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ABSTRACT 
 

 Extensive research has been conducted in numerous coalbed methane (CBM) 

basins; however, the Williston Basin (WB) remains largely unexamined due to the 

absence of CBM production despite large coal reserves.  CBM in WB coalbeds has been 

reported, but there has been no systematic study on gas origin and distribution, or 

hydrogeochemical controls on gas generation to date.  This study aims to determine 

differences in chemistry between groundwaters with and without the presence of CH4 to 

better understand factors affecting CBM generation.  Results reveal that shallow gas 

accumulations in WB coalbeds are microbial in origin and formed via CO2 reduction.  

CBM is associated with Na-HCO3 type groundwater with SO4 concentrations <1 

mmole/L due to cation exchange and sulfate reduction, respectively.  These groundwaters 

occur in deeper units of the Fort Union Formation, underlying multiple coalbeds, 

suggesting that CH4 is present in waters that have reacted extensively with formations 

containing low-rank (lignite) coals. 



9 

 

1. INTRODUCTION 
 

 Coal mining for combustion meets 28% of the world’s energy demands, and 

natural gas (methane) from coalbeds accounts for ~21% of the world’s total energy 

consumption (U.S. Energy Information Administration [EIA], 2011).  However, vast 

quantities of coal in sedimentary basins are too deep to be economically or feasibly 

mined at present, and are too shallow for large thermogenic gas accumulations to have 

formed.  Recently, microbes have been shown to naturally convert shallow (<600 m 

depth), low rank coals (i.e. lignite) into methane (CH4) (e.g. Shurr and Ridgley, 2002).  

Current research and commercial efforts are aimed at potentially stimulating these 

microbial communities to degrade coal in-situ and generate new CH4 resources (LUCA 

Technologies, LLC, 2004).  Greater understanding of environmental controls on coal 

biodegradation and microbial methanogenesis is needed to inform future gas exploration 

and stimulation efforts.  This study is focused on determining the distribution and 

hydrogeochemical controls on microbial CH4 in low rank coals in the Williston Basin 

(WB) (Figure 1). 

Methane in coalbeds within the WB has been reported historically, and a recent 

study by the North Dakota Geological Survey showed that CH4 occurs throughout the 

state, both inside and outside of the WB in shallow glacial deposits containing detrital 

lignite sourced from Fort Union Formation coals (Anderson, 2006).  However, limited 

research has been conducted on WB coalbed methane (CBM) due to the absence of 

commercial gas production.  Interestingly, the nearby Powder River Basin (PRB) 
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contains coalbeds deposited contemporaneously in the same formation (Eocene-

Paleocene Fort Union Formation), and is currently one of the most active microbial CBM 

plays in the world.  In contrast, coalbeds in the WB are lower in rank (lignite) and located 

at shallower depths (<590 m) than PRB coalbeds (sub-bituminous rank, 65 to 700 m 

depth) (Flores et al., 2008).  To constrain the upper limits (in terms of depth) and 

hydrogeochemical conditions most favorable for microbial methanogenesis, this study 

investigates the elemental and isotopic chemistry of groundwater and dissolved gases 

from water supply wells screened in Fort Union Formation coalbeds across the WB in 

North Dakota. 
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2. BACKGROUND 
 

2.1.Geochemical Evolution of Groundwaters 

 

Researchers have continually shown that microbial CBM commonly occurs in 

sodium bicarbonate (Na-HCO3) rich waters (Rice et al., 2002; Brinck et al., 2008; Bartos 

and Ogle, 2002), as groundwater evolves through interactions with subsurface materials 

during transport.  Studies by Rice et al. (2002) and Bartos and Ogle (2002) document the 

distinction of two different water types in the PRB based on depth.  Formation waters 

collected from the shallow Eocene Wasatch Formation wells (<60 m) are typically mixed 

cation-mixed anion waters in what is termed the “shallow geochemical zone”, eventually 

evolving to Na-HCO3 rich waters in the “deep geochemical zone” sampled through 

deeper wells in the Wasatch Formation and in the underlying Fort Union Formation 

coalbed aquifers (Lee, 1981; Rice et al., 2002; Bartos and Ogle, 2002; Brinck, 2008).  

Other studies by Rice et al. (2002) and Brinck et al. (2008) highlight the evolution of 

waters in the PRB and the geochemical reactions associated with these changes.  Brinck 

et al. (2008) described the series of geochemical reactions forming these water types as 

including the dissolution of gypsum, pyrite oxidation, cation exchange, sulfate reduction, 

and methanogenesis occurring in coalbed aquifer systems, eventually leading to Na-

HCO3 type waters. 
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2.2.Evidence of Geochemical Groundwater Evolution from Major Cations 
 

Ratios of major cations are useful for determining where methanogenesis may 

occur in a groundwater system due to the insight these ratios provide into the extent of 

groundwater interaction with subsurface materials.  Cations like calcium (Ca2+), 

magnesium (Mg2+), and sodium (Na+) have a preference to adsorb to solids like clays and 

coal due to their negatively charged surfaces (Appelo and Postma, 2005).  Cation 

exchange, typically occurring in shallow groundwater, takes place as groundwater travels 

through aquifer materials and divalent cations such as dissolved Ca2+ and Mg2+ are more 

strongly attracted to negatively charged surfaces than monovalent ions like Na+, resulting 

in displacement from adsorption sites (Thorstenson et al., 1979; Brinck et al., 2008).  

Therefore, the ratio between Na+ and the sum of Ca2+ and Mg2+ ([Na+]/[Ca2++Mg2+]: 

cation exchange ratio) is a key indicator of geochemical interaction between 

groundwaters and the aquifer medium, providing clues to the extent of water-rock 

interactions, evidence to the amount of coal groundwater has interacted with, and serving 

as a proxy to determine the degree of a groundwater’s geochemical progression.  

Groundwaters having low cation exchange ratios have yet to undergo simple exchange 

reactions, which occur relatively quickly during groundwater transit through adsorptive 

beds in comparison to redox processes, making it unlikely that these groundwaters have 

undergone extensive redox processes and microbial activity.  In contrast, waters that have 

high cation exchange ratios have been geochemically altered and have likely undergone 

the geochemical evolution required for waters to be suitable for methanogenesis. 
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Water type evolution and evidence from water chemistry are used in this study to 

classify waters in WB Fort Union Formation coalbeds to help constrain conditions in 

which CH4 is likely to be produced and/or accumulate.  These compositional changes in 

chemistry along flowpaths and with depth highlight the importance of coupling 

groundwater chemistry and isotopes with gas chemistry and isotopes to better understand 

the extent of microbial activity occurring in subsurface aquifer systems, specifically Fort 

Union Formation coalbeds in the WB. 

 

2.3.Conditions Favorable for Methanogenesis 

 

Methanogenesis is a microbially mediated redox reaction in which substrates like 

carbon dioxide (CO2) or the methyl group (CH3) from acetate are reduced, enabling 

methanogens to derive energy.  These carbon substrates eventually become the primary 

electron acceptor in a hydrologic system after a consortium of microorganisms 

decompose coals and all preceding electron acceptors (O2, NO3
-, Mn2+, Fe (2+, 3+), & 

SO4
2-) in the redox series are exhausted.  Most notably, sulfate (SO4

2-) concentrations 

play a primary role in the occurrence of microbial CH4 due to competition between 

sulfate reducing bacteria (SRB) and methanogens for critical substrates required to 

oxidize organic matter for energy (Winfrey and Zeikus, 1977; Lovley et al., 1994; 

Jakobsen and Postma, 1999).  Research suggests that SRB will out-compete methanogens 

for substrates when SO4
2- is present at concentrations greater than 1 mmole/L (mM: 

Winfrey and Zeikus, 1977; Lovely and Klug, 1982; Simpkins and Parkin, 1993; Lovley et 
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al., 1994; Jakobsen and Postma, 1999; Osborn and McIntosh, 2010).  Therefore, until 

SRB have completely or nearly exhausted all available SO4
2-, methanogens are unable to 

compete for required substrates like carbon and hydrogen (Chapelle et al., 1995).  

However, the presence of these two different groups of microorganisms can both occur in 

the same aquifer, but leads to zonation of environments or ‘micro niches’ in which 

separate microbial processes may occur (Detmers et al., 2001; Rice et al., 2002; Darling 

and Gooddy, 2006). 

Sulfate is a common constituent found in groundwater due to dissolution of 

minerals such as gypsum and pyrite.  Therefore, water rock interactions between these 

minerals in close proximity to coalbeds can have a significant impact on methanogenesis 

in that area.  Chapelle et al. (1995) noted that some systems experience continuous inputs 

of solutes like SO4
2-

 from sources such as mineral dissolution (Plummer et al., 1990), as 

well as SO4
2- originating from confining bed pore waters (Chapelle and McMahon, 

1991).  Marine gypsum has a δ34SSO4 signature that has varied over time between +10 to 

+35‰ (Krouse and Mayer, 2000), but gypsum formed during the Tertiary Period, the 

time in which Fort Union Formation coalbeds were deposited, typically have δ
34SSO4 

values of approximately +20‰ (Clark and Fritz, 1997).  However, non-marine gypsum 

deposit in the formation would depend on the source of SO4
2- within the basin at the time 

of formation, which is unknown, but may be assumed to be similar to that of marine 

gypsum due to the proximity of the Cretaceous Sea at this time.  Also, the oxidation of 

pyrite in coalbeds may release SO4
2- with isotopic signatures varying between -30 and 

+5‰ (Clark and Fritz, 1997; Krouse and Mayer, 2000).  Comparing SO4
2- concentrations 
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with corresponding sulfate isotope values, δ
34SSO4, helps to identify waters that have 

undergone bacterial sulfate reduction.  The activity of SRB exhausts SO4
2- concentrations 

in groundwaters when redox conditions are favorable.  SRB preferentially consume 32S 

relative to 34S, resulting in enrichment of 34S in the remaining SO4
2- pool.  Detmers et al. 

(2001) document the exhaustion of SO4
2- concentrations and increasing δ

34SSO4 values 

with depth in an aquifer system with numerous lignite seams. Therefore, groundwaters 

with detectable concentrations of SO4
2- will have initial isotopic signatures similar to the 

source and will evolve to more positive values as sulfate reducing bacteria deplete the 

SO4
2- pool. 

Alkalinity concentrations in groundwaters are also useful indicators in 

determining where methanogenesis may be occurring in a freshwater aquifer.  Alkalinity 

can originate from several sources including dissolution of carbonate minerals and soil 

CO2 during water-rock interactions (Clark and Fritz, 1997).  Alkalinity in organic rich 

aquifers is also produced from the breakdown of organic material by a suite of 

microorganisms, yielding the release of CO2 (Brinck et al., 2008), which at neutral pH is 

primarily bicarbonate (HCO3
-) (Darling and Gooddy, 2006; Brinck et al., 2008).  Multiple 

studies have also demonstrated the progression of redox conditions down-gradient in 

conjunction with accumulations of dissolved inorganic carbon (DIC), ultimately leading 

to the presence of methane in discharge areas and/or toward a basin’s center (Thorstenson 

et al., 1979; Detmers et al., 2001; Rice et al., 2002; Aravena et al., 2003).  Thorstenson et 

al. (1979) found that alkalinity from the Fox Hills Formation (Figure 2), which underlies 

the Fort Union Formation in the WB, originate from soil gases where this formation 
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outcrops in recharge areas.  Here, alkalinity values are consistently low (11.5-11.9 

meq/L) and also occur with significant concentrations of SO4
2- (2.29 – 6.14 mM).  The 

degradation of lignite and the dissolution of carbonate minerals led to steadily increasing 

alkalinity down gradient in the saturated zone, corresponding with a transition zone in 

which SO4
2- concentrations (0.031 – 0.043 mM) were exhausted.  Groundwaters on the 

down-gradient end of this zone exhibited increased alkalinity values (18.5 – 19.1 meq/L), 

along with occurrences of CH4 (0.36 – 2.75 mM).  Therefore, the activity of SRB and 

decomposition of coals resulted in conditions favorable for methanogenesis.  The high 

alkalinity concentrations indicate large amounts of CO2 have been released and are 

available for methanogens to utilize.  Anderson (2006) found that CH4 occurrences in 

wells sampled in the WB correlated to groundwaters exhibiting a low SO4
2- to HCO3

- 

ratio ([SO4
2-]/[HCO3

-] <0.4), supporting findings of water type characteristics associated 

with microbial methane in the PRB and the underlying Fox Hills Formation of the WB 

(Thorstenson et al., 1979; Rice et al., 2002; Bartos and Ogle, 2002). 

