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ABSTRACT 

 Microbial methane from subsurface organic-rich units such as coals and shale 

support approximately 5% of the United States and Canada’s energy needs.  In the deep 

subsurface, microbial methane is formed by the metabolism of primarily CO2, H2, and 

acetate by methanogens.   These metabolites are the by-products of multi-step 

biodegradation of complex organic matter by microbial consortia.  This study investigates 

microbial methane in the Illinois Basin, which is present in organic-rich shallow glacial 

sediments (surficial), Pennsylvanian coals (up to 600 m depth), and the Upper Devonian 

New Albany Shale (up to 900 m depth).  Findings from the study show that 

hydrogeochemical conditions are favorable for methanogenesis in each reservoir, with a 

decrease in groundwater flushing rates corresponding to a decrease in average reservoir 

depth and an increase in carbon isotopic fractionation.  The deeper reservoirs (coals and 

shale) were paleopasteurized, necessitating re-inoculation by methanogens.  The 

microbes were likely advectively transported from shallow sediments into the coals and 

shale, where areas of microbial methanogenesis correlate with freshwater recharge.  The 

recharge in the shale was primarily sourced from paleoprecipitation with minor 

contributions from glacial meltwater during the Pleistocene (4He ages).  All areas 

sampled in the shale were affected by Pleistocene recharge, however groundwater ages in 

areas of microbial methanogenesis are younger (average 0.33 Ma) than areas with 

thermogenic methane (average 1.0 Ma).  Estimates of in-situ microbial methane 

production rates for the shale (10-1000 TCF/Ma) are 104-106 times slower than laboratory 

rates.  Only limited biodegradation is observed in the shale.  In-situ stimulation of 
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methane production may be most effective if aimed at increasing production of the 

supporting microbial consortia as well as methanogens.  Trace metal concentrations in 

the shale are below known levels of inhibition or enhancement, with the exception of Fe, 

suggesting that microbial methanogenesis is not repressed by any of the measured trace 

metals and may be improved with the addition of Ag, Co, Cr, Ni, and Zn.  
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1.  INTRODUCTION 

1.1  Importance of microbial methanogenesis in organic-rich reservoirs  

 With a global rise in energy demand, humanity is facing extensive increases in 

fuel costs while contending with the atmospheric build-up of climate-changing gases 

such as CO2, resulting from fossil fuel combustion.  As a result, ever smaller reserves of 

fossil fuel are being exploited, while alternative energy solutions and the possibility of 

large scale CO2 sequestration are being explored.  Interestingly, organic-rich coals and 

shales may provide both a CO2 sink and an energy source.  Deep organic-rich units can 

quickly adsorb CO2 from injected solutions, increasing the amount of supercritical gas an 

aquifer can accommodate, while displacing adsorbed methane, which increases natural 

gas production (e.g. White et al., 2003).  These coals and shales also support microbes 

that naturally metabolize CO2 to form methane (e.g. Rice and Claypool, 1981), which 

produces less CO2 per unit of energy than traditional petroleum products such as gasoline 

and diesel (e.g. White et al., 2003).  Currently methane supports approximately 25% of 

the United States’ and Canada’s energy needs, of which about 20% is produced by 

methanogens in organic-rich units such as coals and shales (Rice and Claypool, 1981; 

OEE, 2008; EIA, 2010).  Potentially CO2 sequestration could be used to stimulate 

microbial production of natural gas that could be extracted as fuel (McIntosh et al., 

2010), however little is known about the nutrient requirements, toxicity limitations, and 

in-situ metabolic rates of methanogens in the deep subsurface.  The Illinois Basin, located 

in the midcontinent of the United States, is an ideal location to investigate these 

knowledge gaps because microbial methanogenesis occurs in three organic-rich units 
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(Upper Devonian New Albany Shale (up to 900 m deep), Pennsylvanian coalbeds (up to 

600 m deep), and Quaternary glacial sediments (surficial)), with different hydrogeologic 

conditions and organic matter types.  Furthermore, microbial methane is associated with a 

dilute plume of Pleistocene-aged meteoric water penetrating up to ~1 km in depth into 

saline brines in the paleopasteurized shale, creating a steep salinity gradient (<0.1 to > 2 

M Cl- in less than 100 km in south central Indiana; McIntosh et al. 2002) with variable 

concentrations of organic compounds, sulfate, and trace metals.   

This study combines geochemical, isotopic, and microbial techniques to 

determine (1) the presence of favorable hydrogeologic conditions in each organic-rich 

reservoir, (2) relative amounts of flushing of CO2 in each organic-rich reservoir (3) 

timing of shale inoculation with methanogenic consortia, (4) in-situ methane production 

rates, and (5) influence of organic compound and trace metal concentrations on microbial 

consortia.  The understanding of the effects of regional hydrology on and favorable 

environmental conditions for microbial methanogenesis can be applied to similar 

sedimentary basins world-wide to target undeveloped microbial gas accumulations, 

improve natural gas reservoir estimates, and design experiments to stimulate in-situ 

metabolic rates of methanogenesis.  In addition, the impact of Pleistocene climate change 

on basin-scale groundwater flow patterns has implications for the emplacement of high 

quality freshwater into aquifers currently exploited as drinking water resources.  

Furthermore, as continental icesheets are likely to reoccur; deep groundwater recharge 

into saline basins may influence the long-term storage of hazardous materials (e.g. 

nuclear waste) at depth in sedimentary basins.    
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1.2  Overview of microbial methanogenesis 

1.2.1  Pathways 

 In deep subsurface environments, the two main types of methanogens are: 1) 

hydrogenotrophic archaea, which produce methane via CO2 reduction using H2 as an 

electron acceptor, and 2) acetoclastic archaea which produce methane via acetate 

fermentation.  However, methanogens are not capable of degrading complex organic 

matter, necessitating that they subsist in conjunction with consortia of microbes that are 

capable of degrading complex organic compounds in several steps to CO2, H2, and 

acetate (e.g. Zinder, 1993; Jones et al., 2010).  The exact biodegradation steps, rates, and 

intricate microbial relationships required to transform complex geopolymers into natural 

gas is unknkown, as acknowledged by Zengler et al. (1999), Jones D.M. et al. (2008), 

Jones E.J.P. et al. (2008), Strąpoć et al. (2008a), McInerney et al. (2009), Gieg et al. 

(2010), Jones et al. (2010), and Orem et al. (2010).  However, many environmental 

controls and hydrogeochemical indicators of microbial methanogenesis are recognized. 

 

1.2.2  Controls 

 Environmental conditions that can inhibit or enhance methanogenesis, include: 

temperature, pH, the availability of electron donors and acceptors, porosity and 

permeability, availability of nutrients, toxicity of trace metals, quantity of organic matter, 

quality of organic substrates, and salinity concentrations.  Temperature limitations for 

methanogens can exceed 100oC (Zinder, 1993) in nutrient-rich environments, such as 
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near deep sea hydrothermal vents where microbes can sustain high metabolic rates to 

regenerate damaged material (Head et al., 2003).  However, in nutrient poor systems, 

such as deep coals and shales, temperature limitations are much lower (~80oC; e.g. Head 

et al., 2003).  Methanogens generally prefer near neutral pH conditions, with less growth 

at extreme pH values (<4 and >9; Zinder, 1993; Jones et al., 1987).  Sulfate reducing 

bacteria, which reduce SO4
2- while oxidizing organic matter or hydrogen, successfully 

out-compete methanogens for metabolic substrates until SO4
2- concentrations approach 

<2mM in saline environments (Megonigal et al., 2005), at which point methanogens 

dominate.  However, when non-competitive substrates such as melthyl sulfide and 

methylamines (used only by methanogens) are present, methanogens and sulfate reducing 

bacteria both thrive (e.g. Mitterer, 2010).  Microbial size can affect growth locations and 

transport pathways, with pores and/or fractures in reservoirs supporting microbial 

methanogenesis possibly requiring diameters >0.4 µm, the average diameter of the 

dominant methanogen in Illinois Basin coals (Strąpoć et al., 2008a).  Microbial 

methanogenesis is also enhanced by accessible nutrients (i.e. phosphorus and low 

concentrations of some trace metals; e.g. Jarrells and Kalmakoff, 1988; Bekins et al., 

2005), and limited by the presence of toxins (i.e. high concentrations of some trace 

metals and long-chain fatty acids; Karri et al., 2006; Hatamoto et al., 2007; Jones et al., 

2010).  Organic matter quantity and quality effects methanogen metabolism, which 

requires high organic matter content (>0.5%; Rice and Claypool, 1981) with low thermal 

maturity (Ro <0.7; e.g. McIntosh and Martini, 2008).  Furthermore, methanogens have 

extreme salinity tolerance limits, with halophilic methanogens able to grow well in 
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salinity concentrations up to 3 M Cl- (Zinder, 1993), and with some species of 

methanogens able to thrive across a wide range of salinities (e.g. 3.5 to 148 mM Cl- in 

Illinois Basin coals; Strąpoć et al., 2008a,b). 

 

1.2.3  Indicators 

 Methane is formed both microbially and thermogenically, and can be 

differentiated using isotopic signatures and concentrations of compounds in the gas and 

co-produced water.  Thermogenic methane has low alkalinity values (<5 meq/kg), low 

δ13CDIC (dissolved inorganic carbon; <8‰), high Ca/Mg ratios (>2), variable SO4
2- 

concentrations, and high acetate concentrations (up to 4 mM; e.g. McIntosh and Martini, 

2008). 

 In contrast, microbial methane is associated with high alkalinity and DIC values 

(10 - 70 meq/kg), high δ13CDIC values (>+20‰), low Ca/Mg ratios (<1.5), low 

concentrations of SO4
2- (<10mM) and acetate (<1mM).  Microbial gas also contains 

primarily methane (often >90 mole %) and relatively high concentrations of CO2 (>1 

mole %), with much lower concentrations of higher chain hydrocarbons such as ethane 

and propane (<2 mole %) than thermogenic gas (McIntosh and Martini, 2008).  Other 

indicators of microbial methanogenesis include waters that have high percentages of CO2 

(>1%), low δ13CCH4 values (<-45‰), and low percentages of O2 (anoxic conditions; e.g. 

Rice and Claypool, 1981; McIntosh and Martini, 2008).  Also, microbial methane has a 

linear correlation between the δDH2O and δDCH4 (McIntosh and Martini, 2008) that follow 

a range of fractionation factors, demonstrating that methanogens use a portion of the 
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hydrogen from the formation water to produce methane (Schoell, 1980; Martini et al., 

1996).  Furthermore, microbial methane is often associated with groundwater recharge 

(e.g. McIntosh and Martini, 2008).  Possible reasons for this coupling of microbial 

methane with freshwater recharge include influx of nutrients, dilution of toxins such as 

high chloride concentrations (>3 M), and/or re-introduction of methanogens advectively 

transported into paleopastuerized sediments (e.g. Martini et al., 1998; McIntosh et al., 

2002; Formolo et al., 2008a,b; Schlegel et al., 2011). 

  

1.3  Effects of thermal history on microbial methanogenesis 

 Subsurface microbes in sedimentary basins and fractured bedrock may be from: 

1) the continued presence of ancient microorganisms co-deposited with the sediment, 2) 

the advective transport of surface microbial communities into deep reservoirs, or 3) both 

ancient microorganisms with more recently introduced surface microbial communities.  

Evidence for continued presence of ancient microorganisms is found in shallow 

reservoirs in sedimentary basins, such as the Barents Sea (Norway), Wessex and East 

Midlands basins (UK), and the Beaufort-Mackenzie Basin (Canada), which were 

sterilized (T >80oC), but show no evidence of bacterial degradation of hydrocarbons 

(Wilhelms et al., 2001; Grasby et al., 2009).  This suggests that microbes were unable to 

re-colonize shallow sterilized sediments, and that microorganisms in deep sediments 

today evolved from ancient organisms that were co-deposited with the sediments 

(Wilhelms et al., 2001).  In contrast, microorganisms have been found in deep, previously 

sterilized environments such as Triassic-age sediments in the Taylorsville Basin (max T 



 
 

17 
 

>160oC), San Juan Basin near volcanic intrusions, and the Canadian and Fennoscandian 

shields, with high groundwater flow rates (up to >100 mm/yr; Sherwood-Lollar et al., 

1993; Tseng et al., 1998; Walvoord et al.,1999), suggesting that surficial microbial 

communities re-inoculated paleopasteurized units. 

 The thermal history of the Illinois Basin involves deep burial by Permian 

sedimentation, regional northward fluid flow associated with the Ouachita fold and thrust 

belt, and basement heat flow (Rowan et al., 2002).  Based on thermal temperature models 

and fluid inclusions, maximum burial temperatures probably reached >80oC for vitrinite 

reflectance values of >0.5% in the New Albany Shale and >0.55% in the coals (Cluff and 

Byrnes, 1991; Rowan et al., 2002; Mastalerz et al., 2004), which are generally lower than 

the range of vitrinite reflectance levels that co-occur with formation water sample 

locations for this study.  Additionally, methanogens detected in the coals are 

psychrotolerat mesophilic (optimal growth at temperatures ranging from 25 to 35oC; 

Strąpoć et al., 2008a), suggesting that the methanogens would not survive elevated 

temperatures.  Furthermore, there is a correlation between low Cl- (<2 M) concentrations 

and δ18O (<0‰) values (tracers of fresh meteoric groundwater recharge into saline 

brines) and areas of microbial methanogenesis, suggesting that regional flow patterns 

affect the microbial system.  Though not conclusive, evidence suggests that in the study 

area, the deep organic-rich reservoirs in the Illinois Basin were previously sterilized, 

necessitating the re-introduction of microbes into the subsurface to produce economic 

quantities of microbial methane. 
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1.4  Previous research on microbial methanogenesis in the Illinois Basin 

 Previous studies in the Illinois Basin identified accumulations of predominantly 

microbial methane in the shallow aquifers (primarily glacial sediments), Pennsylvanian 

coals, and Upper Devonian New Albany Shale.  Thermogenic methane is also present in 

the coals and shale in the deeper portions of the basin (McIntosh et al., 2002; Strąpoć et 

al., 2007).   

 In the shallow aquifers, microbial methane was primarily found in glacial end 

moraines due to the presence of thick till confining units preventing gas escape, and was 

derived from soil zones in deep buried valleys (Meents, 1960, 1981).  Using 14C dates, 

the buried soils hosting methanogens were found to be 14,000 to 17,000 years old, 

indicating that methanogens generated methane in situ from paleosols probably begining 

after deglaciation (~12,000 years B.P.) and continuing to the present (Simpkins and 

Parkin, 1993; Parkin and Simpkins, 1995).  In addition, flushing of shallow aquifers by 

relatively rapid groundwater flow was found to decrease CH4 concentrations in the upper 

part of the till (Simpkins and Parkin, 1993), and produced isotopically light CH4 (-31 to -

91‰ δ13CCH4) in the deeper sediments (Coleman et al., 1988). 

 Microbial methane was associated with low rank Pennsylvanian coals in southern 

Indiana (vitrinite reflectance values (Ro) ~0.6%), whereas thermogenic methane was 

associated with more mature coals in western Kentucky (Ro ~0.8%; Strąpoć et al., 2007).  

The origin of natural gas in coalbeds was determined using gas composition and isotopic 

signatures; thermogenic gases contain higher amounts of C2+ hydrocarbons and more 

positive δ13CCH4 values (~-49‰) than microbial gases (δ13CCH4 ~-60.7‰; Strąpoć et al., 
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2007).  In addition, southern Indiana coals may have been significantly diluted by 

groundwater less than 10,000 years in age as indicated by δ18O (~-6.2‰) and δD (~-

42.5‰) values, which are much more positive than values expected for glacial 

meltwaters (at least below δ18O ~-11‰ and δD ~-78‰), which suggested that microbial 

methane continues to form (Strąpoć et al., 2007).  Culturing and analysis of 16S rRNA 

genes indicated that the coals were dominated by the Methanocopusculum genus, a 

psychrotolerant mesophile (optimal growth 25 to 30oC), requiring anoxic and low salinity 

conditions (Strąpoć et al., 2008a).  Energetically, CO2 reduction was found to be the 

primary metabolic pathway, with minor contributions from acetate fermentation, and no 

sulfate reduction (Strąpoć et al., 2008a).  

 Microbial methane accumulations in the New Albany Shale appeared to be 

associated with a plume of dilute waters sourced from Pleistocene meteoric recharge that 

penetrates deep into basinal brines, inoculating paleopasteurized shales (McIntosh et al., 

2002; Strąpoć et al., 2010).  Microbial gas indicators included low salinity formation 

waters (<3 M Cl), high δ13CDIC values (as high as 29.4‰), elevated concentrations of 

alkalinity (up to 29.4 meq/kg), low SO4
2- levels (<5 mM), and a high percentage of CH4 

(up to 94.87 mole%) with low δ13CCH4 values (as low as -65.4‰) (McIntosh et al., 2002).  

In contrast, thermogenic methane was associated with formation waters that have high 

salinities (>1.5M Cl-), δ13CDIC values ≤0‰, and low concentrations of alkalinity 

(<6meq/kg; McIntosh et al., 2002).  Gas content in the shale is primarily dependant on 

total organic carbon content and micropore (<2 nm) volume, with comparable gas 
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volumes in both the predominantly thermogenic and microbial methane areas (Strąpoć et 

al., 2010).   

