gas produabionvater resources. In basins with
organic-rich aquifer materials, traditional agecéis such a¥H and**C have been
largely ineffective at determining residence tinlesorder to address this problem, this
study utilized noble gas concentrations, specifjdhle radiogenic ingrowth dHe, to
determine residence time for waters in the TongwerRvatershed of the Powder River
Basin. In order to accomplish this, water sampleseveollected from 11 monitoring
wells and 5 coalbed methane production wells foasneement of noble gas composition
and isotopes. In addition, in order to constramd¢hncentration and diffusion rate*sfe
from aquifer materials, several coal and sandssotid samples were collected and
analyzed. Since it has been suggested that thate e a relationship between recharge
water and microbial methane generation, resideneestwere compared to geochemical
indicators of methanogenesis (methane concentratarbon isotopes of produced gases,
and alkalinity) to see if relationships would b#eeted in these samples. Major findings

of this study include:

1) Measurements dHe release from coal samples indicate that thesldhal

release rate of helium from coals in the PowdeeRRasin is ~119x10cn?
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2)

3)

4)

5)

6)

STP/L/yr, which is ~800 times greater than ratesclfy observed in sandstone
or carbonate aquifers.

The amount ofHe stored in aquifer coal and sandstone sampfas is excess of
the amount ofHe that could be produced by the in situ decay ahd Th alone.
This exceséHe is the result of helium stored within aquifenerial grains prior
to deposition.

Using a standard release rate of helium from mirggains (~0.5x16 cn?®
STP/L/yr), calculated residence times range fromO~jéars to ~190,000 years.
Since the release rate from coal is consideralglgdrithan the standard release
rate, and waters were sampled from wells completedal seams, these ages are
likely unrealistically long and represent an uppeund for residence time of
water.

Using the diffusional release rate for coal measimehis study (~119x10cn?),
modeled residence times range from <1 year to ~8@@sy Given the location
and depth of samples collected, along with aqunfelraulic conductivity, these
residence times are likely unreasonably low. Thggests that water is not in
contact with coal for the majority of its time imet subsurface, rather it’s likely
also in contact with adjacent sandstone formations.

A sensitivity analysis shows that even if 90% af Helium present in water is
derived from diffusion from coal, on average watpends less than 10% of its
time in the subsurface in contact with coal seams.

Water isotopes measured confirm the results ofipuswstudies that recharge in

the western portion of the Tongue River watersksa@charged from the higher
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elevations of the Bighorn Mountains. Recharge endhstern portion of the basin
is likely from older, lower elevation sources.

7) Of the geochemical indicators of methanogenesiestigated (methane
concentration, carbon isotopes of produced gaseésal&alinity), only alkalinity

showed a clear relationship to residence time.
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APPENDIX A. ENHANCED MICROBIAL COALBED METHANE GENRATION: A
REVIEW OF RESEARCH, COMMERCIAL ACTIVITY, AND REMAINNG
CHALLENGES
Daniel Ritter, David Vinson, Elliott Barnhart, Deei M. Akob, Matthew W. Fields, Al

B. Cunningham, William Orem, Jennifer C. McIntosh

International Journal of Coal Geology, 2015, 146542
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ABSTRACT

Coalbed methane (CBM) makes up a significant portif the world’s natural gas
resources. The discovery that approximately 20%atdiral gas is microbial in origin has
led to interest in microbially enhanced CBM (MECqMhich involves stimulating
microorganisms to produce additional CBM from arigtproduction wells. This paper
reviews current laboratory and field research atenstanding processes and reservoir
conditions which are essential for microbial CBMhggation, the progress of efforts to
stimulate microbial methane generation in coal badd key remaining knowledge gaps.
Research has been primarily focused on identifgingobial communities present in
areas of CBM generation and attempting to deterniag function, in-situ reservoir
conditions that are most favorable for microbiaIMCBeneration, and geochemical
indicators of metabolic pathways of methanogeng&s acetoclastic or
hydrogenotrophic methanogenesis). Meanwhile, rekees at universities, government
agencies, and companies have focused on four priMBCoM strategies: 1) microbial
stimulation (i.e., addition of nutrients to stimidanative microbes); 2) microbial
augmentation (i.e., addition of microbes not nattver abundant in the reservoir of
interest); 3) physically increasing microbial acces coal and distribution of
amendments; and 4) chemically increasing the bitaubty of coal organics. Most
companies interested in MECoM have pursued mictshimulation: Luca
Technologies, Inc., successfully completed a @itatle field test of their stimulation
strategy, while two others, Ciris Energy and Nex¢li-Inc., have undertaken smaller
scale field tests. Several key knowledge gaps methait need to be addressed before

MECoM strategies can be implemented commerciailylelis known about the bacterial
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community responsible for coal biodegradation aod these microorganisms may be
stimulated to enhance microbial methanogenesisddiition, research is needed to
understand what fraction of coal is available fimdegradation, and methods need to be
developed to determine the extent of in-situ coadlégradation by MECoM processes
for monitoring changes to coal quality. Questiols® aemain about how well field-scale
pilot tests will scale to commercial productionyhoften amendments will need to be
added to maintain new methane generation, and heliwWECoM strategies transfer
between coal basins with different formation wafeochemistries and coal ranks.
Addressing these knowledge gaps will be key inrda@tang the feasibility and

commercial viability of MECoM technology.
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1. INTRODUCTION

Coalbed methane (CBM) represents a significanigrouf the world’s natural
gas reserves, and it has been suggested that2084of the world’s natural gas,
including CBM, is microbial in origin (Rice and Gjaool, 1981). However, drilling and
maintaining microbial CBM is becoming less econahdue to current, relatively low
gas prices and competition from shale gas producéind due to the short life span of
CBM production wells (10 years or less; Ayers, 208@arns et al., 2005). Recent
laboratory and field experiments have shown thabnty has microbial CBM been
generated in the geologic past and retained ifatimeation in commercial quantities, but
that some sedimentary basins have active, on-goiogbial methane generation (e.qg.,
Cokar et al., 2013; Kirk et al., 2012; Martini &t 2005; Strpo et al., 2007; Ulrich and
Bower, 2008). Because methanogenesis is an acteess, it may be possible to
stimulate the microbial communities that have poetiCBM to generate more methane
from coal biodegradation on commercially relevamiescales (i.e., years). If microbial
CBM generation could be enhanced, the productiespians of depleted microbial CBM
wells could be extended and/or new microbial meth@uld be generated in areas
without prior history of gas production. Becausesemng infrastructure would be used for
stimulation projects, stimulating microbial CBM geation could also reduce the
environmental impact of CBM production by reducthg need to drill new wells as old
wells become depleted. Enhanced microbial CBM geiwar could also be used to
convert deep or thin, potentially unmineable cagakits into methane, and similar
strategies could be used to produce methane idegdsted shales and from coal waste

materials. The process of stimulating microorgasisonproduce more methane from
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existing production wells is known as enhanced CBMnicrobially enhanced CBM
(MECoM).

Starting about 2000, rising natural gas priceddea rapid expansion of CBM
development (drilling and production) in the Unitethtes, primarily in the San Juan,
Powder River, lllinois, Gulf Coast, Black Warri@nd Appalachian basins, which is
demonstrated by the increase in active productielisvin the Powder River Basin
(Figure 1; www.eia.gov). Coalbed methane in the Powder RBasin (PRB) is
microbial in origin, while CBM in the San Juanjrbis, Black Warrior, Appalachian,
and Gulf Coast basins is a mixture of biogenic gr@mogenic gas (Stpo et al., 2011).
Development of CBM plays permitted greater accessdsearchers to coal formations to
collect water and gas samples to study microbidVi@Bocesses. In addition, as gas
prices began to fall in summer 2008, commercialgsanterested in MECoM were able
to purchase wells for pilot field studies from canpes that were divesting interest in
CBM. Around this timethe advent and use of hydraulic fracturing techgiel® opened
up new petroleum and hydrocarbon reservoirs andged the market with substantial
amounts of natural gas. This has resulteslistained low gas prices that have made it
difficult for MECoM groups to continue to developramercial technologyshale gas
wells typically cost substantially more to drilleth CBM wells (several million dollars
versus around half a million dollars for CBM welliepending on depth of wells and
technology used), but also produce significantlyergas per well. This means that a
single shale gas well generates significantly nmmevenue than a CBM well. However,
the process of hydraulic fracturing increases tloelppction rate, not the ultimate supply,

of hydrocarbons, and peak hydrocarbon productiom finydraulic fracturing is predicted
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to occur around 2030, and may occur much soamerny.eia.goy Patzek et al., 2013).

In addition, the environmental hazards associatié lydraulic fracturing are still
debatable and range from ecological, water quaditg, induced seismicity (Burton et al.,
2014; Hallo et al., 2014; Maguire-Boyle et al., 2Dlincreased regulation of shale gas
practices could make coalbed methane productior mampetitive with shale gas
production. Regardless of current market conditems resources, strategies, such as
MECoM, can help to fully utilize domestic energgoerces.

In this paper, we review the state of scientiflowledge and major advances that
have been made towards sustainable commercial ME@olvhology, including what is
known about coal biodegradation and methanogerfesis,both the basic research and
commercial sectors. We also identify key knowledgps that need to be addressed to

further advance MECoM technology.

2. NATURAL PROCESSES AND LIMITATIONS ON MICROBIAL

METHANOGENESIS

Since the discovery of active microbial (biogergaeys generation in coal bed
reservoirs and the development of geochemical ndsttmdistinguish biogenic from
thermogenic gas, researchers have identified @ Bround the world where microbial
gas was present (Spo at al., 2011Figure 2). Widespread occurrences of microbial
CBM have allowed researchers collect co-producendtion water and gas in order to
investigate in situ reservoir conditions which npmgmote or inhibit methanogenesis,
indicators of microbial methanogenesis, and metalpaithways of coal biodegradation

and methanogenesis.
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2.1 Microbial pathways for coal biodegradation anchmunity composition

Microbial conversion of coal to methane is a matgp process that involves a
consortium of bacteria and methanogenic Archaesh@negens) (Jones et al., 2010,
Str po et al., 2011Figure 3). While much of the process is poorly understablas
been hypothesized that soluble organics (i.e., ragn fatty acids, alkanes, and low
molecular weight aromatics; Orem et al., 2010) nfiust be released from the coal, then
biodegraded by microorganisms into substrates, @cgtate, C&and H, methanol,
formate) that are utilizable by methanogens podhe onset of methanogenesis, which
produces Ckland CQ (Jones et al. 201@igure 3). This requires the activity of
different groups of microorganisms that work togetto catalyze the different steps of
coal biodegradation. The solubilization and degtiadaof coal organic substrates can
occur via aerobic or anaerobic pathways, depenatinidpe environmental conditions, and
these steps may be catalyzed by a wide varietygainoisms including heterotrophic
bacteria, fermenters, acetogens, syntrophs, argl ferg., Beckmann et al. 2011,
Fakoussa and Hofrichter, 1999; Jones et al. 20&jdd et al., 2013; Scott et al., 1986;
Silva-Stenico et al., 2007; Singh et al., 2012)cdntrast, methanogenesis is carried out
by microorganisms, methanogens, that are strictrabas (Hoehler et al. 2010; Zinder
1993). Methanogens are found in a wide range ddwtidice environments, with their
distribution primarily controlled by physicochemid¢actors (Hoehler et al., 2010).
Within coal beds, the organic-compound-degradingédya likely provide methanogens
the necessary substrates, e.g., acetate a8@hH, to produce methane (Spo et al.,

2011). The activity of methanogens is thereby kaiby the availability of these
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substrates, and the generation of these subsisdiksly limited by the rate of
solubilization of coal organics, although this nas been definitively demonstrated.
Studies of microbial community composition in CB&ervoirs have identified
diverse assemblages of both Bacteria and Archaga Barnhart et al., 2013; Green et
al., 2008; Klein et al., 2008; Li et al., 2008; Mldy et al., 2010; Penner et al., 2010;
Shimizu et al., 2007; Singh et al., 2011; Bt et al., 2008b). DNA-based microbial
community characterization studies have shownlibaterial diversity in CBM
reservoirs is much higher than archaeal diver&igrighart et al., 2013; Penner et al.,
2010). Bacterial diversity in these reservoirs tetalbe dominated by organisms within
the ProteobacterisandActinobacteriaphyla, with members of tHéirmicutesoften
representing a minor component of the community Hitoteobacteriarepresent a vast
diversity of bacterial species. However, within lo@servoirs polycyclic-aromatic-
hydrocarbon(PAH)-degradingProteobacteria andProteobacteria, and syntrophic
Proteobacteria have been detected and are knolbendassociated with methanogens
(Guo et al., 2012a, 2014; Meslé et al 2013a; Pesinalr, 2010). The dominance of PAH-
degrading -Proteobacteria could reflect in situ physicochehoonditions because
PAHs are the main organic compound class detent€BM produced water samples
(Orem, et al 2014)Actinobacteriawere a major component of the in situ microbial
community from coal beds in China and Canada (Guad.£2012a, 2014; Penner et al.,
2010). ManyActinobacteriapossess the ability to degrade cellulose and legdbons in
aerobic environments but their role in anaerobal degradation has not been
determined (Anderson et al., 2012; Meslé et all32). Shotgun metagenomic studies

have also identified unexpectedly high proportiohgenes for enzymes involved in
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aerobic hydrocarbon metabolism in coal and CBM peced water samples (An et al.,
2013).

The association dkctinobacteriawith aerobic hydrocarbon degradation and the
detection of aerobic hydrocarbon degrading enzyimesal beds could be the result of a
greater number of studies defining enzymes involuegkerobic coal degradation (Kabe
et al., 2004). It is also an indication of the némdmore research investigating enzymes
involved in anaerobic coal degradation (Kabe ¢t28l04). Although organisms in the
Firmicutesphylum, which include fermenters and acetogerespfien a minor
component of the in situ microbial community, thlegty dominate in laboratory
microcosm experiments (Barnhart et al., 2013; Jehes, 2010; Green et al, 2008; Li et
al., 2008; Meslé et al., 2013b; Penner et al., 2H€rmenters and acetogens could be an
important part of methanogenic community compositlmut may be enriched in
laboratory experiments due to the addition of semants added to the microcosms to
stimulate methane production.

Recent research has begun to use metagenomamsntiify the functional
composition of microbial communities associatechwiite process of coal biodegradation
and methanogenesis (An et al., 2013; Ghosh €@il4). Metagenomic studies also
suggesProteobacterigpredominate the coalbed environment and furthetym
biochemical capabilities to degrade coal-associléedgen and associated solvent-
extractable material (An et al., 2013; Ghosh et24l14). In addition, although anaerobic
populations are common and expected from coal-henl@ments, both pyrotag SSU
rRNA gene libraries and metagenomes suggest apgnagiortion of sequences indicative

of aerobic, hydrocarbon-degrading bacteria thduaeSphingomonadand
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Actinobacteria(An et al., 2013). However, the gene sequencggesiive of aerobic
metabolism were more prevalent in shallow CBM sa®als compared to deeper CBM
samples. Cultures with coal were also enrichetl wttinobacteriacompared to cultures
from the same environment that did not receive (Batnhart et al., 2013). These results
suggest an important role for the Gram-posifhe¢inobacteriain coal degradation.

As for Archaea a distribution of both hydrogenotrophic and ackstic
methanogens have been observed in pyrotag libraimethe An et al. (2013)
metagenome analysis, a distribution of sequenabsative ofMethanomicrobialesnd
Methanosarcinalesvere observed. It was also noted that core samwyté a mixture of
sequences indicative of both aerobic and anaepapalations had higher proportions of
Methanosarcinsequences. The presencéathanosarcinanay suggest acetate-
dependent methanogenesis but may also be suggesintermittently oxygenated
environments because these organisms can surtereitient oxygen exposure in
mixed communities. In comparison to a deep caainsm China (Eastern Ordos Basin),
the methylotrophic methanogdviethanolobuswas predominant in produced water
(Guo et al., 2012). In a separate study, enriclimgtures were compared to native coal
material that was incubated down-well. The nathaderial had a higher abundance of
sequences indicative of hydrogenotrophic metharogdrle stimulated enrichments
contained more sequences indicative of aceticlastithanogens (Barnhart et al.,
unpublished results). These results indicatedhatith most other environments, the
microbial populations enriched in laboratory cudtsimay not represent predominant

populationgn situ. Further work is needed to understand the reiakip between
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environmental conditions, bacterial syntrophs, pogkntial hydrogenotrophic and/or
aceticlastic methanogenesis.

Microbial community composition, function, and raletlic pathways are often
distinct to a coal basin, and may even vary bytlooawithin a basin (Barnhart et al.,
2013; Penner et al., 2010; §to et al., 2011). For example, methanogenesis via CO
reduction is thought to be dominant in the Antriha in the Michigan Basin (Matrtini
et al., 1998; Waldron et al., 2007), whereas bo#tiaclastic and hydrogenotrophic (€0
reduction) methanogenesis have been detected iddtd®wer Basin coal beds
(Barnhart et al., 2013; Flores et al., 2008; Greteal., 2008; Ulrich and Bower, 2008). In
addition, pyrosequencing has shown that methylbitomethanogenesis utilizing
methanol and other methylated substrates is regperiesr some microbial CBM
generation in the Liulin coal beds of China (Gualet2012a, 2012b). For this reason,
the ideal stimulation method for MECoM may be basisub-basin dependent, and
nutrient treatments that are effective in one basiarea may not work in another

(Mahaffey, 2012).

2.2. In situ Reservoir Conditions for Microbial CBGEneration

In situ reservoir conditions in areas of active noial CBM generation must be
understood in order to understand how changingalatonditions with MECoM
projects might affect rates of methane generatethanogenesis occurs under
anaerobic conditions (Rice and Claypool, 1981; $4®899), typical of most subsurface
organic-rich environments, such as coal seamsesdrvoirs, and black shales (Lovley

and Chapelle, 1995). However, the matrix porosityaals (pores typically <50 nm in
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diameter) is usually too small for microorganisnypically 1000-3000 nm) to inhabit
(Scott, 1999). As a result, microbial communitiesttdegrade coal and produce methane
live mainly within fractures (cleats) in the coabsns (typically 3-10m wide), or at the
interface of coal with overlying or underlying rolayers (Scott, 1999). This provides
limited surface area for the microorganisms toratewith the coal. Increasing
permeability of coal helps facilitate methane prtdn (i.e., enhances transport of gas to
the wellbore; Solano-Acosta et al., 2007), and wadikkely help carry injected nutrients,
water, and/or microorganisms to additional coalasies.