 

2.4.Overview of Microbial Methanogenesis 

 

Microbial methanogenesis occurs after a consortium of microorganisms break 

down complex organic matter from coal into simpler carbon compounds, such as acetate 

(CH3COOH) and carbon dioxide (CO2), that methanogens consume to generate CH4 

(Carothers and Kharaka, 1980; Rice and Claypool, 1981; James and Burns, 1984; 

Whiticar et al., 1986; Coleman et al., 1988).  The utilization of these degradation 
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byproducts generally proceeds via two different metabolic pathways: (1) CO2 reduction, 

or (2) acetate fermentation (Whiticar, 1986). 

CO2 + 4H2 � CH4 + 2H2O (CO2 reduction)    [1] 

CH3COOH � CH4 + CO2  (acetate fermentation)    [2] 

 Isotopes are used as the primary line of evidence in resolving the origin and 

formation of natural gases in subsurface formations.  Isotopic analyses provide this 

evidence by determining the relative ratio of isotopes in comparison to a defined 

standard.  This ratio is expressed using the delta (δ) notation and for the carbon system is 

expressed as: 

 δ
13Csample = (

13C/12C) sample – (13C/12C) reference / (
13C/12C) reference [3] 

 Since these variations are very small, δ-values are expressed in permil (‰) or parts per 

thousand from the reference, which in the case for carbon is Vienna Pee Dee Belemnite 

(VPDB), resulting in an expression written as: 

 δ
13Csample = {(

13C/12C) sample / (
13C/12C) reference – 1}*1000‰ VPDB  [4] 

 A relationship between δ13CCH4 and δDCH4 is commonly used to determine the 

thermogenic versus microbial origin of gases, whereas a relationship between δ13CCH4 

and δ13CCO2 is often used to interpret the formation pathway (CO2 reduction vs. acetate 

fermentation) (Whiticar, 1986).  Microbial gases typically exhibit light carbon isotope 

compositions due to more rapid uptake of the lighter isotope by microbes, yielding 
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δ
13CCH4 values less than -60‰, whereas thermogenic CH4 exhibits more positive δ13CCH4 

values (typically >-45‰) (Barker and Fritz, 1981; Whiticar, 1986).  Carbon isotopes of 

CO2 and CH4 are often used to distinguish methanogenic pathways using alpha 

fractionation factors (α) calculated between CO2 and CH4: 

 α13CCO2-CH4 = (δ13CCO2 + 1000) / (δ13CCH4 + 1000)    [5] 

α
13CCO2-CH4 values greater than 1.055 are hypothesized to indicate methanogenesis via 

CO2 reduction, whereas lower alpha values (<1.055) are thought to represent acetate 

fermentation (Whiticar, 1986).  More recent research shows that alpha values may have 

larger ranges for CO2 reduction (1.03 to 1.08) and may actually overlap values indicative 

of acetate fermentation (Conrad, 2005).  In addition, Bates et al. (2011) demonstrated that 

calculated carbon isotope fractionation factors between CO2 and CH4 may be interpreted 

differently based on the assumption of an open versus closed reservoir system.  Due to 

the shallow nature of the coalbeds in the WB Fort Union Formation, this study interprets 

fractionation factors based on an open system and utilizes Whiticar’s (1999) alpha 

fractionation factor ranges for determining metabolic pathways. 

Hydrogen isotopes of paired CH4 and water samples (δDCH4 and δDH2O) have also 

been used to identify the formation pathway of CH4 by determining whether hydrogen 

incorporated into CH4 is sourced from formation water or from acetate’s methyl group 

(Shoell, 1980; Whiticar, 1999).  The slope of the relationship between δDH2O and δDCH4 is 

hypothesized to designate the metabolic formation pathway since a slope of 1 

demonstrates that all hydrogen utilized is derived from formation waters, indicating 
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formation via CO2 reduction.  In contrast, a slope of 0.25 indicates that one atom of 

hydrogen is sourced from water while the other three are from acetate’s methyl group 

(CH3), and denotes methanogenesis via acetate fermentation.  This identification 

technique remains in use for categorizing produced gas, but further investigations have 

revealed alternative hypotheses to these approaches.  In particular, numerous studies, 

Sugimoto and Wada (1995), Waldron et al. (1999), Hansen et al. (2001), Aravena et al. 

(2003), have suggested that the δDCH4 values produced may have less to do with 

formation pathway since even the methyl group of acetate (CH3) may isotopically 

equilibrate with formation waters in which the gases are produced.  Therefore, there 

would be no difference in δD values between the two pathways, making the method 

unable to distinguish mechanisms of methanogenesis. 

 Whiticar (1986) also hypothesized that metabolic pathways are influenced by the 

water environment wherein methanogenesis occurs, in which CO2 reduction is the 

primary pathway in marine environments and freshwater environments proceed via 

acetate fermentation.  More recently, however, research has shown that both pathways 

may occur in either environment (Coleman et al., 1988; Whiticar, 1999), and some 

hypothesize that CO2 reduction is the primary pathway in freshwater aquifer systems 

(Barker and Fritz, 1981; Coleman et al., 1988; Grossman et al., 1989; Aravena et al., 

1995; Zhang et al., 1998; Hansen et al., 2001). 
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3. GEOLOGIC AND HYDROGEOLOGIC SETTING 

 

3.1.Study Area Overview 

 

 The Williston Basin (WB) is a deep, broad, intracratonic sedimentary basin 

spanning the border of the United States (US) and Canada (Figure 1).  The basin covers 

parts of North Dakota, South Dakota, Montana, Saskatchewan, and Manitoba.  The basin 

is bounded to the east and southeast by the Canadian Shield and Sioux Uplift and by the 

Black Hills Uplift, Miles City Arch, Porcupine Dome, and Bowdoin Dome on its west 

and southwestern margins (Peterson, 1987).  The center of the basin is located in 

northwest North Dakota near the town of Williston, where it reaches depths exceeding 

4800 m (Peterson, 1987; Anderson, 2009; Heck et al., 2002). 

 This study focuses on Fort Union Formation coalbeds in the Williston Basin, 

underlying western North Dakota, where significant quantities of coal were deposited 

during the Tertiary period, contemporaneously with coalbeds in the neighboring PRB.  

The Fort Union Formation is comprised of three members in North Dakota: the Sentinel 

Butte Member, the Tongue River Member, and the Cannonball-Ludlow Member (Figure 

2).  These distinctions are made based on the nomenclature used by the U.S Geological 

Survey (Swanson et al., 1981).  These units also correspond with Fort Union Formation 

terminology used by the North Dakota Geological Survey (NDGS), which separates the 

Fort Union Group into the Cannonball, Ludlow, Slope, Bullion Creek, and Sentinel Butte 
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Formations (Figure 2).  This study will utilize the terminology established by the U.S. 

Geological Survey. 

 

3.2.Geology 

 

 The stratigraphy of the Williston Basin is a simple layer cake style with the Fort 

Union Formation overlying the Fox Hills Sandstone and Hell Creek Formation (Figure 

3).  Deposition of the Fort Union Formation began with the non-marine Ludlow Member 

across the western portion of the WB.  The Ludlow Member consists of alternating beds 

of lignitic fine-grained sandstone, carbonaceous claystone, siltstone, mudstone, and 

bedded lignite (Hansen, 1967; Clayton, 1972; Freers, 1970, 1973; Bluemle, 1971; 

Carlson, 1973, 1983, 1985; Trapp and Croft, 1975; Murphy, 2001).  During this time, 

shallow parts of the Cretaceous Sea still remained in the eastern part of the WB resulting 

in the deposition of the marine Cannonball Member and inter-fingered tongues of the 

Cannonball into the Ludlow Member (Belt et al., 1984).  The Cannonball Member 

consists of alternating beds of claystone, siltstone, and mudstone with some occasional 

fine grained sandstone, but has no lignite beds due to its marine origin (Hansen, 1967; 

Clayton, 1972; Freers, 1970, 1973; Bluemle, 1971; Carlson, 1973, 1983, 1985; Trapp and 

Croft, 1975; Murphy, 2001).  The regression of the Cretaceous Sea left the WB with a 

flat, swampy terrain and sub-tropical climate, similar to that of the present-day 

Everglades, in which the remaining Tongue River and Sentinel Butte Members were 

deposited (Clayton, 1972).  The Tongue River Member overlies the Cannonball-Ludlow 
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Member and is also composed of interbedded sandstone, claystone, siltstone, mudstone, 

and lignite (Carlson, 1983; Murphy, 2001) with occasional carbonaceous shales and 

lignite interbeds (Hansen, 1967; Clayton, 1972; Freers, 1970, 1973; Bluemle, 1971; 

Carlson, 1973, 1983, 1985; Trapp and Croft, 1975; Murphy, 2001).  The Sentinel Butte 

Member is made up of alternating beds of sandstone, claystone, siltstone, mudstone, and 

lignite (Freers, 1970, 1973; Clayton, 1972; Carlson, 1973; Trapp and Croft, 1975; 

Murphy, 2001).  The deltaic plains on which thick organic beds accumulated were 

frequently dissected by river channels re-routed by avulsion events, leading to the 

heterogeneous and discontinuous nature of subsurface coalbeds and channel sandstones 

that now make up the Fort Union Formation (Warwick et al., 2004). 

 

3.3.Hydrogeology 

 

 Domestic water resources in western North Dakota are mainly sourced from 

sandstone and lignite aquifers within the Fort Union Formation (Armstrong, 1971; Croft, 

1973; Trapp, Jr. and Croft, 1975).  Specific aquifers include the Upper Hell Creek-Lower 

Cannonball-Ludlow, the Upper Ludlow-Tongue River Members, the Sentinel Butte, and 

various undifferentiated lignite aquifers in the Tongue River and Sentinel Butte 

Members.  Many domestic wells using lignite aquifers rely on fractures and joints to 

produce sufficient quantities of water (Trapp, Jr. and Croft, 1975).  Therefore, some wells 

are screened over a single coalbed, while others may be screened across numerous 

coalbeds depending on the yield in the area. 
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 The beds of the Fort Union Formation dip toward the basin’s center, near 

Williston, ND, with varying gradients depending on location within the basin.  Strata 

south of the basin center generally dip north/northwest at gradients ranging from 

approximately 22 meters per kilometer at the basin margin to smaller gradients of about 2 

meters per kilometer as the center of the basin is approached (Anna, 1983).  Beds north of 

the basin center dip south/southwest at low angles of approximately three degrees 

(Armstrong, 1971; Freers, 1970, 1973).  Regional groundwater flow within the basin is 

predominantly from the southwest to the northeast, toward the Missouri River 

(Thorstenson et al., 1979), but localized groundwater flow can differ in areas based on 

local groundwater pumping and aquifer characteristics (Klausing, 1979; Anna, 1983).  

Thorstenson et al. (1979) determined that recharge for the underlying Cretaceous Fox 

Hills Formation originates along the Cedar Creek Anticline located in southeastern 

Montana.  While recharge to the Fox Hills Formation and deeper members of the Fort 

Union Formation may occur here, surface recharge to shallow strata like the Sentinel 

Butte Member may occur in localized areas (Trapp, Jr. and Croft, 1975; Klausing, 1979; 

Anna, 1983).  Studies conducted in the PRB highlight the importance of clinker, a brick 

red baked rock derived from burned lignite, having high hydraulic conductivities (3,000-

15,000 m/d; WRRC, 1997; Bates et al., 2011).  Clinker outcrops also occur in the WB 

and likely have similar properties to PRB clinker, making it probable that meteoric 

recharge occurs through these units where present in the basin. 