 

1.5  Explanation of dissertation format 

 The main portion of this dissertation consists of three research papers on 

microbial methanogenesis in the Illinois Basin, which are presented in appendices A, B, 

and C.  Appendix D compares trace metal concentrations in the New Albany Shale fluids 

to known levels of inhibition and enhancement of microbial methanogenesis. All findings 

are summarized in the section ‘Present study’.  Appendix E contains the complete data 

set, with additional data obtained from the Pennsylvanian coals and New Albany Shale as 

part of this study, but not discussed in the dissertation. Citations of the research papers at 

the time of completion of this dissertation are: 

(Appendix A) 

 Schlegel, M.E., McIntosh, J.C., Bates, B.L., Kirk, M.F., Martini, A.M., 2011.  

Comparison of fluid geochemistry and microbiology of multiple organic-rich 

reservoirs in the Illinois Basin, USA: evidence for controls on methanogenesis 

and microbial transport. Geochimica et Cosmochimica Acta.  75, 1903-1919. 

(Appendix B) 

 Schlegel, M.E., Zhou, Z., McIntosh, J.C., Ballentine, C.J., Person, M.A., 

accepted, April 2011.  Constraining the timing of microbial methane generation in 

an organic-rich shale using noble gases, Illinois Basin, USA.  Chemical Geology. 

(Appendix C) 
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 Schlegel, M.E., McIntosh, J.C., Petsch, S.T., Orem, W.H., Jones, E.J.P., Martini, 

A.M., in prep. Organic matter in shale and formation fluids: Extent and controls 

on biodegradation by in situ methanogenic consortia.  
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2.  PRESENT STUDY 

 Research papers appended to this dissertation present the majority of the study 

motivation, background, methods, results (including data), discussion, and conclusions 

from this study.  Summarized in the following sections are main conclusions about: (1) 

the controls on methanogenesis and microbial transport in shallow sediments, coals, and 

shale using hydrogeochemical and microbial techniques, (2) the timing of freshwater 

recharge and associated microbial methane generation in the New Albany Shale using 

noble gas results, (3) the extent and controls on biodegradation by methanogenic 

consortia of organic matter in shale and formation fluids, and (4) the influence of trace 

metal concentrations in New Albany Shale fluids on microbial methanogenesis.  Together 

these papers investigate the hydrogeologic controls, initiation, and in-situ rates of 

microbial methanogenesis in the organic-rich reservoirs of the Illinois Basin. 

 

2.1  Controls on methanogenesis and microbial transport in multiple organic-rich 

reservoirs (Appendix A) 

 Little is known about the environmental requirements of subsurface microbial 

methanogenic communities, which is important for natural gas production, CO2 

sequestration, and carbon cycling in the deep biosphere.  The Illinois Basin, located in the 

midcontinent of the United States, is an ideal location to investigate hydrogeochemical 

factors controlling methanogenesis as microbial methane accumulations occur: 1) in three 

organic-rich reservoirs of different geologic ages and organic matter types - Upper 

Devonian New Albany Shale (up to 900m depth), Pennsylvanian coals (up to 600 m 
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depth), and Quaternary glacial sediments (shallow aquifers); 2) across steep salinity 

gradients; and 3) with variable concentrations of SO4
2-.  Major findings from this study 

are: 

1) Aqueous geochemical conditions are favorable for microbial methanogenesis 

in all three organic-rich reservoirs, with near neutral pH, SO4
2- concentrations 

<2 mM, and Cl- concentrations <3 M.   

2) Fractionation of δ13C of CH4, CO2, and DIC is consistent with microbial 

methanogenesis, as well as an increased carbon isotopic fractionation with 

average reservoir depth due to a decrease of groundwater flushing rates with 

average depth of reservoir.   

3) Mixing between a brine endmember and freshwater as seen on plots of stable 

isotopes of water and Cl-, suggest that meteoric groundwater recharge has 

affected all microbial methanogenic systems.   

4) Similar methanogenic communities are present in all three reservoirs with 

comparable cell counts (8.69E3 to 2.58E6 cells/mL), and TRFLP (terminal 

restrictive fragment length polymorphism) signatures for archaea.   

5) Corresponding variations between methanogenic TRFLP data and 

conservative tracers such as stable isotopes of water, type of substrate (i.e. 

coals versus shale), pH, and Cl- concentration suggests that deep circulation of 

meteoric waters influenced archaeal communities in the Illinois Basin.  

6) Coalification and burial estimates suggest that in the study area, coals and 

shale reservoirs were previously sterilized (>80oC in nutrient poor 
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environments), requiring re-inoculation of methanogenic communities via 

groundwater transport. 

 

2.2  Timing of initial microbial methane generation in the New Albany Shale (Appendix 

B) 

 In-situ microbial methane production rates are unknown, and are essential for 

evaluating the potential of in-situ methanogen stimulation and understanding carbon 

cycling in biologically-active reservoirs.  Methanogens in the New Albany Shale extract 

hydrogen from low salinity formation water to form economic quantities of natural gas, 

linking microbial methane with the groundwater.  Because of this association, 

constraining the source and timing of groundwater recharge will enable estimation of 

minimum in-situ metabolic rates.  Thirty-four formation water and gas samples were 

analyzed for δ18OH2O, δDH2O, chloride, tritium, 14C, and noble gases.  Chloride and δ18O 

spatial patterns reveal a plume of water with low salinity (0.7 to 2154 mM) and δ18O 

values (-0.14 to -7.25‰) penetrating ~1 km depth into evapo-concentrated brines parallel 

to terminal moraines of the Laurentide Ice Sheet.  This pattern suggests glacial mediated 

groundwater recharge (McIntosh et al., 2002), however δ18OH2O and δDH2O mixing trends 

show that the recharge endmember (~-7‰ δ18O) is higher than the assumed bulk ice 

sheet value (<-15‰ δ18O).  Major findings from this study are: 

1) The freshwater recharge endmember has a δ18O value similar (or similar 

isotopic signature) to the range of δ18O for continental precipitation 

throughout the Pleistocene, suggesting that groundwater recharge was 



 
 

25 
 

primarily sourced from paleoprecipitation with minor contributions from 

glacial meltwater (assumed to be isotopically depleted, <-15‰ δ18O). 

2) 4He ages from produced gases show that the groundwater is Pleistocene in age 

(0.082-1.2 Ma) in both the microbial and thermogenic portions of the basin. 

3) 4He ages of groundwater from areas with microbial methane (average 0.33 

Ma) are younger than groundwater from areas with thermogenic methane 

(average 1.0 Ma), consistent with chloride and δ18O results. 

4) In-situ microbial methane production rates (10-1000TCF/Ma) are 104-106 

times slower than laboratory rates. 

 

2.3  Extent and controls on biodegradation of organic matter in shale and formation fluids 

by methanogenic consortia (Appendix C) 

 In deep subsurface organic-rich reservoirs consortia of microbes degrade 

recalcitrant organic-matter under anaerobic conditions into simple carbon molecules, 

such as CO2 and acetate, which methanogens metabolize into methane.  When natural gas 

is microbial in origin there is potential for enhancement of in-situ methane production.  

This enhancement may be most effective in areas of high organic matter content and low 

biodegradation.  This study examines organics in the organic-rich New Albany Shale and 

associated fluids as inhibitors, enhancers, and by-products of methanogens and 

supporting microbial consortia.  Major findings from this study are: 

1) Limited biodegradation – as indicated by the identification of labile organics 

such as n-alkanes, fatty acids, and phenols in produced waters, and low 
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biodegradation indices in the shale (e.g. 0.002 – 0.023 for total hopanes to 

total n-alkanes). 

2) Microbes that degrade intermediate organics may be limiting methanogenesis, 

because labial organics are detected in the shale and associated fluids. 

3) Stimulation of in-situ methane production may be most effective if targeted 

towards enhancing production of the supporting microbial consortia, as well 

as methanogens. 

 

2.4  Influence of trace metal concentration on microbial methanogenesis in the New 

Albany Shale (Appendix D) 

 Microbial methane may be semi-renewable, and/or stimulated by enhancing 

favorable environmental conditions.  Conditions that could be enhanced include the 

introduction of more essential nutrients such as phosphorous, nitrogen, and several trace 

metals (Jarrell and Kalmokoff, 1988; Bekins et al., 2005; Penner et al., 2010).  Trace 

metal concentrations (Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Se, Tl, 

Th, U, V, W, Zn) in the New Albany Shale were investigated to determine if these 

nutrients were limiting microbial methanogenesis.  Major findings from the study are: 

1) Trace metal concentrations in the New Albany Shale are slightly lower than 

concentrations from a microbial methanogenic coal, indicating that trace metal 

concentrations are not inhibiting methanogenesis and that the in-situ microbial 

community may tolerate higher trace metal concentrations.   
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2) Trace metal concentrations in the New Albany Shale are also below known 

levels of inhibition or enhancement, with the exception of Fe, signifying that 

microbial methanogenesis is not inhibited by any of the measured trace metals 

and may be enhanced with the addition of Ag, Co, Cr, Ni, and Zn.   

3) Known levels of inhibition and enhancement of methanogenic consortia cover 

a wide range of values and are sometimes contradictory, suggesting complex 

interaction of trace metals with the microbial community and other 

environmental factors such as organic matter and ion complexation, and 

mineral adsorption.   

 

2.5  General conclusions of dissertation research 

 The Illinois Basin supports microbial methanogenesis in organic-rich shallow 

glacial sediments, Pennsylvanian coals, and Upper Devonian New Albany Shale, with 

hydrogeochemical conditions favorable for methanogenesis in each reservoir.  Carbon 

isotopic fractionation increases with average reservoir depth due to a decrease of 

groundwater flushing rates with average depth of reservoir.  Deep circulation of meteoric 

groundwater recharge influenced archaeal communities in the Illinois Basin, likely re-

inoculating paleopasteurized shales and coals.  Freshwater recharge in the shale was 

primarily sourced from paleoprecipitation with minor contributions from glacial 

meltwater.  Groundwater 4He ages in the shale are within the Pleistocene, though younger 

(average 0.33 Ma) in areas with microbial methane than areas with thermogenic methane 

(average 1.0 Ma), consistent with chloride and δ18O results.  Based on these groundwater 
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ages and in-place microbial methane estimates, in-situ microbial methane production 

rates (approximately 10-1000TCF/Ma) are 104-106 times slower than laboratory rates.  

Furthermore, the shale and formation fluids exhibit only limited biodegradation.  

Stimulation of in-situ methane production may be most effective if targeted towards 

enhancing production of the supporting microbial consortia, as well as methanogens.  

Trace metal concentrations in the New Albany Shale are also below known levels of 

inhibition or enhancement, with the exception of Fe, signifying that microbial 

methanogenesis is not inhibited by any of the measured trace metals and may be 

enhanced with the addition of Ag, Co, Cr, Ni, and Zn.  
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Abstract 

 Microbial methane in sedimentary basins comprises approximately 20% of global 

natural gas resources, yet little is known about the environmental requirements and 

metabolic rates of these subsurface microbial communities.  The Illinois Basin, located in 

the midcontinent of the United States, is an ideal location to investigate 

hydrogeochemical factors controlling methanogenesis as microbial methane 

accumulations occur: 1) in three organic-rich reservoirs of different geologic ages and 

organic matter types - Upper Devonian New Albany Shale (up to 900m depth), 

Pennsylvanian coals (up to 600m depth), and Quaternary glacial sediments (shallow 

aquifers); 2) across steep salinity gradients; and 3) with variable concentrations of SO4
2-.  

For all three organic-rich reservoirs aqueous geochemical conditions are favorable for 

microbial methanogenesis, with near neutral pH, SO4
2- concentrations <2 mM, and Cl- 

concentrations <3 M.  Also, carbon isotopic fractionation of CH4, CO2, and DIC is 

consistent with microbial methanogenesis and increased carbon isotopic fractionation 

with average reservoir depth, which corresponds to a decrease of groundwater flushing 

rates with average depth of reservoir.  Plots of stable isotopes of water and Cl- show 

mixing between a brine endmember and freshwater, suggesting that meteoric 

groundwater recharge has affected all microbial methanogenic systems.  Additionally, 

similar methanogenic communities are present in all three reservoirs with comparable 

cell counts (8.69E3 to 2.58E6 cells/mL). TRFLP results show low numbers of archaea 

species with only two dominant groups of base pairs in coals, shale, and limestone 

aquifers.  These results compare favorably with other methanogen-containing deep 
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subsurface environments.  Individual hydrogeochemical parameters that have a Spearman 

correlation coefficient greater than 0.3 to variations in methanogenic species include 

stable isotopes of water (δ18O and δD), type of substrate (i.e. coals versus shale), pH, and 

Cl- concentration.  The matching of variations between methanogenic TRFLP data and 

conservative tracers suggests that deep circulation of meteoric waters influenced archaeal 

communities in the Illinois Basin.  In addition, coalification and burial estimates suggest 

that in the study area, coals and shale reservoirs were previously sterilized (>80oC in 

nutrient poor environments), necessitating the re-introduction of microbes into the 

subsurface via groundwater transport.  
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1.  Introduction 

  Energy companies are targeting ever smaller reserves of fossil fuel, while 

exploring alternative energy solutions such as microbial-generated methane, which 

produce approximately 20% of the world’s natural gas resources (Rice and Claypool, 

1981).  Unlike conventional fossil fuels, microbial methane may be a renewable resource, 

however little is known about environmental requirements and metabolic rates of deep 

subsurface methanogens.  Possible factors include salinity concentration, SO4
2- 

concentration, organic matter composition, and microbial community structure.  The 

Illinois Basin, located in the midcontinent of the United States, is an ideal location to 

investigate hydrogeochemical factors controlling methanogenesis as microbial methane 

accumulations occur: 1) in three reservoirs of different geologic ages and organic matter 

types - Upper Devonian New Albany Shale (up to 900m in depth), Pennsylvanian coals 

(up to 600m in depth), and Quaternary glacial sediments (shallow aquifers); 2) across 

steep salinity gradients; and 3) with variable concentrations of SO4
2-.   

Previous research, including in the Illinois Basin, has investigated in situ deep 

subsurface microbial methane but has generally focused on single organic-rich reservoirs, 

such as coals or fractured shales, limiting the ability to observe a wide range of 

conditions.  This study combines data from previous research with extensive sampling of 

additional natural gas fields, including several recently developed gas fields, to capture 

large variations in environmental and microbial parameters.  Objectives of this study are 

to investigate environmental conditions and microbial communities to determine 1) if 

aqueous geochemical conditions are favorable for microbial methanogenesis in all three 
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reservoirs, 2) if the extent of isotopic fractionation varies between reservoirs, and 3) if 

similar methanogenic communities are present regardless of reservoir.  Additionally this 

study determines that these conditions are associated with regional groundwater recharge 

and the transport of methanogenic microbes from near surface to deep subsurface 

environments.  Methods of investigation involve gas composition, water chemistry, gas 

and water isotopes, and cell count data, as well as statistical similarity analyses of 

microbial populations as determined by terminal restrictive fragment length 

polymorphism (TRFLP) with in situ hydrochemical conditions. 

 

1.1 Environmental conditions that may inhibit or enhance methanogenesis 

 Several environmental conditions have been identified that can inhibit or enhance 

methanogenesis, including: temperature, pH, the availability of electron donors and 

acceptors, porosity and permeability, availability of nutrients, toxicity of trace metals, 

quantity of organic matter, quality of organic substrates, and salinity concentrations.  

Methanogens are known to survive extremely high temperatures (exceeding 100oC; 

Zinder, 1993) in nutrient-rich environments, such as near deep sea hydrothermal vents 

where high metabolic rates to regenerate damaged material can be sustained (Head et al., 

2003).  However, in nutrient poor systems, likely common at depth in sedimentary 

basins, temperature limitations for methanogens are much lower (~80oC; e.g. Head et al., 

2003).  Extreme pH conditions (<4 and >9) also limit methanogen metabolism, with 

optimal growth generally occurring at near neutral pH (Zinder, 1993; Jones et al., 1987).  

Methanogens are severely limited in the presence of sulfate reducing bacteria, which 
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reduce SO4
2- while oxidizing organic matter or hydrogen.  Sulfate reducing bacteria 

effectively out-compete methanogens for metabolic substrates until SO4
2- concentrations 

approach <2mM in saline environments (Megonigal et al., 2005), at which point 

methanogens can thrive.  However, methangoens and sulfate reducing bacteria are non-

competative when sufficient substrates such as melthyl sulfide and methylamines (used 

only by methanogens) are present (e.g. Mitterer 2010).  The size of methanogens can also 

limit growth locations and transport pathways.  Strąpoć et al. (2008a) reported that the 

dominant methanogen in an Illinois Basin coalbed was on average 0.4 µm in diameter, 

indicating that pores and/or fractures in reservoirs supporting methanogenesis must be at 

least 0.4 µm in diameter.  The availability of nutrients such as phosphorus (Bekins et al., 

2005), and the limited presence of toxic trace metals such as copper (Karri et al., 2006) 

also enhance methanogenesis.  Organic matter quantity and quality also influences 

methanogen metabolism, which requires >0.5% organic matter (Rice and Claypool, 

1981).  Extreme salinity tolerance limits for methanogens have been demonstrated by 

halophilic methanogens able to grow well in salinity concentrations up to 3 M Cl- 

(Zinder, 1993).  In southwestern Indiana, methanogenic enrichment cultures from coal 

formation (Cl- concentrations ranging from 3.5 to 148 mM; Strąpoć et al., 2008b) found 

only one dominant methanogen (Strąpoć et al., 2008a).   