Because methanogenesis only occurs in aqueouamants, injecting water
may also re-wet coals that have been dewateredglarethane production, allowing
methanogenesis to resume. Injection of water msxy la¢lp to transport nutrients and
remove waste products from microorganisms (Pfe#feal., 2008). Nitrogen,
phosphorus, and trace metals are essential n@tfi@ninicrobial generation of methane
from coal, and may be limiting in methanogenic emwments (Bates et al., 2011,
Gilcrease and Shurr, 2007; Penner et al., 201@o&bh methanogens require trace
metals (e.g., Ni and Co) for enzyme function, theal concentration is unknown (i.e.,
either too little or too much may inhibit methanogsis) (Gilcrease and Shurr, 2007,
Harris et al., 2008; Unal et al., 2012). Howevhe, introduction of a trace metal cocktail
(iron, nickel, cobalt, molybdenum, zinc, mangan&sepn, and copper) in the right
concentration to cultures of methanogens from CBMipced water increased rates of
methanogenesis from soluble electron acceptorsatacenethanol, and GD(Unal et
al., 2012). Recent studies have also suggesteaahatal groundwater recharge enhances

methanogenesis by either transporting microorgasismho organic-rich reservoirs,
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providing moisture necessary for microbial actiydgcreasing salinity, removing waste
products, and/or transporting in nutrients necgsiarmicrobial growth (Barnhart et al.,
2013; Jones et al., 2013; Martini et al., 1996; Mash et al., 2002; Schlegel et al., 2011,
Shuai et al., 2013; Sgpo et al., 2008a, 2010; Zhang et al., 2013). Redngticsalinity

is key for promoting methanogenesis in basins g salinities because these
organisms prefer Ctoncentrations <3M (Doerfert et al., 2009; Hoeleteal 2010;

Osborn and Mcintosh, 2010; Oren 2011; Schlegel €2@11; Waldron et al., 2007).

Methanogenesis is frequently observed in the poesehorganic-rich substrates,
such as coal, although the specific fraction oarg matter utilized is not necessarily
known. Microbial gas has been detected in reseswoisource rocks with a minimum of
12-20% total organic carbon content (Martini et 8996; Walter et al., 2001).
Laboratory studies have shown that microbial ceysroduce more methane in cultures
where coal is present versus cultures where kgt (Papendick et al., 2011) and that
critical microbial CBM organisms are attached talqmarticles (Papendick et al. 2014).
The thickness and spatial extent of organic-ricmgtions will also likely strongly
influence gas storage capacity, as generated methaasorbed onto organic matter
(Flores, 1998).

Several studies have also investigated how changisu reservoir conditions
might affect microbial methane production. Measwrats of sulfate and methane
concentrations in interstitial water from marina dreshwater sediments have suggested
that methanogenesis and sulfate reduction are mhuexalusive due to competition for
carbon substrates (Claypool and Kaplan, 1974; Hwedtlal 2010; Kuivila et al., 1989;

MacGregor and Keeney, 1973; Lovley and Phillips§7Z,Mah et al., 1977; Martens and
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Berner, 1974; Reeburgh and Heggie, 1977). In amditaboratory tests on sediments in
bioreactors have shown that the addition of sulfatiese reactors caused
methanogenesis to cease (Abram and Nedwell, 1%5&y&hburg, 1975; Kamagata et al.,
1992; Winfrey and Zeikus, 1977). Other studies rehvawvn that, in the absence of
sulfate, sulfate reducing bacteria may play a iokle breakdown of coal organics into
methanogenic substrates (Bryant et al., 1977; Gdygg, 1975; Mah et al., 1977,
Raskin et al., 1996; Tasaki et al., 1993; Traoral.et1l983; Wawrik et al., 2012).

A recent study in organic-rich shale showed thaifaqconditions may shift
from methanogenic to sulfate-reducing due to a paghmduced influx of sulfate-rich
water from an underlying gypsum-containing carberiatmation(Kirk et al., 2012).
Green et al. (2008) carried out laboratory stuthes found increases in methane
production when temperature was increased (frof@ 2@ 38C), pH was lowered (from
7.4 to 6.4), particle size was decreased, andveisbivas added (N,N-
dimethylformamide). However, another laboratorydgtéound that methane production
from coal was greatest when temperature wé€ 35H was 7.0-7.5, and particle size was
-60+15 um (Gupta and Gupta, 2014). Laboratory sgibave also found that bicarbonate
did not stimulate methane production in coal sagribut the addition of Zonyl FSN
surfactant did enhance methanogenesis from copk(fizck et al., 2011). It has also
been suggested that using coal seams ass€@uestration reservoirs might also increase
methanogenesis (Budwill et al., 2003; Faison aralv@rd, 1993; Mayumi et al., 2013;
Mclintosh et al., 2010; Scott, 1999; Stricker et2008; Tang et al., 2012), although
others have suggested that the addition of @@y have no effect on methanogenesis

because these systems asdifited rather than C@imited (Kirk, 2011; Papendick et
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al., 2011; Shelton et al., 2014). Research inteeffext of changing reservoir conditions
has been primarily laboratory based. Further laiboyaand field testing is needed to
determine how changing in situ conditions will affenethane generation rates at the

basin scale.

2.3. Indicators of Methanogenic Pathway

Determining metabolic pathways is a key step idaustanding MECoM
processes, because understanding what microorgaaisnpresent and producing
methane is an important part of determining the s&@%iulation strategy. Given that the
processes that convert coal to methane are difficudbserve in-situ, a major focus of
basic research has been investigating tracersémdbe measured in the laboratory or
field as indicators of metabolic pathways of metiganesis. Early researchers identified
acetate fermentation and €@duction as the primary pathways for methanogsmes
freshwater systems, and suggested that carbompe®(d*C) of methane and GQnd
hydrogen isotope ¢H) values of methane and water could be usedstinduish
between these two pathways in natural gas reser{Bail et al., 2005; Cheung et al.,
2010; Conrad, 2005; Flores et al., 2008; McIntasil.e2008; Pashin et al., 2014,
Str po etal., 2011; Wang et al., 2010; Whiticar et B986; Whiticar, 1996). These
isotopic indicators, especially*C of methane and GOhave subsequently been widely
used in studies investigating metabolic pathwaywmicrobial methane systems in coal
and shale reservoirs (e.@ravena et al., 2003; Burra et al., 2014; Cheurey.e2010;
Faiz and Hendry, 2006; Gilcrease and Shurr, 200Idi&g et al., 2013; Harrison et al.,
2006; Kandu et al., 2012; Kinnon et al., 2010; Osborn and Ntwsh, 2010; Ni et al.,

2013; Scott et al., 1994; Smith and Pallasser, 198figer et al., 2012).
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Application of isotopic indicators along with matology results (e.g.,
laboratory enrichments and DNA/RNA-based commuciigracterization of coal
samples and produced waters) in coal basins haslezl’/that the dominant microbial
populations do not necessarily match isotopic iatics of metabolic pathways. For
example, in the Gulf Coast Basin, isotopic stuthi@ge indicated that GOeduction was
likely the dominant pathway of methane generatrowilcox Group coal beds
(Mclintosh et al., 2010; Warwick et al., 2008), yatrobiology results have suggested
that methylotrophic methanogens (Doerfort et £09) or acetoclastic methanogens
(Jones et al., 2010) may dominate methane generdtiothe Powder River Basin,
isotopic studies of produced gas have suggestediydeogenotrophic methanogenesis
was the dominant pathway (Flores et al., 2008; Ricd., 2008), while some microbial
enrichments from the same area of the basin hawersh predominance of acetoclastic
methanogens (Green et al., 2008).

Instead of being an indicator of metabolic pathwafysiethanogenesis, the
relationship between carbon isotopes ofs@Hd CQ may more accurately describe the
extent of methanogenesis (i.e., how much of thamgmatter has been converted into
methane versus alternative electron acceptor pgsesgsuch as sulfate reduction) (Bates
et al., 2011; Brown, 2011; Hamilton et al., 201@12; Vinson et al., 2012). Future work
is needed to pair produced gas isotopic signatigempes of acetate, and head space gas
from laboratory experiments of various pathwaymethanogenesis, with genomic data
on microbial function to better constrain potentraicators 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 teqghes that could be applied,
Jones et al. (2013) identified four main categooieBIECoM techniques: microbial
stimulation, microbial augmentation, physicallyrneasing microbial access to coal and
distribution of amendments, and increasing thevaoability of coal organics. These
approaches could be used separately or in combmetiachieve continued generation of
microbial CBM from existing CBM installations.
3.1. Microbial Stimulation

Microbial stimulation involves the addition of nignts (such as nitrogen and
phosphorus) and/or micro-nutrients (such as vitaramd trace metals) to coal seams to
stimulate methane production from microorganisnas #ine indigenous to the coal
formations. Nutrients may be added to coal tmskate microbial growth where
microbial methane generation is active in ordentmease methane production, or added
to areas where there is no history of methane mtamuin an attempt to stimulate the
growth of methanogenic communities and shift redoxditions to methanogenesis
(Barnhart et al., 2013; Fallgren et al., 2013b;edoet al., 2010). Although methanogens
could be stimulated to produce more methane bylgiagding acetate and/or G@nd
H>, the primary goal of microbial stimulation is tinsulate coal-dependent
methanogenesis. Therefore, it has been suggésteMECOM injections should target
the colonizers and degraders of coal (“first biters”; Mahaffey, 2012; Schlegel et al.,
2013) to degrade the coal and produce intermegiargyucts that can be converted to

methane by methanogens. In the context of coalrdbge methanogenesis, one of the
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main amendments studied has been cell extractsyeast extract (Gilcrease and Shurr,
2007). While these types of cell extracts havé hegels of nitrogenous compounds
(e.g., amino acids), the extracts are a complexuraof nitrogen, phosphorus, carbon,
and other micronutrients. Therefore, it is difficio identify the exact stimulants that
impact the microbial communities. Adding nutrieséems to be the primary approach of
current commercial MECoM projects (See Supplemgnable 1 for patents; see also

Luca: Mahaffey, 2012; Next Fuel: Fallgren et aQ12b; Ciris: Ciris Energy, 2013).

3.2. Microbial augmentation

Microbial augmentation is the process of adding ne additional
microorganisms to coal in order to enhance oratetimicrobial CBM production.
Additions may consist of a single microorganisna@onsortium of microorganisms
(i.e., Bacteria and Archaea) with variable funci@elected for in laboratory cultures.
Microorganisms may be added because they are saanra productive than the current
active microorganisms in the coal beds, or becanismbial CBM is not currently being
produced due to a lack of microbial communitiespre in the coal. In addition to
adding microorganisms to the coal bed, redox carditor salinity of the coal bed may
have to be adjusted to optimize the growth of mativexotic consortia. For example,
methanogenesis may be limited in certain locatlmetause of high (inhibitory) sulfate or
chloride concentrations, which would need to beistéid in conjunction with adding
methanogenic populations. It may also be diffitolget permission from regulatory

agencies to inject microorganisms into the subserfaspecially into aquifers, which are
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used for drinking water. Very few research grouggehpursued the microbial

augmentation approach at the field scale (gge//www.arctech.com/micgas.htnl

3.3. Physically increasing microbial access to emal distribution of amendments

Because microorganisms are typically too largetierpore matrix of coal (Scott,
1999) and are limited to coal fractures (cleatag MECo0OM technique is to increase the
surface area available for microbial colonizatidhis may be accomplished through
grinding of coal (typically ex-situ), creating aashber in the coal seam through burning,
fracturing the coal (e.g., hydraulic fracturinglssblving coal using underground solution
to create cavities or increase porosity, or othethods (Green et al., 2008; Scott, 1999).
Coal cleat area could be used to estimate theadlaisurface area of coal (Papendick et
al., 2011; Scott, 2009), allowing for an estimatadrhow increasing coal surface area
might increase in situ methane generation ratesléAiis approach might be useful on
its own, it is more likely to be used in conjunctiwith microbial stimulation or

augmentation in order to promote the colonizatibnewly exposed coal surfaces.

3.4. Increasing the bioavailability of coal orgamnic

The approach of increasing the bioavailabilitycoél organics involves
chemically breaking down the coal geopolymers st ithicroorganisms along the
pathway of generating methane from coal can useyhmducts. The biotic and abiotic
process of breaking down coal into intermediates tethanogens can use to make
methane is often considered a rate-limiting stemé&thanogenesis (Scott, 1999; tr

et al., 2011; Wawrik et al., 2012). Using a solvensome other means (e.g alcohols or
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esters of phosphorus: Downey, 2013; Downey and &tirk2012; surfactants: Papendick
et al., 2011, biosurfactants: Singh and TripatBiL.2 emulsified soybean oil: Akob et al.,
2014) to increase the bioavailability of coal ongarcould potentially bypass this rate-
limiting step. There has been some concern thaitcthuld alter the quality (i.e., BTUs; 1
BTU is ~1055 joules) of the coal (Patriot Energy &®eses, 2011), although laboratory
studies have reported a maximum fraction of coalveaed to methane of 0.44 wt.%
(Papendick et al., 2011). It is also possible #méndments could include chemicals that
are harmful to the methanogens or that could coimizten drinking water resources.
Chemically increasing the availability of coal ongzs could be accomplished through
adding chemicals to dissolve the coal matrix (Sd&©9). Laboratory studies have
suggested that the addition of a strong oxidarmt) s1$ potassium permanganate or
hydrogen peroxide, may help to convert coal catibarrganic acids (KMn@® Huang et

al., 2013; HO>: Jones et al., 2013). It has also been suggdst¢adxidation of coal

during dewatering may increase the bioavailabdityhe coal, although laboratory
studies have not clearly established whether yipis bf oxidation is beneficial (Gallagher

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

4. COMMERCIAL APPROACHES TO MECoM

Rising natural gas prices around the year 26W0g§ufe 1) led to the formation of
several companies, including Luca Technologies, @ris Energy, and Next Fuel, Inc.,
whose primary objective was to stimulate MECoM prcitbn (See also: Luca
Technologies: Ulrich and Bower, 2008, Next Fueligran et al., 2013a, Fallgren et al.,
2013b). Several other groups have some currenestten MECoM, even though it is not

a primary business objective. At present, the pryniacus of MECoM projects is adding
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nutrients to stimulate indigenous microorganisms,dl have looked into other
strategies for MECoM, including bioaugmentationd amcreasing microbial access to
coal organics through chemical or physical procedg®st MECoM projects are focused
on trying to generate additional gas in areas wheaoeobial CBM production is already
present, because these areas already have impoftastructure in place~{gure 4).
Additionally, existing methane means that MECoMjgcts have to generate less
methane in order return treated wells to economoduyrction levels. One exception is
Next Fuel, Inc., which has moved to trying to gatemew methane from areas where no
microbial methane has previously been found. luhbe noted that all information
contained in this section is information that hasrbmade public by the companies, and
is often presented by companies in a purposefatyue manner to protect intellectual
property.

4.1. Companies with primary investments in MECokhtelogy

4.1.1. Luca Technologies, Inc.

Luca Technologies, Inc. was founded in April 20834earflame Resources, and
officially became Luca Technologies, Inc. in JuB02. In 2006, Luca began field testing
its proprietary coalbed natural gas farming tecbgypl(Figure 5). Luca owned and
operated over 1,350 wells in the Powder River BashMyoming, and also conducted
field tests on wells owned by other parties inltheta Basin (Utah), San Juan Basin
(New Mexico), and Black Warrior Basin (Alabam&jdure 2; see also

http://www.lucatechnologies.cojain July 2013, Luca filed for bankruptcy due to

financial struggles brought on, in part, by an itigbto obtain a commercial scale permit
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for MECoM in the Powder River Basin from the WyomiBureau of Land Management
(BLM). Transworld Technologies, Inc. has since iased Luca’s intellectual property.

Luca held at least 13 patents related to its MEQodtess Supplementary
Table 1). While the patents cover methods for all of thEGOM stimulation strategies
mentioned above, Luca’s laboratory and field tshtsved that its primary strategy was
microbial stimulation through the addition of netris to coal seams in areas of
commercial microbial CBM production. Luca’s primaggal was to acquire CBM
production wells near the end of their economiadprtion life in order to stimulate
production of new gas with minimal drilling of nemells (Mahaffey, 2012Figure 4).
Luca began research by developing several amendmignires in the laboratory that
were found to stimulate methanogenesis of nativaonrganisms. Luca’'s amendment
mixtures were made up of vitamins and minerals tinmuitrients, cell vitality enhancers,
and tracers (Patriot Energy Resources, 20abje 1). Once the best amendment
mixtures were identified from laboratory studiesch tested their efficacy in Powder
River Basin field tests. The most productive ameainmixtures were those that
produced the most gas, and these successful amatedwere used for further field
studies (Mahaffey, 2012).

Luca started a large scale pilot field test in 268&60 wells in the Powder River
Basin (named South Kitty unit). The wells had 4@0racre spacing (~162,00¢ or
~324,000 ) and amendments were added to wells using gréivity water level in the
wellbore was increased to increase static pressad and allow nutrients to flow down
gradient into the coal seam). Amendment mixturesvaelded using coal formation

water from other parts of the field in a recircidatprocess (i.e., water was pumped from
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one set of wells to produce gas and then usedd@adndments to other wells, thereby
having little to no net water removal from the f@tmon; Figure 6a). Treatments were
added to wells for 1-2 months, and then allowettak” (i.e., incubate) for an

additional 1-2 months to allow the microorganismsise added nutrients. Luca predicted
it would take months or years for new gas to thesden in treated wells (DeBruyn,
2012). Of the 260 wells treated by Luca in the 8dditty pilot test, 58 had increased
methane production in response to the nutrientunestadded to them over the course of
the pilot study. In order to determine whethertla@nendment mixtures had been
successful, Luca used the production historied| aif aheir pilot wells to produce an
expected production curve, and then measured thergauced above this expected
baseline to determine their estimated new gas jpexti(Mahaffey, 2012). Gas output
was increased by an average of ~45 MCF (~128§Qoer successfully treated well above
expected production. Successfully treated wellsrnetd to about 50% of original peak
productivity (DeBryun, 2012). After ~5 years, the@amt of additional gas in
successfully treated wells began to decrease,atidgthat amendments would need to
be re-injected at roughly 5-year intervals, althotlgs could vary in different coal seams
and basins (DeBryun, 2012).