 Western North Dakota falls within the Missouri River drainage basin, which 

principally flows from northwest to southeast.  Drainage to the Missouri River from other 
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North Dakota rivers (Cannonball River, Heart River, and Knife River) is mostly to the 

west, but the Little Missouri River drains north before being routed west into Lake 

Sakakawea.  Surface drainage from areas like the Little Missouri River valley can be 

highly dissected and eroded due to incision from drainage, forming “badlands” 

topography (Bluemle, 1971; Anna, 1983).  Topography in western North Dakota is 

undulating and plays a key role in the hydrogeology due to its influence on recharge.  

Topographic highs in landscapes like that of western North Dakota are generally areas of 

recharge, while topographic lows are more typical of areas of discharge (Hitchon and 

Friedman, 1969; Anna, 2011).  This behavior is documented in the nearby PRB where 

Bartos and Ogle (2002) report that groundwater flow in the Wasatch Formation is related 

to topography with local recharge taking place at local topographic highs and discharge 

occurs near streams in low-lying areas.  Similarly, Thorstenson et al. (1979) document a 

recharge area in the higher elevations of southeastern Montana and a discharge area in the 

low-lying valleys adjacent to the Knife, Heart, Cannonball, and Missouri Rivers, 

highlighting these effects in the WB.  Rice et al. (2002) acknowledged that little is 

understood about groundwater flow, recharge, and discharge in the PRB, which could be 

more so in the WB where less research has been conducted.  For this reason, it is difficult 

to conclude specifically where aquifers are controlled by local versus regional 

groundwater effects.   

 Flow systems in the WB study area are complicated due to the heterogeneous 

nature of geologic materials.  The mixture of sandstones, siltstones, claystones, and 

lignite beds prevents continuous aquifers, as well as clearly defining confined versus 
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unconfined aquifers.  The varying nature of geologic deposits in this region also makes it 

challenging to determine from location to location where aquifer systems may be in 

connection with one another and where possible mixing of two water types may occur.  

With that stated, vertical percolation of modern meteoric waters occurs in the shallow 

Sentinel Butte Member and potentially influences coalbed formation waters (Armstrong, 

1969; Freers, 1970; Anna, 1983) (Figure 3).  Coalbeds residing in the deeper Tongue 

River and Cannonball-Ludlow Members are likely to be less affected by recharge 

occurring from vertical infiltration of precipitation at the surface, but rather follow more 

intermediate to regional groundwater flow paths (Figure 3).  Recharge into these units 

enters from the basin margin at topographic highs where these units outcrop (Anna, 

1981), resulting in older waters with longer transit times for formation waters within 

coalbeds in the interior portion of the basin.  However, both of these flowpath systems 

may be occurring within the WB.  The differentiating levels (i.e. local, intermediate, and 

regional) of groundwater flow presumably play a large role in the groundwater 

compositions found in these three units, thereby impacting the role of redox conditions 

and methanogenesis. 
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4. METHODS 

 

 Thirty-seven groundwater and 30 dissolved gas samples were collected from 

domestic and stock wells completed in Fort Union Formation lignite beds within the 

Williston Basin (Table 1).  Field parameters, including pH, temperature, and dissolved 

oxygen (% saturation), were determined using a bucket completely filled with water from 

a submerged hose connected to the well, continuously flowing, creating laminar flow 

conditions.  Measurements of pH were made using an Oakton pH 110 meter with an 

Oakton WD-35801-00 epoxy body pH electrode.  Temperature measurements were made 

using an Oakton Temp 6 Acorn Series RTD Thermometer, and dissolved oxygen was 

measured with an YSI DO probe model 550A.  Alkalinity was determined within 12 

hours of sample collection following the Gran-Alkalinity titration method (Gieskes and 

Rogers, 1973) (precision ±0.6%), using 20 mN HCl. 

 Groundwater samples used for major anion and alkalinity analyses were filtered 

through 0.45 µm nylon filters and collected in 30 mL DI-washed HDPE bottles with no 

headspace.  Samples collected for cation analyses were filtered with 0.45 µm nylon filters 

and collected in 30 mL acid-washed HDPE bottles with no headspace, and preserved with 

concentrated optima-grade nitric acid.  Samples for dissolved inorganic carbon (DIC) and 

carbon-13 DIC isotope analyses (δ
13CDIC) were collected in 30 mL glass serum vials with 

no headspace, and were filtered through 0.2 µm nylon filters to inhibit biological activity.  

Groundwater sampled for stable water isotopes (δDH20 & δ 18OH2O) was filtered through 
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0.45 µm nylon filters and collected in 30 mL glass scintillation vials with no headspace.  

Two 1 L sample aliquots of unfiltered groundwater were collected in amber HDPE 

bottles for analysis of sulfur isotopes (δ
 34SSO4) and were preserved with two drops of 

nitric acid to inhibit microbial sulfate reduction.  All water samples collected were kept 

on ice in the field, and stored at 4°C in the laboratory. 

 Dissolved gas samples were collected in 1 L PETE bottles, provided by Isotech 

Laboratories, containing a bactericide pill to prevent biological activity and were 

obtained using a bucket completely filled with formation water from a hose continuously 

flowing during sample collection.  Dissolved gas bottles were submerged in the 

overflowing bucket until all air escaped the bottle, then inverted, connected to a hose 

flowing from the well and filled upside down.  After flushing approximately two bottle 

volumes with formation water, the hose was removed; the bottle was capped underwater, 

sealed with vinyl tape, and stored upside down to prevent gas from escaping through the 

bottle’s cap (Isotech, 2012). 

 Major ion chemistry and stable water isotope analyses were performed at the 

University of Arizona, Department of Hydrology and Water Resources.  Major anions 

(NO2
-, NO3

-, Br-, F-, Cl-, & SO4
2-) were analyzed on a Dionex Ion Chromatograph (IC), 

Model 3000 using an AS23 analytical column (precision ±2%).  Major cations (Ca2+, 

Mg2+, Na+, K+, Sr2+, Si, Fe(2+,3+), B3+, & Ba2+) were analyzed on a Perkin-Elmer Optima 

5100DV Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) 

(precision ±2%).  Charge balance calculations for all samples resulted in errors <6%, 
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except for samples SB-12 and TR-2.  Anion and cation analyses for both samples were 

re-run and showed similar results during each analysis, indicating an error in field 

alkalinity measurements, estimated to be ~10% for both samples.  Stable water isotopes 

(δ18OH2O & δDH2O) were performed on an OA-ICOS liquid water isotope analyzer, model 

DLT-100 (Los Gatos Research, Inc.).  Carbon and sulfur isotopes (δ
13CDIC & δ34SSO4) 

were analyzed at the University of Arizona, Environmental Isotopes Laboratory.  Sulfur-

34 isotopes of sulfate were run on a Finnigan Delta PlusXL couple with a Costech 

element analyzer using the combustion in O2 plus Continuous Flow Isotope Ratio Mass 

Spectrometry (CFIRMS) method with values referenced to Coleman and Moore, 1978 

(precision ±0.15‰). Carbon-13 isotopes of DIC were analyzed using a ThermoQuest 

Finnigan Delta PlusXL continuous-flow gas-ratio mass spectrometer coupled with a 

Finnigan Gasbench automated sampler (precision±0.30‰). 

 Dissolved gas samples were analyzed by Isotech Laboratories Inc. for gas 

composition (CH4, C2H6, CO2, N2, Ar, & O2) and compound-specific isotopes (δ
13CCH4, 

δDCH4, & δ13CCO2).  Gas composition analyses were conducted on a gas chromatograph 

and were reported as mole %.  Gas isotopes were analyzed using two methods depending 

on the abundance of CH4.  Isotope values for this study were obtained from gas samples 

with molar methane percentages greater than 0.2 mole %.  Samples with >1.5 mole % 

CH4 in the headspace were analyzed using offline prep/dual inlet method, while samples 

<1.5 mole %, but exceeding 0.2 mole % were analyzed using a GC-C-IRMS. 
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5. RESULTS 

 

5.1. Methane Occurrences and Distribution in the Williston Basin 

 

 Methane was detected in variable amounts in groundwater wells sampled 

throughout the WB (Figure 1).  CH4 concentrations ranged from no detection to 73.0 

mole %.  Twenty-one out of 30 groundwaters analyzed for dissolved gases had trace 

amounts (<0.1 mole %) of CH4.  CH4 concentrations can vary dramatically in wells from 

similar geographic locations, emphasizing the variability in water chemistry and redox 

conditions based on the depth of coalbeds within the aquifer system, which will be 

discussed in following sections. 

 

5.2.Water Chemistry and Isotopes 

 

 Samples were separated based on the three geologic members of the Fort Union 

Formation in which each groundwater well was screened including, (1) the Sentinel Butte 

Member, (2) the Tongue River Member, and (3) the Cannonball-Ludlow Member.  

Division by geologic unit provided the best means of categorizing samples since no 

sample transect (i.e. to follow local or regional groundwater flowpaths) was established 

due to the lack of availability of wells to sample.  Also, wells located at topographic 

highs and/or in recharge areas complicate interpretations of data when based solely on the 

variable of depth; therefore, separation by Fort Union Formation member allows for 
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similarities within these units to be collectively attributed to depth and differences in 

hydrologic flow systems experienced by aquifers within each unit.  

 

5.2.1. Sentinel Butte Member 

 

 Groundwaters within the Sentinel Butte member are typically a mixed cation-

mixed anion type (Table 2; Figure 4), characterized by the lack of dominance of one 

cation and/or anion, but rather the presence of Ca2+, Mg2+, Na+, SO4
2-, and HCO3

-, 

although the concentrations of each constituent within samples may vary.  Groundwaters 

from the Sentinel Butte are generally higher in Ca2+ (0.10 - 9.97 mM), Mg2+ (0.12 - 14.73 

mM), NO3
- (below detection - 4.10 mM) and SO4

2- (0.26 - 22.97 mM) than the waters in 

underlying members, but principally have lower Na+ (1.25 - 77.10 mM) and alkalinity 

concentrations (3.2 - 29.2 meq/L) (Figure 4).  

 Stable water isotope values (δ18OH2O & δDH2O) of groundwater within the Sentinel 

Butte member (-18.6 to -14.7‰ and –140.7 to -113.4‰, respectively) fall on the global 

meteoric water line (GMWL: δDH2O = 8.13(δ18OH2O) +10.8; Clark and Fritz, 1997), and 

are bracketed by average summer and winter precipitation values, obtained from an 

isotope estimation model based on location developed by Bowen et al. (2005), indicating 

origin from meteoric recharge.  The values are also similar to those found in other studies 

in the region (i.e. Aravena et al., 2003; Flores et al., 2008; Bates et al., 2011).  δ
13CDIC 
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values range from -13.3 to -5.4‰ and δ
34SSO4 values fall between -9.2 to 21.2‰ in the 

Sentinel Butte Member. 

 

5.2.2. Tongue River Member 

 

 Groundwaters sampled from the Tongue River Member have relatively low Ca2+ 

and Mg2+ concentrations (0.06 - 9.84 mM and 0.06 - 6.99 mM, respectively) compared to 

groundwaters in the overlying Sentinel Butte Member, along with no detectable NO3
- in 

nearly all samples (Table 2; Figure 4).  The average concentration of SO4
2- (3.73 mM) in 

the Tongue River Member is lower than that of the Sentinel Butte Member, but Tongue 

River samples in shallower groundwater wells usually have similar concentrations of 

SO4
2- as those in the overlying Sentinel Butte Member.  Alkalinity (2.2 - 31.2 meq/L) and 

Na+ (1.37 - 50.98 mM) concentrations are also higher in the Tongue River Member than 

the overlying Sentinel Butte.  