This study focuses on the influence of pH, SO4
2- and Cl- concentrations on 

methanogenesis in the Illinois Basin.  The affects of nutrients and trace metal 

concentrations will be addressed in a later publication. 
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1.2 Establishment of methanogenic communities in the deep subsurface 

 Two origins of subsurface microbes in sedimentary basins and fractured bedrock 

have been proposed: 1) the continued presence of ancient microorganisms co-deposited 

with the sediment, and/or 2) the advective transport of surface microbial communities 

into deep reservoirs.  These two hypotheses for the distribution of subsurface microbial 

populations are not mutually exclusive.  Triassic-age sediments in the Taylorsville Basin 

reached temperatures over 160oC at their maximum burial depth, which likely pasteurized 

the sediments.  These formations have since been uplifted and contain evidence of 

microbial activity.  Tseng et al. (1998) suggested that high groundwater flow rates (1-100 

mm/yr), associated with tectonic uplift, introduced microbial communities into the deep 

reservoirs of the Taylorsville Basin (2800 m depth).  Walvoord et al. (1999) reported 

similar results for the San Juan Basin, where groundwater flow rates (>100 mm/yr) were 

high enough to transport microbes into previously sterilized environments, associated 

with volcanic intrusions.  Microorganisms were also found within fractured crystalline 

bedrock in the Canadian and Fennoscandian shields, providing further evidence of the 

role of groundwater transport on the establishment of subsurface communities (Lollar et 

al., 1993).  In contrast, shallow reservoirs in sedimentary basins, such as the Barents Sea 

(Norway), Wessex and East Midlands basins (UK), and the Beaufort-Mackenzie Basin 

(Canada) showed no evidence of bacterial degradation of hydrocarbons in areas that were 

previously buried (T >80oC; Wilhelms et al., 2001; Grasby et al., 2009).  This suggests 

that microbes were unable to re-colonize sterilized sediments, and that microorganisms in 
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deep sediments today evolved from ancient organisms that were co-deposited with the 

sediments (Wilhelms et al., 2001). 

 

2.  Hydrogeology of the Illinois Basin 

 The Illinois Basin is an interior sedimentary basin centered in southern Illinois in 

the midcontinent of the United States (Fig. 1a).  The basin is slightly elongate NW-SE, 

over 4.5 km in depth, and filled with gently dipping (6 to 14 m/km) Paleozoic sediments 

originating from shallow marine and terrestrial swamp environments, and covered with 

Quaternary glacial sediments (Fig. 1b).  The surface topography has less than 300 m of 

relief, and major structural features of the basin are limited to the Rough Creek-

Shawneetown fault system located in the southern portion of the basin, which extends 

from the Precambrian basement to the surface (see Fig. 1a; Zuppann et al., 1988).   

 Previous researchers grouped geologic units in the Illinois Basin into regional 

aquifers and confining units (Lloyd and Lyke, 1995); for this study, hydrogeologically 

important units include the unconsolidated Quaternary glacial deposits, the permeable 

Mississippian-Pennsylvanian aquifer (including the Pennsylvanian coals), the relatively 

impermeable Borden Siltstone, the Upper Devonian New Albany Shale, and the 

relatively permeable Sillurian-Devonian Carbonate aquifer (see Fig. 1b).   

 The Quaternary glacial deposits contain freshwater that is primarily Holocene to 

modern in age due to topographically driven recharge; however some Pleistocene-aged 

water is still preserved within and/or beneath low permeability units such as lakebed 

clays (McIntosh and Walter, 2006).  Glacial drift sediments are up to 120 m thick where 
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end moraines cross bedrock valleys, and constitute a high quality drinking water source 

(Swann, 1968).  The glacial sediments contain up to 17.2 wt% total organic carbon 

(TOC), which is relatively thermally immature (Glessner and Roy, 2009). 

 The upper portion of the unconfined Mississippian-Pennsylvanian aquifer 

contains the Pennsylvanian coals.  Natural fractures and the near-surface location of the 

coals may induce recent meteoric recharge, however complete flushing of the coals has 

not occurred, as evidenced by high salinity (>2 M Cl) fluids towards the basin center 

(McIntosh et al., 2002; Fig. 2a).  Coals typically have no effective matrix permeability, 

with joint and cleat systems providing primary avenues for fluid flow (Solano-Acosta et 

al., 2007).  The coal was deposited in a nearshore to marginal marine environment, 

typified by tidal coastal plains (Kvale et al., 2004), with coal deposits up to 245 m thick 

(Mastalerz and Harper, 1998).  In general, the coals are composed of type-III kerogen 

(typical of terrestrial organic matter; Hatch et al., 1990), and have low thermal maturity 

(Ro <0.6%) except in the south where tectonic activity locally increased the geothermal 

gradient and produced higher coal maturity (Ro ~0.7 to 0.8%; Fig. 3a; Drobniak et al., 

2004; Hower et al., 2005). 

 The New Albany Shale grades from a black shale along the eastern basin margin 

to a grey-green shale along the western margin (Barrows and Cluff, 1984; Hassenmueller, 

1993).  The shale contains predominantly type-II kerogen (sapropelic-marine), with up to 

16 wt% TOC and has low thermal maturity (Ro <0.6%; Barrows and Cluff, 1984; 

Hassenmueller and Leininger, 1987; Chou et al., 1991; Hatch et al., 1990) except in the 
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south near the Shawneetown-Rough Creek fault system where the shale reaches Ro values 

>1% (Fig. 3b; Cluff and Byrnes, 1991). 

 Regional flow paths in the New Albany Shale are controlled by the Borden 

Siltstone, a deltaic deposit up to 200 m thick in the northeast portion of the basin and 

absent in the southeast portion of the basin.  Where the siltstone is present, recharge 

waters likely migrated through the underlying Silurian-Devonian carbonate aquifer and 

flowed laterally into the fractured shale (McIntosh et al., 2002).  The shale has a low 

matrix permeability, with measured horizontal and vertical hydraulic conductivities 

ranging from 10-7 to 10-5 ft/d in core samples (Eberts and George, 2000).  Fractures 

control fluid migration and gas production, and were likely dilated during continental 

glaciations, allowing penetration of meteoric water into the northern basin margin, 

causing the observed depressed salinity concentrations in the Silurian-Devonian aquifer 

and the New Albany Shale (McIntosh et al., 2002; Fig.2b).  In contrast, where the 

siltstone is absent (the southeastern portion of the basin), meteoric waters likely percolate 

through the overlying Mississippian-Pennsylvanian aquifer into the shale (McIntosh et 

al., 2002). 

 Approximately 310 Ma, the Pennsylvanian coals reached 80-90oC during 

coalification (Mastalerz et al., 2004), which suggests that the underlying New Albany 

Shale also reached temperatures of at least 80-90oC.  Approximately 270 Ma maximum 

temperatures of the coals and shale may have reached >100oC in areas corresponding to 

vitrinite reflectance values of >0.5% in the New Albany Shale and >0.55% in the coals 

(Cluff and Byrnes, 1991; Rowan et al., 2002).   These vitrinite reflectance values are 
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generally lower than the vitrinite reflectance levels that co-occur with sample locations 

for this study (see Fig. 1 and 3).  

 

3.  Methods 

 To investigate the effects of regional groundwater recharge on microbial 

methanogenesis, 109 formation water and natural gas samples were collected during 2008 

and 2009 (see Fig. 1a).  Seventy samples were collected from natural gas wells producing 

from the New Albany Shale and 25 samples from natural gas wells producing from the 

Pennsylvanian coals.  Additionally, 10 samples were collected from oil wells, with 2 

producing from the Mississippian Limestone, and 8 producing from the Devonian 

Limestone, to compare New Albany Shale formation water chemistries with the aquifers 

immediately adjacent (see Fig. 1b).   Also 4 samples were collected from domestic 

groundwater wells, with 1 screened in the glacial drift, 2 screened in the New Albany 

Shale, and 1 screened in the Devonian Limestone, to provide an endmember of near 

surface groundwater. To supplement our study, previously published data for the shale 

(McIntosh et al., 2002), coals (Strąpoć et al., 2007, 2008a, 2008b), and shallow 

consolidated and unconsolidated aquifers were incorporated (e.g. Coleman et al, 1988).     

All water and gas samples were collected directly from the well head. Gas 

samples were collected in IsoTubes® and analyzed by Isotech Laboratories, Inc. for gas 

composition and compound specific isotopes (δ13CCO2, δ13CCH4, δDCH4, δ13CC2H6, and 

δ13CC3H8).  Water samples were collected in a Nalgene bucket, after pH and temperature 

measurements had stabilized, and then were filtered with a 0.45 µm Micropore filter (or 
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0.2 µm Micropore filter where noted) for inorganic parameters, and preserved 

immediately in the field against microbial degradation and oxidation affects.  All sample 

containers were filled with no headspace, immediately placed on ice, and refrigerated 

until analyzed.  Anion (including alkalinity) samples were kept in high-density 

polypropylene (HDPE) bottles, and oxygen and hydrogen isotope samples were kept in 

glass scintillation vials.  Stable carbon isotope and dissolved inorganic carbon (DIC) 

samples were kept in glass serum vials and preserved with copper chloride, with the 

exception of January 2008 samples which were filtered with 0.2 µm filters in lieu of 

copper chloride preservation.  Sulfur isotope samples were collected in two 1 L HDPE 

bottles and immediately preserved with ~10 drops of nitric acid.   

 Samples for direct cell counts were collected by filtering a known amount of 

water onto 0.2 µm pre-sterilized millipore polycarbonate filter membranes, flushed with 

4% paraformaldehyde, and immediately placed on wet ice. Samples for TRFLP analysis 

were sampled by filtering a known amount of water onto 0.2 µm pre-sterilized millipore 

mixed cellulose ester membranes, immediately placed on dry ice, and kept frozen until 

analysis.    

Alkalinity was titrated within 24 hours of sampling via the Gran-Alk method 

(Gieskes and Rogers, 1973).  Anions were analyzed on a Dionex ICS-3000 Ion 

Chromatograph using an AS23 column (precision, ±2%) at the Hydrology and Water 

Resources Department, University of Arizona (HWR-UA).  DIC was analyzed on a 

CM5014 CO2 coulometer and density was measured on a Metler Toledo Densito 30PX 

(accuracy, ±0.001 g/cm3) at HWR-UA.  Oxygen and hydrogen stable isotopes (δ18O and 
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δD) of water were measured on a Finnigan Delta S gas-source isotope ratio mass 

spectrometer at the Environmental Geochemistry Laboratory, Geoscience Department, 

University of Arizona (GEOS-UA), and reported relative to Vienna Standard Mean 

Ocean Water (VSMOW; precision, ±0.9‰ or better for hydrogen and ±0.08‰ or better 

for oxygen).  Carbon stable isotopes (δ13C) of DIC were measured on a ThermoQuest 

Finnigan Delta Plus XL continuous-flow gas ratio mass spectrometer at the 

Environmental Geochemistry Laboratory, GEOS-UA, and reported relative to Vienna 

Pee Dee Belemnite (VPDB; precision, ±0.30‰ or better). Sulfur isotopes (δ34S) of 

dissolved SO4
2- were measured by precipitation of BaSO4 from solution, followed by 

combusting with V2O5 and O2 at 1030oC (similar to Coleman and Moore, 1978) on a 

Costech Element Analyzer.  The δ34S isotope ratios of the resulting SO2 were measured 

on a ThermoQuest Finnigan Delta PlusXL continuous-flow isotope ratio mass 

spectrometer in the Environmental Geochemistry Laboratory, GEOS-UA, and reported 

relative to Canyon Diablo Triolite (CDT; precision, ±0.15‰ or better). 

Cell count samples were analyzed by fluorescent in situ hybridization (FISH) 

using a 4’6-diamidino-2-phenylindole (DAPI) fluorescent stain at the Department of 

Microbiology Laboratory, University of Massachusetts–Amherst.  The cell densities 

(cells per milliliter of water sample) were calculated by multiplying the number of cells 

in a field of observation by the total filtration area, and then dividing by the volume of 

water filtrated. 

DNA samples were analyzed using TRFLP, a method initially described by Liu et 

al., 1997, at the Department of Biology Laboratory, University of New Mexico to 
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examine microbial diversity.  TRFLP data were obtained for 1 shallow aquifer sample 

(screened in glacial drift), 9 coal samples (plus one duplicate), 11 shale samples, and 1 

limestone aquifer sample (screened in Devonian limestone).  Because thermogenic gas 

wells rarely produce water, no thermogenic methane endmembers for TRFLP analysis 

were obtained.  DNA was extracted from the sample filters using a MoBio UltraCleanTM 

soil DNA kit.  Generally the manufacturer instructions were followed, with the exception 

of excluding the bead-beating step (to limit shearing of DNA molecules), which was 

replaced by moderate vortexing for 5 seconds to mix the samples.  Each sample was then 

incubated for 10 minutes at 70oC.  Archaeal 16s rRNA gene fragments were amplified 

using the primer pair 109F-915R (Grosskopf et al., 1998) in 50 µL PCR reactions with a 

Promega Taq DNA polymerase.  Because primers were specific for archaea, the 16S 

rRNA genes that were amplified may not have been exclusively methanogens.  Following 

PCR, the reaction products were purified with a Qiagen PCR purification kit, and then 

DNA concentration and purity were quantified using a NanoDrop 2000c 

spectrophotometer.  Subsequently, 100 ng of purified PCR product were digested using 

Promega restriction enzyme HhaI according to manufacturer instructions and then were 

purified using an ethanol precipitation.  The dried DNA fragments were re-suspended and 

denatured by adding 10 µL of formamide and 0.20 µL of BioVentures, Inc. 

MapmarkerTM 1000 size standard and incubating at 95oC for 10 minutes.  The fragments 

were analyzed on an Applied Biosystems 3130xl Genetic Analyzer and sized with 

Applied Biosystems GeneMapperTM (v 4.0) software.  To statistically compare samples, 

the TRFLP data was manipulated following two methods.  One method, described in 
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Rees et al. (2004), eliminates peaks less than 1% of the total normalized area for each 

sample, and then aligns peaks by rounding the base pair size.  This method retained the 

maximum variability in the TRFLP fingerprint for each sample.  The other method, 

described in Abdo et al. (2006), eliminates peaks less than 1% of the total normalized 

area for each sample, and then aligns peaks by combining base pair lengths within ±1 

base pair into the same group, greatly reducing variability between samples.  The two 

data sets were imported into the multivariate statistical software package, Primer v6 

(Primer-E Ltd, Plymouth, UK) to compare methanogen communities in the different 

samples and reservoirs via non-metric multi dimensional scaling (MDS), an analysis of 

similarity (ANOSIM), similarity percentages (SIMPER), and dispersion indices as 

described in Rees et al. (2004). 

 

4.  Results and discussion 

 Samples collected as part of this study are divided into 4 groups to aid discussion: 

1) glacial drift and shallow bedrock wells (shallow aquifers); 2) Pennsylvanian coal wells 

containing microbial methane (coals); 3) Upper Devonian New Albany Shale wells 

containing microbial methane (shale); and 4) oil wells producing from Mississippian and 

Devonian carbonate (limestone aquifers) (Fig. 4).  These 4 groups have significantly 

different average depths: 58 m for the shallow aquifers, 260 m for the coals, 591 m for 

the shale, and 513 m for the limestone aquifers (229 m for the Mississippian limestone, 

and 584 m for the Devonian limestone; Table 1).  Results of selected field, 
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hydrochemical, isotopic, and gas parameters of the 4 groups are presented in summary 

Table 1, and supplementary Tables S1 and S2. 

 

4.1 Hydrogeochemical controls on methanogenesis in the Illinois Basin  

4.1.1. Hydrogeochemical indicators of microbial methanogenesis 

Elemental and isotope geochemistry of co-produced formation waters and gas 

from the shale, coals, and shallow aquifers in the study area are consistent with previous 

studies (Coleman et al, 1988; McIntosh et al., 2002; Strąpoć et al., 2007, 2008b), and 

show the dominance of microbial methane in south-central Indiana and Illinois (Tables 1, 

S1, and S2).  Compilations of research on methanogenic environments in sedimentary 

basins world-wide have developed a set of geochemical indicators for microbial methane 

in organic-rich reservoirs (e.g. Rice and Claypool, 1981; McIntosh and Martini, 2008), 

including waters that have exceptionally high alkalinity and dissolved inorganic carbon 

(DIC) values (up to 70 meq/kg), high δ13CDIC values (>+20‰), low Ca/Mg ratios (<1.5), 

low concentrations of SO4
2- (<10 mM) and acetate (<1 mM), high percentages of CO2 

(>1%), low percentages of O2 (anoxic conditions), and low percentages of C2+ 

hydrocarbons (<2%).  Importantly, microbial methane is also associated with a co-

variance of δD values of CH4 and H2O that follow a range of fractionation factors, 

demonstrating that methanogens use a portion of the hydrogen from the formation water 

to produce methane (Schoell, 1980; Martini et al., 1996).   

 Samples results from the shallow aquifers, coals and shale are generally consistent 

with geochemical indicators of microbial methane.  Alkalinity concentrations are 
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elevated, with only 6 samples <5 meq/kg.  The δ13CCH4 is low for all samples <-45‰.  

The δ13CDIC is high for the more closed system (shale) with only 4 samples <20‰, and 

lower for the more open systems of the coal and shallow aquifers (as low as -15‰).  