One of Luca’s major objectives in adding nutrients to shift the methanogenic
community from one that was dominantly hydrogenaiio to one that was dominantly
acetoclastic. Luca did not give justification fdramging the microbial community in
their publications or publicly available preserdas, but it was asserted that the greatest
success in converting coal to methane was throogtoelastic methanogenesis in

laboratory experiments.This corresponds to therigslof Jones et al. (2010), where an
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increase in acetoclastMethanosarcinand/orMethanosaetavere associated with
methane production from coal. Measurements of rhiatg@opulations from their pilot
study indicated that Luca was successful in slgftire methanogenic community in-situ
in response to the nutrient amendments. The battenmmunity also changed, but not
necessarily in predictable or yet understandablswBhis may be a reflection of the
greater natural diversity of the bacteria compaoeithe Archaea (methanogens)
(Mahaffey, 2012).
4.1.2. Next Fuel, Inc.

Next Fuel, Inc. was founded in 2007 and is headgted in Sheridan, Wyoming.
Next Fuel currently has operations in China anatriviongolia, Indonesia, and India
(Figure 2). Next Fuel has also carried out tests in the Rowiver Basin in Wyoming,

but does not currently appear to be testing stittmrldaechniques theréftp://www.next-

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

A patent search does not bring up any grantezhgmbelonging to Next Fuel, but
does show two recent patent applications. The persinent application to MECoM is a
system for introducing nutrients to a coal seam &hd Craig, 2012), although the
nutrients to be used are not listed. Injectionwdfient-rich fluid may be accomplished
using gravity, similar to Luca’s approach, or thgbiwa series of pumping and injection
wells, similar to Ciris Energy’s approach. Next Fappears to be focused solely on
microbial stimulation as an MECoM strategy, with pirimary targets being lignite coal
seams in which there is no past history of microlmethane production (Next Fuel

Quarterly Report, 2013).
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Next Fuel's strategy of targeting non-productivgnltes is justified by lab
experiments showing that coal with no prior histofyommercial microbial methane
production could be used to generate methane whigiemts are added (Fallgren et al.,
2013b; see also Jones et al., 2008, 2010). Themriments were performed on coal
from three regions of the world, and while all séesproduced measureable methane,
some samples were more productive than othergy(Eallet al., 2013b). It is important to
note that their process does not involve bioaugatemt; rather, microorganisms that are
apparently already present in coal, but relativefictive, are stimulated to convert coal
to methane by the addition of nutrients (Fallgreale 2013b). The nutrient mixture is
not publicly available, but is reported to havecasbonaceous constituents and to include
basic chemical macronutrients (e.g., ammonium duasphate) and micronutrients (e.g.,
vitamin mix) (Fallgren et al., 2013b). Amendments said to be similar to those added
in Green et al. (2008) (Minerals: NaCl; ME; KCI; KH2PQy; MgSQy- 7H20;

CaCb-2H.0. Trace metals: nitrilotriacetic acid; Mng®>0; Fe(NH:)2(SQy)2-6H20;
CoCbk:-6H0; ZnSQ: 7H20; CuCh-2H.0; NiCl>-6H20; NaMoO4-2H0; NaSeQ;
NaWO4. Vitamins: pyridoxine-HCI; thiamine-HCI; riboflawj calcium pantothenate;
thioctic acid; p-aminobenzoic acid; nicotinic aciitamin B12; mercaptoethanesulfonic
acid (coenzyme M); biotin; folic acid.) and Jin (&0 (several different microcosm
experiments, with various mixtures of ammonium dlle, potassium phosphate
monobasic, sodium nitrite and milk used as stimgafiable 1).

Next Fuel is currently performing nutrient inject®in 16 wells in Indonesia, and
has licensed MECoM technology to other companiesi$e in China (Future Fuel

Limited) and India (unspecified). Injections haw® nommenced in India, and injections
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in Indonesia and China have not yet produced cowrialerolumes of gas (defined in the
license agreement as 2 millior? of gas per 40,000 fiof gas producing material of a
specified thickness) (Next Fuel Quarterly Repodtl 3. Next Fuel recently sold
licensing rights to their technology in China, andrently has no plans for MECoM
projects in areas where it controls the licensatfotechnology (Next Fuel Quarterly
Report, 2014).

In addition to commercial MECoM technology, NexteFhas published a paper
from a laboratory study looking at microbial metbgroduction related to coal rank
(Fallgren et al., 2013a). This study showed hightes of microbial methane production
from coals of higher rank. This result is contréoall other studies on microbial methane
production and coal maturity (Spo et al., 2011), and seems contrary to Next Fuel's
interest in targeting low-rank lignites for itsmtilation procedure.

4.1.3. Ciris Energy

Ciris Energy was founded in 2007 and is headquatdter Centennial, Colorado.
Ciris has projects in Australia and the Powder RBa&sin in Wyoming. Ciris began a
pilot scale field test, known as the Antelope Repjen fall 2012 in the Powder River
Basin Figure 2). Ciris’ website also indicates that it has comeradrprojects in Australia

(seehttp://cirisenergy.com

Ciris holds at least five granted patents, withesalother patent applications
appearing in the public record. As with Luca, Cipatents and applications cover
multiple potential MECoM stimulation strategies (Bwey, 2013; Downey and Verkade,
2012). Ciris’ process seems to differ from Luca'shat fluid is continuously circulated

under pressure through the coal seam. Ciris’ paisitin the Powder River Basin shows
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that it is primarily focused on microbial stimulatithrough the addition of nutrients,
while also possibly increasing microbial accessdal by controlling reservoir pressure
(i.e., fluid is injected at pressure slightly highlean reservoir pressures, which may
increase the size of fractures and cleats) (Cmisr§y, 2013; Downey and Verkade,
2012).

Ciris’ MECoM approach introduces nutrients to tlealded through a
continuous-flow injection process. Nutrients aneated into the coal seam with water
through an injection well under pressure, and #mesamount of water is removed from
the coal seam by production wells to continuouslypty microorganisms with nutrients.
This process circulates 1000-2000 barrels of wageday through the coal seam. The
pilot project uses 4 injection wells surroundediBByproduction wells with 10 acre
(~40,500 M) spacing (Ciris Energy, 2013; Downey and Verkafd,2;Figure 6b). All
of Ciris’ wells are on private property, and werdléeld as part of the Antelope Project.
As of December 2013, no additional gas had beedusexl from Ciris’ pilot injections,
although likely not enough time had passed to detex whether or not the injections
were successful. Tracer tests performed by Cing adicated that injected nutrients are
being consumed (Ciris Energy, 2013). As of Julyi£Ciris had been awarded another
10 year permit to continue its MECoM operation iyMhing (see press release at
www.cirisenergy.com).

The exact composition of the nutrient mixture @ats uses has been kept
confidential. Patents mention that amendment mestumay contain one or more of the
following: oxoacid ester of phosphorus, thioaciteesf phosphorus and/or hydrogen,

carboxylic acids, esters of carboxylic acids, saftsarboxylic acids, oxoacids of
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phosphorus, salts of oxoacids of phosphorus, vitapminerals, mineral salts, metals,
and yeast extracts (Downey, 20T&pble 1). Esters would likely be used as solvents to
break down coal, while other ingredients are liketed 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 ChgnWlirginia. Arctech has
projects that provide products to the agricultueakergy, and environmental market
sectors. Arctech produces a variety of productsfosganic materials, consisting of
fertilizers and products used for remediation ost@aThese products are manufactured
at a plant in South Boston,
Virginia. Arctech holds patents for an in-situ amdéx-situ MECoM process it calls
MicGAS technology, although it is unclear if itdarrently producing any methane

utilizing this technologyHttp://www.arctech.com/micgas.htinArctech has also

partnered with Verso Enery and proposed a pilatysitn Gippsland, Australia. This pilot
study would convert coal to acetate in situ, thengithe acetate to the surface for

conversion to methanétfp://www.versoenerqgy.com/

Arctech’s MicGAS technology utilizes microorganisinsm both tree-eating and
humus-eating termites. These microorganisms angtedi4o effectively convert coal to
methane in a step wise process in which a cultlngi@oorganisms is grown in
increasing amounts of coal substrate (Srivastada/alia, 1997). The process of
converting coal to methane involves first conveytooal to volatile organic compounds,
followed by exposing these volatile organic compisito microorganisms, which are

naturally adapted in the laboratory, to convertdbmpounds to methane (Srivastava and
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Walia, 1997). Leftover coal is then converted tonmmatter for other products

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

situ, but it is unclear whether any tests have lwesducted to verify this claim. One
patent (Srivastava and Walia, 1997) mentions tbatis ideally crushed and mixed with
water to form a slurry, suggesting an ex-situ pssce

4.2.2. Synthetic Genomics, Inc.

Synthetic Genomics, Inc. was founded in 2005 arekéglquartered in La Jolla,
California. In June 2007, Synthetic Genomics pagdeavith BP to investigate
microbially enhanced conversion of subsurface hgaidoons. Synthetic Genomics
appears to be primarily responsible for laboragitglies, with BP likely handling any
field-scale testing of technology that is develapkal date, it does not appear that any

field tests have taken pladetifp://www.syntheticgenomics.cgm

Synthetic Genomics has two patents and two puldipla¢ent applications related
to MECoM. The first patent (Toledo et al., 2011}c&es using microbial nucleic acid
sequencing to determine gene products that ararewin a variety of pathways
involved in the conversion of hydrocarbons to methd his can then be used to
determine stimulants, which can enhance metharguption from hydrocarbon deposits,
such as coal. The other published patent (Toledb,2013) is an update of this
material. One of the patent applications (Ventalet2010) is for a device for sorting
cells in anaerobic environments which could potdiytbe used to sort cells for enhanced
methane production from coal beds. The other patgplication (Clement et al., 2012)
discusses adding stimulants to enhance CBM prantueither in-situ or ex-situ. The

nutrients listed in the patent are yeast extrattyiscompounds (e.g., thiosulfate, sodium
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thiosulfate, potassium thiosulfate, sulfuric addsulfuric acid, peroxymonosulfuric acid,
peroxydisulfuric acid, dithionic acid, thiosulfurazid, disulfurous acid, sulfurous acid,
dithionus acid or polythionic acid), NBI, KCI, vanadium and vanadium compounds
(VCls, VCIz, VCI), N&S0s, MNCl, N&eM0Os, FeCk or N&SQu. The preferred stimulant
is vanadium or vanadium compounds, sulfur, thi@albr sodium thiosulfate.
4.2.3. ExxonMobil

ExxonMobil holds one patent that is potentiallyated to MECoM. Its patent
(Converse et al., 2003) describes stimulating noigganisms in underground
hydrocarbon bearing formations to produce methesma hiydrocarbons left behind after
traditional production techniques have been corefdleExxonMobil proposes doing this
by controlling chemistry, salinity, temperature gdssure, with the possibility of
adding nutrients to enhance production. Nutriemttuded in ExxonMobil’s patent are
major nutrients containing nitrogen and phosphoritamins, trace elements, buffers for
environmental controls, catalysts, including enzgnaad both natural and artificial
electron acceptorg @ble 1). Once again, many of these nutrients are sirtoléinose
listed by other companies, although many of theteda acceptors are not listed in any
other patents. ExxonMobil’s process is mainly desdyfor use in recovery of methane
from depleted oil reservoirs, although the processay also be used for microbial
stimulation in coal beds. ExxonMobil is also primhaconcerned with altering reservoir
environmental conditions, which is not the priméorgus of other MECoM projects. It is
unclear to what, if any, extent ExxonMobil hasimétl the technology described in the

patent.
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4.3. Non-technological Obstacles to Commercial MEGQmplementation

In addition to scientific considerations relatigMIECoM approaches, MECoM
projects face other obstacles that ultimately playajor role in determining their
commercial viability, such as implementation coststural gas prices, and the regulatory
environment of the specific field/basin areas. Viadility of stimulation methods is
inextricably tied to the cost of implementation gite of natural gas. Most methods of
stimulation likely fall in an area where they aeagible only if the price of gas is
favorable and the infrastructure exists (e.g.,t@dgsCBM production wells and
pipelines). After decades of somewhat stable priteswellhead price of natural gas
increased significantly beginning in the year 208, then experienced a sharp decline
in recent yearsHigure 1). Where the price of natural gas settles in theréuis likely to
determine how viable certain MECoM methods are. IMaicthe recent drop in North
American gas prices is related to the introductibsignificant amounts of shale gas to
the market. The price of natural gas in the futmtedepend on how much of this shale
gas continues to come to the market, along witemial gas from other technologies
that may not have been developed yet. Dependirigeoapproach used, MECoM could
be relatively inexpensive, especially in areas whexisting infrastructure can be utilized
(e.g., Powder River Basin), when production wageecirculated, and when injected
nutrient amendments are comprised of readily abkalagredients.

The regulatory environment also plays a strongofact whether or not an
MECoM strategy can be implemented. For instancéuaa Technologies prepared to
transition from a field scale pilot test to commalscale production, it was unable to

implement its process due to U.S. BLM concerns aidmiimpact of its process on the
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coal resource (Patriot Energy Resources, 2011).efegtive MECoM technology must
be able to meet the demands of regulators. Iniaddin an area like the Powder River
Basin, where MECoM targets are shallow, near saréaal mines, and in areas that may
be used for drinking water, it would have to bevghaehat MECoM processes are not
harming drinking water supplies or significantlygdading coal quality. It is also
important to consider that Luca and Ciris have bedg@a to claim that the nutrients being
injected are all food quality. Other MECoM methosisch as injecting microorganisms
or solvents, are unlikely to be able to make alsintlaim and may therefore face stricter

regulations than nutrient stimulatioBpplementary Table 1.

5. REMAINING KNOWLEDGE GAPS

While MECoM companies and basic research groups Bhvmade significant
progress in understanding the process of micr@ig¥ generation and moving MECoM
technology toward commercial implementation, themeestill several significant
knowledge gaps remainingigure 7). For example, key questions remain about the
mechanisms of coal biodegradation and methanogeocesses. Little is understood
regarding microbial processes upstream of metharesi® especially what
microorganisms are responsible for breaking dovercthal, what fraction of the coal is
most susceptible to microbial degradation, and tlesvprocess might be stimulated,
including making less labile coal fractions moredvailable. Studies are needed to
determine the function of microorganisms foundsaaxiation with methanogens in
CBM reservoirs. In addition, methods need to bestipped for quantifying if and how

much coal is biodegraded by MECoM processes. ltheiimportant to see if proxies can
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be developed for biodegradation (e.g., the presehspecific organic constituents in
coal waters) that are more cost effective to mesathan extracting intact cores. Among
other things, this would help to address regujatmncerns about stimulation processes
lowering coal BTU content (Patriot Energy Resour@84.1). It will also need to be
determined who owns the methane generated from NVERocesses (i.e., is it a coal
right or an oil and gas right).

Further research also should focus on issues delatenplementation and
sustainability of MECoM processes. All of the paigexamined have different methods
of delivering nutrient amendments to microorganismsoal seams. Companies must
determine which amendments are the most effecive find ways to efficiently deliver
a sufficient amount of nutrients to the greatestasf coal possible. More work needs to
be done to determine how effective each methoddsahat may be the best method of
nutrient delivery. It will also be important to ira way to directly measure the amount of
new methane produced by MECoM processes versushimatimethane that would have
been produced without amendments. Luca used arctxproduction curve to show
generation of new gas, but this may not be the drestost accurate method of measuring
if and how much new methane has been producetirees on estimation of how much
gas a well would have produced without stimulatidsing tracers (e.g., stable isotopes)
to label injected nutrients could help prove prddaucof new gas as a result of nutrient
injections. Pilot tests have also only been coretligt a limited number of coal basins,
and the heterogeneous nature of coal seams makétciilt to tell how well stimulation
processes will work in different parts of coal Imssand in different coal basins. While

Luca was able to carry out a pilot test over sdwgrars, this represented only one
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nutrient injection cycle, so it remains to be shew often nutrients need to be added to
coal seams to sustain economic methane produetnzhif nutrient injections are as
effective after the first injection period. Pil@sts will also need to be scaled up to
commercial scales to test the viability and sustaility of MECoM as a commercial

process.

6. CONCLUSIONS

Basic and commercial research into MECoM technolwagy significantly
increased our knowledge about the processes thtdemicrobial generation of methane
from coal. Basic research has provided insight lotations and environments where
microbial CBM accumulations are present, what n@oganisms may be producing
methane in coal seams, what metabolic pathwaysbh@ayilized for producing methane,
what hydrogeochemical indicators can tell us alboethanogenic processes, and what
conditions are most favorable for methane genaraGommercial research has shown
that microbial methane production can be stimulatedi has provided a template for
moving laboratory experiments to the field.

The amendment package used by Luca Technologigertesn to be effective in
shifting the in situ coal methanogenic communitypte dominated by acetoclastic
methanogens, which Luca reported led to increassttiane production rates in
laboratory and field experiments. Field tests catelt by Luca Technologies produced
new CBM in areas where methane production fromtiegjsvells had slowed. Luca’s
tests were limited in scale, since it was unablen@ement larger-scale studies (i.e.,

commercial-scale) due to regulatory and economidlbs. There was also little research
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completed on what effect Luca’'s amendments, oathendment mixtures of other
projects, had on the composition and function afrobial communities which provide
substrates for methanogens. It is possible thgbtbeesses which provide substrates for
methanogens could be further stimulated as weltlitgy to even more effective
microbial methane generation from coal. Researtthrate limiting steps and stimulation
of these processes could significantly improve MEGechnology. Overcoming these
obstacles and increasing the scale of succes$bult@sts is a crucial next step in
validating and implementing MECoM technology.