 δ
18OH2O and δDH2O values of groundwater in the Tongue River Member (-14.9 to -

19.8‰ and -149.1 to -116.2‰, respectively) are similar to the values found in the 

Sentinel Butte Member as well as the underlying Cannonball-Ludlow Member.  δ
13CDIC 

values (-13.3 to -1.0‰) from the Tongue River are similar to those found in the Sentinel 

Butte Formation except for the three samples (TR-1, TR-1*, TR-2) having significant 

amounts of CH4, in which δ13C values of DIC are more positive (-1.2 to -1.0‰).   δ
34SSO4 
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values (-9.3 to 22.6‰) cover a similar range as samples collected from the Sentinel 

Butte. 

 

5.2.3. Cannonball-Ludlow Member 

 

 Groundwater within the Cannonball-Ludlow member is strictly a Na-HCO3 water 

type.  Ca2+ (0.15 - 0.22 mM), Mg2+ (0.16 - 0.31 mM), and SO4
2- (0.12 - 0.42 mM) 

concentrations are consistently low in the Cannonball-Ludlow member, while Na+ (40.9 

– 42.5 mM) and alkalinity (24.2 – 26.9 meq/L) concentrations are higher (Table 2; Figure 

4).  The two samples taken from the well completed in the Cannonball/Ludlow formation 

have average δ18OH2O and δDH2O  values (-16.6 to -16.4‰ and -128.0 to -126.1‰) similar 

to those in the overlying Sentinel Butte and Tongue River Member.  δ
13CDIC values 

observed from this well were -0.6 and -0.9‰ and δ
34SSO4 values were 0.5 and 1.6‰. 

 

5.3. Gas Composition and Isotopes 

 

5.3.1 Sentinel Butte Member 

 

 Methane (CH4) in coalbeds of the Sentinel Butte Member occurs only in trace 

amounts (< 1 mole %) (Table 3).  Sixteen out of 17 samples analyzed for dissolved gases 

contained less than 0.04 mole %, and four wells have no detectable CH4.  Only one 
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sample (SB-18) had enough CH4 to analyze for isotopes.  Other gases occurring in the 

Sentinel Butte Member include CO2, N2, Ar & O2, but no higher chain hydrocarbons 

(C2H6+) were detected.  CO2 in Sentinel Butte Member coalbed waters range from 1.18 

to 39.1 mole %.  Sample SB-18, with elevated CH4, has the least amount of CO2 (1.18 

mole %) compared to all other samples in the unit.  N2 values fell between 59.0 and 95.8 

mole %, with 11 samples having N2 concentrations higher than atmospheric values (> 76 

mole %). 

Sample SB-18 yielded a δ13CCH4 value of -103.7‰, with a corresponding δDCH4 

value of -383.0‰ (Table 3).  Thirteen samples from the Sentinel Butte Member have 

δ
13CCO2 values ranging between -22.5 and -13.4‰ with a mean value of -18.1‰.  Sample 

SB-18 has a δ13CCO2 value of -17.4‰, with an associated alpha fractionation factor (αCO2-

CH4) of 1.10.   

 

5.3.2. Tongue River Member 

 

Methane amounts in the Tongue River Member range from 0.02 to 70.99 mole % 

(Table 3).  Out of 11 samples analyzed, 5 samples have CH4 percentages greater than 1 

mole % and the remaining samples all have amounts less than 0.2 mole %.  Dissolved 

gases in the Tongue River Formation contain some higher-chain hydrocarbons (C2H6, 

C3H8, C4H10), but at amounts no more than 0.01 mole %.  CO2 and N2 occur at amounts 



34 

 

ranging from 0.7 to 20.2 mole % and 26.5 to 93.54 mole %, respectively.  Seven of the 11 

samples analyzed have N2 contents greater than that of the atmosphere. 

Six dissolved CH4 samples from coalbeds in the Tongue River Member were 

analyzed for CH4 isotopes (δ13CCH4 & δDCH4) (Table 3).  δ13CCH4 and δDCH4 values ranged 

from -105.3 to -58.3‰ and -392 to -284‰, respectively.  Four of the six samples (TR-1, 

TR-1*, TR-2, TR-5) have similar δ13CCH4 values (-79.1 to -88.1‰), while one sample 

(TR-6) has an extremely low δ13CCH4 value of -105.3‰.  The sixth sample (TR-11) is 

enriched in 13C relative to other samples with a δ
13CCH4 value of -58.3‰.   Eight samples 

of dissolved gas were analyzed for carbon isotope composition of carbon dioxide 

(δ13CCO2), with values between -18.9 and -12.3‰.  The average δ
13CCO2 value for Tongue 

River Formation coalbeds is -15.8‰, and carbon isotope fractionation factors of CO2 and 

CH4 range between 1.04 and 1.10. 

 

5.3.3. Cannonball/Ludlow Member 

 

The one well completed in the Cannonball/Ludlow Member was sampled twice 

and had varying gas composition between the two sample periods, which occurred 23 

months apart (Table 3).  The first time sampled, the well had a CH4 content of 73.0 mole 

% while the second sampling event yielded 50.2 mole % CH4.  Both samples have trace 

amounts of C2H6 (0.0054 mole %).  CO2 and N2 contents both increased from 2.91 to 

3.36 mole %, and 22.6 to 33.4 mole %, respectively, between sampling dates. 
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 CH4 collected had a δ13CCH4 value of -82.5‰ from the first sampling event and a 

δ
13CCH4 value of -81.9‰ the second time (Table 3).  δDCH4 values changed from -307‰ 

to -310.4‰.  The δ13CCO2 values for the two samples collected here have similar values of 

-12.2 and -12.7‰, with nearly identical carbon isotope fractionation factors of CO2 and 

CH4 equal to 1.8. 
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6. DISCUSSION 

 

6.1.Aqueous Geochemical Indicators of Methanogenesis 
 

 Particular geochemical components of groundwater can be used to help determine 

whether groundwaters in coalbed aquifers are likely to have significant volumes of CH4.  

These indicators can be used as a useful tool in CBM exploration for screening 

groundwaters for CH4 prior to performing further dissolved gas analyses, which require 

analysis at specialized labs and are expensive in comparison to water chemistry analyses. 

 

6.1.1. Cation Exchange Ratios 
 

 Ratios of cations can help to indicate the extent of interaction groundwater has 

had with aquifer materials due to the process of cation exchange.  Groundwaters from 

Fort Union Formation coalbeds have cation exchange ratios (Na+/ (Ca2+ + Mg2+) ranging 

between 0.2 and 196.6 (Table 2).  Groundwaters with a low cation exchange ratio have 

low Na+ concentrations and high amounts of Ca2+ and Mg2+, and are typical of 

groundwaters from the Sentinel Butte Member.  Eight of 20 samples have ratios less than 

one, indicating the abundance of Ca2+ and Mg2+ in these shallow groundwaters.  This 

chemical composition would be typical of more recently recharged groundwaters that 

have Ca2+ and Mg2+ concentrations from interactions with carbonate minerals, and have 

yet to travel through beds in which cation exchange occurs, like the highly adsorptive 
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surfaces of clay and coal.  On the other hand, groundwaters with high cation exchange 

ratios exhibit high Na+ concentrations with low amounts of Ca2+ and Mg2+.  All but three 

groundwater samples from the Tongue River Member have cation exchange ratios greater 

than one.  Seven of these samples have ratios greater than 100, indicating the dominance 

of Na+ in these groundwaters and travel through or along coalbeds.  The two samples 

collected from the Cannonball-Ludlow Member also have cation exchange ratios greater 

than 100, further supporting that groundwaters in the deeper units of the Fort Union 

Formation are likely to have been in contact with aquifer materials like coal for periods 

long enough to exchange cations.  Results show that groundwaters that have undergone 

extensive cation exchange are more likely to have CH4 present than waters in shallower 

units in which these exchange reaction have not yet occurred (Figure 5 A).  Waters with 

high cation exchange ratios (>50) occur with significant amounts of CH4  in the deeper 

strata of the Fort Union Formation, suggesting that waters in the deeper members of the 

Fort Union Formation have been in contact with more organic strata and undergone more 

water-rock interactions, leading to conditions more favorable for methanogenesis. 

 

6.1.2. Alkalinity Concentrations 
 

 Alkalinity concentrations in groundwater from the Sentinel Butte Member (mean 

= 11.3 meq/L, median = 11.6 meq/L) are very similar to those in the recharge area 

defined by Thorstenson et al. (1979), whereas groundwaters in the underlying Tongue 

River (mean = 16.2 meq/L, median = 15.9 meq/L) and Cannonball-Ludlow (mean = 25.5 
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meq/L) members have increased alkalinities (Figure 4).  Calcite cements may be 

prevalent within the rock matrix, but massive limestone is absent within the Fort Union 

Formation.  Dissolution of calcite cements may be responsible for increased alkalinities 

in the deeper units of the Fort Union, but low concentrations of SO4
2- and the presence of 

CH4 in the majority of these samples suggests that increased alkalinity values are most 

likely be attributed to the addition of CO2 through the microbial decomposition of 

organic materials during sulfate reduction and other microbially mediated reactions 

involving organic matter.  The accumulation of bicarbonate from microbial reactions is 

shown to occur in conjunction with significant levels of CH4 in the WB, whereas samples 

with low alkalinity values have very little or no CH4 (Figure 5 B).  Therefore, 

groundwater with alkalinity concentrations greater than 10 meq/L are candidates for 

methanogenesis since increased DIC has likely been added via microbial decomposition 

of organic strata. 

 

6.1.3. Terminal Electron Acceptors (NO3
- and SO4

2-) 

 

 Along with alkalinity values, the presence or absence of terminal electron 

acceptors, like NO3
- and SO4

2-, may help to identify where methanogenesis may occur in 

coal zones.  The majority of WB groundwaters with less than 10% dissolved oxygen 

(DO) have little to no NO3
- present (Table 2).  In addition, the gas compositions of these 

samples indicate N2 gas concentrations higher than that of the atmosphere (~76 mole %) 

(Table 3).  N2 to Ar + O2 ratios indicate that it is unlikely high N2 concentrations are due 
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to atmospheric contamination, further supported by the fact that the gas sampling 

technique used minimized exposure to open air.  Therefore, it can be suggested that these 

waters have undergone denitrification, causing NO3
- in solution to be reduced to N2 gas.  

Groundwaters with these characteristics and detectable concentrations of SO4
2-

 likely 

remain in a redox state between denitrification and sulfate reduction.  This groundwater 

composition is common to the Sentinel Butte Member and a few samples from the 

Tongue River Member, but is absent in groundwaters sampled from the Cannonball-

Ludlow Member, indicating the possible influences of meteoric recharge on coalbeds in 

the Sentinel Butte and Tongue River members. 

 Sulfate was detected in all samples obtained from the Sentinel Butte Member.  

SO4
2- concentrations were also detected in the Tongue River Member, but seven samples 

had SO4
2- concentrations less than 1 mM with six of these samples having detectable CH4 

(the remaining sample did not have dissolved gases analyzed).  The well sampled in the 

Cannonball-Ludlow Member also has SO4
2- concentrations below 1 mM and significant 

amounts of dissolved CH4.  The depletion of SO4
2- in groundwaters from the shallow 

Sentinel Butte to the Cannonball-Ludlow Member suggests that sulfate reduction is a 

primary process in groundwater evolution as waters travel in deeper units of the Fort 

Union Formation.  The exhaustion of SO4
2- through sulfate reduction in these waters 

leaves geochemical conditions favorable for methanogenesis to proceed and CH4 

accumulations to remain stable without consumption via methane oxidation.  The 

relationship between nonexistent SO4
2- concentrations and the occurrence of CH4 is 

apparent within samples from the deeper units of the Fort Union Formation in the WB 
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(Figure 5 C).  These results suggest that groundwaters with less than 1mM of SO4
2- are 

presumed to be favorable for CH4 accumulations. 