Concentrations of C2+ are low for all coal and shallow aquifer samples (<2 mole %), and 

shale samples average 2.85 mole % but are as high as 6.73 mole %.  Concentrations of O2 

are low (<10 mole %) and decrease with average depth of aquifer.  Concentrations of 

CO2 are high in the shallow aquifer and shale, with only 3 samples <1 mole %, however 

all samples in the coals are <1 mole %.  In addition, a linear correlation between the δD 

of CH4 and H2O (R2=0.51 for shallow aquifers, coals and shale) is indicative of microbial 

methanogenesis, and apparent in data from this study as well as in the compiled data (Fig. 

5).   

In comparison, samples from the limestone aquifers and thermogenic areas 

generally lack microbial methane indicators.  Ranges for the limestone aquifers show that 

only 2 of the 10 samples may contain significant microbial methane (LA-8 and LA-10; 

Tables S1 and S2).  Alkalinity concentrations range from 5.43 to 32.63 meq/kg, with high 

values corresponding to high SO4
2- and low DIC concentrations (indicating that the high 

alkalinity concentrations were due to the presence of sulfur species), except for samples 

LA-8 and LA-10, which have low SO4
2- concentrations (0.24 and 0.35 mM, respectively), 

and high DIC concentrations (14.76 and 24.68 meq/kg, respectively).  Samples from 

thermogenic areas for the shale and coals exhibit low alkalinity values (up to 2.36 

meq/kg), comparatively higher δ13CCH4 (up to -47.1‰), lower δ13CCO2 for the coals (as 
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low as -28.4‰), higher amounts of higher chain hydrocarbons (up to 12.85 mole % C2+), 

and lower amounts of CO2 (0 to 2.10 mole%; McIntosh et al, 2002; Strąpoć et al., 2007).   

 

4.1.2. Favorable hydrogeochemical conditions for microbial methanogenesis 

 Although the shale, coals and shallow aquifers represent significantly different 

depositional and hydrologic environments, each reservoir contains aqueous 

environmental conditions favorable for microbial methanogenesis (Tables 1, S1, S2).  

Values of pH are near neutral for all reservoirs.  Sulfate and chloride concentrations are 

also generally favorable for microbial methanogenesis (<2 mM SO4
2- and <3 M Cl-), with 

only 2 samples >2 mM SO4
2- (limestone aquifers excluded) and no samples >3 M Cl-.  

However one sample for the compiled coal data has a significantly elevated SO4
2- 

concentration (36 mM; Strąpoć et al., 2008b), and several samples (21 out of 113) for the 

compiled shale data have elevated SO4
2- concentrations in microbial methane areas (up to 

9 mM; McIntosh et al., 2002).  In contrast, SO4
2- concentrations for the limestone aquifer 

samples are varied (Tables 1, and S1), with 4 out of 10 samples containing significantly 

elevated (>10 mM) SO4
2- concentrations, however samples LA-8 and LA-10 have 

concentrations <2 mM.  Chloride concentrations range from 0.10 to 2169 mM for all 

reservoirs (Table 1).  
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4.1.3. Hydrogeochemical indicators of freshwater recharge in areas of microbial 

methanogenesis 

 Given that the chloride concentrations of Illinois Basin formation waters are 

generally <3 M, we would expect to observe microbial methanogenesis throughout the 

basin.  However, microbial methane accumulations in the shale are limited to localized 

areas of recharge along the northeastern and southeastern margins of the basin where Cl- 

concentrations are <2 M (see Fig. 2b; McIntosh et al., 2002).  Chloride patterns of fluids 

from the shale show a distinct north-to-south suppression in salinity, which is parallel to 

the axis of the Laurentide Ice Sheet, and is not simply a function of depth from the shale 

subcrop, suggesting groundwater recharged during periods of glaciation (McIntosh et al., 

2002).  This plume creates a steep salinity gradient that ranges from <0.1 to >2 M Cl- in 

less than 100 km, and corresponds to the predominant location of microbial methane 

accumulations (Fig. 2; McIntosh et al, 2002).   

Fluids from the coals have a linear salinity gradient with depth (McIntosh et al., 

2002), suggesting groundwater recharged through coal subcrops.  Strąpoć et al. (2008b) 

suggested large influxes of fresh water during Pleistocene inter-glaciations and in the 

post-glacial period.  High salinity concentrations (up to ~2 M Cl-; see Fig. 2a) in the coals 

were maintained by evaporite dissolution and mixing with remnant evaporative brine 

(Walter et al., 1990; Ranganathan, 1993; Stueber et al, 1993).  In contrast, shallow 

aquifers have consistently low Cl- concentrations and no clear basin-scale pattern, 

suggesting local topographically driven recharge of modern water (Eberts and George, 

2000).  With the exception of coals in the thermogenic methane area in northwestern 
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Kentucky, the coals and the shallow aquifers support microbial methane throughout the 

basin, as determined by gas and water parameters. 

The pattern of depressed Cl- concentrations corresponding to the presence of 

microbial methanogenesis suggests that regional flow patterns affect the microbial system 

(see Fig. 2).  Furthermore, δ18OH2O and δDH2O from natural gas wells plot along the 

global meteoric water line, with deviations due to mixing with basin brines (Fig. 6a).  

This mixing trend between a freshwater endmember and the basin brines is also observed 

in a plot of δ18OH2O versus Cl- concentrations (Fig. 6b).  The oxygen isotope value of the 

meteoric water endmember is approximately -7‰ for each of the three reservoirs, which 

is within the range of modern precipitation in the region (-11 to -4.5‰; McIntosh et al., 

2002).  However, groundwaters in confined Silurian-Devonian aquifers, up-dip of the 

New Albany Shale microbial gas plays, have δ18O ranges of -15 to -6‰, and radiocarbon 

“age” ranges from 17 to 50 ka (Eberts and George, 2000; McIntosh and Walter, 2006), 

indicating that Pleistocene groundwater is present in the basin, and that deep New Albany 

Shale fluids have diluted basinal brines with an ‘old’ (possibly pre-Pleistocene) 

freshwater endmember that has a modern stable isotopic signature.   

 

4.2 Isotopic evidence for extent of methanogenesis 

4.2.1 Carbon isotope system 

 The carbon isotope plots of δ13CCH4 versus δ13CCO2 for natural gas samples from 

methanogenic systems in the Illinois Basin show that regardless of reservoir, gas samples 

have a similar fractionation factor (αCO2-CH4 ~ 1.06 to 1.09) with only few exceptions 
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(Fig. 7).  The values of these fractionation factors suggest that the methanogenic system 

is dominated by CO2 reduction (Whiticar et al., 1986).  Coal samples with lower alpha 

values (<1.06), traditionally associated with acetate fermentation, alternatively may have 

been affected by sulfate reduction and methane oxidation (primarily using SO4
2- as an 

electron acceptor), as suggested by Strąpoć et al. (2008b).  Sulfate reduction will decrease 

the δ13CCO2 without affecting the δ13CCH4, whereas methane oxidation will decrease the 

δ13CCO2 and increase the δ13CCH4 (see Fig. 7; Coleman et al., 1981).  Support for active 

sulfate reduction would include the presence of SO4
2-, however concentrations for these 

low alpha values range from 0 to 2.79 mM SO4
2- (Table S1).  This result indicates that if 

sulfate reduction is responsible for the depressed alpha values, then perhaps the SO4
2- has 

been consumed and sulfate reduction is no longer occurring in these wells, and 

subsequent methanogenesis has not yet overwhelmed the carbon isotopic signature.  

Additional evidence for sulfate reduction includes high δ34SSO4 (39.7 and 44.4‰) in 

combination with the low alpha values (1.06 and 1.04, respectively) for samples C-22 and 

C-11 (Table S2).  In contrast, sample C-24 has a high alpha value (1.07) and a 

high δ34SSO4 (32.7‰) in combination with a low SO4
2- concentration (0.02 mM; Tables 

S1 and S2), which may indicate that sulfate reduction has previously occurred and 

subsequent methanogenesis has overwhelmed the carbon isotopic signature.  However, 

the occurrence of some samples containing high SO4
2- concentrations (up to 36.36 mM 

from Strąpoć et al., 2008b) and lower δ34SSO4 (12.5‰ sample C-17 from this study; Table 

S2) that still have relatively high alpha values (1.07) may indicate that occasionally 

sulfate reducers are not dominant despite favorable hydrogeochemical conditions.   
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 In addition, some samples with low alpha values (<1.06) also have low Cl- 

concentrations (1 to 295 mM), and some are near the reservoir subcrops.  This result may 

indicate more communication with the surface due to shallow wells, fracture flow, poor 

well completion, or increased leakage due to groundwater pumping effects.  Enhanced 

surface communication may introduce SO4
2- and sulfate reducing and/or methane 

oxidizing bacteria into the subsurface, affecting the carbon isotopic signature. 

 

4.2.1.1 Progressive fractionation of carbon isotope system.   

 Gas samples show a progression along the carbon isotope fractionation line (see 

Fig. 7) from more negative δ13C of CO2 and CH4 in the shallow aquifers to more positive 

values in the shale, with coal samples plotting in between.  This may be due to mixing 

between a thermogenic and microbial methane source, or the progressive depletion of the 

carbon (CO2) reservoir, causing increased δ13CCO2, δ13CDIC, and δ13CCH4.  Mixing 

between microbial and thermogenic methane would be seen in an increasing trend of 

δ13CCH4 versus C2+%.  Though the δ13CCH4 of microbial and thermogenic methane for the 

shale have similar ranges (up to -47.1‰) (Walter et al., 2001; McIntosh and Martini, 

2008), a slight increasing trend is observed in the shale from -53‰ to -47‰ for samples 

with <2% C2+, however no such correlation is observed for the shallow aquifers or the 

coals.  These trends suggest that though some thermogenic methane is mixing with 

microbial methane, the overall progression of carbon isotopes along the fractionation line 

may be due to the progressive depletion of the carbon (CO2) reservoir.  In addition, the 

high δ13CCO2 values (up to 20.58‰) suggest a closed system (Jones et al., 2008), 
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therefore we used the isotopic mass balance equation for a closed system to calculate the 

fraction of the reactant pool (CO2) remaining by:   

 

f = (δ13CCO2initial – δ13CCH4measured) / (δ13CCO2measured – δ13CCH4measured) (Eq.1) 

 

where δ13CCO2initial was estimated for each reservoir.  The two likely sources for CO2 in 

the coals, shale and shallow aquifers are: 1) dissolved CO2 from the atmosphere and soil 

gases, and 2) biodegradation of organic substrates.  Though carbonate species are 

probably influenced by both processes, biodegradation of organic substrates is assumed 

to dominate in the microbial methane systems, which is supported by the high alkalinity 

concentrations generally associated with microbial methane production.  This indicates 

that the initial CO2 (δ13CCO2initial) is predominantly sourced from in situ organic matter, 

which have estimated values of -27‰ for the shallow aquifers (average for C3 plants; 

Vogel, 1993), -25‰ for the coals (average from Pennsylvanian Lower Block Coal in the 

Illinois Basin; Mastalerz et al., 1999), and -29.5‰ for the shale (average from Upper 

Devonian Antrim Shale in the Michigan Basin, and typical of Upper Devonian organic 

matter; Budai et al., 2002).  Using these endmember values, the percent of carbon 

remaining from CO2 decreases with the reservoir depth, with 76% remaining in the 

shallow aquifers, 44 to 82% remaining in the coals, and only 25 to 47% remaining in the 

shale (Fig. 8).   

Potential explanations for the progressive depletion in CO2 between the shallow 

aquifers and deep fractured shale include: 1) increased rate of methanogenesis with depth 
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(assuming homogenous CO2 pool), 2) decreased amount of CO2 with depth (smaller pool 

to fractionate), and/or 3) decreased flushing of CO2 with depth (pool is more isolated, 

thus becoming more fractionated).  If the rate of methanogenesis is responsible for the 

observed progressive depletion in CO2, the methanogens in the deep shale would produce 

methane faster than in the coals, and methanogens in both the shale and the coal would 

produce methane faster than the methanogens in the shallow aquifers.  This scenario is 

unlikely due to the probable limited nutrients and labile organic matter present in the 

shale at depth as compared to the coal and shallow aquifers.  Alternatively, a smaller pool 

of carbon in the shale as compared to the shallower aquifers would cause a larger 

fractionation with depth if metabolic rates were similar.  However this scenario is also 

unlikely as the average amount of CO2 in the shale and shallow aquifers are comparable 

(4.53 and 3.30 mole%, respectively; Table 1).  If however, new precursors are rapidly 

produced and then flushed through the system, as compared to rate of methanogenesis, a 

reservoir of methanogenic precursors would be present at any given time, but would not 

exhibit extensive fractionation (Coleman et al., 1988).  Conversely, if methanogenic 

precursors remain in the system for long time periods, as compared to rate of 

methanogenesis, a reservoir of methanogenic precursors would be present, and exhibit 

extensive fractionation.  The residence time of these methanogenic precursors is related 

to the residence time of the groundwater.  Evidence for flushing of CO2 through the 

shallow aquifer include low Cl- concentrations and smaller gas accumulations, whereas 

evidence for limited flushing of methanogenic precursors through the shale and coal 

include high Cl- concentrations and larger gas deposits.  Future analysis of groundwater 
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ages may provide further support for the relative rates of flushing of methanogenic 

precursors in the different reservoirs. 

 For data from previous studies (Coleman et al., 1988; Strąpoć et al., 2008b), a few 

samples in the coal (4 with low (~1.03) α-fractionation values) and shallow aquifers (2 

with δ13CCO2 of -31.6‰ and -29.3‰) are calculated to have over 100% carbon from CO2 

remaining (Fig. 8).  The δ13CCO2 initial required such that these few samples have less than 

100% remaining CO2 is -35‰, which is more negative than ranges for soil CO2 (-30 to -

8‰) or coal carbon (-30 to -20‰; Clark and Fritz, 1997), suggesting additional processes 

besides methanogenesis are fractionating δ13CCO2 for these few samples.  One possible 

process is sulfate reduction, which decreases the δ13CCO2, and which can occur prior to 

the onset of methanogenesis if SO4
2- is present, or after methanogenesis if SO4

2- is re-

introduced through extensive groundwater pumping, or simultaneously if sufficient non-

competitive substrates are present (Waldron et al., 2007; Bates et al., in press; Mitterer 

2010).  Methane oxidation can also decrease the δ13CCO2, and can occur after the on-set of 

methanogenesis (Coleman et al., 1981). 

 As the percent of CO2 remaining approaches 0, the δ13CCH4 will approach the 

original value of the carbon substrate, which is estimated to be at most -25‰.  Presently 

such high δ13CCH4 has not yet been observed for microbial methane in a closed system, 

suggesting that methanogens cannot completely consume the CO2 present because CO2 is 

likely continually generated in the subsurface.  However, the general high alkalinity 

concentrations associated with microbial methane demonstrate that H2 rather than CO2 is 

the probable limiting substrate, as suggested by Conrad (2005) and Strąpoć et al. (2007).   
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4.2.2 Hydrogen isotope system 

 Hydrogen isotope relations of co-produced microbial CH4 and H2O for Illinois 

basin samples also plot along a similar α−fractionation line (see Fig. 5).  The majority of 

the samples plot parallel but slightly below the CO2 reduction fractionation line, with no 

samples plotting along the acetate fermentation lines, again indicating that the 

methanogenic system is probably dominated by CO2 reduction (Figure 5; Whiticar et al., 

1986).  However, recent microbial studies show that carbon and hydrogen isotope 

fractionation lines may not exclusively indicate the dominant type of methanogenic 

metabolism (e.g. Waldron et al., 2007; McIntosh et al., 2010a).  This discrepancy may be 

due to isotopic exchange between the hydrogen from formation brines and the hydrogen 

of CH4 generated via acetate fermentation, which can increase the δDCH4 such that the 

samples will plot along the CO2 reduction line (de Graff et al., 1996; Waldron et al., 

1999).  Conversely, CO2 reduction has been associated with δD of CH4 and H2O that plot 

within the acetate fermentation fields (Landsdown et al., 1992; Conrad, 2005 and 

references within).   

Both sulfate reduction and methane oxidation should not cause shifts in the 

hydrogen isotopic system.  Sulfate reduction should not affect the δDCH4 and would cause 

only a small increase of the δDH2O through equilibration of H2S and H2O (a 5‰ shift 

requiring the reaction of approximately 520 mM SO4
2-; Clark and Fritz, 1997), and would 

not be observable in the hydrogen isotope plot.  Methane oxidation causes an increase in 

the δDCH4 (Coleman et al., 1981), and may (if primarily using SO4
2- as an electron 
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acceptor) also cause a small increase in the δDH2O, that would also be generally 

imperceptible.  To move a sample from the acetate fermentation lines to the CO2 

fermentation lines via methane oxidation would require the oxidation of 40 to 70% of the 

methane in the reservoir (Coleman et al, 1981).  The lack of samples plotting along the 

acetate fermentation fractionation lines in the hydrogen isotope plot supports the 

hypothesis that sulfate reduction and/or methane oxidization has affected the δ13C of CO2 

and CH4, causing some of the microbial methane coal samples to falsely appear to be 

dominated by acetate fermentation (see Fig. 5 and 7).  However, Strąpoć et al. (2008a) 

did not observe known sulfate reducers in microbial communities from the coals; 

although they examined only highly purified methanogenic enrichments.   