Several key questions about methanogenic procassethe implementation of
MECoM technology need to be addressed to demoastratviability of MECoM. In
order for MECoM processes to be effective on a censial scale, an understanding of
what specific microbial communities are present laow they work in consortium to
degrade coal must be developed. Once the micrplnaksses are understood and
stimulation techniques are developed, researchneél to focus on determining how
well MECoM injections work over time and in differebasins so that the most effective

and economical MECoM processes can be implemented.
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Figure 1. U.S. wellhead price of natural gas (grey, no datees December 2012;
Source: US EIA, 2015) and number of active coathethane wells in the Powder River

Basin, Wyoming (black; Source: Wyoming Oil and Gasaservation Commission). 1
MCF is ~28 m.
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APPENDIX B. CONTROLS ON COAL BIODEGRADATION AND MIROBIAL
METHANOGENESIS: INSIGHTS FROM COUPLED WATER, GAS AN

MICROBIAL ANALYSES
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ABSTRACT

Natural gas is an important transitional energye®to replace more carbon
intensive coal combustion in the face of climatarge and increasing global energy
demands. A significant proportion of natural gaserees (~20%) were recently
generated by microorganisms that degrade orgacticformations (i.e. coal, shale, oil)
in-situ to produce methane. Studies using watergasdyeochemistry measurements to
identify metabolic pathway have often contradiatesllts from studies of microbial
community composition. In order to better underdteontrols and mechanisms of
microbial methane generation in coal beds, thidysanalyzed water and gas samples
from monitoring and production wells in the Pow&ever Basin for water and gas
elemental and isotopic geochemistry and microlmahmunity composition.

Consistent with results of other studies, welleethanogenic areas typically
contained Na-HCetype waters, while other wells contained NasFHT Oz type waters.
Nutrient concentrations (NKHIPQi) showed no correlation with methane concentration,
with the exception that a well with recently reajed water had low nutrient
concentrations (below detection limits), suggestivag nutrients are sourced in situ from
coal or silicate minerals in adjacent aquifersf&alconcentrations decreased with
increasing methane concentrations, atf{8-SQ values of samples with relatively high
sulfate concentrations (>5 mM) had isotope valuggsstive of a terrestrial evaporite
source. Wells with intermediate-to-high S€ncentrations (2-10 mM) have bacterial
populations dominated Hyesulfosporosinyaunclassifiedesulfobulbaceae,
DesulfovibrioandDesulfobacteracegavhich are likely responsible for sulfate reduntio

in these coal seams. In contrast, under low &@ditions (<0.5 mM), bacterial
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populations were dominated Beobacter, OxalobacteraceamdPelobacteracea€elhe
presence of these bacteria in lows3@kethanogenic wells versus high S&ells suggest
they may play a role in coal biodegradation anttiergeneration of methanogenic
substrates from intermediate organic compoundshaeal diversity was observed to be
greatest in the well with the lowest $&ncentration (<0.5 mM), and archaeal diversity
in coal seams increased with decreasing sulfateerdrations. All methanogens
observed were hydrogenotrophic, witlethanospirillumdominating in low-to-
intermediate S@wells andMethanococcudominating in the high SQwell. Analysis of
carbon isotopes of produced gases agreed with madogy interpretations of metabolic
pathways, and results from this study suggestvwiedls with high methane concentration
and/or high extent of methanogenesis may be retatbgldrogenotrophic

methanogenesis.

116



1. INTRODUCTION

As concerns about climate change and global ersgmand increase, natural
gas, which is less carbon-intensive and pollutiraptcoal combustion for electricity
generation, is becoming an important transitional.fApproximately 20% of natural gas
resources are generated by microbes that degrgdaiomatter in geologic formations,
such as coal seams, black shales and oil resery@lding methane (Rice and Claypool,
1981). Recent laboratory and field studies havgessigd that these microorganisms can
likely be stimulated to generate methane faster ttedural, baseline rates through the
addition of nutrients to coal seams (e.g. Giloeeasd Shurr, 2007; Ulrich and Bower,
2008; Jones et al., 2010; Papendick et al., 20lanH et al., 2013; Ritter et al., 2015). In
order to produce coalbed methane (CBM), large velkinf groundwater must be
extracted from aquifers in order to depressuriegfdihmation and release gas (e.g. up to
64,000 liters per day per well for CBM productiontihe Powder River Basin), which
may alter the in situ environmental conditions wittknown consequences for the
microbial communities (Clarey et al., 2010). Foa®wle, a recent study in the Antrim
Shale in the Michigan Basin showed that an infligwfate related to pumping for
methane production shifted the dominant redox m®&®m microbial methanogenesis
to bacterial sulfate reduction (Kirk et al., 201@nderstanding the relationship between
geochemistry and microbial community compositiod #re specific functions of
members of the microbial community is key to idBmig best methods for microbial
CBM stimulation and how changes in coal seam aguadaditions may affect microbial

methane generation.
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Much of the previous research into microbial CBMe@eation has focused on
using aqueous and gas geochemistry to identify lmoétapathways of methanogenesis
(acetate fermentation and €@duction; e.g. Flores et al., 2008; Rice et241Q8;

Warwick et al., 2008; Mcintosh et al., 2010). Sepaistudies have investigated the
archaeal and bacterial communities in coal beds (&een et al., 2008; Klein et al.,
2008; Strapoc et al., 2008; Doerfert et al., 2Qades et al., 2010; Barnhart et al., 2013).
However, few studies have measured water and gahgmistry along with microbial
community composition in order to investigate telationship between them. In

addition, geochemical and microbial studies caraetiseparately in the same basin have
often yielded conflicting interpretations of metdb@athway (Ritter et al., 2015).

The purpose of this study is to combine water aslrgolecular and isotopic
geochemistry with characterizations of microbiahoounity composition in order to
advance the understanding of how these factonsanfle coal biodegradation and the
related processes of sulfate reduction and microfgghanogenesis. Specifically, this
study investigates spatial and depth variabilitynoérobial communities in coals and
how this distribution is related to aqueous enuinental conditions that may be reflected
in water and gas geochemistry and isotopic sigeatwlicrobial community analysis
was compared to sulfate concentration to invesitfa relationship between microbial
community composition and aquifer redox conditions.

This study is focused in the Powder River BasingPR Wyoming and
Montana, one of the first large basins to undengensive development of microbial
CBM. The PRB is especially useful for this studeda an extensive network of CBM

production (>24,000) and monitoring wells, whicloyides a unique opportunity for

118



high-resolution (spatial and depth) sampling. Femtfore, the PRB is one of the few
CBM plays with previously published apparent migabland isotopic evidence for
methanogenesis by acetate fermentation, in additi&@ reduction (Flores et al., 2008;
Ulrich and Bower, 2008; Bates et al., 2011).

2. BACKGROUND

2.1. Microbial Methanogenesis

Microbial methanogenesis represents the final metgp of the biodegradation of
organic carbon, which becomes thermodynamicallpiable after alternative electron
acceptorsd.g.ferric iron and sulfate) have been exhausted (Meg&@ and Keeney,
1973; Claypool and Kaplan, 1974; Martens and Bert@r4; Mah et al., 1977; Reeburgh
and Heggie, 1977; Kuivila et al., 1988). Degradatd organic matter under
methanogenic conditions involves microbial consoattiiat break down complex organic
matter into intermediate substrates such as ac€l&te and hydrogen (£ (Jones et al.,
2010; Orem et al., 2010; Spo et al., 2011). Methanogens then convert theselsiet
compounds to ClHand CQ by two dominant pathways: 1) G@duction
(hydrogenotrophic methanogenesis), and 2) acetzateehtation (acetoclastic
methanogenesis) (Ferry, 1993). Sulfate reductionediately precedes methanogenesis
on the redox ladder, and sulfate reducing bactemaoutcompete methanogens for
energy-yielding substrates if sulfate is presehe Tonditions leading to the development
of sulfate reduction over methanogenesis are diqodar interest to researchers
investigating the potential of stimulating micrdliaethanogenesis (Ritter et al., 2015).

Carbon and hydrogen isotopes of £ihid CQ have been used to distinguish

acetate fermentation and €€duction in diverse subsurface environments, sigch
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coalbeds, organic-rich shales, and oil reserveis. Whiticar et al., 1986; Scott et al.,
1994; Whiticar, 1996; Smith and Pallasser, 199&vAna et al., 2003; Faiz and Hendry,
2006; Gilcrease and Shurr, 2007; Flores et al.82BIntosh et al., 2008; Cheung et al.,
2010; Weniger et al., 2012; Pashin et al., 2014r#8at al., 2014). One approach for
distinguishing methanogenic pathways compatés values of C@and CH to estimate
the kinetic C isotope fractionation;( **Ccoz-cha= ( **Ccoz+1000)/( *Ccha+1000).
Previous reviews generally agree that-C€uction imparts a larger kinetic fractionation
(greater *Ccozcns) than does acetoclastic methanogenesis (Whittcalr,e1986;
Whiticar, 1996; Conrad, 2005). AppareffCcoz-cracan vary due to changes in
substrate availabilitye(g.acetate) (Conrad, 2005; Goevert and Conrad, 2&@®xan be
complicated by secondary effects such as methaatmn, transport (diffusion),
substrate depletion (reservoir effects), mixingwmitermogenic gases, or competing
forms of microbial respiration that generateC€specially sulfate reduction (e.g. Bates
et al., 2011).

The relative dominance of acetate fermentationusee@Q reduction in various
environments depends upon multiple factors, inclgdiutrient and carbon availability,
and salinity (Alperin et al., 1992; Zinder, 199%kdgawa et al., 2002; Warren et al.,
2004; Megonigal et al., 2005). For example, in lsghcentrations 0mM), PQ can
inhibit acetoclastic methanogenesis (Conrad eR@00), while at low concentrations,
POy can enhance both acetate fermentation angr€dction (Jarrell and Kalmokoff,
1988; Lu et al., 1999). Limited organic suppliesl &mnger water residence times have
also been shown to favor G@duction, whereas rapid recharge and large segpfi

fresh organic matter have been shown to favor seétamentation in anoxic wetland
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sediments (Nakagawa et al., 2002). Acetoclastihareigens may be inhibited by toxic
organic compounds (Warren et al., 2004; Jones,&2@&l10) or high salinity (Waldron et
al., 2007),

CBM in the PRB is derived from microbial methanoggs in low-rank coals
(e.g.Flores et al., 2008). Microbial methane in the RRE not only generated in the
geologic past, but is actively being generatedlaslrecently been stimulated in select
wells by injection of nutrients (Green et al., 208&in et al., 2008; Ulrich and Bower,
2008; Barnhart et al., 2013; Ritter et al., 20¥5)ecent study showed that addition of
acetate to cultures of microorganisms from PRB coats enhanced methanogenesis,
but microbial community analyses were not repoftéldch and Bower, 2008). A
separate study collected coal core samples ana satgles from production wells PRB
wells in Wyoming in order to characterize microlzammunities (Klein et al., 2008).
This study reportetMethanocaldococcuydethanothermococcudethanobrevibacter
Methanobacteriunin the well water from the 2 production wells wéas only
MethanobacteriunmandMethanothermococcusere observed in coal core samples (16
core samples from 5 sites). A systematic charaaeon of bacterial and archaeal
communities in PRB coal seams has not been repgéetcularly in conjunction with
hydrogeology and aqueous and isotope geochemistry.

Studies utilizing carbon isotopes of ¢&hd CQ in the PRB have suggested that
the dominant metabolic pathway for methane germrasi CQ reduction (Flores et al.,
2008; Rice et al., 2008), while some microbial emments have shown a predominance
of acetoclastic methanogens (Green et al., 2008;HJaAnd Bower, 2008). Given these

contradictory results, Bates et al. (2011) propdbkatcarbon isotopes of Gldnd CQ
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may be more appropriately interpreted as indicaibthe extent of methanogenesis,
rather than indicators of metabolic pathway. Initolid, they proposed that instead of an
open-system model that had been used in past sfudidon utilization in CBM systems
was better represented by a closed-system moadiich a pool of inorganic carbon was
consumed by Cé&xreduction. Bates et al. (2011) used a Rayleigle-typdel to calculate
the fraction of the carbon pool remaining (calcedehssuming the pool is predominantly

CO) using the following equation:

where vyr is the measure isotopic value of metharne,is the measured isotopic value of
CQO, xo is the initial isotopic value of the G@ool, taken to be -26%o. (the average
isotopic value of bulk coal in the PRB; Holmeskt 1991), and represents the fraction
of the overall carbon pool remaining. Using thisigipn, higher values dfrepresent a
lower extent of methanogenesis, while lower vahigdsrepresent a greater extent of
methanogenesis. While geochemical analysis mayigedess information about
metabolic pathways of methanogenesis that prewdahslught, it is important to
understand and develop geochemical indicators ofahbial processes as they require
less time and effort to collect and analyze thammete microbial community samples.
Most studies identifying microbial communities asated with the conversion of
organic substrates to methane have relied on fasmatater or core samples (§ip et
al., 2008; Jones et al., 2010; Midgley et al., 20Rénner et al., 2010; Guo et al., 2012;
Unal et al., 2012). However, research has suggdisétanicrobial community
characterization through the analysis of microorgras in formation waters does not

represent subsurface microbial processes (Alfrextlat., 1997; Penner et al., 2010) and
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in-tact core samples are difficult and costly ttemi aseptically. For this reason, down-
well incubations have been used as an alternativedmmunity characterizations
(Alfreider et al., 1997; Griebler et al., 2002; Peek et al., 2004; Reardon et al., 2004),
and this study utilizes a down well incubation tadue with a diffusive microbial
sampler (DMS) developed by Barnhart et al. (2058)ce microbial community
measurements are time intensive to collect, geoidamarameters could be used to
provide relatively quick results to help identifgykareas where microbial sampling
would be most beneficial.
2.2. Powder River Basin Geology

The PRB is a drainage and structural basin lodatsdutheastern Montana and
northeastern Wyoming (Figure 1). The basin is badéy the Bighorn Mountains to the
west, Black Hills to the east, and the Casper Akelnamie Mountains, and Hartville
Uplift to the south, covers ~20,000 knand is asymmetrical with the axis near the
western edge (Flores et al., 2008). The basin wasedd during the Laramide Orogeny,
which also uplifted the surrounding mountains (Ant@86). The main coal-bearing unit
is the Tertiary Fort Union Formation (700-1800 nckf), deposited 66-58 Ma (Bates et
al., 2011). The uppermost Fort Union Formation (tbegue River Member) contains
sandstone, siltstone, shale, some carbonates agtboterates, and regionally-extensive
thick (up to 77 m) coals referred to as the Wyodaklerson coal zone (Flores, 2004).
Coals were deposited in rivers, floodplains, antlamels in the basin (Flores and
Ethridge 1985; Flores, 1986; Lillegraven, 1993;rE#) 2004). CBM is typically
extracted from coal seams in the Tongue River Mermabthe Fort Union Formation

(Flores et al., 2008). Coals sampled in this studylocated in the Wyodak-Anderson
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coal zone (Canyon (Monarch/Carney) and Andersotsiaad the underlying coal beds
(Cook and Wall coals; Figure 2).

The Wyodak-Anderson coal zone is a regional agwifthin the Fort Union
Formation (Daddow, 1986; Lowry and Wilson, 1986rtBa and Ogle, 2002) and has
been a major target of CBM production since theO89®ethane is adsorbed onto
organic matter in coal seams and held in placeyblydstatic pressure; thus coal
formation waters must be extracted to produce ahgas. In the Powder River, ~17,000
gallons (64,000 liters) of groundwater are extrdgier day per well to produce CBM,
which in some cases has led to major declinesam#hter table (up to 190 m; Clarey,
2009). While groundwater pumping in some basinspgnaduced changes in aqueous
geochemistry of aquifers (e.g. Kirk et al., 2018),changes in water chemistry
associated with pumping for CBM production in tieBPhave been observed (Wheaton
et al., 2004). Where coals have burned near thHayrclinker deposits often form ridges
and hilltops and act as hydrologic conduits to eelj coals due to their high
permeability (Heffern and Coates, 2004). In genenaundwater along the northwestern
margin of the PRB (in the study area) flows frora Big Horn Mountains towards the
northeast, in the same direction as the TonguerRixabmeyer, 1985).

2.3. Aqueous Geochemistry of CBM

Several studies have investigated the geochena§t®BM produced water in the
PRB. These studies have shown that water from ptmiuwells in the PRB is primarily
Na-HCQ; type (Lee, 1981; Van Voast, 2003; Brinck et a@Q&; Rice et al., 2008; Bates
et al., 2011). Bicarbonate accumulates in CBM systas a result of the respiration of

CO: from microbially mediated redox processes (e.fatireduction, methanogenesis;
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Lee, 1981; Van Voast, 2003; Brinck et al., 2008gHNa’ concentrations are thought to
be the result of ion exchange near recharge arehsadcite precipitation as a result of
sulfate reduction (Brinck et al., 2008). In areaamthe basin margin where
methanogenesis is absent, waters contain signifazacentrations of S& in addition

to Na" and HCQ (Meredith et al., 2010). High S® concentrations are thought to be the
result of dissolution of gypsum and pyrite oxidatwithin the aquifer (Lee, 1981; Van
Voast, 2003; Brinck et al., 2008).

Nutrients, such as nitrogen and phosphorus, @ené&al for the microbial
generation of methane, and nutrient concentratagng be limiting in methanogenic
environments (Gilcrease and Shurr, 2007; Penradr,2010; Bates et al., 2011).
Concentrations of nitrogen and phosphorus compobads been measured in the PRB,
with total dissolved nitrogen concentrations raggmom 50 to 1000 uM, and phosphate
concentrations ranging from below detection to 5 {(Bdtes et al., 2011). Dissolved
organic carbon (DOC) is also important to methaneges, as intermediate organic
substrates, such as long-chain fatty acids, alkameslow-molecular-weight aromatics
are utilized by methanogens to produce methanef@teal., 2010; Strapoc et al., 2011).
Concentrations of DOC measured in produced anddtbom 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 wellsraped by the Montana Bureau
of Mines and Geology (MBMG) and 16 CBM productiogrlls (Figure 1; Table 1). All

wells sampled were completed in single coal zowvésls were selected in an attempt to
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capture the area of transition between sulfateatsmluand methanogenesis. Four of the
monitoring wells were completed in the Andersonl eome along Young's Creek in
Bighorn County, Montana. These wells were alonig@alr surface transect ~7 km long.
The other 3 monitoring wells were completed in@ayon Coal. Canyon coal wells are
~20-35 km apart. Two of the canyon wells are locatethe West side of the Tongue
River, with one well along Young's Creek and thiastNorthwest of the Tongue River
Reservoir along Highway 314. The third Canyon weelbcated along Hanging Woman
Creek on the east side of the Tongue River. Pramluetells sampled in 2011 were
located just to the west of the Tongue River Resierwhile those sampled in 2014 were
located just to the east of the reservoir.