 Interestingly, samples from the WB Cannonball-Ludlow Member are anaerobic 

(<10% DO), have no detectable SO4
2-, and significant CH4 concentrations, but also 

contain NO3
-
 (Table 2; Table 3).  It is counterintuitive that NO3

- would occur with CH4 

since CH4 could easily be oxidized by nitrate-reducing bacteria, but isotopic values of 

CH4 show that methane oxidation has not occurred within these samples.  It is possible 

that a well screened over two units with different water chemistry could potentially cause 

NO3
- from one unit to be introduced into formation water from a separate unit where 

NO3
- is absent and CH4 is present.  It is also possible that recent meteoric recharge 

transported NO3
- to depth where it encountered groundwaters with dissolved CH4, but 

nitrate reducing bacteria have yet to oxidize available CH4.  The former hypothesis is 

more likely due to this behavior occurring in the deep Cannonball-Ludlow Member 

where modern meteoric recharge is unlikely.  A study performed by the Montana Bureau 

of Mines and Geology found similar results when sampling for ammonia (NH3) in 

coalbeds, but found concentrations of NO3
- instead (MBMG, 2010).  Results from this 

report also indicate that there is a relationship between total nitrogen and gas production.  

This finding reveals a conundrum that should be addressed because NO3
- is a strong 

oxidant and would inhibit methanogenesis.  This is an area that needs to be researched 

further in order to completely understand whether NO3
- and CH4 can occur 

simultaneously, or whether complications with well construction are responsible for these 

findings. 



41 

 

 

6.2.Paired Analyses and Stable Solute Isotopes 
 

6.2.1 Sulfate and Alkalinity Concentrations 

 

 Geochemical indicators like alkalinity and SO4
2- concentrations can be used 

together to determine waters suitable for the presence of CH4 (Figure 6 A).  The data can 

be separated into three populations based on geochemical characteristics.  One group of 

groundwaters is defined by low alkalinity values (<10 meq/L) and varying SO4
2- 

concentrations (> 1 mM).  Low alkalinity values (< 10 meq/L) suggest that these waters 

have not accumulated DIC from extensive biodegradation of organic matter during 

sulfate reduction and/or other microbial reactions.  Highly variable SO4
2- concentrations 

also suggest that these samples are in areas with more oxidized conditions and sulfate 

reduction has yet to begin or proceed completely.  The second group of groundwaters 

defined also has varying SO4
2- concentrations ranging from 3.0 to 23.0 mM, but have 

increased alkalinity values (>10 meq/L).  The SO4
2- concentrations indicate that these 

waters are likely undergoing sulfate reduction based on higher alkalinity values due to the 

accumulation of DIC from microbial decomposition.  Regardless of the extent of sulfate 

reduction undergone, none of these waters have water compositions suitable for 

methanogenesis, and results show that none of these waters have any substantial amounts 

of CH4 associated with them.  The last group defined is a group of samples that have 

increased alkalinity values (>10 meq/L), but have SO4
2- concentrations below or near the 
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detection limit (0 to 0.42 mM).  This groundwater composition provides a suitable 

environment for methanogens to outcompete all other microorganisms, resulting in the 

occurrence of detectable CH4 in all samples, with the majority having significant molar 

percentages.  Alkalinity concentrations in these samples would be higher due to the 

activity of microorganisms in microbial reactions preceding methanogenesis like the 

degradation of organic matter to reduce species like SO4
2- (Brinck et al., 2008).  These 

high alkalinity concentrations also provide a surplus of bicarbonate for methanogens to 

reduce when sufficient hydrogen concentrations are present, especially in a system where 

CO2 reduction is the primary metabolic pathway.  The absence of SO4
2- occurring with 

high alkalinity waters indicates that sulfate reduction has previously exhausted all 

available SO4
2- causing redox conditions to shift in favor of methanogenesis, allowing 

CH4 to be produced and/or accumulate in these waters.  It is important to note that waters 

with these two geochemical indicators are observed in the Tongue River and Cannonball-

Ludlow Members, but not the shallow Sentinel Butte Member of the Fort Union 

Formation.  These results highlight the evolution of water composition to conditions 

suitable for methanogenesis in the deeper units of the Fort Union Formation. 

 

6.2.2.Alkalinity Concentrations and δ13CDIC 

 

Alkalinity values paired with δ13CDIC values show an apparent trend with high 

alkalinity groundwaters yielding the most positive δ
13CDIC values (Figure 6 B), similar to 

trends reported in many other studies (Grossman et al., 1989; Simpkins and Parker, 1993; 
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Martini et al., 1998; Detmers et al., 2001; Aravena et al., 2003; Osborn and McIntosh, 

2010).  Groundwaters with this characteristic isotope composition directly correspond 

with waters having significant amounts (>50 mole %) of dissolved CH4.  Typically, CBM 

associated waters have much higher δ
13CDIC values (>+10‰; Grossman et al. 1989; 

Martini et al., 2003), but values from the Williston Basin (-13.3 to -0.6‰) may not reach 

this magnitude due to limited or less extensive periods of methanogenesis and/or 

influences from sulfate reduction, soil CO2, or possibly even carbonate dissolution 

(Osborn and McIntosh, 2010).  Another plausible explanation for the lack of positive 

δ
13CDIC values would be the result of an open system in which the DIC pool is altered 

from new inputs of soil CO2 and/or background DIC in groundwaters.   

Two contrasting trends are found when analyzing WB samples based on the 

relationship between alkalinity and δ13CDIC values (Figure 6 B).  One trend shows 

increased alkalinity values associated with increasing δ
13CDIC values, which can be 

considered the methanogenesis trend, and is attributed to the consumption of DIC.  The 

utilization of CO2 by methanogens leads to an enrichment in the residual 13C left in the 

DIC pool.  The other trend yields samples with δ
13CDIC values that become more negative 

with increasing alkalinity, which can be attributed to sulfate reduction, and the production 

of DIC from microbial decomposition of organic materials, driving values back towards 

the organic carbon source of approximately -27‰. 

 

6.2.3.Sulfate Concentrations and δ
34SSO4 
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Groundwaters with residual SO4
2- give indications to the extent of sulfate 

reduction through analysis of δ34SSO4 values.  Particular trends may be difficult to 

distinguish due to the fact that SO4
2- can be sourced from different minerals with different 

isotopic signatures, as well as the inability to sample wells over time to determine 

whether an isotopic shift in the SO4
2- pool occurred and therefore, indicate sulfate 

reduction.  What can be determined from this relationship is to notice that many of the 

samples with low SO4
2- concentrations have more positive δ

34SSO4 values (Figure 6 C).  

Most waters with significant amounts of CH4 have no SO4
2- present and therefore, were 

not analyzed for δ34SSO4.  However, one sample with CH4 present and low concentrations 

of SO4
2- was analyzed and yielded a δ

34SSO4 value of 22.6‰.  The δ34SSO4 value from this 

water likely began with a value indicative of pyrite (between -30 and +5‰), and became 

more enriched as 32S isotopes were preferentially utilized by SRB.  This trend highlights 

the importance of sulfate reduction in groundwaters in the WB, exhausting SO4
2- 

concentrations, leading to increased δ
34SSO4 values, and eventually producing redox 

conditions favorable for methanogenesis to proceed.  These findings also suggest that 

groundwaters with little SO4
2- present and high δ34SSO4 values have undergone or are 

currently undergoing sulfate reduction.  Therefore, methanogenesis may have begun or is 

potentially close to occurring once the remaining SO4
2- is exhausted.  In contrast, 

groundwaters with higher concentrations of SO4
2- tend to have δ34SSO4 values that are 

more negative, indicating that sulfate reduction has yet to begin or has only commenced 

recently.  The SO4
2- concentrations in these groundwaters must be attenuated by SRB 

before methanogenesis in these coalbeds will occur. 
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6.3. Influence of Coal Zones and Basin Position 

 

6.3.1. Impact of Numerous Coalbeds above the Well’s Screened Interval 

 

 The data supports the conclusion that the number of coalbeds above a well’s 

screened interval can be used as a proxy variable incorporating depth, groundwater 

residence time, and the amount of organic material available in which groundwaters may 

have interacted with during transport.  Transport of groundwater through more organic 

material provides more opportunities for microbial communities to deplete inhibitive 

solutes and eventually provide redox conditions favorable for methanogenesis (Chappelle 

et al., 1995).  There are two competing modes of transit (i.e. flowpaths) for groundwaters 

residing within the geologic units screened by wells sampled in the Williston Basin, both 

of which could be occurring simultaneously.  The first mode of transit could occur via 

vertical flowpaths downward through numerous coalbeds.  The second possible mode 

may primarily follow horizontal flowpaths from a recharge area towards the basin center 

occurring within or along a single coalbed or multiple coalbeds, depending on the 

continuity of the strata.  These competing flowpaths provide similar mechanisms of 

geochemical progression via reactions with coalbeds, but differences in hydraulic 

conductivity between flowpaths may influence relative transit times.  The experimental 

setup for this study could not distinguish these two flowpaths; for example, we were 

unable to sample CBM wells along regional hydraulic gradients or sample multiple wells 

in one location with depth because of the paucity of wells completed in lignite.  However,   
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when common redox parameters like DO, NO3
-, and SO4

2- are plotted with the number of 

coalbeds above the screened groundwater well, it is apparent that oxygen and terminal 

electron acceptor concentrations (NO3
- and SO4

2-) decline significantly in the presence of 

more coalbeds (Figure 7).  DO declines from aerobic levels to anaerobic levels as the 

number of coalbeds increase (Figure 7 A).  NO3
- concentrations within the Fort Union 

Formation are nearly absent due to a lack of NO3
- sources and/or due to the attenuation of 

NO3
- through denitrification, as discussed earlier (Figure 7 B).  Similarly, SO4

2- 

concentrations decrease in wells with increasing numbers of coalbeds (Figure 7 C).  

Thus, well screens underlying multiple coalbeds are likely to be under more reduced 

conditions than wells with fewer coalbeds due to the opportunity for redox reactions to 

occur during longer transit times and travel through more organic materials.   

 Both the depth at which a groundwater well is completed and the number of 

coalbeds above this screened interval appear to provide reliable correlations to the 

occurrence of CH4.  Results from the WB show significant amounts of CH4 occurring in 

groundwater wells with multiple coalbeds located above the screened interval (Figure 7 

D).  However, some situations highlight the impact of one variable (e.g. depth) rather 

than the number of coalbeds above a well’s screened interval.  For example, one sample 

(TR-3) with only one coal zone above the screened interval, due to the lack of coalbeds in 

overlying strata as a result of the discontinuous nature of coalbeds in the WB, has 

significant CH4.  Sample TR-3 was obtained from a groundwater well screened at a depth 

of 103.6 m (Table 1), highlighting the effect of depth rather than the number of coalbeds 

above its screen.  In contrast, a well like SB-18 may have numerous coalbeds (7) over a 
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more shallow depth (~55m), but lack significant concentrations of CH4.  However, SB-18 

was mentioned previously as having 0.785 mole % CH4, which is in fact more elevated in 

CH4 than other wells at this depth, as well as being the only Sentinel Butte Member well 

to have enough CH4 to analyze isotopically. 

 

6.3.2. Evolution of Groundwater into the Williston Basin 
 

 As previously discussed, groundwaters chemically evolve during transit through 

aquifer materials.  The compositional changes in water chemistry help to indicate what 

processes have occurred within groundwaters, helping distinguish groundwaters in which 

methanogenesis has occurred or is currently occurring from those that are devoid of CH4.  