 

4.3 Characterization of microbial communities 

 Given that groundwater flushing rates may control the extent of carbon and 

hydrogen isotope fractionation, similar hydrologic controls on methanogenic 

communities may be observed.  Chloride concentrations are related to groundwater 

flushing rates, with decreased amounts of Cl- occurring in areas of enhanced meteoric 

recharge.  In this study, microbial cell counts and TRFLP data were used to compare 

microbial communities in the shallow aquifers, coal, shale, and limestone aquifers in the 

Illinois Basin, covering a wide range of Cl- concentrations (0.2 – 2200 mM).  Because 

thermogenic gas wells rarely produce water, no microbial data was obtained from the 

thermogenic area.  However, Strąpoć et al. (2007) observed no microbial methane in core 
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desorption analyses from thermogenic methane coal wells in northwestern Kentucky, 

suggesting limited to no methanogens in this area.     

 Planktonic methanogen cell counts (not equal to total cell counts) collected in this 

study range from 1.13E6 to 2.58E6 cells/mL for the shallow aquifers, 3.91E4 to 7.15E5 

cells/mL for the coals, and 8.69E3 to 3.26E6 cells/mL for the shale; no cell counts were 

measured for the limestone aquifers (Table 1).  These cell count ranges compare 

favorably with other planktonic cell counts of methanogen-containing deep subsurface 

environments, which range from 4.9E3 to 8.0E6 cells/mL (Moser et al., 2005; Shimizu et 

al., 2006; Mochimaru et al., 2007; Waldron et al., 2007; Ehinger et al., 2009; McIntosh et 

al., 2010b).  There are no clear trends between the abundance of planktonic microbial 

cells and type of organic matter (e.g. shale vs. coals vs. shallow aquifers), depth, Cl- 

concentrations, or SO4
2- concentrations.  In addition, there are no clear spatial trends in 

planktonic cell counts across the basin. 

 TRFLP results show low diversity of archaea with just two groups of base pairs 

dominant in shale, coals, and limestone aquifer samples (Figure 9).  This compares 

favorably with previous clone library studies of deep subsurface methanogenic 

environments, which showed multiple methanogenic species in one or two groups 

(Waldron et al., 2007; Green et al., 2008; Strąpoć et al., 2008; Ehinger et al., 2009).  

However, these results could be affected by PCR bias, as well as digestion of the sample 

by only one restriction enzyme, and perhaps more than one species may be represented in 

a peak.  Additionally, a sampling bias may be present as microbial cells were collected 

from the formation water, whereas most microbes are attached to surfaces (Costerton et 
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al., 1995).  The shallow aquifer sample shows multiple TRFLP peaks, including 

relatively large peaks consistent with the dominant peaks in the other reservoirs.  To 

statistically compare samples, the TRFLP data was manipulated following methods 

described in Rees et al. (2004) and Abdo et al. (2006).  See section 3 for brief 

descriptions of this analysis.  The statistics indicate that the coal and shale groups are 

moderately different from each other, even though heterogeneity within each group is 

large.  In addition, the coal and shale groups are different from the limestone aquifer and 

shallow aquifer samples, and the limestone aquifer and shallow aquifer samples are also 

different from each other.  However the dominance of two groups of archaea, regardless 

of reservoir, and the only moderate difference between the shale and coal groups suggest 

a similarity between methanogen populations in all the reservoirs, including the limestone 

and shallow aquifers.  Although to some extent this may reflect the biases inherent in our 

methods, a topic discussed above, this result could also be achieved by inoculation of the 

coals, shale, and limestone aquifer by groundwater that migrated through the shallow 

aquifer prior to recharging the deeper aquifers of the Illinois Basin.  The statistics used 

for this analysis are MDS, ANOSIM, SIMPER, and dispersion indices. 

   MDS results for the Rees data reduction have stresses of 0.17 and 0.11 for 2 and 

3 dimensions, respectively.  For the Rees data reduction, the coal and shale samples 

cluster near each other, but there is considerable overlap between the two groups (Fig. 

10).  In addition, a formation water sample from the limestone aquifer plots within the 

coal cluster, whereas the shallow aquifer sample plots apart from both the coal and the 

shale clusters.  MDS results for the Abdo data reduction have stresses of 0.01 for both 2 
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and 3 dimensions.  With the exception of one coal and one shale sample, all the samples 

plot in a single tight cluster, indicating that all samples, regardless of reservoir, contained 

similar communities of archaea (Fig. 10).  The different MDS results demonstrate that the 

method used to reduce the data greatly influences results. 

 ANOSIM results are a measure of statistical significance between samples, 

ranging from -1 to 1.  Positive values indicate that the samples are more dissimilar 

between groups than within group (in our case, the groups are by reservoir); whereas 

negative values indicate that the samples are more similar between groups than within 

groups.  Values near 0 indicate that samples have the same similarity within groups as 

between groups.  Our values are 0.348 (p = 0.002) for the Rees reduced data and 0.004 (p 

= 0.441) for the Abdo reduced data.  This means that for the Rees reduced data, the 

general difference between reservoirs is moderate, and somewhat statistically significant, 

whereas for the Abdo reduced data there is no difference between the reservoirs, and the 

results are not statistically significant. 

 SIMPER results are a measure of the average contribution of individual TRFLP 

peaks to the average dissimilarity within and between the groups.  For the Rees reduction 

data, the mean average similarity percentage is 32.89% within the shale group, and 

33.79% within the coal group.  The SIMPER results are similar for the Abdo reduction 

results with a mean average similarity percentage of 38.54% within the shale group, and 

43.47% within the coal group.  The mean average dissimilarity between the shale and 

coal groups for the Rees reduced data is 77.02% and for the Abdo reduced data is 

55.64%.  These values show that though there is large heterogeneity within the separate 
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shale and coal groups (slightly more within the shale group as compared to the coal 

group), there is a difference between the two groups.  Statistical results showing that all 

reservoirs are different from each other are presented in Table 2. 

 Dispersion indices examine group heterogeneity, with larger values indicating 

more within group heterogeneity compared to other groups.  Using the Rees data 

reduction, dispersion indices are 0.973 for the coal group, and 1.022 for the shale group.  

Results are similar for the Abdo data reduction, with dispersion indices of 0.974 for the 

coal group and 1.021 for the shale group.  This result indicates that the dispersion within 

the coal and shale groups is similar, but slightly greater for the shale group, a result that is 

consistent with the SIMPER results. 

 

4.4 Evidence for transport of methanogens into the subsurface 

 Methanogens in the coals and shale may have been deposited within Paleozoic 

sediments 550-230 Ma, and/or may have been transported with recent recharge (<2 Ma) 

from the surface into the deep subsurface.  If Paleozoic sediments were sterilized in the 

past (>80oC for nutrient poor environments; Head et al., 2003) during burial or fluid and 

heat migration events, then the presence of microbial methane in deep organic-rich 

aquifers supports the hypothesis that methanogens were transported into the basin.  

Determining the source of methanogens is crucial to establishing the timing of initial 

methanogenesis and estimating average in situ metabolic rates. 

 For data from this study, formation water temperatures ranged from 9 to 30oC in 

all samples, with the coldest samples obtained during the winter (Table 1).  These 
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temperatures are suitable for the psychrotolerant mesophilic methanogens (optimal 

growth at temperatures ranging from 25 to 35oC) observed by Strąpoć et al. (2008a) in 

coals in southwestern Indiana.  Though not conclusive, evidence suggests that where 

samples were collected, the deep organic-rich reservoirs in the Illinois Basin were 

previously sterilized, necessitating the re-introduction of microbes into the subsurface to 

produce economic quantities of microbial methane. 

These microbes were most likely re-introduced into the subsurface via advective 

groundwater transport.  Hydrochemical evidence linking groundwater recharge with the 

presence of methanogens in the Illinois basin includes: 1) the linear relationship between 

the δD of microbial methane (see Fig. 5), and mixed brine and meteoric water (see Fig. 

6); 2) the co-occurrence of microbial methane accumulations with plumes of dilute water 

in the shale (see Fig. 2); 3) the methanogens present in the coals, shale and limestone 

aquifer have similar groups of base pairs, which are also present in the shallow aquifer 

(see Fig. 9); and 4) the positive statistical relations between microbial community 

variations and conservative environmental tracers. 

 Re-introduction of microbes into the subsurface via advective transport would 

correlate to the dilution of basin brines by meteoric water seen in conservative tracers 

such as Cl-, δ18OH2O and δDH2O.  Variability in selected environmental parameters was 

used to compare variability in TRFLP data, using the biological-environmental (BEST) 

routine in Primer v6 (Primer-E Ltd, Plymouth, UK).  This routine compares variability in 

the TRFLP MDS with variability in the environmental parameters principle component 

analysis (PCA) for both the shale and coals.  Statistics comparing variations in the two 
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groups of base pairs with hydrogeochemical parameters show a low Spearman correlation 

coefficient (maximum 0.253; range -1 to 1); however statistics comparing variations in 

species with hydrogeochemical parameters result in a high Spearman correlation 

coefficient (maximum 0.602).  Individual hydrogeochemical parameters that have a 

Spearman correlation coefficient greater than 0.3 to variations in methanogenic species 

include stable isotopes of water (δ18O and δD), type of substrate (i.e. coal versus shale), 

pH, and Cl- concentration.  The stable isotopes of water, pH and Cl- concentrations are 

influenced by deep groundwater recharge and mixing with brines, while the type of 

substrate may be associated with availability of organic matter and nutrients.   

The shallow aquifer contains by far the most TRFLP peaks, however significant 

peaks occur for the same base pair lengths in the deep subsurface (Figure 9).  Meteoric 

recharge must pass through the shallow subsurface prior to recharging deep aquifers, 

possibly transporting the methanogens into effectively paleopastuerized organic-rich 

reservoirs in the subsurface.  However, the presence of only some of the methanogens 

from the shallow subsurface in the deep subsurface samples suggest that either 1) not all 

methanogens were effectively transported with the groundwater recharge, 2) new 

methanogens have been introduced into the shallow subsurface since deep groundwater 

recharge, and/or 3) that the environmental conditions in the coals and shale are similar 

enough to select analogous archaeal communities.  Not enough data is currently available 

for the Illinois Basin to evaluate these hypotheses. However, the dominance of both 

groups of base pairs in the coals and shale suggest similar microbial communities 

regardless of depth.  
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5.  Conclusions 

 In the Illinois Basin, diagnostic hydrogeochemical parameters (including 

alkalinity concentrations generally >10 meq/L, SO4
2- concentrations <2 mM, Cl- 

concentrations <3 M, and CH4 generally >90 mole %) in the organic-rich shallow 

aquifers, coals, and shale indicate that microbial methanogenesis is supported in each 

reservoir.  A progression of δ13CCH4 and δ13CCO2 along carbon isotope fractionation lines 

for CO2 reduction from the shallow aquifers to the coals to the shale suggests increased 

fractionation of the CO2 reactant pool with average depth of reservoir, consistent with a 

decrease of groundwater flushing rates with average depth of reservoir.    

 Calculated percentages of brine contribution for the coal and shale formation 

waters indicate that meteoric groundwater recharge has affected all microbial 

methanogenic systems.  Additionally, similar methanogenic communities are present in 

all reservoirs.  Cell counts for each unit are similar, and TRFLP results show low 

numbers of archaea with only two groups of dominant base pairs in coals, shale, and 

limestone aquifers.  Variations in species distribution have a Spearman correlation 

coefficient greater than 0.3 to variations in hydrogeochemical parameters, including 

stable isotopes of water (δ18O and δD), type of substrate (i.e. coal versus shale), pH, and 

Cl- concentration.  The similar variations between methanogenic TRFLP data and 

conservative tracers suggests that deep circulation of meteoric waters influenced archaeal 

communities in the Illinois Basin.   
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Figures 
 

 
Figure 1.  (a) Location map of the Illinois Basin, including subcrops for the New Albany 

Shale (black), the Mississippian limestone aquifer (dark grey), and the 
Pennsylvanian aquifer (light grey).  Also denoted are major structural features, 
and sample locations from this study and compiled data (Coleman et al, 1988; 
McIntosh et al., 2002; Strąpoć et al., 2007, 2008a, 2008b).  The symbols denoted 
for sample groups will be used in subsequent figures. (b) Cross-section through 
the Illinois Basin with important hydrogeological units identified. 
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Figure 2.  Map of chloride concentrations of formation waters in the Pennsylvanian coals 

(a) and New Albany Shale (b).  The maximum extent of the Wisconsinan and 
Illinoian glaciations are shown in the dotted lines.  The areas of predominantly 
thermogenic and microbial methane are also highlighted.   

  



 
 

92 
 

 
Figure 3.  Thermal maturity map of the (a) Pennsylvanian coals, and (b) New Albany 

Shale, after Cluff and Byrnes (1990).   Higher vitrinite reflectance (Ro) values 
indicate higher thermal maturities of the organic matter.  
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Figure 4.  Relative location with depth of the shallow aquifer, Pennsylvanian coals 

(coals), New Albany Shale (shale), and limestone aquifer reservoirs.  Also 
indicated is the relative location of thermogenic and microbial methane in the 
coals and shale reservoirs (McIntosh et al., 2002; Strąpoć et al., 2007). 
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Figure 5.  Plot of δDH2O and δDCH4 shows a linear trend along and slightly below the CO2 

reduction fractionation line (α = 1.2), indicating microbial methane was generated 
in situ with formation waters (Schoell, 1980; Martini et al., 1996).  Note that the 
data follows traditional fractionation lines for microbial methanogenesis via CO2 
reduction (Schoell, 1980; Whiticar et al., 1986) rather than for acetate 
fermentation (Schoell, 1980; Whiticar et al., 1986; Waldron et al., 1999).  General 
fractionation effects for sulfate reduction and methane oxidation (using sulfate as 
an elector acceptor) are also illustrated. 
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Figure 6.  Plots of δ18OH2O versus (a) δDH2O and (b) Cl- reveal a general mixing trend 

between local mean annual precipitation and the basin brine endmember, 
indicating that the freshwater penetrating deep into the coals and shale is meteoric 
in origin. 
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Figure 7.  A plot of δ13CCH4 versus δ13CCO2 illustrates that the gas samples from this study 

and compiled data (Coleman et al, 1988; McIntosh et al., 2002; Strąpoć et al., 
2007, 2008a, 2008b) primarily follow fractionation lines for CO2 reduction (α 
values from 1.06 to 1.09) rather than acetate fermentation (α values from 1.03 to 
1.06; Conrad, 2005), except for a few coal samples.  Indicated on the plot are 
fields of thermogenic methane (TM) for the coals and shale (McIntosh et al., 
2002; Strąpoć et al., 2007), and the general fractionation effects for sulfate 
reduction and methane oxidation (using sulfate as an elector acceptor).  Also, a 
succession along the fraction line from the shallow aquifers, through the coals, to 
the shale may suggest progressive fractionation with depth of organic-rich 
reservoir.   

  



 
 

97 
 

 
Figure 8.  A plot of δ13CCH4 versus fraction of CO2 remaining subsequent to microbial 

methanogenesis demonstrates a decrease in remaining CO2 with depth of organic-
rich reservoir.  Also noted are samples with low αCO2-CH4 values (highlighted in 
dotted oval), and the fields of thermogenic methane (TM) for the coals and shale 
reservoirs, which do not follow the general trend. 
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Figure 9.  Terminal restrictive fragment length polymorphism (TRFLP) results for the 

shallow aquifers, Pennsylvanian coals and New Albany Shale are displayed as 
plots of standard fluorescent units versus base pair length for all samples for 
shallow aquifers, coals, shale, and limestone aquifers.  Note dominant peaks in all 
reservoirs at base pairs approximately 100 and 250 units long, suggesting that all 
reservoirs are dominated by only a few types of similar methanogens. 
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Figure 10.  Three dimensional multi dimensional scaling (MDS) plots using the Rees and 

Abdo reduction methods (Rees et al., 2004; Abdo et al., 2006) show that for the 
Rees data reduction, the coal and shale samples cluster near each other, but there 
is considerable overlap between the two groups.  In addition, a formation water 
sample from the limestone aquifer plots within the coal cluster, whereas the 
shallow aquifer sample plots apart from both the coal and the shale clusters.  
Results for the Abdo data reduction show that with the exception of one coal and 
one shale sample, all samples plot in a single tight cluster, indicating that all 
samples, regardless of organic-rich reservoir, have similar groups of base pairs.  
The different MDS results demonstrate that the method used to reduce the data 
greatly influences results.  
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Abstract 

 At least 20% of the world’s natural gas originates from methanogens subsisting 

on organic-rich coals and shales; however in-situ microbial methane production rates are 

unknown.  Methanogens in the Upper Devonian New Albany Shale in the Illinois Basin 

extract hydrogen from low salinity formation water to form economic quantities of 

natural gas.  Because of this association, constraining the source and timing of 

groundwater recharge will enable estimation of minimum in-situ metabolic rates.  Thirty-

four formation water and gas samples were analyzed for stable isotopes (oxygen and 

hydrogen), chloride, tritium, 14C, and noble gases.  Chloride and δ18O spatial patterns 

reveal a plume of water with low salinity (0.7 to 2154 mM) and δ18O values (-0.14 to -

7.25‰) penetrating ~1 km depth into evapo-concentrated brines parallel to terminal 

moraines of the Laurentide Ice Sheet, suggesting glacial mediated recharge.  However, 

isotopic mixing trends indicate that the recharge endmember (~-7‰ δ18O) is higher than 

the assumed bulk ice sheet value (<-15‰ δ18O), and similar to modern local precipitation 

(-7.5 to -4.5‰ δ18O).  Continental paleoprecipitation records reveal that throughout the 

Pleistocene, δ18O of precipitation in the region ranged from -10 to -5‰, suggesting that 

the dilute groundwater was primarily sourced from paleoprecipitation with minor 

contributions from glacial meltwater. 