Samples were collected after wells had been purfgead sufficient amount of
time to purge 3 well volumes of water from the welll water samples were filtered
through a 0.45 um syringe tip nylon filter and stbon ice or in the lab af@ until
analysis. Water samples for dissolved organic ca(B®C) were filtered through 0.7
pm pre-combusted glass fiber filters. Alkalinity svtrated within 12 hours of sample
collection using the Gran-Alkalinity titration meitth (Gieskes and Rogers, 1973).
Samples for major ions, nutrients, and trace metale collected in 60 mL HDPE
bottles with no headspace, and concentrated aitict was added to cation and trace
metal samples for preservation. Samples f€-DIC were collected in glass serum
bottles, preserved with mercury chloride, and cdppith no headspace. Samples for

345-SQ and ¥0-SQ were collected in 1 L HDPE bottles and concentraiiéric acid
was added for preservation. Samples for DOC wedteated in 30 mL combusted amber

glass bottles.
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Major ion chemistry was analyzed at the UnivgrsitArizona Department of
Hydrology and Water Resources. Major cations wasdyaed with a Perkin-Elmer
Optima 5100DV Inductively Coupled Plasma-Opticali§sion Spectrometer (precision
+2%). Major anions were analyzed using a Dionex@binomatograph model 3000 with
an AS23 analytical column (precision £2%). Chargkabce error was less than 5% for
all measured waters, with the exception of water@ad from well WR-33, where
charge balance error was 13.6%, which persisted after reanalysis of all major ion
components. Microbial respiration between samplieciion and analysis of major ions
may contribute to this charge balance err&iC-DIC (1- precision +0.3%o), 3*S-SQ
(1- precision +0.15%0) and'®0-SQi(1- precision +0.7%0) were analyzed at the
University of Arizona Environmental Isotope Labamgt Samples were measured on a
ThermoQuest Finnigan Delta Plus XL continuous flpag ratio mass spectrometer.

Dissolved gas samples were collected from momigowells using dissolved gas
bottles from Isotech Laboratories, Inc. For all ping campaigns (2009-2014),
dissolved gas bottles were used to concentratespaad gas from wells sampled.
Samples for gas isotopes and gas composition velected by filling a 5-gallon bucket
with water. Next, the bottle was submerged andriede A hose from the well was then
inserted into the bottle, and water and gas wasvalll to flow into the bottle for
approximately 5 minutes. The hose was removedtlabottle was capped upside down
and stored inverted on ice until it was sent tddsb Laboratories for analysis. In
addition to this, in order to measure dissolvedhaeé concentration, an additional bottle
was filled in a similar manner, but with the subgest bottle remaining upright instead of

inverted.
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Gas samples from CBM production wells were codldaising a wellhead gas
sampler and IsoTubes from Isotech Laboratories,3amples were analyzed for gas
composition, gas isotopes, and, for dissolved gagptes, methane concentration. Gas
composition for all sampling techniques was meabusing a gas chromatograph. Gas
isotopes were measured by gas combustion and esoatip mass spectrometry (IRMS).
Methane concentration was measured using a headspadibration technique
developed by Isotech Laboratories, Inc. For somgpses, hydrogen isotopes of methane
were measured using Cavity Ring-Down SpectroscQROS). Detailed analysis

information is available through Isotech Laboragsrilnc. (www.isotechlabs.com).

3.2. Microbiology Samples

Samples for microbial community analysis were a@i#d from monitoring wells
in the Canyon coal seam using a diffusive microbahpler (DMS) (Barnhart et al.,
2013). The DMS cylinder (12.7 cm long and 6.4 crdismeter) was filled with 25 g of
sub-bituminous coal particles (>2mm but > 4mm) fribra coal seam to be sampled.
Coal particles were enclosed in a mesh within tMSxylinder. DMS samplers were
lowered into monitoring wells and allowed to inctéofor 3 months, after which
samplers were removed from wells using aseptiaigcies and returned to the
laboratory for analysis. Wells were each sampldadevior microbiology, once during
summer (July through October) of 2010 and oncengute spring (March through June)

of 2012.

3.2.1. DNA Extraction and Sequencing
DNA was extracted from the coal and slurry from ERMdS samplers and the

bacterial and archaeal 16S-rRNA genes were amglifgepreviously described in
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Barnhart et al. (2013). A 0.8% agarose gel in TAiHdy was used to check the PCR
products for DNA of the correct size. The gel estsavere cleaned and concentrated
using the Wizard SV Gel and PCR Cleanup SySt@Pnomega, Madison, WI), and
dsDNA was quantified with a Qubit fluorometer (Lifechnologies, Carlsbad, CA,
USA). Adaptors for 454 sequencing were ligatecheoamplicons and were
pyrosequenced in a Roche 454 GS-Junior (454 LifenSes, Branford, CT, USA). The
barcoded sequencing reads were separated by Raetagje analysis and sequence
assignment software providing high confidence sigreng sequencing reads to the
appropriate sample. Pyrosequences were trimmeddastandard deviation below the
mean (removed if shorter), subjected to varyingu@fts (25, 27, 30, and 32) allowing
either 10% or 15% of the nucleotides to be belosvailitoff, and removed if primer errors
or ambiguous nucleotides were observed. Forwadsrere carried through the
analysis. A python script was used for data managerind analysis as previously
described (Bowen De Leon et al., 2012). Chimera® wamoved using ChimeraSlayer
(Haas et al., 2011). Qiime was used to select Qandisk was used to standardize and
group the OTUs in heat maps with Bray Curtis meshddhe bacterial communities were
diverse and only OTUs composing greater than 3%etommunity were represented in
the heat map.

4. RESULTS

4.1. Geochemistry

In order to investigate relationships between geotbal parameters and redox
conditions, wells are presented in order of indrepdissolved methane concentration

(Figure 3). Dissolved methane concentrations ramiged 0.001 mg/L for water from

129



well WR-33, to 60.0 mg/L for water from well HWC-0Wvater from wells WR-33, WR-
34, WR-48, WR-24, and CBM02-7CC all had methaneceatrations below 1 mg/L,
while water from wells SH-396 (12 mg/L) and HWC-{®D mg/L) had significant
concentrations of dissolved methane (Table 4).

Major ion concentrations were consistent betweellswath similar methane
concentrations. Sodium concentrations were higliliwater samples (15-30 mM),
except for water from well WR-33 (2 mM; Figure #).contrast, calcium, magnesium,
potassium and chloride concentrations were low (&gM) in all water samples, except
for water from wells WR-33 and WR-24 (Figure 4)I&@am concentration in WR-33
water was 3.2 mM, and magnesium concentration temieom wells WR-33 and WR-
24 was 6.7 and 1.2 mM, respectively. Alkalinity centrations in water from the
monitoring wells ranged from 7.3 to 25.4 meqg/kgthvaverage alkalinity in water from
production wells being 24.9 meg/kg. Sulfate conaittns ranged from below detection
(<0.01 mM) in water from methanogenic wells (HWCdid SH-396) to 11.5 mM in
water from well WR-24. All other major ion speci@sre measured at or near the
detection limit of the instrument, with the exceptiof NG in water from WR-33 (0.17
mM; Table 2).

DOC concentrations in water from monitoring wedsged from 0.06 to 0.79
mM, with the average concentration in water fromMCBroduction wells being 0.14
mM. In water from monitoring wells, ammonium contrations ranged from 0.04 to
0.46 mM, while phosphate concentrations ranged felaw detection (<0.3 uM) to 5.2
UM (Table 2). Average ammonium concentration inew&tom production wells was

0.15 mM, while average phosphate concentrationZ\&ag M.
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13C-DIC values in water from monitoring wells randeaim -11.2%o to 11.6%o,
with water from production wells exhibiting an aage of 5.2%o (range of -12.7%o to
17.5%0; Figure 6).34S-SQ values ranged from -0.3%o to 21.1%o in water from
monitoring wells, with water from production welaving an average value of 12.8%o
(range of 2.1%o. to 101.4%0; Figures 6 and 7). Carisotopes of produced gases were
also measured, with3C-CQ;, values ranging from -20.4%o to 2.0%o. for gases from
monitoring wells (Table 4) and from -24.7%. to 6.G%6 gases from production wells
(Table S4). C-CH, values ranged from -85.2%o to -65.1%o for £fbm monitoring
wells (Table 4), and from -79.5%o to -56.2%0 for £irbm production wells (Table S4).
4.2. Microbiology

Samples collected from monitoring wells completethie Canyon coal seam
(WR-24, CBM02-7CC and HWC-01) in 2010 and 2012 pteunsight into the microbial
communities present in a coal seam and the temponainunity changes that take place.
The bacterial communities statistically groupecetbgr by the specific well that was
sampled and not by the different times the wellsevgampled (Figure 8). The pyrotag
analysis indicated the DMS samples from the WR-24 (WR1 and WR2) had a higher
relative proportion of sulfate reducing bacteidesgulfosporosinysunclassified
DesulfobulbaceaandDesulfovibrig than the bacterial communities in the other wells
Many of the operational taxonomic units (OTUs) welasely related t®esulfovibrio
andDesulfobacteraceaehich were also dominant in the DMS samples reddefrom
the CBMO02-7CC wellDesulfovibriowas detected in the HWC-01 DMS samples but

OTUs closely related t@xalobacteraceaeayhich has previously been detected from coal
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tar contaminated and other coal-rich sediments (&im@l., 2014; Grundger et al., 2015),
weremore dominant in these samples

The archaeal communities detected in the HWC-01 M& much more
diverse than the DMS samples from the other wé&he 16S rRNA genes from the first
DMS sample (HWC1) grouped with14 different archdaah and 12 different taxa were
identified from the second DMS (HWC2). Approximat@6% of the OTUs from HWC1
and 93% from HWC2 were most closely related tohyydrogenotrophic methanogen
Methanospirillum Archaeal 16S rRNA genes only amplified from of¢ghe DMS
samples from the WR-24 and CBMO02-7CC wells. CBMd WR2 would not amplify
indicating the archaeal communities were belowdte limits in those samples. The
archaeal diversity was low in the CBM2 and WR1 siasthat did amplify. The
identified CBM2 archaeal community includstethanospirillum an unclassified
Thermoplasmatand an unclassifie@renarchaeotaMethanospirillumwas the most
dominant and the archaeal community was statistioabre closely related to both of the
HWC communities than the archaeal community deteictéhe WR1 sample. Only two
Archaea were identified in the WR1 DMS and most (998 of the OTUs were closely
related to the hydrogenotrophic methanoljethanococcus
5. DISCUSSION

Monitoring wells in the Anderson coal seam weresgmin order to observe how
water and gas geochemistry evolved downgradient fiecharge areas towards the basin
center, along a flowpath. It was hypothesized teédbx conditions would progress from
sulfate reducing to methanogenic along the transetit associated increases in methane

concentrations. This result was anticipated simegipus studies have shown redox
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zonation and increasing extent of methanogenesiaraples are collected from organic-
rich aquifers along groundwater flowpaths (Lovetyak, 1994; Chapelle et al., 1995;
Bates et al., 2011; McMahon et al., 2011). Oncepdasnwere analyzed, however, it was
found that well SH-396, the monitoring well closesthe basin margin, contained a
significant amount of methane and had the secagtiest methane concentration of any
of the monitoring wells sampled (12 mg/L; Figure \B)ell WR-33, the second well along
the transect, had no measureable methane (<0.009, mdile wells WR-34 and WR-
48, which are furthest along the transect, conthtrece amounts of methane (~0.02-0.04
mg/L). Well WR-33 lies along a fault and had deabte®H, suggesting that this well
yielded recently recharged water. This is likelyihcator that wells in this transect do
not lie along a single flow path.

Unlike wells in the Anderson coal seam, monitonvells in the Canyon coal
seam were not expected to lie along a flowpath;egvan similar relationships were
expected to be observed between water and gasegamthy from wells in the Canyon
coal seam and their distance from basin margirnracithrge areas. Canyon monitoring
wells WR-24 and CBMO02-7CC, which were closer tchagge areas, had low methane
concentrations (~0.02-0.04 mg/L), while well HWC-@ihich was farther from recharge
areas, had the highest methane concentration abfathg monitoring wells samples (60
mg/L; Figure 3). It is clear that factors otherritdepth and distance from the edge of the
basin play a significant role in the developmeniathanogenic conditions.

Low sulfate concentrations in wells with signifitamounts of methane
demonstrate that nearly all sulfate must be reménced the aquifer for methanogenesis

to take place. Sulfate is often below detectioma&thanogenic aquifers, and previous
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studies in various environments have suggestedstiiate concentrations must be
<1mM for methanogenesis to commence (Lovley andjK1983; Phelps et al., 1985;
Whiticar et al., 1986; Capone and Kiene, 1988; Heredt al., 1998; Loffler and Sanford,
2005; Finke et al., 2007). Wells with high dissalveethane concentrations (10-100
mg/L) had Na-HC®type waters, while other wells sampled had Na-8GGO:s type
waters. This result is consistent with water chémypisieasurements from CBM
production wells in other studies in the PRB (LE@81; Van Voast, 2003; Brinck et al.,
2008; Rice et al., 2008; Bates et al., 2011). Afiigl concentration tends to increase
with increasing methane concentration (Figure 6)s Tvas expected, since €@ a
byproduct of both sulfate reduction and methanogisritee, 1981; Van Voast, 2003;
Brinck et al., 2008), and although @duction consumes GOmore CQ is produced
than can be consumed and therefore alkalinity asg@e as these redox processes
progress.

It has been hypothesized that recharge might loeii@es of nutrients (i.e. nitrogen
and phosphorus compounds) for methanogenic pracéBages et al., 2011; Schlegel et
al., 2011), and therefore nutrient concentrationsld/be expected to be higher near
recharge areas and decrease as they are consuneeldxrprocesses as water moves
toward the basin center. However, ammonium conagatrs were similar for water from
all wells sampled in this study except well WR-&®Bich had no detectable ammonium.
Well WR-33 also had no detectable phosphate. W&F38 was found to have relatively
young water (recent recharge), which suggestaiiaients in coal associated waters
may come from in situ sources rather than fromaegd events. Pashin et al. (2014)

found a correlation between NHNH4" and total dissolved solids in the Black Warrior
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Basin, a similar microbial CBM area. They suggeshed this could be the result of ion
exchange between silicate minerals and formaticenvBates et al. (2011) also found
lower concentrations of nitrogen species in wedlanrecharge areas, and concluded that
dissolution from coal seams was likely the sourfceitopogen species. There was no clear
pattern between DOC concentration and wells wigihé&i methane concentrations
(Figure 5), suggesting a complex relationship betwavailable carbon and the extent of
methanogenesis. DOC concentrations in all monigoaimd production wells were similar
to concentrations observed in produced waters tr@PRB and other coal basins (Orem
et al., 2007; Bates et al., 2011; Orem et al., 2014

13C-DIC values generally increased with increasirkglaiity and methane
concentrations (Figure 9). This result was expedguate redox processes such as sulfate
reduction and methanogenesis preferentially usgdigcarbon isotopes?C), it is
expected that the isotope value of the remainimigarapool will increase as light carbon
is utilized (Clark and Fritz, 1997). In contrast!S-SQ values showed no apparent
relationship to methane concentration (Figure B)poagh most of the methanogenic
samples that were analyzed féfS-SQ had non-detectable sulfate. Plottif§S-SQ
versus S@ concentration shows that most of the variability¥#*S-SQ values occurs in
samples containing sulfate at or below 5 mM (Figg)re=or samples with significant
concentrations of S& (>5 mM), 3S-SQ values ranged from -0.3%o to 6.5%o,
suggesting a terrestrial evaporite (gypsum) ortpyokidation source for the SO(Clark
and Fritz, 1997). This seems to confirm the suggedty previous studies that high $0
concentrations in parts of the PRB are the regu#troestrial evaporites (gypsum)

dissolution and/or pyrite oxidation (Lee, 1981; \Wmast, 2003; Brinck et al., 2008).
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Carbon isotopes of produced gases {@rld CQ) were interpreted using the
concept of extent of methanogenesis (Bates 2@l.]), rather than the traditional
approach of using them to determine metabolic payhet methanogenesis (e.g.
Whiticar et al., 1986). Production wells showedaal range of extent of
methanogenesis, wiftvalues from ~0.9 to ~0.5. Only water from 2 of thenmoring
wells, SH-396 and HWC-01, had high enough methaneentrations to measur&C-
CHa. Of these, well SH-396 had a lower extent of metigenesis (f0.9 compared to
f 0.6). Well SH-396 also had a significantly lowerth@e concentration than well
HWC-01. This suggests that extent of methanogermesil be tied to the amount of
methane present in the well, as was hypothesititbdugh more sampling needs to done
in order to validate this result.

Wells analyzed for microbial community compositiware grouped by sulfate
concentration, since sulfate concentration appetarée a good indicator of dominant
redox condition (i.e. sulfate reduction versus raatigenesis). Bacterial species were
investigated because they are thought to be pilyrasponsible for coal biodegradation
and the fermentation of soluble organics into albss$ that are utilized by methanogens
to generate methane (Strapoc et al., 2011; Rittal,e2015). Results of bacterial analysis
of wells in this study showed bacterial diversityail wells was much greater than
archaeal diversity, consistent with previous stsidiiethe PRB and other coal basins.
However, there are not significant differencesactbrial diversity in high sulfate wells
versus low sulfate wells. Since bacteria are vd@aeveral processes that are important
for sulfate reduction and methanogenesis, diveddityacterial species is expected to be

greater than archaeal diversity in CBM aquifersplaserved in this study (Penner et al.,
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2010; Barnhart et al., 2013). Bacterial communitresamples collected in 2010 were
most closely related to samples collected fromstimae well in 2012, suggesting little
temporal variability in wells over this time perid@esidence times of water in this
portion of the PRB estimated to be on the ordei®fto 1¢ years (Pearson, 2002; Frost
and Brinck, 2005; Randle, 2014), so little varidpiin either geochemistry or microbial
community composition would be expected over thre@eng period.