Bartos and Ogle (2002) attribute this behavior to geochemical processes such as 

dissolution and precipitation of minerals, ion exchange, sulfate reduction, and mixing of 

waters.  Hansen et al. (2001) interpreted this progression as groundwater chemistry 

evolving in time over depth, but also considered that lateral variations may serve a 

critical component.  Therefore, areas of known recharge have shallow groundwaters that 

are more recent and have not undergone any significant geochemical evolution, leaving 

groundwaters with inhibitive solutes like SO4
2-, preventing methanogenesis.  In contrast, 

groundwaters in deeper formations have been in transit for longer periods of time, and 

have traveled through or along multiple strata to deeper positions and over longer lateral 

distances, allowing water composition to evolve to conditions suitable for microbial 

methanogenesis.  A conceptual model of the WB (Figure 8) portrays the evolution of 
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groundwater geochemistry and indicates where conditions are favorable for 

methanogenesis and CH4 accumulations to be found.  Shallow strata, like the Sentinel 

Butte Member, are likely to have more recent recharge with groundwaters having higher 

cation exchange ratios and influx of dissolved species like SO4
2-

, which inhibit 

methanogenesis.  For this reason, shallow groundwaters are less reduced and have had 

much less time to evolve to a geochemical condition favorable for methanogens.  This 

lack of evolution is identified by the presence of Ca2+ and Mg2+, which indicate that 

waters have not had substantial interaction with aquifer materials in order to simply 

exchange cations on adsorptive beds.  The absence of extensive interaction with 

adsorptive beds, in particular organic materials in coal, implies that necessary redox 

reactions required for methanogenesis to proceed have not occurred.  Therefore, waters in 

shallow strata and near basin margins or areas of recharge would be unlikely areas for 

CH4 to be produced or accumulate.  On the other hand, groundwater in deeper strata of 

the Fort Union Formation, the Tongue River and Cannonball-Ludlow members (Figure 

8), has been in transit for longer periods of time.  Transport to deeper units and toward 

interior portions of the basin allows groundwater the necessary interaction with aquifer 

materials to evolve to redox conditions favorable for methanogens to outcompete SRB.  

These groundwaters are typically devoid of cations like Ca2+ and Mg2+ in exchange for 

Na+, indicating transit through adsorptive beds.  As groundwaters travel through these 

materials, microbial communities successively utilize byproducts created during organic 

material decomposition, allowing redox conditions to progress.  Eventually redox 

conditions become favorable for methanogens after SRB exhaust all available SO4
2-, and 
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the primary terminal electron acceptor remaining is CO2 and/or HCO3
-, which has 

accumulated during the microbial decomposition of organic substrates from preceding 

redox reactions.  The Na-HCO3 water type found in these deeper, interior basin wells 

indicates that geochemical evolution has occurred and methanogens are in a redox state 

favorable for methanogenesis. 

 

6.4. Origin and Mechanism of CH4 Generation 

 

 The low δ13C values (<-55‰) of dissolved CH4 measured in Fort Union 

Formation coalbed waters are indicative of CH4 that has been produced through microbial 

processes (Table 3).  The samples collected as part of this study in the WB form two 

distinct groups based on δ13CCH4 and δDCH4 relationships (Figure 9).  However, the 

isotopic groups observed for WB CH4 do not fall into the fields defined by Whiticar 

(1999) for determining the origin and metabolic pathway of methanogenesis.  The most 

extreme values (δ13CCH4 values of -105.3 and -103.7‰; δDCH4 values of -392 and -383‰) 

plot far outside of the fields established by Whiticar (1999) (Figure 9), and these δ13CCH4 

values are some of the most negative isotope values for CH4 reported in the literature.  

These results may be attributed to very early stage methanogenesis, and are consistent 

with observations from marine pore waters in which δ
13CCH4 values as low as -94‰ were 

found to occur directly after SO4
2- concentrations were exhausted through sulfate 

reduction (Li et al., 2009).  This could occur as methanogens preferentially select the 

lightest carbon-13 from the available carbon pool, resulting in extremely light carbon-13 
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incorporated into CH4 after fractionation.  The hypothesis of early stage CH4 is also 

supported by the small volume of CH4 in these wells (SB-18: 0.785 mole %; TR-6: 1.87 

mole %), which indicates a lack of CH4 accumulation which would most likely increase 

both δ13CCH4 and δDCH4 values.  The second group of samples (δ
13CCH4 values from -88.1 

to -79.1‰; δDCH4 values from -319 to -284‰) plots near the microbial methane fields in 

Figure 9, but values do not fall within either the established microbial acetate 

fermentation or CO2 reduction fields.  For this reason, the formation pathway for this 

group of samples cannot be determined solely from the δ
13CCH4 to δDCH4 relationship, but 

requires additional analysis of δ13CCO2.  Results from the Fort Union Formation in the 

WB should be considered when identifying origin and pathways of natural gas in future 

studies. 

The very negative δDCH4 values are very similar to values that were reported from 

the Powder River Basin (Flores et al., 2008; Bates et al., 2011) and in the Elk Valley 

coalfield in British Columbia, Canada (Aravena et al., 2003) (Figure 9).  The δDCH4 

values in this Northern Great Plains region are extremely negative because the 

groundwater in this area is typically depleted in deuterium due to continental effects on 

precipitation and groundwater recharge from snowmelt.  The similarity in δDCH4 values 

between these samples collected from the WB, PRB, and Elk Valley suggest that CH4 in 

the region is related to groundwaters of similar isotopic composition.  This evidence 

indicates that the hydrogen derived for use in CH4 is sourced from or has been 

equilibrated with groundwaters, and is unlikely to be sourced from the methyl group from 

acetate.  In comparison, CH4 samples collected from warmer, more humid regions like 
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the Illinois Basin (Coleman et al., 1988; Schlegel et al., 2011) have more enriched 

deuterium values in groundwaters (δDH2O), resulting in differences in δDCH4 values due to 

the δDH2O values from which CH4 is derived.  Therefore, the use of δD values from CH4 

for evaluating the formation pathway based on the fields established by Whiticar (1999) 

should be reconsidered. 

 Carbon isotope fractionation factors between CH4 and CO2 indicate the extent of 

fractionation that occurs between isotopes in a reactant pool to those in the product pool.  

Results from δ13CCH4 and δ13CCO2 values in the WB show that carbon isotope 

fractionation factors range from 1.04 to 1.10 (Figure 10).  The samples obtained from the 

WB form distinct groups similar to the results from above, except for the addition of a 

single outlier.  All but this one outlying sample have fractionation factors indicative of 

CO2 reduction (α > 1.055) (Whiticar, 1986).  These results suggest that CH4 in the WB is 

primarily produced through CO2 reduction.  This finding is in agreement with more 

recent suggestions that the CO2 reduction pathway is common in freshwater aquifer 

systems (Barker and Fritz, 1981; Coleman et al., 1988; Grossman et al., 1989; Aravena et 

al., 1995; Zhang et al., 1998; Hansen et al., 2001).  However, one sample from the WB 

has a fractionation factor corresponding with acetate fermentation, which suggests that 

CH4 in this groundwater was produced through the acetate fermentation metabolic 

pathway.  Alternatively, the sample’s isotopic composition could be explained by 

microbial methane oxidation, which would cause an enrichment of 13C in CH4, but not 

13C of CO2.  Barker and Fritz (1981) found that little CO2 is produced due to methane-

utilizing bacteria’s efficiency in converting substrate carbon into biomass, therefore 
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δ
13CCO2 values remain unchanged and methane oxidation results in a horizontal shift from 

samples exhibiting fractionation factors associated with CO2 reduction to a position 

indicating methanogenesis via acetate fermentation (Whiticar, 1999).  Therefore, it can be 

suggested that this sample likely had a δ
13CCH4 value near that of samples with α

13CCO2-

CH4 = 1.08 prior to secondary fractionation and became enriched due to methane 

oxidation causing its alpha fractionation factor to represent acetate fermentation.  This 

hypothesis will be further tested in relation to water chemistry and discussed in a later 

section. 

 δ
13CCO2 values obtained in the WB are similar to that of soil CO2 and organically 

derived CO2 (~-27‰) (Clark and Fritz, 1997), with some incorporation of background 

DIC and/or carbonate dissolution (~0‰).  These values suggest that modern CO2 

reservoirs transported with recharge waters could potentially be available for use by 

methanogens in the shallow coalbeds of the Fort Union Formation, in addition to CO2 

released from the breakdown of coals.  Differentiating these sources would require the 

incorporation of 14C analyses to determine whether the carbon source utilized is dead or 

contains any modern carbon.  It should be noted that δ
13CCO2 values from samples with 

significant molar percentages of CH4 are typically higher (δ13CCO2 ~-13‰) than samples 

where CH4 is less abundant (δ13CCO2 ~-17‰) (Table 3).  The 13C enrichment in these 

samples could possibly be attributed to the preferential consumption of CO2 during 

methanogenesis, causing residual δ
13CCO2 values to become more positive (Games et al., 

1978; Faiz and Hendry, 2006).  However, significant calcite dissolution could also result 



53 

 

in values becoming more positive as values would tend to move towards ~0‰, but the 

presence of CH4 in these samples supports the former hypothesis. 

 

6.5.  Effects of Gas Isotope Composition Based on Environmental Chemistry 

 

 As mentioned previously, three isotopic groups are observed based on the large 

variability of δ13CCH4 values from dissolved gas samples collected in the WB (Figure 11), 

yet the small variability between δ13CCO2 indicates that methanogens utilized similar 

carbon sources during methanogenesis.  This result suggests that differences in δ13CCH4 

values may be attributed to differing chemical environments in which CH4 was formed.  

Averaging water chemistry values between samples in each isotopic group brings about 

noticeable differences between the water compositions for each group of δ
13CCH4 values 

(Table 4, Figure 11).  The largest group of samples (Figure 11, Group 2; 6 samples 

ranging from -88.1 to -79.1‰) has the typical methanogenic Na-HCO3 water type with 

almost non-existent SO4
2- concentrations (not detected – 0.42 mM).  These samples are 

all associated with significant CH4 accumulations (50.2 – 73.0 mole %), indicating typical 

values for microbial CH4 produced via CO2 reduction in the WB and ideal geochemical 

conditions for extensive methanogenesis. 

 On the other hand, the group of two CH4 samples (Figure 11, Group 1) with 

anomalously negative δ13CCH4 values (Table 4, Figure 11; -105.3‰ and -103.7‰; 

samples TR-6 and SB-18, respectively) have water compositions similar to that of the 
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previous group except for the presence of SO4
2- in sample SB-18.  The presence of SO4

2- 

in sample SB-18 could be caused by mixing along the well casing, in which the well is 

screened across the sulfate reduction/methanogenesis boundary.  It is hypothesized that 

CH4 production in these wells occurred via very early stage methanogenesis and occurred 

only briefly when conditions were temporarily favorable after SO4
2- concentrations were 

depleted and sulfate reduction ceased.  Isotopic evidence suggests that this period of 

methanogenesis was brief due to the lack of enrichment in δ
13CCH4 values and low 

abundances of CH4, reaching only 0.785 and 1.87 mole %. 

 In contrast, the one sample (Figure 11, Group 3) with a δ
13CCH4 value of -58.3‰ 

shows a significant enrichment in 13C of CH4, also corresponding with detectable SO4
2-

 

(0.72 mM).  An elevated SO4
2- concentration and isotopic enrichment in this sample is 

evidence of the secondary fractionation process of methane oxidation.  The alternate 

hypothesis for this δ13CCH4 value would be from methanogenesis via acetate fermentation, 

proposed in an earlier section.  This hypothesis is less likely to hold true due to the lack 

of significant amounts of CH4 in this sample (0.211 mole %).  For acetate fermentation to 

be considered as the reason for enriched carbon-13 in CH4, extensive methanogenesis 

would be expected and quantities of CH4 would be more expected to be similar to those 

observed in the bulk group (Figure 11, Group 2) of WB CH4 produced via CO2 reduction.  

Lack of extensive methanogenesis is further supported by the water chemistry observed 

within this well.  In contrast to other WB samples with CH4 present, this sample has a 

water composition more characteristic of shallow waters with lower alkalinity and higher 

concentrations of Ca2+ and Mg2+, which is uncharacteristic for methanogenesis.  A more 
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feasible explanation is that CH4 was produced through CO2 reduction in a methanogenic 

environment and either migrated after formation into a less reduced/more oxidized area 

or water of less reduced/more oxidized conditions was transported to this well. 
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7. CONCLUSIONS 

 

 Methane is present within coalbeds of the Fort Union Formation in the WB.  