 For the majority of samples the atmosphere derived 4He contribution is negligible, 

and is dominated by a crustal radiogenic source, with near complete transfer of dissolved 

noble gases to the gas phase.  In addition, mantle derived helium is negligible for all 

samples (<1%).  Helium-4 ages of formation waters associated with natural gas 
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accumulations range from 0.082-1.2 Ma.  Thermogenic methane is associated with older 

fluids (average 1.0 Ma), as compared to microbial methane (average 0.33 Ma), consistent 

with chloride and δ18O data.  However, all groundwater in the study area was influenced 

by Pleistocene recharge.  Estimated in-situ microbial methane production rates range 

from 10-1000 TCF/Ma – ~104 to 106 times slower than average laboratory rates from 

coals.  Findings from this study have implications for targeting undeveloped microbial 

gas accumulations, improving natural gas reservoir estimates, the potential of in-situ 

methanogen stimulation, and understanding biologic cycling of carbon in subsurface 

reservoirs. 
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1.  Introduction 

 Methanogens have generated economic quantities of natural gas in subsurface 

organic-rich units such as coals and black shales.  Currently this microbial methane 

supports at least 5% of United States’ and Canada’s energy needs (Rice, 1992; OEE, 

2008; EIA, 2010), however little is known about the origins, residence times, and 

production rates of in-situ microbial communities (e.g. Schlegel et al., 2011).  These 

knowledge gaps are critical in investigating the potential of in-situ methanogen 

stimulation and carbon cycling in biologically-active reservoirs. 

 In the Illinois Basin, economic reservoirs of microbial methane occur in the 

Upper Devonian New Albany Shale in association with anomalously low salinity 

formation water (McIntosh et al., 2002).  A linear correlation between the δD values of 

the water and the co-produced methane demonstrates that methanogens extract hydrogen 

from the low salinity water to form methane (Schoell 1980; Martini et al., 1998).  The 

anomalously low salinity water extends from the basin margin to ~1 km depth in the 

shale and has a pattern divergent from simple infiltration from the basin margin subcrop 

(McIntosh et al., 2002).  Rather, the orientation of the plume corresponds to Pleistocene 

ice lobes that advanced and retreated into the basin multiple times (Killey, 1998; 

McIntosh et al., 2002), suggesting glacial meltwater recharge from either subglacial 

recharge or proglacial lakes.  However the δ18O values associated with the dilute plume (-

7.5 to +1.1‰) are not as low as would be expected for glacial recharge (<-15‰ δ18O), 

and mixing trends indicate a relatively high δ18O endmember value (~-7‰) for the 

freshwater endmember (McIntosh et al., 2002).   



 
 

104 
 

Isotopically-enriched recharge waters may have been sourced from: 1) modern 

precipitation (-11.0 to -4.5‰ δ18O), 2) a mixture of isotopically depleted Pleistocene-

aged recharge and formational brines, or 3) an isotopically enriched Pleistocene aged 

source.  This study constrains the source and timing of recharge in the New Albany Shale 

by comparing calculated 4He groundwater ages derived from produced natural gas 

samples with stable isotopes (oxygen and hydrogen), chloride, tritium, and 14C values 

from the produced water.  This data set is enhanced by including published paleoclimate 

data for the Illinois Basin area.  Results demonstrate that climate change can have 

profound effects on basin-scale groundwater recharge, driving freshwater recharge deep 

into sedimentary basins, which may also stimulate microbial methane generation in the 

relatively recent geologic past (<2Ma), enabling the estimation of in-situ microbial 

methane production rates. 

 

2.  Geologic setting 

 The Illinois Basin, located in the midcontinent of the United States, is an interior 

sedimentary basin centered in southern Illinois (Fig. 1).  The basin is oblong NW-SE, 

~620 km long, ~375 km wide, over 4.5 km in depth, and filled with shallowly dipping (6 

to 14 m/km) Paleozoic sediments (Zuppan et al., 1988).  The basal sedimentary units are 

a thick sequence of Cambrian-Ordovician sandstones and carbonates overlying the 

Precambrian basement (Swann, 1968).  Late Ordovician to Mississippian units are 

composed primarily of carbonates with interbedded sandstones and shales (Swann, 1968).  

Late Mississippian to Pennsylvanian units are generally comprised of interbedded shale, 
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carbonates, and coal (Swann, 1968).  Topping the sedimentary sequence are the surficial 

Quaternary glacial sediments that form the basin topography, with less than 300 m of 

relief (Swann, 1968; Zuppan et al., 1988).  The basin is bounded to the north by the 

Kankakee Arch and Wisconsin Arch, to the east by the Cincinnati Arch, to the southwest 

by the Ozark Dome and Pascola Arch, and to the west by the Mississippi River Arch 

(Buschbach and Kolata, 1990).  The Illinois Basin was deformed along its southern 

margin during the late Paleozoic through Mesozoic by tectonic uplift of the Pascola Arch 

and downwarping of the Mississippian Embayment (Buschbach and Kolata, 1990).  The 

Cottage Grove and Rough Creek-Shawneetown Fault System, which trends east-west 

through the south-central basin, was active throughout the Paleozoic, and extends from 

the Precambrian basement to the surface (Buschbach and Kolata, 1990).  Hydrocarbons 

in the basin are dominated by thermogenic processes in the deeper central portion of the 

basin in western Kentucky and southern Indiana, while microbial methane is predominant 

in Devonian shales and Pennsylvanian coals closer to the basin margins (Fig. 2 and 3) 

(McIntosh et al., 2002; Strąpoć et al., 2007). 

 

2.1.  Regional fluid flow 

 Based on similar hydrochemistry and hydrogeologic properties, geologic units in 

the Illinois Basin have been grouped into regional aquifers and confining units by Lloyd 

and Lyke (1995) (Fig. 1 and 2).  This study focuses on the Upper Devonian New Albany 

Shale, which is part of the larger Silurian-Devonian carbonate aquifer. Additional 

regional aquifers are present in the highly permeable basal Cambrian-Ordovician aquifer, 
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the Mississippian-Pennsylvanian coals and sedimentary units, and the surficial 

Quaternary glacial deposits.  Formation waters in the four major aquifer systems 

(Quaternary, Mississippian-Pennsylvanian, Silurian-Devonian, and Cambrian-

Ordovician) have distinct geochemical signatures, suggesting that there has been little 

cross-formational fluid mixing in the Illinois Basin, impeded by shales (Stueber et al., 

1993; Stueber and Walter, 1991,1994).   

 Several researchers have suggested that brines and hydrocarbons migrated 

through the Illinois Basin over 600 km over millions of years, driven by tectonic uplift of 

the Ouachitas and Pascola Arch to the south and sediment compaction (Bethke, 1985; 

Bethke et al., 1991).  Alternatively, Garven et al. (1999) suggest that topographically-

driven flow events persisted for only short periods of geologic time (<2 Ma), long enough 

to transport metals, hydrocarbons, and diagenetic fluids, but brief enough to prevent 

flushing of remnant brines.  Rowan et al. (2001) proposed infiltration of brines in the 

central Illinois Basin rift system coupled with topographically-driven flow through the 

basal Mt. Simon Aquifer during the Permian as a possible explanation for regional-scale 

fluid flow and world-class lead-zinc ore deposition, while maintaining high salinities.  

Membrane filtration is an unlikely mechanism for brine generation in the Illinois Basin, 

as observed vertical head differences are not large enough to cause upward flow through 

basal confining units (Bond, 1972), and observed salinity patterns are incompatible with 

salinity patterns predicted by membrane filtration.  Also, evaporite dissolution by 

meteoric recharge is unlikely for the regional Illinois Basin aquifers (with the exception 

of the Mississippian aquifer), as the stable isotope composition and Na-Ca-Cl-Br 
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relations of basin formation waters are indicative of evapo-concentrated seawater, 

suggesting that these Paleozoic-age fluids are relatively stagnant (Stueber and Walter, 

1994). 

 

2.2.  Glacial-mediated fluid flow 

 Continental glaciations, occurring on relatively short geologic time scales (<3 

Ma) can provide sufficient hydraulic head to force freshwater recharge deep into 

sedimentary basins against strong salinity gradients (Grasby et al., 2000; McIntosh et al., 

2002; Breemer et al., 2002; Person et al., 2003, 2007; Hoaglund et al., 2004; Ma et al., 

2004; Grasby and Chen, 2005; McIntosh and Walter, 2006; McIntosh et al., 2011).  

Kilometer-thick ice sheets advanced and retreated multiple times over the Illinois Basin 

during the last 3 million years, increasing the hydraulic gradients and dilating natural 

fracture systems, which may have enhanced permeability and depth of recharge.  

Concomitantly, permafrost in front of and beneath the ice sheet may have inhibited 

groundwater recharge (Lively et al., 1993; Edmunds and Milne, 2001), promoting high 

heads in ice free areas, lowering effective stress (Boulton and Caban, 1995), and 

generating blowout structures (Christiansen et al., 1982; Christiansen and Sauer, 1998) 

and other ice sheet tectonic features (Pederson, 2005; Person et al, 2007).  Permafrost 

existed around and beneath the southern margin of the Laurentide Ice Sheet for thousands 

of years, during the Last Glacial Maximum (Cutler et al., 2000; Larson et al., 2003; 

Tarasov and Peltier, 2007).  In the Illinois Basin between 21 to 16 ka, permafrost reached 
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a southern limit of 38o 30’ N latitude, lasted up to about 1 ka in any given location, and 

was restricted to about 200 km in front of the glacier (Johnson 1990). 

 As ice sheets override sedimentary basins, permeability of aquitard units, such as 

shale, can be modified by hydrofracturing and altering flow patterns, facilitating meteoric 

recharge (Boulton and Caban, 1995; Lerche et al., 1997; Bekele et al., 2003).  Much of 

the groundwater infiltration occurs as the ice sheet moves across the landscape, with 

more recharge during transgressive phases (Person et al., 2007; Lemieux et al., 2008), 

suggesting that the number of times the ice sheet advanced is an important control on 

deep basin recharge.  In the Illinois Basin a minimum estimate of 7 to 15 Pre-Illinoian 

(2.7 to 0.5 Ma) ice sheet advances are recorded (Killey, 1998).  During the Illinoian 

glaciation (300 to 125 ka) ice sheets advanced at least 3 times into the Illinois Basin, of 

which the second advance reached the farthest south.  These advances are generally 

associated with thin glacial sediment (<50 ft thick) and small end moraines, suggesting 

that the ice surged and then melted in place.  During the Wisconsin glaciation, ice entered 

the Illinois Basin approximately 25 ka, and reached the southern extent by about 20 ka.  

After approximately 6 major advances and retreats, the ice had completely retreated from 

the basin by 14 to 13 ka (Killey, 1998; Patterson et al., 2003).   

In the Illinois Basin, groundwater with anomalously low δ18O values and salinity 

concentrations as deep as ~1 km has been suggested to be remnant Pleistocene ice sheet 

meltwater from subglacial recharge or complete melting of the ice sheet, as well as 

paleoprecipitation (Clayton et al., 1966; Siegel, 1991; Siegel and Mandle, 1984; 

McIntosh et al., 2002). Groundwater ages of 17 to 50 ka with δ18O values as low as -
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15.3‰ in shallow Silurian-Devonian carbonates have been reported by McIntosh and 

Walter (2006).  These observed dilute groundwaters form plumes along the northern 

margin of the basin that correspond to the location of the Laurentide Ice Sheet (Fig. 3).   

However, some of the dilute groundwaters have δ18O values that are more 

positive than would be expected from glacial recharge (e.g. Siegel, 1991, 1992; McIntosh 

et al., 2002).  Siegel (1991) observed high δ18O and δD values (-10.3 to -7.2‰, and -77 

to -50‰, respectively) in dilute waters along the northwestern margin of the Illinois 

Basin.  Klump et al. (2008) observed relatively high δ18O values (-12.4 to -8.6‰) in 

Pleistocene-aged groundwater in southeastern Wisconsin.  Ma et al. (2004) observed high 

δ18O and δD values (~-8.6‰, and ~-56‰, respectively) in association with cool 

temperatures (~1oC) at the end of the Last Glacial Maximum (~17.2 ka) in southern 

Michigan.  Siegel (1991,1992), Klump et al. (2008), and Ma et al. (2004) suggest 

groundwater recharge was significantly affected by an enriched moisture source for 

precipitation, possibly from the Gulf of Mexico, over the past 30 ka.   

 Surface water flow systems were also profoundly altered during Pleistocene 

glaciation.  As the ice sheets grew they destroyed previous drainage systems, and stored 

large volumes of freshwater on the continents.  The Laurentide Ice Sheet likely contained 

greater than 20x106 km3 of water (Teller, 1990).  As the ice sheets melted, freshwater was 

discharged into proglacial lakes, and formed new river systems.  Several large lakes 

formed behind glacial endmoraines as ice sheets retreated, such as the predecessors of the 

Great Lakes and Illinoian Glacial Lake Quincy in central Indiana, which was over 180 

km2 and >20m in depth (e.g. Killey, 1998; Wood et al., 2010).  Additionally, large lakes 
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repeatedly formed and catastrophically drained as major drainge systems, such as the 

Mississippian River, were blocked by advancing glaciers (e.g. Killey, 1998).  Moreover, 

riverine fluxes were 2 to 3 times greater than modern run-off (Marshall and Clarke, 

1999), and may have significantly contributed to groundwater recharge.   

 

3.  Methods 

 To investigate the source and timing of fresh groundwater recharge in the New 

Albany Shale, 34 groundwater samples were collected for anions (including Cl- and Br-) 

and stable isotope analyses (18O and D), with 29 producing from the shale and 5 

producing from the carbonate aquifers.  Of the wells producing from the shale, 1 is a 

domestic drinking water well (MM0), and 21 are natural gas wells in predominantly 

microbial methane areas (MM1-MM21), and 7 are natural gas wells in predominantly 

thermogenic methane areas (TM1-TM7).  Of the wells producing from the carbonate 

aquifers, 1 is in the Mississippian carbonate aquifer above the shale (M1), and 4 are in the 

Devonian carbonate aquifer below the shale (D1-4). A subset of these samples was 

selected for age tracer analysis, including 16 samples for 14C and 24 for noble gas 

concentrations.  Wells from predominantly thermogenic methane areas did not produce 

any water, so only gas analyses were performed.  To supplement our sampling data we 

also incorporated previously published Cl- and stable isotope data for the New Albany 

Shale (McIntosh et al., 2002; Schlegel et al., 2011).     

 All water and gas samples were collected directly from the well head. Water 

samples for chloride, bromide, and stable isotopes were filtered with a 0.45µm Micropore 
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filter for inorganic parameters.  Chloride and bromide samples were kept in high-density 

polypropylene (HDPE) bottles, and oxygen and hydrogen isotope samples were kept in 

glass scintillation vials.  Water samples for 14C were collected directly into amber glass 

bottles without filtration to minimize oxidation affects due to air contamination.  All 

sample containers were filled with no headspace, immediately placed on ice and 

refrigerated until analyzed.  Noble gas samples were collected from produced gases 

following the method described in Zhou et al. (2005).  Gas was collected in copper tubes 

(refrigeration grade copper tubing 60cm long by 10mm diameter) that were flushed with 

produced gas for over 10 minutes prior to being sealed with stainless steel clamps.   

 Chloride and bromide were analyzed on a Dionex ICS-3000 Ion Chromatograph 

using an AS23 column (precision, ±2%).  Oxygen and hydrogen stable isotopes (δ18O 

and δD) of water were measured on a Finnigan Delta S gas-source isotope ratio mass 

spectrometer, and reported relative to Vienna Standard Mean Ocean Water (VSMOW; 

precision, ±0.9‰ or better for hydrogen and ±0.08‰ or better for oxygen).  After 

conversion of sample DIC to CO2 and graphitization, 14C was measured in an accelerator 

mass-spectrometer (AMS) in the NSF lab at the University of Arizona Accelerator Mass 

Spectrometry (AMS) Laboratory (analytical error <0.2 percent modern carbon (pmc)).  

Noble gas isotope concentrations were measured at the University of Manchester for He, 

Ne, Ar, Kr and Xe as described by Gilfillan et al. (2008) and Ballentine and Sherwood 

Lollar (2002).  An atmospheric standard was run following each sample.  Errors 

presented are 1 σ, and include analytical, interference, standard reproducibility, and 

expansion volume uncertainty. 
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4.  Results and discussion 

4.1.  Chloride patterns 

 Chloride concentrations in the New Albany Shale range from 0.7 to 2154 mM, 

and average 1242 mM, with the drinking water well (MM0) containing the lowest 

concentration (Table 1).  For the carbonate aquifers, chloride concentrations range from 

92 to 1426 mM, and average 402 mM (Table 1).  Interestingly, the lowest chloride 

concentration in the Devonian carbonate aquifer (92 mM) occurs only 33 km to the north 

of the most saline concentration (1426 mM).   Also, chloride concentrations from 

Mississippian and Devonian aquifers from the same area are comparable (154 and 161 

mM, respectively), even though they are separated by ~260 m depth.    Chloride 

concentrations in the Devonian carbonate aquifer and the New Albany Shale are 

comparable (1426 mM; 600-1777 mM, respectively) in Sullivan Co., however to the east 

in Greene Co. chloride concentrations are lower in the Devonian carbonate aquifer (161 

mM) as compared to the shale (647 and 799 mM).  Data from this study are consistent 

with previously observed chloride patterns for the Devonian shale and carbonate aquifers, 

and the Mississippian carbonate aquifers (McIntosh et al., 2002; Schlegel et al., 2011).  