Studies investigating bacterial phyla associatdtl wmiethanogens in coal seams
have found a dominance BfoteobacterisandActinobacteria with members of
Firmicutesappearing as a minor component of most commur(fileaner et al., 2010;
Barnhart et al., 2013). For samples collected i $hudy, bacterial communities were
primarily comprised oProteobacteriawith some members ¢firmicutespresent as
well. In wells with moderate to high sulfate contations (WR-24, CBM02-7CC; 3 and
12 mM, respectively), pyrotag analysis showed a@manance of th€roteobacteria
Desulfosporosinyaunclassifiedesulfobulbaceae, Desulfovibrand
Desulfobacteracea@igure 8). These bacteria are likely primarilgpensible for sulfate
reduction in these coal seams. In contrast, imtléwith low sulfate concentration
(HWC-01; <1mM),Proteobacteria Geobacter, OxalobacteraceamdPelobacteraceae
are the predominant species. Barnhart et al. (2008¢rved a predominance of similar
bacterial species in another methane-rich PRB raong well, and their relative
predominance in high methane/low sulfate wellswetsgh sulfate wells could be an
indicator that they are important for either coaldegradation or intermediate substrate

fermentation as part of microbial methane genematio
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Archaeal community composition was also investigaterelation to sulfate
concentration. Archaeal diversity was observedetthie highest in the well with low
sulfate concentration (HWC-01), and archaeal ditsedecreased with increasing sulfate
concentration (Figure 9). Differences in archaeabsity at different sulfate
concentrations are likely the result of the abitifysulfate-reducing bacteria to out-
compete methanogens for substrates. In contrasstdts of bacterial analysis, archaeal
sequences from well CBM02-7CC (intermediate sultatecentrations) were more
closely related to well HWC-01 (low sulfate, <imMather than well WR-24 (high
sulfate, >5mM). All archaea observed were hydrogyepdic, withMethanococcus
dominating in well WR-24 aniethanospirillumdominating in wells HWC-01 and
CBMO02-7CC. A traditional interpretation of isotopafsproduced gases from well HWC-
01 yieldsK/( cha-coz0f 1.076, which would be interpreted as represgntin
hydrogenotrophic methanogenesis (Whiticar et &i86). This is consistent with results
from microbial analysis, although more samples ndéd to be collected from the PRB
to further examine this result. Well HWC-01 alsa laarelatively high extent of
methanogenesis (0.6) compared to other wells in this study, whiolkld suggest that
areas with higher extents of methanogenesis aceiassd with hydrogenotrophic
methanogenesis, although more microbiology sampiéseed to be collected from
wells with varying extents of methanogenesis tottas hypothesis.

6. CONCLUSIONS

Methane concentrations, alkalinity, and sulfatecemrtrations were closely

related for samples collected in this study. Watan wells with relatively high methane

concentrations (10-100 mg/L) had high alkalinitjcentrations (>15 meg/kg) and high
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13C-DIC values (>%o). °C-DIC values likely increase in wells as methane
concentration increases because redox processbsassulfate reduction and
methanogenesis, preferentially remd%@ from the available carbon pool. Sulfate
concentrations decreased with increasing methameeotrations. Samples with
significant concentrations of sulfate (>5 mM) hats-SQ values that ranged
from -0.3%o0 to 6.5%0, suggesting a terrestrial evapdgypsum) or pyrite oxidation
source of sulfate. Sulfate concentrations were sti&ovn to have a relationship with
microbial community composition. Bacterial analysfavells with intermediate-to-high
sulfate concentrations (2-10 mM) showed a predonueaf theProteobacteria
Desulfosporosinyaunclassifiedesulfobulbaceae, Desulfovibrand
Desulfobacteraceaavhich are likely responsible for sulfate redustio coal seams of
the PRB. In the well with low sulfate concentrati@®.5 mM),Proteobacteria
Geobacter, OxalobacteraceamdPelobacteraceawere the predominant species,
suggesting that these bacteria may play a roleahlmiodegradation and/or generation of
methanogenic substrates from intermediate orgamgpounds as part of the
methanogenic process. Archaea detected in all waftgpled were hydrogenotrophic,
which agreed with traditional analysis of carbastapes of produced gases and
suggested that there could be a relationship betWwge@rogenotrophic methanogenesis
and high methane concentration and/or extent ohametgenesis. More microbial
analyses will need to be completed on wells withrage of redox conditions, methane
concentrations, and extents of methanogenesisity aad validate these results.
These results demonstrate the connection betwamrhgmistry and microbial

community composition, and show the utility of ursetanding these relationships. The
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time and cost involved in microbial community compion make paired geochemistry
studies especially useful. Since geochemical paemhsuch as alkalinity, sulfate
concentration, and methane concentration are velgteasy, inexpensive, and quick to
sample and analyze, measurements of these pararnatebe used to focus collection of
microbial samples in areas where information gainiidoe most useful. Coupled
microbiology and geochemistry sampling of wellshamiethane present is especially
needed to more fully understand the relationshipvéen extent of methanogenesis,
location within the basin, and microbial commuraggmposition. These samples, when
paired with samples from sulfate reducing welld| also help to clarify the function of
bacteria within the process of microbial methan@ges) Addressing these issues will not
only further understanding of microbial CBM basyndmics, but help to ensure the

success of future CBM stimulation projects.
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Figure 1. Map showing the locations of monitoring and prodtivells in the Powder
River Basin that were sampled as part of this saaty Bates et al. (2011). Line Ato A’
shows the location of the conceptual cross segesented in figure 2.
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Figure 2. Conceptual cross section of the area where sampées collected. Depths
and thickness of coal seams, along with locatidrfawts, are only conceptual, and are
presented to demonstrate the stratigraphy of codl the complexity of hydrogeology in
the area. Average monitoring and production wejpttie are reported for reference.
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An average value for water from several productiails in the area is plotted
for comparison, with error bars representing thexmmum and maximum values
observed. Wells in each coal seam are plotted deioof increasing methane
concentration.
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TABLES

Table 1. Monitoring well name, location, depth, and coal bed sampled

Date Depth

Well Name Sampled Latitude Longitude (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
CBMO02-7CC 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

Dissolved

Well Name  Temp Oxygen pH Na K Ca Mg Cl NOs3 S04 Alkalinity

(°C) % (mM) (meqg/kg)
SH-396 13.1 24 78 1696 0.12 0.14 0.11 0.08 bmdF* 0.03 15.91
WR-33 11.7 36 70 292 035 317 6.74 0.06 0.17 5.09 7.32
WR-34 15.5 30 7.7 26.13 0.16 0.16 0.12 0.24 bmd* 4.38 17.82
WR-48 12.3 39 7.7 2664 0.18 0.22 0.23 0.23 bmd* 7.97 11.05
WR-24 9.7 14 7.6 2916 029 090 122 0.28 bmdF* 11.50 9.97
CBMO02-7CC 13.7 40 80 16.02 0.14 0.22 0.13 0.13 bmd* 291 9.80
HWC-01 13 1.3 80 2749 0.16 0.16 0.10 0.50 bmdF* bmd* 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-H,0 180-H,O0  3C-DIC 345-S04 180-S04
%0

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
CBMO2-

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

Date Depth
Well Name Sampled Latitude Longitude (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 4497613 -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 08 Deitz 1,2,3
B-5* 4499127 -106.93332 310 Carney
B-6* 45.00807 -106.85457 198 Carney
B-7* 4497232 -106.90718 146 Monarch
B-8* 44.97290 -106.86692 160 Dietz 1
B-9* 4496485 -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  NOs S04 Alkalinity
Q) (mM) (meg/kg)
Consol 43M-1499 174 8.0 3596 0.17 0.37 0.34 0.16 bmd 10.43 14.77
Consol-23C-1399 16.1 7.8 1555 0.10 0.04 0.02 0.10 bmdl 15.30
Consol-23M-1399 bmdl
Consol-31C-3290 176 7.9 23.01 0.14 0.08 0.04 055 bmd 0.01 22.61
Petersen 7-29-58-82 MZ/CR 226 85 2921 0.18 0.11 0.06 0.17 bmdl 0.05 29.20
Rucki Fed 1-9-57-82 MZ/CR 275 83 31.02 0.18 0.11 0.05 0.19 bmdi 31.13
Trembeth 3-23-57-82 MZ/CR 229 83 3270 0.18 0.13 0.08 0.35 bmdl 32.96
Consol 43EC-1990 200 7.8 20.20 0.12 0.10 0.04 0.12 bmdi 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 188 7.9 2080 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 79 2299 0.14 0.12 0.06 0.52 bmdl 22.90
Visborg 19-0841 9FG 254 85 26.73 0.16 0.09 0.04 0.42 bmdl 0.03 26.11
Visborg 20-0841 9FG 26.8 88 3466 0.25 0.14 0.09 0.67 bmdl 0.02 36.33
Visborg 13W-17-08-41 194 8.1 0.35 bmdl 0.03 32.31
Visborg 14WP-17-08-41 206 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* 174 8.0 16.12 0.06 0.04 0.02 0.09 bmd 0.00 15.70
B-2* 188 79 2146 0.15 0.10 0.06 0.71 bmd 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* 156 7.8 1742 0.11 0.08 0.05 0.15 bmd 0.00 18.00
B-5* 220 7.7 2137 0.13 0.10 0.06 0.50 bmdl 0.02 21.40
B-6* 221 81 2278 0.13 0.07 0.04 0.57 bmdl 0.00 22.80
B-7* 17.8 8.1 1899 0.10 0.06 0.03 0.44 bmdl 0.00 18.50
B-8* 186 7.8 19.76 0.11 0.09 0.16 bmdl 0.00 20.70
B-9* 194 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 °H-H,0 80-H,0 C-DIC 345-S04 180-S04
%0

Consol 43M-1499 -154.4 -20.1 -4.8 3.3 -2.2

Consol-23C-1399 -164.2 -21.2 15 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 -19.2 175

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 TRARS TO
EXAMINE THE EFFECTS OF RECHARGE AND GROUNDWATER FMDON
MICROBIAL COALBED METHANE GENERATION, POWDER RIVERBASIN,

USA

Paper in preparation for submission to a journal

174



ABSTRACT

Constraining the residence time and flowpaths dewassociated with biogenic
gas accumulations in sedimentary basins is impbftarunderstanding the impact of
groundwater recharge and aquifer conditions onabiat methane generation, and for
assessing the potential impacts of groundwateaetxdn for natural gas production on
water resources. For this study, radiogenic inghoosftHe was used to determine
groundwater residence time in coal seams assoaiatkanicrobial methane generation
in the Tongue River watershed of the Powder RivasiB The amount dHe stored in
most aquifer coal and adjacent sandstone sampk34(7o 95,786 pcc/kg ) was found to
be far in excess of the amount*sfe that could be produced by in situ decay of U &nd
alone (9,660 to 21,513 pcc/kg). In addition, measwents ofHe release from coal
samples indicate that the diffusional release oateslium from coals is ~800 times
greater than rates typically observed in sandstorarbonate aquifers. Using a standard
release rate of helium from mineral grains, calimdaesidence times range from ~130
years to ~190,000 years. Using measured coal diffiusites, however, modeled
residence times range from <1 year to ~800 yearghvwdre unrealistically low.
Residence times from both models provide a likglgar and lower bound on actual
residence time of water in the basin. A sensitiaityalysis shows that even when 90% of
the helium present in water is derived from diftusfrom coal, contact time with coal
seams is still typically <10% of total residenaeei This suggests that water must flow
through sandstones for the majority of time inghbsurface before interacting with coal
seams near wells sampled. Strontium isotope rafigsoundwater from monitoring and

production wells range from ~0.7085 to ~0.7130, camfig that sandstones in the basin
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are important flowpaths for groundwater. Groundwagsidence times were compared to
geochemical indicators of methanogenesis (methaneentration, carbon isotopes of
produced gases, and alkalinity) to investigaterétetionship between proximity to
recharge and microbial methane generation. Oniglialky was significantly related to
residence time, suggesting that, while proximitygocharge may play a role in the
development of areas of high methane concentratihie; environmental factors are

likely more important.
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1. INTRODUCTION

Constraining the residence time of water assatiaith natural gas
accumulations in sedimentary basins is importantéermining the sustainability of
groundwater pumping for energy extraction and wedsources (Le Salle et al., 2001;
Wei et al., 2013; Hagedorn, 2015), the driving é&xrof basinal-scale fluid flow and
solute transport (Ge and Garven, 1992; Manningd. ,€2@05; Gurdak and Qi, 2006; Stute
et al., 2007; Gupta et al., 2015), and rates ofabial processes responsible for biogenic
gas generation (Schlegel et al., 2011b). Tritiumh 46 are widely used groundwater
residence time tracers due to relatively low cost @asy sampling protocols. However,
in basins with significant accumulations of natugas, water is often too old to U¥¢ as
a tracer, and their carbon-rich composition makesficult to use!“C, since the amount
of carbon added from organic matter and the maatiba of carbon isotope values due to
microbial activity in the basin may dilute atmospbe&ontributions of“C to the point
where it cannot be measured (Bates et al., 201egel et al., 2011b). Recent studies
have used noble gasses to successfully deternsienee times of water in organic-rich
formations associated with natural gas and usesktages to correlate groundwater
residence time with major recharge events, sugggeptissible associations between
microbial gas generation and basin recharge (ZhduBallentine, 2006; Schlegel et al.,
2011b).

The Powder River Basin (PRB) in northeastern Wyanaind southeastern
Montana is one of the most significant coalbed me¢h(CBM) plays in the United
States, accounting for ~12.3% of the United Stgies’en CBM reserves, and most of

the CBM in the PRB has been generated by micral@igiadation of coal (DOE, 2007,
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Flores et al., 2008). In addition, coal seam agsiée often a primary source of drinking
water for small rural communities in the area (Wheand Metesh, 2002). In order for
microorganisms to generate methane from coal,sEsihs must have water present
(Ritter et al., 2015), and aqueous geochemicalitond must be favorable to
methanogenesis (e.g. Rice and Claypool, 1981; Zid®®3; Mcintosh and Martini,
2008; Schlegel et al., 2011a; Shelton et al., 20Bxraction of methane from coal
aquifers requires significant volumes of water éorémoved from coal seams in order to
lower hydrostatic pressure and allow methane torbefsom coal seams (Wheaton and
Donato, 2004). This means that groundwater reselénte can play a vital role in the
process of methanogenesis by controlling the transi organic material and nutrients
to microbes in methanogenic areas (Nakagawa €Qf)2), controlling redox processes
(Zhou and Ballentine, 2006; Bates et al., 2011]&yH et al., 2011b), and controlling the
time it takes for aquifer systems to recover fragmicant groundwater extraction which
may desaturate coal seams where active methanagentking place (Wheaton and
Metesh, 2002; Wheaton and Donato, 2004). This stiség noble gas tracers to
determine residence time of water in the PRB.

After determining residence time of water in theBREhe primary objective of
this study is to relate residence time of watah@sPRB to other geochemical parameters
related to redox processes, such as sulfate reduatid methanogenesis, in order to
verify relationships which have been suggested betwecharge, geochemistry, and
microbial methane generation (Bates et al., 20th|egel et al., 2011b). It has been
suggested that there may be a relationship betleeation in the basin (i.e. depth and

distance from recharge areas) relative to rechaegbarge rates, and microbial
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methanogenesis (Meredith et al., 2010; Bates €2@L1) and that recharge may provide
microorganisms or nutrients that are essentiafficrobial methane generation, reduce
salinity to allow for methanogenesis, and/or tramspoxic waste products away from
methanogenic areas (Martini et al., 1996; Mcintesal., 2002; Strapoc et al., 2008;
Strapoc et al., 2010; Schlegel et al., 2011a; Batrdt al., 2013; Jones et al., 2013; Shuai
et al., 2013; Zhang et al., 2013). Bates et all{2@lso suggested that location within the
basin could influence extent of methanogenesisekample, Meredith et al. (2010)
showed that CBM wells near the western margin eRRB, an area that Bates et al.
(2011) showed was near recharge areas, had lonaphrgtion lives and produced more
methane that wells farther east in the basin. Gikiex a relationship between
concentration of methane, extent of methanogenastpr geochemical indicators of
redox processes and residence time of waters ecéegh Understanding the relationship
between geochemical indicators of redox processeésesidence time can help further
the understanding of how groundwater extractiondBM 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 locatedutheastern Montana and
northeastern Wyoming (Figure 1). The basin is asgininal with the axis near the
western edge and covers ~20,00F kRiores et al., 2008). The basin was formed during
the Laramide Orogeny, which also uplifted the sumnding mountains (Anna, 1986). The

PRB is bordered by the Bighorn Mountains to thetw@sack Hills to the east, and the
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Casper Arch, Laramie Mountains, and Hartville Uglif the south. Coals in the basin
were deposited in rivers, floodplains, and wetlafkdsres and Ethridge 1985; Flores,
1986; Lillegraven, 1993; Flores, 2004). The maialdwearing unit is the Tertiary Fort
Union Formation, which is ~700-1800 m thick and \deposited 66-58 Ma (Flores,
2004). Coals sampled in this study are locatetienuppermost portion of the Fort Union
Formation, known as the Tongue River Member, whiat been a major target of CBM
production in the region (Flores, 2004).

This study focuses particularly on the Tongue Riatershed, which lies along
the Bighorn Mountains in the northwestern portibthe PRB. The Tongue River
watershed was chosen because it contains an esg¢eretivork of monitoring wells
completed in single coal seams that are maintdiyatie Montana Bureau of Mines and
Geology (MBMG). In addition, many of the CBM prodian wells in this area are also
completed in single coal seams, allowing for thikection of samples that are
representative of individual coal units rather tlaamixture of coal seams. The Tongue
River Watershed has been a target for extensive @&Muction due to relatively
shallow coal seams (~60-150 m), which are also smfrttee most productive in the PRB
(Flores et al., 2004). It has also been shownthieak are greater amounts of methane
produced from this area and production wells hanger lives compared to wells further
east in the basin (Meredith et al., 2010), whichldde the result of a longer period
and/or faster rates of methanogenesis in this@wedo 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 bertbet continuous
hydrogeological unit within the PRB (Daddow, 1986wry and Wilson, 1986; Bartos et
al., 2002). Coal seams are considered to be therraqyifer in the region because they
are generally more laterally continuous that ineeidied sandstone units (Wheaton and
Metesh, 2002). However, measured strontium isotapes of groundwater in the
Tongue River watershed range from ~0.708 to ~0.didyessting that groundwater in the
area flows through mixed sandstone/coal aquifezar@dn, 2002; Campbell et al., 2008).
Flow in the coal seams is thought to occur prinyaalbng cleat faces (Wheaton and
Metesh, 2002). Hydraulic conductivity of coal seaand sandstones in the area, as
measured by aquifer tests, are similar (mean valti®sl31 and 0.128 m/day,
respectively; Wheaton and Metesh, 2002). Some@wtdf the Tongue River watershed
have extensive faulting, and the faults have béewas to be possible barriers to
groundwater flow (Van Voast and Reiten, 1988).