However, CH4 is generally found only at trace levels (<0.2 mole %), with only a few 

wells having substantial volumes (>50 mole %).  The CH4 produced in coalbeds with 

significant concentrations appears to be generated via microbial CO2 reduction based on 

carbon isotopes of CO2 and CH4, and lack of higher chain hydrocarbons.  CH4 from 

coalbeds with lower concentrations (0.2 mole % < CH4 < 2.0 mole %), in which isotopic 

analyses were able to be performed, indicate influences from water chemistry affecting 

the extent of methanogenesis and secondary microbial processes.  Use of hydrogen 

isotopes from CH4 in the WB yields unique observations not seen to date in the literature 

and suggests that further research should be conducted to modify original CH4 

identification systematics defined by Whiticar (1986, 1999). 

 Microbial activity and water-rock interactions within aquifers leads to 

compositional changes in water chemistry, which can provide pertinent information in 

defining where methanogenesis and CH4 accumulations are likely to exist.  Geochemical 

indicators such as alkalinity values, SO4
2- concentrations, cation exchange ratios 

([Na+]/[Ca2++Mg2+]), and stable isotopes (δ13CDIC and δ34SSO4) provide evidence of 

geochemical and microbially mediated redox reactions giving insight into a 

groundwater’s redox state  and microbial processes that are currently active.  

Groundwaters in the surficial Sentinel Butte Member in the WB have mixed cation-
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mixed anion water types, the presence of SO4
2-, low alkalinity values, more depleted 13C 

of DIC, and only trace amounts of CH4, while groundwaters present in the deeper Tongue 

River Member and Cannonball-Ludlow Member are generally Na-HCO3 type waters 

absent of SO4
2- with higher δ13CDIC values and have some coalbeds with significant CH4 

concentrations.  These results highlight the importance of both depth and the number of 

coalbeds above a well’s screened interval on redox conditions and the likelihood for 

detecting significant volumes of CH4. 

 CH4 in the WB is not as prevalent as CBM in the PRB, despite coal being 

deposited at similar times during geologic history.  Results from the WB, indicating 

higher CH4 concentrations in deeper strata, suggests that the depth in which coalbeds 

reside may play a critical role in the extent of methanogenesis.  Results from both basins 

indicate that CBM is unlikely to occur in coalbeds at shallow depths (<50 m) due to the 

influence of more recent groundwaters, which are capable of transporting oxidants such 

as SO4
2-.  The introduction of these groundwaters shifts redox states to conditions 

unfavorable for methanogens and CH4 accumulations.  Therefore, CBM exploration 

should be focused on coalbeds present at great enough depths to avoid influences from 

recent meteoric recharge. 
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Well #

Sampling 

Date County Member Latitude Longitude

Surface 

Elevation (m)

Depth 

(m)

# of Coal 

Zones

Cumulative 

Coal (m)

SB-1 9/11/2009 Mercer Sentinel Butte 47.25141 -101.56244 619.0 18.3 1 0.9

SB-2 9/12/2009 Burke Sentinel Butte 48.77997 -102.40044 605.6 36.6 1 2.1

SB-3 9/13/2009 Mountrail Sentinel Butte 48.29759 -102.39742 702.6 31.0 1 0.3

SB-4 9/13/2009 Mountrail Sentinel Butte 48.33656 -102.38251 705.9 62.5 1 0.6

SB-5 5/19/2010 McKenzie Sentinel Butte 47.90587 -102.95406 734.0 30.5 1 0.3

SB-6 5/19/2010 McKenzie Sentinel Butte 47.90639 -102.95258 703.0 30.5 1 0.3

SB-7 5/19/2010 McKenzie Sentinel Butte 47.90669 -102.95216 708.0 30.5 1 0.3

SB-8 5/19/2010 McKenzie Sentinel Butte 47.92808 -102.94019 708.0 50.9 2 2.1

SB-9 5/19/2010 McKenzie Sentinel Butte 47.89241 -102.91723 707.0 39.6 1 1.2

SB-10 5/19/2010 McKenzie Sentinel Butte 47.49109 -103.18040 773.0 23.2 1 0.6

SB-11 5/20/2010 Mountrail Sentinel Butte 48.30683 -102.38531 692.0 79.2 3 0.9

SB-12 8/3/2011 Mercer Sentinel Butte 47.49288 -101.62152 618.1 35.1 4 3.0

SB-13 8/3/2011 McLean Sentinel Butte 47.63032 -101.42530 571.5 22.9 4 3.8

SB-14 8/4/2011 Dunn Sentinel Butte 47.33522 -102.63195 693.1 64.0 5 10.7

SB-15 8/4/2011 Dunn Sentinel Butte 47.33595 -102.64928 698.3 48.8 4 6.7

SB-16 8/4/2011 Dunn Sentinel Butte 47.38128 -102.61637 704.4 31.7 3 5.6

SB-17 8/5/2011 Slope Sentinel Butte 46.52287 -102.97193 923.5 48.8 2 2.7

SB-18 8/6/2011 Stark Sentinel Butte 46.90705 -102.12727 717.8 54.9 7 5.5

SB-19 8/6/2011 Stark Sentinel Butte 46.89483 -102.14810 690.1 45.7 4 4.6

SB-20 8/6/2011 McLean Sentinel Butte 47.44500 -101.02610 630.6 57.3 6 7.0

TR-1 9/11/2009 Mercer Tongue River 47.50211 -101.77542 588.0 62.5 6 3.7

TR-1* 8/3/2011 Mercer Tongue River 47.50211 -101.77542 588.0 62.5 6 3.7

TR-2 9/11/2009 Mercer Tongue River 47.25979 -101.59496 594.7 56.4 5 8.5

TR-3 9/12/2009 Burke Tongue River 48.76473 -102.28526 605.9 103.6 1 0.0

TR-4 9/13/2009 McLean Tongue River 47.51579 -100.93559 566.9 30.5 1 0.3

TR-5 9/13/2009 McLean Tongue River 47.51582 -100.92730 572.1 91.4 1 0.3

TR-6 9/13/2009 Oliver Tongue River 47.02347 -101.25833 614.8 82.3 6 11.6

TR-7 9/13/2009 Oliver Tongue River 47.02347 -101.25833 614.8 82.3 8 11.6

TR-8 5/18/2010 Divide Tongue River 48.80948 -103.06506 737.0 86.9 1 1.2

TR-9 5/18/2010 Williams Tongue River 48.02872 -103.90737 594.0 36.3 3 4.0

TR-10 5/20/2010 Williams Tongue River 48.28617 -102.93347 689.0 39.6 2 8.5

TR-11 5/20/2010 Williams Tongue River 48.28228 -102.93350 700.0 62.8 2 3.4

TR-12 8/3/2011 McLean Tongue River 47.54175 -101.32250 586.1 51.8 5 5.5

TR-13 8/5/2011 Billings Tongue River 46.89802 -103.53968 726.6 57.9 3 4.6

TR-14 8/6/2011 Stark Tongue River 46.67995 -102.56325 796.4 90.8 4 2.4

CL-1 9/11/2009 Mercer Cannonball/Ludlow 47.50281 -101.77044 581.3 176.8 11 41.8

CL-1* 8/3/2011 Mercer Cannonball/Ludlow 47.50281 -101.77044 581.3 176.8 11 41.8

* Denotes re-sampled well

Table 1.  Location and site specific information for wells sampled in the Williston Basin
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Well
Temp 

(°C)
pH

DO 

(%)

Alk-T 

(meq/

L)

Ca Mg Na K Sr Si Fe F Cl NO3 SO4

δD-H2O 

(‰)

δ
18

O-H2O 

(‰)

δ
13

C-DIC 

(‰)

δ
34

S-SO4 

(‰)