Moreover, the increased resolution from additional data shows steeper salinity gradients 

in the shale than previously observed (Fig. 3; McIntosh et al., 2002; Schlegel et al., 

2011). 
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4.2.  Oxygen and hydrogen isotopes 

 The δ18O values of groundwater from the New Albany Shale range from -0.14 to -

7.25‰, with an average of -2.85‰ (Table 1).  The δD values of groundwater from the 

shale range from -5.9 to -45.7‰, with an average of -17.7‰ (Table 1).  For the carbonate 

aquifers, δ18O values of groundwater range from -2.50 to -6.99‰, with an average of -

5.9‰ (Table 1).  The δD values of groundwater for the carbonate aquifers range from -

23.9 to -43.8‰, and average -38.9‰ (Table 1).  For the shale and carbonate aquifers, the 

lowest isotope values correspond with the least saline samples (Fig. 4b).   

 Contour maps of δ18O values show a pattern of recharge similar to that exhibited 

by Cl- concentration maps (Fig. 3).  A plot of δ18O values versus Cl- concentrations in 

combination with a plot of δ18O versus δD values show that the recharge endmember in 

each unit is fresh meteoric water that mixed with evaporative basinal brines (Fig. 4).  In 

addition, the oxygen isotope value of the freshwater endmember is approximately -7‰, 

which is within the range of modern precipitation in the region (-7.5 to -4.5‰; McIntosh 

et al., 2002).  However, groundwaters in confined Silurian-Devonian aquifers, updip of 

the deep shale, have δ18O values ranging from -15 to -6‰ and radiocarbon ages ranging 

from 16 to >30 ka (McIntosh and Walter, 2006).  These findings indicate that Pleistocene 

groundwater is present in the basin, and that deep fluids have diluted basinal brines with 

an ‘old’ (Pleistocene) freshwater endmember that has a modern stable isotopic signature.  

 Potential sources of enriched Pleistocene-aged δ18O values for groundwater 

recharge include glacial meltwater in either subglacial recharge or proglacial lakes 

enriched due to evaporation, mineral interaction, preferential melting of portions of the 
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glacier with higher δ18O values (such as the basal layer), and seasonal/ annual variations 

in the δ18O value of glacial meltwater that supplies either subglacial recharge or 

proglacial lakes (e.g. Gooseff et al., 2003; Yde and Knudsen, 2004).   In addition, 

regional paleoprecipitation may have had δ18O values similar to modern precipitation, 

significantly enriching the meteoric water available for groundwater recharge (e.g. Siegel 

1991,1992; Klump et al., 2008). 

 

4.2.1.  Isotopic enrichment of glacial meltwater 

 Samples from dilute groundwater in the Illinois Basin deviate from the meteoric 

water line around -7‰ δ18O and -46‰ δD.  Though meltwater-mineral interactions can 

increase δ18O values by as much as 12‰ (Knight, 1987, 1989; Souchez et al., 1990; 

Gooseff et al., 2003), isotopic trends would produce a δ18O/δD correlation less than the 

slope of the meteoric water line (~8) (Souchez et al., 1990), and would deviate from the 

meteoric water line near expected bulk ice values (<-15‰ δ18O and <-110‰ δD).  A 

similar isotopic trend would be observed for evaporation of glacial surface layers, or 

meltwater in proglacial lakes.   As this trend is not seen in the shale samples, the glacier 

meltwater-mineral interactions or evaporation are not likely to be the source of high δ18O 

and δD values in the deep Illinois Basin groundwater.  Temporal variation in recharge 

due to differential melting of the ice sheet may also increase the δ18O value in the 

groundwater relative to the bulk ice value (Grootes and Stuiver, 1997; Jouzel and 

Souchez, 1982; Stichler and Schotter, 2000; Yde and Knudsen, 2004; Gooseff et al., 

2003, 2006), but would not be recorded in our data due to the averaging effects of 
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dispersion in groundwater recharge.  Moreover, preferential melting of the glacier may 

not have been the source of the relatively high δ18O values of the fresh groundwater 

recharge, as the Laurentide Ice Sheet completely melted, suggesting that the average 

meltwater for recharge should have a composition that approached the bulk ice value.  

  Subglacial recharge may have been a source of significant groundwater recharge 

(i.e. Lemieux et al., 2008), which may have been dominated by basal melting 

(isotopically enriched due to meltwater-mineral interactions and partial refreezing of 

subglacial meltwater and shallow groundwater; Jouzel and Souchez, 1982; Shouchez et 

al., 1990) and surface melting (isotopically enriched due to evaporation/sublimation 

effects; Taylor et al., 2001; Stichler et al., 2001; Yde and Knudsen, 2004), as observed in 

an Icelandic glacier (Boulton et al., 2007).  However, subglacially precipitated calcite in 

Iowa records an isotopic composition within the range of local modern precipitation (-

9‰ δ18O), suggesting subglacial recharge in the Illinois Basin may have been heavily 

influenced by precipitation (Siegel, 1991).   

 

4.2.2.  Isotopic composition of regional paleoprecipitation 

 Paleoprecipitation with a relatively enriched isotopic composition may have 

mixed with glacial meltwater (either subglacially or in proglacial lakes) with a depleted 

isotopic composition, resulting in a groundwater recharge endmember significantly more 

positive than glacial meltwater (Siegel, 1991, 1992; Ma et al., 2004; Klump et al., 2008).  

This suggests that though the Laurentide Ice Sheet may have provided the mechanism of 

deep groundwater recharge in the New Albany Shale and Devonian carbonate reservoirs, 
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the source of recharge was likely dominated by paleoprecipitation, with possibly some 

minor contribution from glacial meltwater.  Continental paleoclimate records from 

speleothems, ostracods and wood cellulose near the Illinois Basin (Fig. 5) reveal that 

throughout most of the Pleistocene the estimated δ18O of precipitation ranged from -10 to 

-5‰, similar to the modern precipitation range (Harmon and Schwarcz, 1981; Edwards 

and McAndrews, 1989; Rea et al., 1994; Dettman et al., 1995; Dorale et al., 1992, 1998; 

Denniston et al., 2001, 2007).  Notable exceptions are evident in ostracod records in the 

northern Great Lakes during lake level low stands, when the influence of ice melt due to 

retreating glaciers was at a maximum (Rea et al., 1994; Dettman et al., 1995).  However, 

the ostracod record in Lake Michigan reveals that generally the southern lake contained 

relatively enriched δ18O values (-8 to -4.5‰), and was influenced primarily by local 

runoff and precipitation (Rea et al., 1994).  Lake Michigan borders the northern margin 

of the Illinois Basin, indicating that near the recharge area for the New Albany Shale and 

Devonian carbonate there was a large volume of water with a δ18O value that 

approximates modern precipitation values.  Interestingly, the record shows slightly 

depressed δ18O values during glacial periods, however these values do not approach the 

expected bulk ice value of <-15‰ δ18O (Fig. 5).  Age tracers were used to constrain the 

timing of recharge to further distinguish recharge source and estimate the maximum age 

of the onset of microbial methanogenesis, and minimum in-situ metabolic rates. 
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4.3.  Tritium and carbon-14 

 Carbon-14 is a useful age tracer for groundwaters less than ~30 ka, but can be 

detected in waters as old as ~50 ka, whereas tritium is useful in detecting modern surface 

water (<60 years) addition to deep groundwaters (Clark and Fritz, 1997).  Sixteen 

samples were analyzed for 14C, with two duplicates (Table 2).  Eleven results are from 

wells producing from the shale (113 to 857 m), and are low (0.23 to 1.49 pmc), with the 

exception of wells MM7 and MM8 (15.08 and 22.61 pmc, respectively).  Four results are 

from wells producing from the Devonian carbonate (D1-4) and are also low (0.41 to 1.70 

pmc), and one is from a well producing from the Mississippian carbonate (M1, 0.23 

pmc).  The majority of the 14C results range from 0.23 to 1.49 pmc, and are near the limit 

of detection (<0.2 pmc) (Linick et al., 1986).  The ‘live’ carbon in the system can be 

diluted by the addition of ‘dead’ carbon to solution, and can come from two sources: 

inorganic and organic carbon dissolution.  In the shale, carbonate dissolution as well as 

organic carbon inputs from microbial degradation of fossil carbon have added substantial 

amounts of ‘dead’ carbon to solution (Geyh and Kuenzl, 1981).  However the results are 

above the analytical error, demonstrating that there is 14C in the sample (Clark and Fritz, 

1997).   

Five tritium samples were analyzed from various depths and aquifers to determine 

if the deep groundwater samples had been contaminated with surface fluids (Table 2).  

Results ranged from <0.8TU in sample M8 to 2.8 TU in sample M7.  Detectable tritium 

with low 14C values indicate that either 1) relatively large amounts of U, Th, and Li in the 

subsurface have resulted in elevated lithogenic tritium levels in ‘old’ water; and/or 2) a 
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small fraction of water that has recently been exposed to the atmosphere has mixed with a 

large fraction of ‘old’ water at depth (Clark and Fritz, 1997).  Lithogenic tritium in most 

aquifers is close to 0.1TU (Clark and Fritz, 1997), suggesting that lithogenic tritium 

should not be significant in the New Albany Shale.  Poor well completion, remnant 

drilling fluids not flushed during well development, hydraulic fracturing fluids, and 

naturally occurring highly permeable zones are all avenues for surface water 

contamination of deep fluids.  Unfortunately, these possibilities are difficult to assess, 

and remain likely sources of ‘modern’ water contamination. 

 Despite the presence of detectable tritium, 14C results could represent 1) the 

average age of the groundwater (<50 ka), 2) an age older than the average groundwater 

age due to the input of ‘dead’ organic carbon from microbial activity (<<50 ka), and/or 3) 

contamination of deep groundwater with surface materials (e.g. surface water, cement 

casing, etc.) or brief exposure to atmosphere during sampling (>50 ka).  To obtain more 

accurate estimates of groundwater ages, noble gas techniques were used. 

 

4.4.  Noble gases 

 The accumulation of radiogenic 4He in aquifers provides a tool to constrain the 

age of the groundwaters beyond the ~50Ka limit of 14C (Ka to Ma timescales) and has the 

added advantage of being insensitive to small additions of modern surface water 

(Torgersen and Clark, 1985). Interaction between the groundwater and any gas or oil 

phase results in the accumulated 4He, together with dissolved atmosphere-derived noble 

gases gained by the groundwater at recharge, being acquired by the oil or gas phase (e.g. 
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Ballentine et al., 1991; Ballentine et al., 1996).  The combination of noble gases in the 

produced oil or gas phase can be used to reconstruct the 4He concentration of the water 

prior to phase fractionation and gain a 4He age for the associated water phase (Zhou et al., 

2005; Zhou and Ballentine 2006).   

The He, Ne, Ar, Kr and Xe isotopic compositions of the produced gases are 

presented in Table 2 and supplementary Table S1.  Of the 24 noble gas samples from the 

shale, 20 samples have 4He/20Ne ratios ranging from 36 to 32,400, much higher than the 

atmospheric value of 0.288 (e.g. Kipfer et al., 2002).  However, 4 samples (MM18-21) 

have much lower 4He/20Ne ratios (0.4 to 2.56), indicating significant contamination with 

air He.  The 3He/4He ratio (R), normalized to the atmospheric ratio (Ra = 1.4x10-6) ) in 

the former samples range from  0.07 to 0.18, which is near the upper crust value of 0.01 

to 0.02 Ra (Fig. 6a) (Ballentine and Burnard, 2002).  This result indicates that the 

atmosphere derived 4He contribution is negligible in these 20 samples, and that they are 

dominated by a crustal radiogenic source.  Furthermore, by defining R/Ramantle as 8 and 

R/Racrust as 0.05, calculated percentages of crustal contribution for samples not 

contaminated with air range from 99.0 to 99.8% (Ballentine and O’Nions, 1994; Elliot et 

al., 1993), indicating only minor (<1%) contributions from the mantle.   

 The 4 samples showing He that is significantly contaminated with air also have 

20Ne/36Ar ratios close to the air value (0.52).  An additional 6 samples (MM7, MM14-16, 

TM1, TM3) also have 20Ne/36Ar values similar to air or greater (>0.45) (Fig. 6b).  These 

values could indicate fractionation due to solubility related water-gas-oil phase 

interactions, however for these 6 samples the 84Kr/36Ar ratios (0.0179-0.0229) and 



 
 

120 
 

132Xe/36Ar ratios (4.05-6.38x10-4) are similar to air (0.02 and 7.27x10-4, respectively) and 

distinct from air saturated water (0.045 and 30.4x10-4, respectively) (e.g. Kipfer et al., 

2002), suggesting significant air contamination.  

The remaining samples (14) have 20Ne/36Ar ratios (0.08 to 0.33) that are similar to 

the range found in air-equilibrated water (0.14-0.18) (Fig. 6b).  While there can be 

significant sources of isotopically air-like Kr and Xe in hydrocarbon bearing systems 

(Torgersen et al., 1999; Zhou et al., 2005), the 84Kr/36Ar and 132Xe/36Ar ratios in these 

remaining samples (0.0348-0.0556 and 13.8-35.0x10-4, respectively) are also similar to 

the range found in air saturated water.  In these samples we assume that there has been 

minimal fractionation of the inert gases, with near complete transfer of the noble gas in 

the water to the gas phase. These 14 samples are used in determining 4He ages for 

groundwater in the New Albany Shale; however 36Ar for MM4 was not measured, 

reducing the number of samples used to calculate 4He ages to 13.  

 Interestingly, the 24 New Albany Shale samples reveal two distinct trends on a 

plot of 1/36Ar vs. 40Ar/36Ar (Fig. 6c).  One trend is formed by samples from the south 

(western Kentucky and south-east Indiana), in contrast to the other trend, formed by 

samples from the more northern areas (west-central Indiana) (Fig. 6c).  These two trends 

appear to have been formed by mixing of a common 40Ar/36Ar ratio similar to air, and 2 

different argon endmembers resulting from either a change in 36Ar or 40Ar.  Following the 

arguments for an external flux of radiogenic 4He into the aquifer (section 4.5), the 

endmember difference may best be explained by the thermogenic gases being associated 

with older fluids, which have accumulated more 40Ar due to 40K decay, as compared to 
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the microbial gases.  One microbial gas sample (MM10) falls in the thermogenic 

‘southern Ar endmember trend’ (Fig. 6c) and has the youngest 4He groundwater age, 

suggesting that this sample is anomalous, with no clear salinity or spatial relation to the 

thermogenic gas samples.  

 

4.5.  4He groundwater age calculation 

 Helium-4 ages were calculated following the method of Zhou and Ballentine 

(2006).  As mantle helium is negligible in this system (<1%), the measured 4He is 

comprised of the 4He obtained from when the water was last in contact with the 

atmosphere (air saturated water (ASW), 4He obtained from radioactive decay of primarily 

U and Th in the aquifer matrix (in-situ production), and 4He obtained from older crustal 

fluids that has migrated into the aquifer (external flux).  Both the in-situ production and 

external flux of 4He contain a time component, which is used to calculate the 4He age.  

Because the 4He/20Ne ratio in the 13 samples being considered is much higher than either 

typical air equilibrated water or air, the contribution of 4HeASW is considered to be 

insignificant and the equation can be simplified to: 

 

4Hemeasured = 4Hein-situ production + 4Heexternal flux 

 

To estimate a groundwater age we have to consider the 4Hein-situ production + 4Heexternal flux 

concentration measured in the gas phase in terms of the 4He concentration in the 

groundwater before it contacted the gas phase.  The lack of fractionation of 20Ne/36Ar 
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(previously discussed) occurs if there has been quantitative and closed system transfer of 

the dissolved gases into the methane gas (Zhou and Ballentine, 2006).  Therefore the 

concentration of 4He in the gas phase can be related to the concentration of 4He in the 

original water phase from the gas phase 4He/36Ar ratio and the concentration of 36Ar in 

the water phase before degassing (known) using:  

 

4Heconcentration in water= 4He/36Armeasured * 36ArASW 

 

The amount of 36Ar in ASW will be 1/295.5 of the total argon dissolved in the water 

which is dependent on the pressure, temperature, and salinity of the water at the surface.  

Given periglacial recharge or quick transport of precipitation below the ice sheet for 

subglacial recharge, a pressure of 1 atmosphere is assumed for when the water was 

equilibrated with the atmosphere to estimate the total Ar dissolved in the water (Table 3).  

A minimum and maximum value of ArASW was used: 2.47x10-4 cm3STPg-1 for water with 

35‰ salinity and 20oC, and 4.47x10-4 cm3STPg-1 for water with 0.1‰ salinity and 4oC.  

Additionally a representative value of 3.47x10-4 cm3STPg-1 (average of minimum and 

maximum values) was used.     

   The in-situ production of 4He can be calculated by (Torgersen, 1980): 

 

4Hein-situ production = (ρaquifer λJ4(1-ϕ)t)/ϕ 
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where ρaquifer = density of aquifer (g/cm3), λ = transfer efficiency from mineral to water, 

ϕ = rock porosity, t = time, and J4 is defined by: 

 

J4 = 0.2355*10-12 * [U] * (1 + 0.123 * ([Th]/[U] – 4)) 

 

where [U] and [Th] are the U and Th concentrations in the rock in ppm (Craig and 

Lupton, 1976; Torgersen, 1980). 