Recharge to the aquifer occurs through clinker deépon the tops of ridges, and
up-dip outcrops of sandstone and coal units. Intbstern portion of the Tongue River
watershed, water flows eastward from the Wolf arghBrn Mountains. In the eastern
portion, groundwater flow is to the north (Wheatomd Metesh, 2002). Randle (2014)
built a MODFLOW model to simulate groundwater flthwvough coal seams in the
Tongue River Watershed. Particle tracking resutimfthis model suggested primarily
horizontal flow within the Tongue River watershegth groundwater generally flowing

from southwest to northeast. Results also suggéiséédjroundwater in the far
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northeastern portion of the basin flows along défeé flowpaths than water in the
southern portion of the basin (Randle, 2014).

Stable isotope measurements of wat&Q-H,0) from CBM production wells
have been compiled for much of the PRB and usei@tiermine likely areas of recharge
(Rice et al., 2008; Bates et al., 2011). Usingapes superimposed on potentiometric
surface maps of the basin, Bates et al. (2011) stidirat samples in the western portion
of the Tongue River watershed had lower oxygerom®tvalues, suggesting that recharge
there is likely from the Bighorn Mountains. Sampieshe center of the watershed had
higher values, suggesting mixing of water rechai@gdugher elevations with deeper
basin water recharged from lower elevations astheéhern 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 ofrghoater in the PRB (Campbell
et al., 2008). Higher oxygen isotope values inldasin center versus the basin margin
have been used to suggest that water in the cefntiee basin are original (connate)
formation waters with residence times similar te #ge of basin formation (~60 Ma;
Rice et al., 2008). In contrast, Darcy’s Law caltigins have been used to suggest
residence times between 1,200 and 70,000 yearss(e2002), whilé*C has shown a
mean maximum age of 21,000 years for groundwaben &n artesian well discharging
from a sandstone aquifer adjacent to coal seanost{Bnd Brinck, 2005). Another study,
which attempted to usi! and!“C to determine the residence time of coal seamrajate
found that residence time results from these teaa@re often inconclusive and/or

conflicting (Bates et al., 2011). Bates et al. (B0fbund®H in shallow groundwater
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associated with coal, but litthéC, showing thatC is an ineffective tracer in the area
because it is quickly diluted by the addition oadearbon from coal biodegradation. A
groundwater flow model of the Tongue River watedsbstimated residence times from
~5,000 to ~80,000 years, with a mean residence tim@2000 years (Randle, 2014).
These differences highlight the difficulty in usitrgditional tracers®f, C) to
determine residence time in these basins, duenplex hydrogeology and
geochemistry.

2.2. Noble Gas Residence Time

The non-reactive nature of noble gases (e.g.mellde), neon (Ne), and argon
(Ar)) makes them effective tracers of subsurfaoe/fand migration. Noble gas elemental
and isotopic compositions are preserved in shajomundwater independent of
microbial activity, chemical reactions, and chanigesxygen fugacity. The low
terrestrial abundance and well-characterized isotopmposition of noble gases in
various reservoirs (mantle, crust, hydrosphere lémasphere) make them powerful
tracers of crustal fluids (Ballentine et al., 2002)

Noble gases in subsurface aquifers are primarilivelé from three sources: the
mantle, the atmosphere, and the crust (Ballentiiak ,2002). In most shallow aquifers,
such as the one investigated in this study, nofecgmposition is a reflection of a
mixture of inert gases from two distinct sourceés a&tmosphere (air saturated water
(ASW): e.g.2%Ne, 3°Ar, 38Ar, 8Kr) and the crust*He and?!Ne* derived from the decay
of uranium and thorium, arfdAr* derived from the decay dfK, where the * represents
the proportion of gas derived from radioactive gg¢dca.g. Ballentine et al., 2002). Noble

gas signatures in crustal fluids are well consedibecause they only fractionate by well

183



understood physical processes such as diffusign @ilfillan et al., 2009; Zhou et al.,
2012).

Determining groundwater residence time using ngakes is based on the
generation ofHe in geologic formations (Torgersen, 1980; Torgerand Clark, 1985;
Solomon et al., 1996). Water in contact with thiesenations accumulatésle as a result
of the transfer ofHe from the solid to the water phase (e.g. Ballentind Burnard,
2002). If the rate of transfer &fie is known, the residence time of the water can be
determined by measuring the concentratiofHaf in the water (Solomon et al., 1996).
Using this principle, it has been suggested tHatconcentrations can be used to
determine residence time on the order ct1@® years (Mazor and Bosch, 1992;
Solomon et al., 1996). Solomon et al. (1996) suggethat younger aquifers may also
contain*He in excess of what can be produced by U and Thyjevhich is likely the
result of*He inherited by formation solids at the time of dsition. As a result, they
suggested thd&He accumulation could be used to determine res@émes on a scale as
young as 1byears.

While the principles of usintHe concentrations to determine residence time are
relatively simple, several factors may complicéie tise ofHe for quantitative
determination of residence time. First, there direnosources dfHe to the aquifer other
than U and Th decay, and the relative contributmiittese exogenous sources of helium
(e.g. mantléHe, “He from other aquifer formations) must be estimditecccurate
residence time determination (e.g. Torgersen, 198@gitionally, in young aquifers, the
amount of atmospherftde present in the water during recharge may maka up

significant proportion of théHe concentration. Measurements of other noble gaseh
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as Ne and Ar, are often used in order to try andrdene the amount dHe contributed
from the mantle and from recharge. The amoufHefgenerated by in situ production is

typically calculated using the equation (Torgers380):

where is the aquifer density, is a parameter defining the efficiency*efe transfer
from the solid to the water, is the porosity, t is time, and i3 the source function éHe

produced by U and Th decay in the aquifer defireed a

(I
0*

I"## $ B&(y x| 012

where [U] and [Th] are the concentrations of U &hdn the rock in parts per million.
Since aquifer materials are typically not availaiolemeasurement, , [U], and [Th]

are frequently estimated by taking the averageubfiphed basin values. The amount of
“He accumulated from an external flux is calculatsihg the equation (Zhou and

Ballentine, 2006):

343 56764 /

where Jis the same as defined in equationZstis the density of the crust, H is the
thickness of the crust, t is time,s aquifer porosity, and h is aquifer thicknessnajor
assumption in these calculations is that there isveerage crustdHe flux over the entire

residence time of the groundwater, and that this i8 uniform across a basin (Schlegel
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et al., 2011b). Solomon et al. (1996) showed thashallow, short residence time waters,
this assumptions may not be valid, since thesd@guiften contaifiHe in excess of

what could be produced from the decay of U and vidr the lifetime of the aquifer since
deposition. In these cases, it is important toeobland analyze aquifer solid samples in
order to quantifyHe concentrations and diffusional release rate®etermine 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 caal monitoring wells
maintained by the MBMG, 4 nested coal bed monitprirells installed by the USGS,
and 5 CBM production wells in the Tongue River wsied in the northwestern portion
of the PRB. All wells sampled were completed anéeeed in individual coal seams.
Four of the MBMG monitoring wells were completedie Anderson coal zone along
Young's Creek in Bighorn County, Montana (Figuresntl 2; Table 1). These wells were
along a linear surface transect ~7 km long. Ther&WdBMG monitoring wells were
completed in the Canyon Coal. Canyon coal wells-2@ 35 km apart. Two of the
canyon wells are located on the West side of theglie River, with one well along
Young's Creek and the other Northwest of the Torgiver Reservoir along Highway
314. The third Canyon well is located along Hangivigman Creek on the east side of
the Tongue River. USGS wells sampled are locateal €80 m x 30 m square plot and
completed in the Knobloch, Nance, Flowers-Goodate Berret coal seams. USGS wells
were located just east of the Tongue River in théhern end of the Tongue River

Watershed, near Birney, MT. CBM production wellmpéed were located just east of

186



the Tongue River Reservoir, and were completed &l Mook, and Canyon coal seams
(Figures 1 and 2). Depth relationships and appratenthickness of coal seams sampled
are shown in figure 3.

Water samples were collected after wells had beemped for a sufficient
amount of time to purge 3 well volumes of watendrthe well. All water samples were
filtered through a 0.45 um syringe tip nylon filemd stored on ice or in the lab &C4
until analysis. Samples fot3C-DIC were collected in glass serum bottles, presir
with mercury chloride, and capped with no headsp&aeples for water isotopegH
and 180) were collected in glass scintillation vials. $é@s for tritium were collected,
unfiltered, in 1 L HDPE bottles. Samples $&8r£°Sr were collected in 30 mL acid
washed HDPE bottles.

Samples for 13C-DIC (1- precision +0.3%o), 180 (1- precision +0.08%o),H
(1- precision £0.9%0), and tritium (errors reportedahle 4)were analyzed at the
University of Arizona Environmental Isotope Labanat All results were presented in
per mil (%) using standard delta notatioh’C-DIC was analyzed on a ThermoQuest
Finnigan Delta Plus XL continuous flow gas ratiosmapectrometer and results were
reported relative to Vienna PeeDee Belemnite (VPOBE CQ equilibration method
was used to measuréO, while the Cr-reduction method was used to meagtt. 20
and ?H were analyzed on a Finnigan MAT-Delta S Isotop¢éidcRMass Spectrometer,
and results were reported relative to Vienna StahiBean Ocean Water (VSMOW).
Tritium samples were enriched and tritium concernawas analyzed by liquid

scintillation counting using a Quantulus 1220. Skspord’SrfSr were analyzed at the
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Duke University Isotope Laboratory on a Triton Tiet lonization Mass Spectrometer
(TIMS) with an analytical 1- precision of £0.000004.

Dissolved gas samples were collected from momigowells using dissolved gas
bottles from Isotech Laboratories, Inc. Sampleg#s isotopes and gas composition
were collected by filling a 5-gallon bucket with t#a Next, the bottle was submerged
and inverted. A hose from the well was then ingeiméo the bottle, and water and gas
was allowed to flow into the bottle for approximgté minutes. The hose was removed,
and the bottle was capped upside down and stovedt@d on ice until it was sent to
Isotech Laboratories for analysis.

Gas samples from CBM production wells were codldaising a wellhead gas
sampler and IsoTubes from Isotech Laboratories,3amples were analyzed for gas
composition and gas isotopes. Gas compositionlfgampling techniques was measured
using a gas chromatograph. Gas isotopes were neelsyigas combustion and isotope
ratio mass spectrometry (IRMS). Due to low methaocentrations, hydrogen isotopes
of methane were measured using Cavity Ring-Dowrctepscopy (CRDS) for some
samples. Detailed analysis information is availdbteugh Isotech Laboratories, Inc.
(www.isotechlabs.com).

3.2. Noble Gases

Produced water samples for major gas abundanceQeigCoHe, N2, O2) and
noble gas composition (He, Ne, Ar, and their iseg)pvere collected directly from
monitoring and production wells following protocastlined in Darrah et al. (2014).
Samples were collected in refrigeration-grade copyges that were flushed in-line with

at least 50 volumes of produced water before begaded with stainless steel clamps. For
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production wells, gas samples from the wellheacevadso collected in a copper tube for
analysis. Samples were returned to the lab anfiutoe(~25 cn?¥) was extracted from the
copper tube on a vacuum line. Samples were sodi¢ate-30 minutes to ensure
complete transfer of gases to the sample inlet(Bodomon et al., 1995). Major gas
components (e.g.,ANO,, Ar, CHs, CoHg) were measured using an SRS quadrupole mass
spectrometer (MS) and an SRI gas chromatograph (B@)t et al., 2012; Darrah et al.,
2013). Isotopic analyses of noble gases were paddrusing a Thermo Fisher Helix SFT
mass spectrometer at the Ohio State University BaseFacility (e.g. Darrah and
Poreda, 2012). Standard errors for noble gas comratiems (i.e. fHe], [?°Ne], [*°Ar])

were +3%. Noble gas isotopic errors were approxetgai0.01 times the ratio of air (or
1.4 x10-8) for 3He/4He ratio, <+0.5% and <+1%3Mel’Ne ancNerNe,

respectively, less than +1% f§Ar/2Ar and*°Ar/3®Ar, respectively (higher than typical
because of interferences frorsHg on mass=36).

In order to evaluate the potential for in situ cagnic production and/or release
of “He, coal solid samples were collected from surtaderops of coal seams across
Bighorn County in the Tongue River Watershed. Savayal solid samples were also
provided by the USGS, which came from intact cadkected during the drilling of well
MT-2T-11 at the USGS well site. Approximately 2@ugrs of sample were oven dried,
lightly crushed, and sieved through a 63-microneignd the >63-micron fraction
retained, dried, and weighed, then rinsed fullyhvdéionized water and dried again at
40°C overnight. In order to measure U and Th concéatrs, splits of coal solid samples
were digested using the SCP Science Digitube Dayesystem with Teflon Digitubes.

Samples (~150 to 200 mg) were digested &C80r six hours, evaporated to dryness, re-
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acidified using 2.0 mL of ultra-pure nitric acidhdadiluted to 100 mL with 18 mega-ohm
de-ionized water. Analysis of U and Th concentratiovas completed using a Perkin
Elmer DRC Il ICP-MS following USEPA method numb&28 (Darrah et al., 2009;
Cuoco et al., 2013).

In order to determine the diffusional release oittHe from air-dried samples, a
step heating procedure was used following the nustied Hunt (2000). For each sample,
~20 grams of dried rock was placed into an “on-listginless steel tube furnace and
heated using an external resistive heater. Temperatas measured with 2 external
thermocouples at the top and bottom of the charab&maintained using a variable
transformer. The average temperature between théhsvmocouples was used, with an
assigned temperature error oP€5 Incremental helium measurements were made on a
Thermo Fisher Helix SFT noble gas mass spectrorbgtpeak height comparison to a
calibrated air standard. Error for helium analysss limited to less than 3%. Samples
were heated to 5C, 100C, 200°C, 300°C, 400C, and 508C. Timing for each
temperature step was long enough to allow heliuactmumulate to measureable
concentrations. The lowest temperature step acatetihelium for 10 days, while each
successive step remained closed for ~2 hours. kr éodccorrect helium concentration for
air leakage, it was assumed that’Blé came from air, and the air component was
subtracted from the overall helium concentratiome Vastly different ratio of crustal
(~1x108) versus atmospheric helium (1.398)@atios is confirmed by the high
temperature release of helium witAHe/*He ratio <0.03 R

Total concentration and isotopic composition ofumaland neon was determined

for bulk sandstone and coal samples by fusing ~2@hsgmple at 180C in a modified
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Turner double-walled furnace as described by PoaedaFarley (1992) and Hunt (2000).
ExcessNe was determined by subtracting the atmosphetiic 082*Ne”?Ne from the
measured ratio and multiplying it by the measurm@acentration of?Ne (Hunt et al.,
2012). An air standard of known volume was usedtétibration for’?Ne and*He

concentrations.
4. RESULTS AND DISCUSSION
4.1. Noble Gas Residence Times

4.1.1.*He in Solid Samples

“He and*Necxcessconcentrations were measured in coal and sandstdite
samples collected from outcrop and core in the PAR@, results are given in Table 2.
Helium concentrations for the bulk samples rangenfi7.6 to 95.8 pcc/g. The steady state

helium concentration is calculated for a modeledrgsize using the U concentrations

given in table 2 and an approximate diffusion dowfft of 2.0x1° cmé/sec. In general,
the measured helium concentrations are considehadpfer than the anticipated helium
contents assuming in-growth throughout the agb@tbal seams and the measured U
and Th concentrations (Figure 4). Measured extdssikely represents stored helium
within the sample (Hunt, 2000; Dowling et al., 20Q3rey et al., 2004).

Along with [*He], concentrations of exce$®le weremeasured. Measured
“HePNe* are much lower than the production ratidteeNe* =22x1@ for the typical
oxygen-rich silicate crust. Currently accurateraeates ofHe/Ne* production in
carbon-rich coal are unknown, but because themgrignal oxygen present féHe to
impinge upon and produce nucleogetide*, the in situ production rate &fle/Ne*

would likely be expected to be considerably highan 22x16. These lowefHefNe*
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ratios are likely directly related to the amountiffusional®He loss during geological
processing (burial, uplift, neotectonic fracturingthe onset of water-rock interactions).
In most crustal setting, bulk rock samples expegea bulk loss of bottHe andf'Ne*,
which commonly relate to average grain size, ptypand fracture intensity (Hunt,

2000; Hunt et al., 2012; Darrah and Poreda, 2q18§] in three samples was
approximately what would be expected to have beedyzed by radioactive decay since
basin rocks were deposited. One of these sampled$rara the interface between the
Calvert coal and a sandstone just above it, whieother 2 samples were from the
middle of the sandstone above the Flowers-Goodalkseam (Figure S1). These areas
with lower*He concentrations could represent areas of prefatdiow, as more water

flowing through an area would remove méi#= from the rocks due to diffusion.

4.1.2. Diffusional Release tifle from Solid samples

Diffusional release dfHe from coal solid samples was measured usingpavige
heating experiment, with results presented in T8bl&elease numbers have been
corrected for the air component by assumingHdl is from air from either air leakage
into the vacuum line or trapped air in the samfdeli. The release rates with increasing
temperature are linear and contain similar slopethe Arrhenius plots of all three
samples until a temperature of ~200This suggests similar diffusion coefficients ove
the temperature interval of 22-2@throughout the three samples from different coal
seams. In the temperature steps beyond@(®00, 400, 50iT), the total amount dHe
release decreases dramatically suggestinditeatelease is nearly complete (or at least
only remaining in trace, highly retentive mineralages). For these reasons only the 50 to

200°C temperature steps are included when calculati@g\trhenius curves.
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The regression of these release rates to inesitperatures (~2€) is considered
to be valid over the measured temperature inteodadgrved in this study. Values for
release rates range from 442 to 491pcc/kg/yr dbgmhic*He. Importantly, these rates
of “He production are ~800 times faster than typicatlpetion rates from sandstone and
carbonate aquifers (Hunt, 2000; Dowling et al.,20Darey et al., 2003).