SB-1 13.4 6.3 50.0 6.3 4.91 5.54 7.31 0.16 0.03 0.26 0.00 0.03 1.18 1.28 8.53 -120.2 -16.0 -9.2 3.6

SB-2 9.3 7.4 0.8 13.4 0.64 0.51 25.78 0.09 0.01 0.19 0.00 0.08 0.21 0.00 6.38 -135.2 -17.7 -9.3 -2.1

SB-3 13.3 6.9 4.9 11.1 4.60 5.37 4.56 0.22 0.03 0.32 0.02 0.01 0.50 0.00 5.36 -124.8 -16.6 -11.7 -9.2

SB-4 8.7 8.0 3.3 29.2 0.35 0.30 77.10 0.13 0.01 0.14 0.00 0.00 0.25 0.00 22.97 -130.2 -16.6 -13.3 -3.4

SB-5 9.0 7.5 1.3 4.2 1.27 0.81 1.30 0.07 0.00 0.19 0.00 0.01 0.34 0.00 0.60 -140.7 -18.6 -9.5 21.2

SB-6 8.7 - 17.0 6.9 3.93 2.22 2.90 0.27 0.01 0.32 0.00 0.01 1.46 3.84 1.49 -122.1 -16.4 -9.0 14.9

SB-7 8.4 7.4 2.6 5.1 4.09 2.32 2.74 0.20 0.01 0.20 0.00 0.01 3.07 2.24 2.24 -131.0 -17.2 -6.6 19.0

SB-8 9.9 7.4 52.4 4.5 2.76 2.78 1.43 0.12 0.01 0.26 0.00 0.01 0.59 0.00 3.18 -134.7 -17.9 -6.2 8.1

SB-9 8.7 6.9 3.2 14.9 9.97 14.73 18.10 0.91 0.03 0.31 0.00 0.00 3.08 4.10 20.87 -127.3 -16.9 -8.9 9.5

SB-10 8.3 7.3 19.8 3.2 0.73 0.60 1.25 0.10 0.00 0.33 0.01 0.02 0.02 0.00 0.26 -131.4 -17.4 -6.8 -3.9

SB-11 10.4 7.4 42.0 14.0 1.86 1.78 25.71 0.14 0.01 0.28 0.00 0.01 0.20 0.00 8.63 -120.5 -15.4 -12.3 -5.9

SB-12 8.5 6.9 7.3 7.9 2.15 1.92 7.11 0.25 0.01 0.36 0.00 0.00 0.11 0.00 2.26 -127.7 -17.0 -11.3 -4.4

SB-13 9.7 6.6 10.7 10.1 4.46 3.62 13.41 0.27 0.05 0.42 0.01 0.01 1.11 0.21 7.31 -118.2 -15.9 -10.6 -1.3

SB-14 11.9 5.9 6.3 4.3 6.94 6.41 6.97 0.27 0.06 0.33 0.00 0.02 1.00 0.60 12.59 -113.4 -15.1 -9.6 2.2

SB-15 10.2 7.8 6.7 20.1 0.22 0.30 43.68 0.16 0.00 0.21 0.00 0.08 0.12 0.00 11.06 -113.5 -14.7 -9.9 11.0

SB-16 9.3 6.3 10.1 12.7 6.49 8.29 11.76 0.43 0.08 0.41 0.02 0.02 0.16 0.02 13.63 -131.2 -17.4 -8.0 6.0

SB-17 11.4 7.9 5.0 14.7 0.16 0.19 26.99 0.08 0.00 0.21 0.00 0.05 0.29 0.10 4.68 -126.1 -16.6 -6.5 -8.3

SB-18 10.3 8.1 3.7 17.0 0.10 0.12 26.26 0.11 0.00 0.12 0.00 0.10 0.47 0.00 3.08 -137.7 -18.0 -5.4 10.4

SB-19 9.5 8.0 10.3 14.5 0.15 0.19 28.23 0.15 0.00 0.11 0.00 0.12 0.41 0.03 5.90 -136.6 -18.4 -7.0 12.5

SB-20 8.7 6.6 9.5 12.1 3.85 3.17 11.32 0.46 0.07 0.25 0.02 0.01 0.53 0.31 5.23 -115.2 -15.0 -9.7 0.6

TR-1 11.2 7.6 1.3 27.8 0.14 0.14 38.95 0.10 0.00 0.13 0.00 0.09 9.03 0.05 0.00 -125.8 -16.5 -1.1 -

TR-1* 10.9 7.7 3.6 31.2 0.14 0.15 45.12 0.11 0.00 0.15 0.00 0.07 9.31 0.00 0.00 -126.6 -16.5 -1.2 -

TR-2 10.3 7.7 2.0 26.6 0.11 0.12 33.21 0.09 0.00 0.11 0.00 0.00 0.64 0.00 0.05 -121.8 -15.9 -1.0 -

TR-3 9.3 6.7 1.7 8.6 6.37 2.65 6.82 0.26 0.01 0.46 0.05 0.01 0.31 0.00 7.44 -132.7 -17.5 -13.3 -9.3

TR-4 9.2 7.2 4.2 2.3 - - - - - - - 0.02 0.11 0.00 1.03 -118.1 -15.7 -7.5 0.7

TR-5 10.4 8.0 3.0 15.7 0.11 0.06 25.92 0.07 0.00 0.15 0.00 0.06 7.88 0.10 0.00 -121.4 -15.7 -7.5 -

TR-6 13.7 8.1 4.1 22.8 0.07 0.07 25.02 0.07 0.00 0.10 0.00 0.08 0.53 0.09 0.20 -127.1 -16.7 -5.9 22.6

TR-7 9.9 8.2 3.2 22.1 0.06 0.06 24.88 0.06 0.00 0.10 0.00 0.09 0.44 0.08 0.62 - - - -

TR-8 9.1 8.0 1.1 18.2 0.11 0.11 25.83 0.08 0.00 0.13 0.00 0.03 0.15 0.00 3.43 -120.6 -14.9 -12.6 -5.1

TR-9 10.8 7.4 4.2 19.4 1.27 1.35 50.98 0.18 0.01 0.16 0.00 0.08 0.23 0.00 16.89 -145.0 -19.0 -6.4 7.3

TR-10 20.9 7.2 54.7 10.7 9.84 6.99 3.48 0.22 0.03 0.28 0.05 0.01 11.22 0.00 6.98 -141.8 -18.9 -9.8 6.3

TR-11 7.8 6.7 3.0 7.7 2.70 2.36 1.37 0.16 0.01 0.45 0.05 0.01 1.76 0.00 0.72 -149.1 -19.8 -9.5 4.4

TR-12 11.0 7.0 8.6 15.9 1.24 1.02 22.64 0.18 0.01 0.24 0.01 0.02 0.30 0.10 4.61 -124.7 -16.4 -10.6 4.9

TR-13 9.5 7.1 2.6 8.4 2.28 2.28 22.46 0.24 0.03 0.19 0.02 0.04 0.88 0.00 9.83 -116.2 -15.2 -8.2 -5.9

TR-14 10.0 7.6 12.3 5.7 0.39 0.22 13.81 0.12 0.00 0.13 0.00 0.05 0.36 0.11 3.99 -125.4 -16.4 -9.6 -6.8

CL-1 14.9 7.8 5.6 26.9 0.22 0.31 40.87 0.11 0.00 0.13 0.00 0.06 9.34 0.18 0.42 -126.1 -16.4 -0.6 0.5

CL-1* 16.2 8.0 - 24.2 0.15 0.16 33.73 0.11 0.00 0.14 0.00 0.00 9.67 0.00 0.12 -128.0 -16.6 -0.9 1.6

Table 2. Field parameters, major ion and isotope analyses for Williston Basin groundwater

Field Parameters Major Ion Analyses (mM) Isotope Analyses



61 

 

 
 
  

Well CH4 C2H6 CO2 N2 Ar + O2 δ
13

C-CH4 (‰) δD-CH4 (‰) δ
13

C-CO2 (‰) α
13

CCO2-CH4

SB-1 0 - 18.95 71.48 9.57 - - -18.7 -

SB-2 0.0385 - 3.58 92.18 4.2 - - -21.9 -

SB-3 0.014 - 17.19 79.35 3.45 - - -22.5 -

SB-4 - - - - - - - - -

SB-5 0.0033 - 2.32 88.77 8.91 - - -13.4 -

SB-6 0 - 6 85.4 8.59 - - -19.1 -

SB-7 - - - - - - - - -

SB-8 0.0013 - 2.16 85.8 12.03 - - -15.4 -

SB-9 0 - 23.41 71.06 5.52 - - -17.1 -

SB-10 0 - 3.43 87.05 9.52 - - -16.4 -

SB-11 - - - - - - - - -

SB-12 0.0164 - 19.01 77.85 3.12 - - -19.8 -

SB-13 0.0187 - 30.3 67.56 2.11 - - - -

SB-14 0.0067 - 34.06 64.42 1.518 - - -18.6 -

SB-15 0.0917 - 3.08 94.84 1.99 - - - -

SB-16 0.0127 - 39.1 59.02 1.87 - - -17.0 -

SB-17 0.0031 - 1.18 95.43 3.39 - - - -

SB-18 0.785 - 1.18 95.8 2.24 -103.7 -383.0 -17.4 1.10

SB-19 0.0434 - 1.2 94.27 4.49 - - -17.5 -

SB-20 0.0133 - 26.78 71.05 2.16 - - - -

TR-1 70.23 0.0052 1.95 27.25 0.51 -84.1 -304.0 -13.0 1.08

TR-1* 70.99 0.006 1.63 26.5 0.83 -83.9 -311.3 -12.3 1.08

TR-2 59.88 0.0062 2.55 35.17 2.39 -88.1 -319.0 -12.9 1.08

TR-3 0.0173 - 9.21 86.92 3.85 - - - -

TR-4 - - - - - - - - -

TR-5 64.56 0.0104 0.69 32.69 2.05 -79.1 -284.0 -17.0 1.07

TR-6 1.87 - 1.53 93.54 3.06 -105.3 -392.0 -18.9 1.10

TR-7 - - - - - - - - -

TR-8 - - - - - - - - -

TR-9 0.0165 - 10.35 82.82 6.78 - - -15.5 -

TR-10 - - - - - - - - -

TR-11 0.211 - 11.4 82.71 5.67 -58.3 - -18.6 1.04

TR-12 0.0474 - 20.2 77.2 2.55 - - - -

TR-13 0.0813 - 6.55 90.83 2.54 - - -18.2 -

TR-14 0.0198 - 1.24 92.41 6.32 - - - -

CL-1 73.04 0.0054 2.91 22.58 1.46 -82.5 -307.0 -12.3 1.08

CL-1* 50.22 0.0054 3.36 35.36 11.056 -81.9 -310.4 -12.7 1.08

Table 3. Gas composition and isotope data for dissolved gases in Williston Basin groundwater

Gas Composition (mole %) Gas Isotopes
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Group

Well 

#

CH4 

(mole %)

δ
13

CCH4 

(‰)

δDCH4 

(‰)

δ
13

CCO2 

(‰) α
13

CCO2-CH4 pH

Alk-T 

(meq/L)

Ca 

(mM)

Mg 

(mM)

Na 

(mM)

SO4 

(mM)

δ
13

CDIC 

(‰)

δ
34

SSO4 

(‰)

SB-18 0.79 -103.7 -383.0 -17.4 1.10 8.13 16.95 0.10 0.12 26.26 3.08 -5.4 10.4

TR-6 1.87 -105.3 -392.0 -18.9 1.10 8.10 22.82 0.07 0.07 25.02 0.20 -5.9 22.6

TR-1 70.23 -84.1 -304.0 -13.0 1.08 7.62 27.76 0.14 0.14 38.95 0.00 -1.1 -

TR-1* 70.99 -83.9 -311.3 -12.3 1.08 7.71 31.25 0.14 0.15 45.12 0.00 -1.2 -

TR-2 59.88 -88.1 -319.0 -12.9 1.08 7.75 26.58 0.11 0.12 33.21 0.05 -1.0 -

TR-5 64.56 -79.1 -284.0 -17.0 1.07 8.03 15.66 0.11 0.06 25.92 0.00 -7.5 -

CL-1 73.04 -82.5 -307.0 -12.3 1.08 7.79 26.86 0.22 0.31 40.87 0.42 -0.6 0.5

CL-1* 50.22 -81.9 -310.4 -12.7 1.08 7.99 24.23 0.15 0.16 33.73 0.12 -0.9 1.6

3 TR-11 0.21 -58.3 - -18.6 1.04 6.74 7.74 2.70 2.36 1.37 0.72 -9.5 4.4

1

2

Table 4. Summary of gas isotopes, water chemistry, and stable isotopes from wells with sufficient CH4 to analyze 

isotopically
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APPENDIX B: FIGURES 
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Figure 1: Inset map shows the Williston Basin (WB) and the neighboring Powder River 
Basin (PRB).  Map of the study area shows the extent of the Williston Basin in North 
Dakota and the location of groundwater wells sampled as part of this study.  Colors 
indicate the unit in which each well is completed.  Values indicate the results from the 
CH4 analyses in mole %. 
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Figure 2: Williston Basin stratigraphic column (modified from Flores et al., 1999) 
showing terminology used by the United States Geological Survey (USGS) and North 
Dakota Geological Survey (NDGS). 
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Figure 3: Conceptual model of the Williston Basin showing the stratigraphic nature of 
the Fort Union Formation and underlying beds, as well as the assumed groundwater 
flowpaths observed in each member (modified from USGS, 2012).  Black lines within 
Fort Union Formation members represent coalbeds, white arrows indicate recharge and 
groundwater flow, and vertical black lines symbolize groundwater wells.  The Sentinel 
Butte Member is hypothesized to have recharge occurring at the surface from infiltration 
of precipitation and snowmelt.  The Tongue River Member and Cannonball-Ludlow 
Member are hypothesized to have groundwater recharge occurring close to the basin 
margin where these units outcrop near the North Dakota/Montana border, similar to 
recharge into the Fox Hills Sandstone documented by Thorstenson et al. 1979. 
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Figure 4: Boxplots summarizing major ion analyses and alkalinity values obtained from 
groundwater wells in the Fort Union Formation and separated by the Sentinel Butte 
Member (green), the Tongue River Member (red), and the Cannonball-Ludlow Member 
(blue).  Boxes represent the lower (Q1) and upper quartiles (Q3) and the median (Q2).  
Whiskers represent the minimum and maximum values not including outliers with 
outliers symbolized as crosses. 
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Figure 5: Geochemical indicators compared with CH4 concentrations by sample with 
Fort Union Formation member identified. (A) CH4 versus cation exchange ratios. (B) 
CH4 versus alkalinity values. (C) CH4 versus sulfate concentrations.  
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Figure 6: Alkalinity and sulfate concentrations along with carbon and sulfur isotope 
analyses.  (A) Sulfate and alkalinity relationships.  (B) Alkalinity values versus carbon 
isotope values for dissolved inorganic carbon (δ

13CDIC).  (C) Sulfate concentrations 
versus sulfur isotope analyses for sulfate (δ

34SSO4). 
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Figure 7: Redox parameters relationship to the number of coalbeds located above a 
well’s screened interval. Number of coalbeds versus (A) dissolved oxygen [% DO], (B) 
nitrate [NO3

-], (C) sulfate [SO4
2-], (D) methane [CH4]. 
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Figure 8: Conceptual model of the Fort Union Formation in the Williston Basin 
(modified from USGS, 2012).  Groundwater in shallow areas and near recharge areas has 
higher concentrations of Ca2+, Mg2+, and SO4

2- with lower concentrations of Na+ & 
HCO3

-.  In contrast, groundwater in deep, basinward positions has low concentrations of 
Ca2+, Mg2+, and SO4

2-, and high concentrations of Na+ and HCO3
-.  The boxes at the 

bottom of the figure provide data from Thorstenson et al. (1979) for groundwaters 
collected from the Fox Hills Sandstone and support this progression of groundwater to 
conditions favoring methanogenesis. 
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Figure 9: Methane isotope (δ13CCH4 & δDCH4) results from the Williston Basin plotted 
with results from previous gas studies in other basins (modified from Whiticar, 1999). 
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Figure 10: Carbon isotope results for CH4 and CO2 from the Williston Basin Fort Union 
Formation compared to results from previous CH4 studies.  Linear lines represent alpha 
fractionation factors calculated between CH4 and CO2. 
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Figure 11: Comparison of average water chemistry between the three isotopic 
groups distinguished based on d13CCH4 values.
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