In order to model helium release from the aquifetgith, a model solution from
Crank (1979) for diffusion from a spherical solidswitilized. The model uses individual
grain sizes within an aquifer sample and compuédisifim release per unit mass of
sediment. This release rate in turn is convexdté accumulation rate in water through
the use of porosity and bulk sediment density \&a(ivarine, 1979) following Hunt
(2000).

The model computes a mean helium concentratiorusesl the diffusional
constant as determined for coal on the Arrheniat pi order to estimate the initi#e
concentration, the nucleogenic production ratiéHe”Ne* is used, acknowledging that
the true*HePNe* in oxygen-poor and carbon-rich coal is likelgrsficantly greater. By
measuring the excess amount®fe ¢Neexcess(2*NePNem-2Ne?Neam)* 2°Neota)
from the aquifer material and multiplying it by theoduction ratio, the initial helium
concentration is determined and compared to medéHee Because theNe diffusion
coefficient is several orders of magnitude less thaium, the model assumes no loss of

2INe following the method of Hunt (2000).

4.1.3.*He residence times
Combined elevatedifie] and low*He/*He, and higitHe°Ne unambiguously

indicate the addition dHe in groundwater from this study area is domindtga
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crustal/radiogenic source. Helium concentrationstindataset range from ~110 10
cm® STP/L (~2 times ASW) to ~95,417 x8@n? STP/L. The’Hel*He ratio decreases in
waters sampled from 1.204 Rvater from well WR-33; ASW values plus small
contributions from the in-growth of tritiogentele) to a uniformly crustal isotopic
composition of 0.012 Rwith increasing{He] and*He/’Ne (Figure 5).

Before groundwater residence time from the releféele can be calculated,
exogenous sources of helium or the presence ophase effects need to be identified.
Other noble gas isotopes can be used to separttieese components. Fluid migration
in the crust and phase partitioning both lead ealjmtable gas isotope fractionation
patterns (Gilfillan et al., 2009; Darrah et al.12).2°Nef°Ar and®¥Kr/3CAr vs. [*He] are
compared to preclude the presence of exogenousialnd/or phase separation (Figure
6). The fHe] shows no correlation to anticipated ASW nolas fractionation patterns
that should accompany fluid migration or phaseitianing. For these reasons, it is
anticipated that the accumulation of excess radgiigéHe] occurs with time during
groundwater migration and therefore provides an®ob groundwater residence time.

Groundwater residence times are commonly calculasety a model assuming
30% porosity (a typical value for sandstone anthaaate aquifers; Fetter, 2001),
measured quartz diffusion coefficients, and a Jaflial diffusion model. The measured
average initial {He] of 4.4 x 16 cn® STP/g of mineral grains from aquifers in this study
was also used. One significant point of uncertaistye rate and magnitude of helium
release in coal seams from this basin. If onerasstithe typical calculated maximum
release from shallow aquifer lithologies of ~0.5%10n* STP/L/yr in sandstone, the

residence time of groundwater in this study rarfges ~130 years in well WR-33 up to
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1.91x10 years at USGS well MT-FG-11 (Table 4). This mddelpplicable if it is
assumed that groundwater flows through adjacermtstane aquifers for the majority of
its residence time in this area. If one assumdsliieacoal seams themselves dominate
groundwater transport, the diffusional releaseadiim from coal grains must be
considered. Based on our measured diffusional (ate%sx1® cm?® STP/L/yr), the
anticipated residence times decrease dramatiddily.coal only age dates range from ~4
years to ~800 years (Table 4). Results of othedeesie time studies suggest residence
times closer to the standard sandstone model beodal only model (Pearson, 2002;
Frost and Brinck, 2005; Randle, 2014). Based ot aegdths and completion records, it
is clear that the groundwater is currently in contgith coal seams, but ages based on
only contact with coal are impossibly low. Therefothe actual residence time of water
is likely a result of contact with both sandstone aoal aquifers.

The sensitivity of groundwater residence timeeabum inputs from the two
different diffusional models (standard versus celdase rates) was tested for three
different scenarios. For each scenario, it wasrassithat some fraction of measufetd
came from diffusion from sandstone aquifers, wthie remaining fraction came from
coal. The scenarios tested were 90% sandstone ¢d8Pp 50% sandstone (50% coal),
and 10% sandstone (90% coal). Residence timesacaérelated for sandstone and coal
portions of*He separately and then added together to getleesitanated residence time.
Results of these tests are presented in Table 8e\Wle portion of helium derived for
sandstone versus coal cannot be determined withéasurements from this study, the
results of the sensitivity analysis clearly shoattivater contact time with the coal seams

must be relatively short for all samples collectéden in the 10% sandstone scenario,
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contact time with coal is typically <10% of thedbtesidence time of water calculated
using this method. This result is contrary to poesi studies, which have suggested that
coal seams are the primary aquifer units (WheatohMetesh, 2002), and suggests that
water spends most of the time in sandstones b#tweng through coals to wells

sampled.

4.2. Relationships Between Geochemistry and Resed&éimes

Isotopes of water can be used as indicators afdhece of recharge to an aquifer,
and therefore it would be expected that isotopaesivould be related to residence time
(e.g. Clark and Fritz, 1997; Bates et al., 201d). Water samples collected in this study,
values of 80 are generally higher with increasing residence t{Figure 7). Lower
values of 8O represent water that was recharged at higheati@s/colder
temperatures. In this case, all samples with oD values and shorter residence time
are located on the west side of the Tongue Rivbereirecharge water likely come from
the Bighorn Mountains (Bates et al., 2011; Ran@i&42 Figure 8). Waters with higher

180 values and longer residence times were obsenvéideoeast side of the Tongue

River, and are likely recharged from various ridjethe area that separate the Tongue
River watershed from the Powder River watershe@és&hesults agree with previous
studies which have used regional flow gradientsvaatr isotope values to show local,
high elevation recharge in areas near the Bighoonrihins, and regional, lower
elevation recharge in other areas of the PRB (Lglemd 985; Daddow, 1986; Rice et
al., 2008; Bates et al., 2011; Randle, 2014).

Strontium isotope ratio§’6rf°Sr) of water from wells sampled were measured

and compared to residence time to investigate ghoater flowpaths in the Tongue
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River watershed. Strontium isotope ratios rangethf+-0.7085 to ~0.7130 (Table 6).
These values are consistent with strontium isotapes of groundwater in the Tongue
River watershed measured in other studies, whighgested that aquifers in the area were
comprised of mixed sandstone and coal units (Peaii®2; Campbell et al., 2008).
These results support the results of the sengi@nalysis, which suggested that
groundwater in the Tongue River watershed spends afats time in contact with
sandstone. In addition, strontium isotope ratiosl t® vary widely at short residence
times, while at long residence times values seestatailize between 0.7085 and 0.7090
(Figure 10). Previous studies have suggestedfbaetlower values reflect more
influence from sandstone (Pearson, 2002; Campball,2008). This means that waters
with longer residence time may have more interactidh sandstone than shorter
residence time waters.

It was also expected, based on the work of Batak €011) and Pantano (2012)
that there could be a relationship between reseléine and geochemical indicators of
redox process such as sulfate reduction and mejleaesis that are active in the PRB.
One indicator of this could be methane concentnats active microbial methane
generation in the PRB would be expected to accumtlgher methane concentrations
with time. In contrast, active flushing of the dguicould promote methane generation
by removing toxins and transporting nutrients tahrmaogenic communities, suggesting
that shorter residence times might be associatddhwgher methane concentrations
(Nakagawa et al., 2002; Bates et al, 2011; Schietgal, 2011b). Water from wells in
this study seem to have higher methane concentsatuith longer residence times,

although the relationship is not very strong, &sdtare wells with relatively short
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residence times that have detectable methane dislwith longer residence times with
no methane present (Figure 9). This suggestshibet is a complex relationship between
recharge and transit time that controls the amotintethane present in coal seams in the
PRB.

Work by Bates et al. (2011) suggested that extemtethanogenesis might be tied
to location within a basin, and therefore be reldteresidence time. Carbon isotopes of
produced gasestC-CH; and °C-CQy) are used to assess extent of methanogenesis,
and therefore it was expected that these paranmaigrg have a relationship with
residence time. However, once residence times vadoellated, no relationship was
observed (Figure 10)1°C-CHsvalues were relative consistent for gas from allsve
sampled (between -60%. and -65%o.), except for gan fnell SH-396 (-85%.), which had
much lower concentrations of methane comparede@ther wells. 13C-CQ; values
appeared to be more related to redox condition thsidence time, with gas from wells
with high methane concentrations having highé€-CQ;, values (>-10%o) than wells
with low methane concentrations (<-15%o).

Alkalinity is another indicator of redox processleat was expected to have a
relationship to residence time, since alkalinitg isyproduct of both sulfate reduction
and methanogenesis and so would be expected tmatate in areas of the PRB where
these processes have been active longer (Lee, ¥@881Yoast, 2003; Brinck et al.,
2008). Water collected from monitoring wells dicbshan increase in alkalinity with
residence time, while water from production wellhad high alkalinity concentrations
(>30meqg/kg) regardless of residence time (Figue Ti@e reason for higher alkalinity

values in production wells may be that pumpingotwdr hydrostatic pressure and
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produce methane also allows €10 desorb from coal, increasing the alkalinitynatter
near the production well. Regardless, it seemsgtmtndwater pumping associated with
methane production may alter geochemistry.

Relatively high alkalinity and methane concentnasi in waters sampled indicate
that microbial methane generation from coal is adag in several of the wells sampled.
These results do not seem to agree with the refsoitsnoble gas concentrations and
strontium isotope ratios that suggest that watar contact with sandstone, and not coal,
for most of the time it is in the subsurface. Salsituations could account for elevated
alkalinity and methane despite longer sandstonéacbtime. These situations include:
(1) redox processes are taking place in the sanéstavith dissolved organic carbon
being provided by the coal, (2) redox process nmappkn quickly in the short time water
is in contact with coal, increasing the alkalinatyd methane to the concentrations seen in
<800 years; and/or, (3) longer residence time, falkalinity sandstone water mixes
with shorter residence time, higher alkalinity caater when wells are pumped for
sampling. There is not enough data available mshidy to determine which, if any, of
these processes account for elevated alkalinitynagtthane concentrations in water with
only short residence times in coal. From the detiected, it seems likely that sandstones
are the primary units involved in fluid transpaxirh recharge areas, while coals are
likely host for microbial activity that is respob for much of the fluid geochemistry.

5. CONCLUSIONS

Using noble gases to determine residence timdlawgaths of groundwater

requires assumptions about the production andsidffurate of helium in aquifer

materials. While these assumptions may be validfany systems, excess amounts of
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helium and high helium diffusion rates from coahgdes in this study underscore the

need to test these assumptions when applyinggbtisitque to unique aquifer systems.
Without proper understanding of aquifer materiagarties, noble gas residence time
estimates will not provide meaningful results.

While it has been suggested that residence timeatdr in foreland basins, such
as the PRB, may be as old as the age of depositithe basin, the results of this study
show that residence time in the PRB is significaptiunger than the depositional age of
the basin. The oldest observed residence timdssrstudy were ~200,000 years,
suggesting that groundwater has circulated thrabgiasin multiple times since
deposition. In addition, it has traditionally besssumed that coal seams are the major
aquifer unit in the PRB. The results of stepwisatimg experiments in this study,
however, suggest that rates*sie diffusion from coal seams are too high for wadebe
in contact with coal throughout the time it's irethubsurface. In addition, strontium
isotope ratios suggest a mixed influence of samgsémd coal aquifers in the area. These
results show that sandstone units are at least@siant as coal units as flowpaths for
groundwater in the Tongue River watershed.

It was expected that there might be a relationsbipreen geochemical indicators
of methanogenesis and residence time. However,akdinity showed a clear
relationship with residence time. While there mayaln association between residence
time and microbial methane generation, it is cfe@n these results that other factors
besides proximity to groundwater recharge areasgkignificant role in the
development of methanogenic conditions. In addjtedavated alkalinity in production

wells sampled suggests that groundwater pumpin@BM production is potentially
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impacting in situ aqueous geochemical conditionkil&\the results of this study are
specific to the Tongue River watershed, these tesuhy be applied to other coal basins

with similar geology and geochemistry to betterenstand how basinal hydrogeology

may influence microbial generation of natural gasources.
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Figure 1. Location map of wells sampled as part of this stddiangles show locations
of monitoring wells in the Anderson coal seam,lesshow locations of monitoring
wells in the Canyon coal seam, squares show lagsitod production wells, and the
diamond shows the location of 4 monitoring wellspked at the United States
Geological Survey (USGS) site. The A to A’ lingespnts 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 TenBiver watershed where
sampled wells are located. Depths of coal, locatiohfaults, and depths and
relationships of wells are conceptual only and pldon the cross section to show
approximate hydrogeologic relationships the area.
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Figure 3. Relative depth and thicknesses of coal seams ichwiells sampled in this
study were completed. Relative distance betwees aod thicknesses are approximate
and vary with basin location. Stratigraphic columodified from Wheaton and Donato
(2004).
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waters from monitoring wells (triangles: wells im@derson coal seam; circles: wells in
Canyon coal seam; diamonds: wells at U.S. Geold@cavey test site) and production
wells (squares).
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Figure 7. Relationship between residence time and water pgsto(a) Relationships
between water isotopes?H-H-O versus 20-H,0O) show water is meteoric. The global
meteoric water line (GMWL) plotted for referenda). Residence time versu$0-H,0.
Samples of water from monitoring wells (triangle®lls in Anderson coal seam; circles:
wells in Canyon coal seam; diamonds: wells at G&ological Survey test site) and
production wells (squares) are plotted.
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Figure 8. Spatial map showing'®0-H,0 values (in per mil) plotted next to well
locations for monitoring wells (triangles: wells Anderson coal seam; circles: wells in
Canyon coal seam; diamonds: wells at U.S. Geold@cavey test site) and production
wells (squares). For monitoring wells at the Unitethtes Geological Survey (USGS)
site, isotope values shown are in order of shalkiv#®p) to deepest (bottom) coal seam
(i.e. Knobloch, Nance, Flowers-Goodale, Terret).
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Figure 10.Plots of indicators of methanogenesis and watekliateraction versus
residence time. (a) and (b) show isotopes of preduases ¢*C-CHs and °C-CQ,,
respectively), (c) shows alkalinity, and (d) shetventium isotope$(Srf°Sr). Samples
of water from monitoring wells (triangles: wells Anderson coal seam; circles: wells in
Canyon coal seam; diamonds: wells at U.S. Geold@cavey test site) and production

wells (squares) are plotted.
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Figure S1.Measured and expectéde with depth and geologic formation. Expecieéd
concentrations are calculated using uranium anditha concentrations measured in
samples (Table 2).
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TABLES

Table 1. Locations and depths of wells sampled

Sampling Depth
Well Name API # date Latitude  Longitude (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
CBMO02-7cc 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 7/126/2014 45.43508 -106.39222 65 Nance
MT-2FG-11 7/23/2014 45.43508 -106.39222 118 Flowers-Goodale
MT-2T-09 7/126/2014 45.43497 -106.39206 161 Terret
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Table 2. Measurements from coal solid samples

Sample Name gig]tﬁle U h Meﬁaléred *He/*!Ne Exgﬁ:ied R;/toaz_:leed
(m) (ppm) (mce/kg) (x10 ©) (Mcelkg) (%)
Qutcrop 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 1514 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 486 1201 3.998 59872 6.21 14744 406%
Top Calvert Interface 510 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 0545 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 1414 6.244 39451 12.98 19890 198%
Sand below Flowers-Goodale 121.3 0.944 4.799 38719 3.54 14317 270%
Witham Coal 1243 0945 3.795 58257 6.16 12667 460%
Witham Coal 1246 1214 3.874 87955 2.35 14627 601%
Terret Upper Contact 163.2 1315 7.145 68144 16.14 20693 329%
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Table 4. Concentrations of tritium and selected noble gases, and R/Ra.
coal diffusion models

Residence times calculated using standard and

Well Name Tritium ‘He  %Ne %Ar  8Kr R/Ra _Residence Time
(T.U) Error 10°cm®STP/L (Years)
Coal
Standard  Diffusion
CBM Production Wells Model Model
Visborg 13W-17-08-41 <0.8 1788 389.2 15500 66.8 0.513 2 7E+02 1.5E+00
Visborg 14WP-17-08-41 07 031 8755 2349 9549 383 0.135 317E+03 7.4E+00
Visborg 15W-17-08-41 1.0 0.38 791.3 3096 10266 39.0 0.201 15E+03 6.6E+00
Rancholme 03CA-34-08-41 20 040 195799 330.8 10445 719 0.024 39E+04  1.6E+02
Rancholme 03CC-34-08-41 <1.0 27102 2514 9562 343 0.057 53E+03 2.3E+01
Monitoring Wells ( Montana
Bureau of Mines and Geology)
SH-396 5446 2543 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 1204 13E+02 9.3E-01
WR-34 862.4 189.1 12205 96.3 0.078 16E+03 7.2E+00
WR-48 0.6 0.29 491.9 2219 12473 455 0.356 gOE+02 4.1E+00
WR-24 880.6 298.0 12357 951 0.162 17E+03 7.4E+00
CBMO02-7cc 10141 2452 13565 101.2 0.116 19E+03 8.5E+00
HWC-01 524015 156.2 5535 351 0.012 10E+05 4.4E+02
Monitoring Wells (U.S.
Geological Survey)
MT-2K-09 <0.5 6149.7 264.0 1225.6 344 0.028 12E+04 5.2E+01
MT-2N-11 08 0.6 177883 2233 1160.1 469 0024 35E+04 1.5E+02
MT-2EG-11 <0.9 954175 1247 9969 21.9 0.013 19E+05 8.0E+02
MT-2T-09 <1.0 50004.9 132.0 11042 33.6 0.013 12E+05 5.0E+02
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Table 6. Measured geochemical indicators of methanogenesis and recharge source

Methane 13C- 13C- 2H- 180-

Well Name Alkalinity Concentration CO2 CH4 H20 H20
(meg/kg)  (cc/l) %0

CBM Production Wells
Visborg 13W-17-08-41 323 14.0 bmdl -59.5 -1423 -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 -1346 -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 01 -20.4 -144.4 -18.8
WR-34 17.8 18 -20.3 -164.9 -21.1
WR-48 11.1 2.6 -16.7 -156.0 -20.1
WR-24 10.0 11 -17.7 -164.4  -21.2
CBMO02-7cc 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 -26.5 645 -1375 -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
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