 

 4Heexternal flux can be calculated by: 

 

4Heexternal flux = (J4ρcrustHt) / (ϕh) 

 

where ρcrust = the density of the crust, H = thickness (cm) of crust, and h = thickness (cm) 

of aquifer.  For most parameters a minimum, maximum, and representative value was 

found in the literature and used to calculate minimum, maximum, and representative ages 

(Table 3; discussed in Appendix A).  Crustal flux of 4He contains many uncertainties 

including errors inherent in the estimates of parameters for the aquifer and the bulk crust.   

 Calculated 4He ages for representative values are presented in Table 2 and Figure 

7.  4He ages are presented for two end-member scenarios. The first is a closed system 

environment in which only in-situ radiogenic noble gases are present. The calculated 4He 

average groundwater ages using representative values for only in-situ production range 

from 4.2 to 51 Ma (average 30 Ma), which is younger than the age of the formation 
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(Devonian-Mississippian boundary is at 360 Ma).  Though these ages cannot be 

discarded, the majority of sedimentary basins require an external crustal flux of 4He to 

obtain meaningful groundwater ages (e.g. Torgersen and Clark 1985; Zhou and 

Ballentine, 2006).  When an external flux of 4He from the upper and lower crust is 

invoked, the average groundwater age range decreases to 0.082-1.2 Ma (average 0.59 

Ma) for representative values, with age ranges as old as 0.14-1.9 Ma (average1.0 Ma, 

using maximum values with the minimum value of porosity) and as young as 0.039-0.54 

Ma (average 0.28 Ma, using minimum values with the maximum value of porosity). 

Two key assumptions made in determining the groundwater 4He age are that: 1) 

an average crustal 4He flux over the lifetime of the groundwater age is valid; and 2) the 

4He flux is uniform across the Illinois Basin.  The variance of 4He flux is smallest in 

regions that can be considered a ‘uniform, stable’ shield, where an approximate steady 

state of 4He crustal degassing is obtained (Torgersen, 2010). The Illinois Basin overlies a 

central stable platform adjacent to the Canadian Shield that has seen no major structural 

deformation since the Precambrian in the north-central portion of the basin, though in the 

southern portion of the basin deformation has occurred as late as the Mesozoic and the 

Rough Creek fault system has been active throughout the Paleozoic (Buschbach and 

Kolata, 1990).  In this work we have calculated ages based on the average crustal 4He 

flux to be 2.42x1010 atoms 4He m-2 s-1 using the representative values in Table 3. This 

compares with the time- and area- weighted arithmetic mean (standard deviation) 4He 

crustal degassing flux of 3.32(±0.45) × 1010  4He atoms m−2 s−1 (Torgersen 2010), which 

remains the greatest uncertainty in absolute, rather than relative, age determination. 
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Furthermore, the variance of 4He flux may be controlled by local structural 

features and episodic events, as observed by Kulongoski et al. (2005), though these 

effects result in an average 4He crustal flux for large spatial and temporal scales.  In 

contrast, other studies have found diffuse crustal 4He input is consistent with a coherent 

spatial increase in 4He groundwater age from recharge (e.g. Zhou et al., 2005).  Within 

the Illinois Basin there is a clear spatial coherence between the different sample 

populations, the microbial gases which are closer to recharge zones have a younger 4He 

groundwater age than the deeper thermogenic methane which has an older 4He associated 

groundwater age. The clumping of the 4He ages for the thermogenic gases suggests that 

on this spatial scale the input of 4He is relatively uniform. Within the region of the 

Illinois Basin studied here there is no major structural fault or feature that divides the 

thermogenic from the microbial methane producing areas – the principle spatial 

difference simply being depth and distance from recharge. The assumption that the 4He 

flux into the system associated with microbial gas production is the same as that into the 

thermogenic area would then also seem reasonable. 

 

4.6.  Deep groundwater recharge 

 All calculated 4He ages indicate that the groundwater recharge is older than the 

Wisconsin glaciation (25 to 13 ka in the Illinois Basin), whereas some of the groundwater 

may have recharged in association with Illinoian (300 to 125 ka) and Pre-Illinoian (2.7 to 

0.5 Ma) glaciations (Fig. 7).  These results support the hypothesis that the detected 

tritium and 14C is likely from contamination and do not represent the groundwater age, 
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which is >50 ka.   These results are consistent with findings from McIntosh and Walter 

(2006) and Eberts and George (2000) who found groundwater ages of 17 to 50 ka in 

Silurian-Devonian carbonates up-dip of the deep natural gas New Albany Shale wells.  

Furthermore, calculated 4He ages for groundwater from the predominantly thermogenic 

methane area (0.80 to 1.2 Ma, average 1.0 Ma) are older than groundwater in the 

predominantly microbial methane area (0.082 to 0.79 Ma, average 0.33 Ma), 

demonstrating that more groundwater flushing has occurred near the basin margins as 

compared to the basin center.  Similarly, in the more shallow Pennsylvanian coals, 

thermogenic methane is primarily found near the center of the basin in areas of limited 

meteoric recharge (Strąpoć et al., 2007).  These results are consistent with chloride and 

δ18O data from the New Albany Shale, which show elevated values towards the basin 

center, indicating limited flushing by fresh water.  Though the deep saline brines were 

probably formed from evapo-concentrated seawater, suggesting that the basin fluids are 

fairly stagnant (e.g. Stueber and Walter, 1994), all groundwater in the study area may 

have been influenced by Pleistocene recharge.  Using these age estimates and distances 

from the Devonian carbonate subcrop, flow rates range from 0.19-1.8 m/year for the 

microbial methane area (~150 km distant from subcrop) and 0.28-0.41m/year for the 

thermogenic methane area (~330 km distant from subcrop).  Eberts and George (2000) 

and McIntosh and Walter (2006) found minimal flushing of groundwater >40 m depth 

since the Wisconsin glaciation in the Devonian aquifer in the northern portion of the 

Illinois Basin, suggesting that modern groundwater recharge deep into the basin is 

negligible. 
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 Meteoric recharge deep into the Illinois Basin may have occurred while the 

subcrops where covered with kilometer-thick ice sheets, or when the subcrops were ice 

free, however the current data set cannot differentiate between subglacial or periglacial 

groundwater recharge.  If groundwater recharge occurred beneath the ice sheets, then a 

conduit for rapid transport of paleoprecipitation from the ice surface or proglacial lakes to 

the subglacial environment is required to maintain a relatively enriched isotopic 

signature, and groundwater recharge would be limited to when glaciers were present in 

the Illinois Basin.  If groundwater recharged aquifers in the absence of glaciers, then the 

effects of ice sheet loading must propagate beyond the glacial margin, where significant 

amounts of paleoprecipitation collected in proglacial lakes and river systems (Rea et al., 

1994; Killey, 1998; Marksamer et al., 2007).  Future research, coupling hydrologic 

modeling with age tracer results from this study, is targeted at elucidating the possible 

mechanisms of groundwater recharge. 

 

4.7.  In-situ microbial methane production rates 

 If fresh meteoric water also transported methanogens deep into the organic-rich 

New Albany Shale as suggested by Schlegel et al. (2011), then economic accumulations 

of microbial gas may have formed in as little as 82 ka (using best estimates of 4He ages), 

assuming piston flow with no dispersion or diffusion. This timescale can be compared to 

the 4He age of 22 ka derived for microbial production of commercial quantities of 

coalbed methane gas in the San Juan Basin (Zhou et al., 2006).   Total natural gas 

estimates for the New Albany Shale range from 86-160 TCF (Curtis, 2002), of which a 
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portion is thermogenic methane (McIntosh et al., 2002).  Minimum in-situ methane 

production rates are calculated assuming a linear rate of accumulation, 20-80% of the 

methane as microbial in origin, and the range of 4He ages for predominantly microbial 

methane calculated with representative values.  Magnitude of production rates range from 

10-100 TCF/Ma for 20% microbial methane to 100-1000 TCF/Ma for 80% microbial 

methane.  These methane production rates are much higher than those observed in deep 

quartzite and metamorphosed volcanic units in South Africa (0.01-100 nM/yr which is 

approximately 10-5-10-1 scf/Ma; Onstott et al., 2006).  However, these rates are 

significantly less than estimated microbial methane production rates from laboratory 

experiments using coal.  Jones et al (2008) applied a bioassay to 16 different coal samples 

from 4 basins for at least 145 days, resulting in a range of methane production rates (0-56 

scf/ton; average 5.6 scf/ton).  Applying the average value to the volume of the New 

Albany Shale, the magnitude of methane production is 10 TCF/year.  The difference in 

magnitude of methane production rates (~104 to 106) indicates that either laboratory 

experiments are fundamentally different than in-situ conditions (e.g. increased substrate 

surface area and nutrients), or that the deep microbial methane systems may be more 

open than assumed.  Slow rates of in-situ microbial production may be due to limited 

nutrients and substrate, transport processes, and/or other toxic environmental factors such 

as high concentrations of trace metals (e.g. Karri et al., 2006; Megonigal et al., 2005).   
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5.  Conclusions 

 Meteoric water penetrated up to ~1 km depth into saline brines, which stimulated 

microbial methanogenesis in the organic-rich New Albany Shale.  The dilute 

groundwater parallels terminal moraines of the Laurentide Ice Sheet, suggesting glacial 

mediated recharge.  However, isotopic mixing trends indicate that the recharge 

endmember (~-7‰ δ18O) is higher than the assumed bulk ice sheet value (<-15‰ δ18O).  

Paleoprecipitation records near the Illinois Basin reveal that throughout most of the 

Pleistocene the estimated δ18O of precipitation ranged from -10 to -5‰, suggesting that 

the dilute water at depth was primarily sourced from paleoprecipitation with minor 

contributions from glacial meltwater from either subglacial recharge or proglacial lakes.   

 The timing of groundwater recharge was calculated using noble gases.  For the 

majority of samples the atmosphere derived 4He contribution is negligible, and is 

dominated by a crustal radiogenic source, with near complete transfer of dissolved noble 

gases to the gas phase.  In addition, mantle derived helium is negligible for all samples 

(<1%).  4He ages of the groundwater range from 0.082-1.2 Ma, with thermogenic 

methane associated with older fluids (average 1.0 Ma), as compared to microbial methane 

(average 0.33 Ma).  These results are consistent with chloride and δ18O data from the 

New Albany Shale, which show elevated values towards the basin center in the 

thermogenic methane area indicating limited flushing by fresh water, as compared to the 

microbial methane area nearer to the basin margins.  All locations in the study area have 

been influenced by Pleistocene recharge; however, deep saline brines have not been 

completely flushed, suggesting that the basin fluids are fairly stagnant.  Using 4He ages, 
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the magnitude of in-situ microbial methane production is estimated to range from 10-

1000 TCF/Ma, which is ~104 to 106 times slower than average laboratory methane 

production rates from coals, implying that laboratory experiments may be fundamentally 

different than in-situ conditions.  The development of economic quantities of natural gas 

in association with Pleistocene fresh water recharge has implications for targeting 

undeveloped microbial gas accumulations, improving natural gas reservoir estimates 

world-wide, the potential of in-situ stimulation of methanogenesis, and understanding 

carbon cycling in organic-rich subsurface reservoirs. 
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Appendix B1.  Discussion of the parameter values for 4He ages 

 Parameters for calculating 4He ages obtained from the literature generally had 

more than one value.  These ranges in values (minimum and maximum) and the most 

representative value are discussed below. 
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 The density for the New Albany Shale is taken to be 2.7 g/cm3 (representative 

value) (Stevenson and Dickerson, 1969), which is within typical shale densities (2.6-2.8 

g/cm3) (minimum and maximum values) (Patwardhan, 2010).  Transfer efficiency is 

generally assumed to be 1 for temperatures >50oC.  Currently bottom hole temperatures 

are as low as 27oC (Curtis, 2002), however in the past temperatures probably exceeded 

100oC in areas sampled (Cluff and Byrnes, 1990; Rowan et al., 2002; Schlegel et al., in 

press).  For these calculations we assume total transfer of 4He from the minerals to the 

water (λ = 1), which may result in an overestimate of groundwater age.  Rock porosity 

for the New Albany Shale ranges from 0.1 to 0.14, with an average porosity for the 

Devonian system of 0.14 (Curtis, 2002; Howard, 1990).  As the New Albany Shale is part 

of the Silurian-Devonian aquifer system, a porosity of 0.14 is used as the representative 

value, 0.1 is used as the minimum value, and 0.14 is used as the maximum value.  Note 

that because the porosity is in the denominator for 4He age calculations, the maximum 

value was used in the minimum calculations, and visa versa. 

 Uranium and Th concentrations in Devonian organic-rich shales in the Illinois and 

Appalachian Basins were obtained from the literature (Ostrum et al., 1955; Leventhal and 

Hosterman, 1982; Tuttle et al., 2003; Algeo, 2004; Clauer et al., 2006; Perkins et al., 

2008).  Concentrations of U range from 1 to 140 ppm (used as minimum and maximum 

values), with published averages ranging from 15 to 44 ppm.  Concentrations of Th range 

from 3 to 21 ppm (used as minimum and maximum values), with published averages 

ranging from 4.2 to 13.9 ppm.  Of the studies considered, only two (Tuttle et al., 2003; 

Clauer et al., 2006) had samples from the New Albany Shale in the Illinois Basin with 



 
 

132 
 

results for both U and Th concentrations.  Clauer et al. (2006) reported anomalously low 

Th concentrations (about 6 ppm lower) as compared to other studies.  For this reason, the 

average concentrations from Tuttle et al. (2003) were used as the representative 

concentrations for U (36.41 ppm) and Th (10.04ppm).  These measurements were taken 

from a from a New Albany Shale core in east-central Kentucky (21 samples from 8 to 53 

m depth; Tuttle et al., 2003). 

 The density of the upper and lower crust is 2.5 to 2.8 g/cm3 and 3.0 to 3.3 g/cm3, 

respectively (taken as minimum and maximum values) (Taylor and McLennan, 1985).  

Representative values were chosen to be the values used by Zhou and Ballentine (2006) 

of 2.6 g/cm3 for the upper crust, and 3.3 g/cm3 for the lower crust.  Thickness of the crust 

for the Illinois Basin was obtained from Ruff et al. (1994) and Earthscope Automated 

Receiver Study (EARS) (http://www.seis.sc.edu/ears.new/earsHasMoved.html).  Ruff et 

al (1994) estimates the crust thickness for Indiana (upper crust = 9.3 km, lower crust = 

26.6 km), and compares the estimate to mid-continent crustal thickness (upper crust = 15 

km, lower crust = 26.5 km).  EARS has total crustal thickness estimates for 5 locations in 

the Illinois Basin ranging from 52 to 48 km depth (average 49.2 km).  In Taylor and 

McLennan (1985), the upper crust is estimated to be about 25% of the total crustal 

thickness with an average value of 10 km +/- 3.5.  Twenty-five percent of the average 

total crustal thickness in the Illinois Basin is 12.3 km, resulting in a lower crustal 

thickness of 36.9 km.  Minimum crustal thicknesses were taken from Ruff et al. (1994) 

for Indiana.  Maximum crustal thicknesses were taken from Ruff et al. (1994) mid-

continent estimates for the upper crust (15 km), and the lower crust thickness was 

http://www.seis.sc.edu/ears.new/earsHasMoved.html�
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estimated using the maximum total crustal measurement in the Illinois Basin (52 km) 

minus the maximum upper crust thickness (52 km – 15 km = 37 km).  Representative 

crustal thicknesses used the average total crustal thickness for the Illinois Basin (49.2 

km), with 25% for the upper crust (12.3 km), and 75% for the lower crust (36.9 km).  

Thickness of the aquifer was taken to be the height of the New Albany Shale in the areas 

sampled, and was estimated from Cluff and Byrnes (1990) with ranges from 2743 to 

6096 cm.   

 Uranium and Th concentrations in the crust are from Taylor and McLennan 

(1985).  For the upper crust they report an average U concentration of 2.8 ppm (taken for 

the representative value), with measured values generally within +/-10%, giving a 

minimum estimate of 2.5 ppm and a maximum estimate of 3.1 ppm.  The average Th 

concentration is 10.7 ppm (take for the representative value), with most measured values 

within +/-2%, giving a minimum estimate of 10.5 ppm and a maximum estimate of 10.9 

ppm.  Taylor and McLennan (1985) calculate average lower crustal concentrations of U 

(0.28 ppm) and Th (1.06 ppm) (taken to be representative values) from upper crust 

estimates and total crust estimates of U and Th concentrations.  Maximum concentrations 

for the lower crust are assumed to be the total crust concentrations (0.91 ppm U and 3.5 

ppm Th).  Minimum concentrations are assumed to be very low, and are arbitrarily 

chosen as 0.0001 ppm for both U and Th. 
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Figures 

 
Figure 1.  Location map of the Illinois Basin, with New Albany Shale subcrop (black) 

and terminal moraines for Wisconsin and Illinoian glaciations (dotted lines).  Also 
marked are major structural features and sample locations for this study.  The 
cross-section through the Illinois Basin identifies important hydrologic units. 
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Figure 2.  Conceptual model of possible effects of ice sheet loading on groundwater 

recharge (white arrows) as compared to topographic recharge (black arrows).  In 
addition, areas of predominantly microbial and thermogenic methane are denoted 
in relation to meteoric recharge. 
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Figure 3.  Contour maps of (a) chloride concentrations and (b) δ18O values for New 

Albany Shale formation waters collected as part of this study and previous studies 
(McIntosh et al., 2002; Schlegel et al., 2011).  The areas of predominantly 
thermogenic and microbial methane are also highlighted. 
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Figure 4.  Plots of (a) δD and (b) Cl- versus δ18O reveal a general mixing trend between a 

dilute meteoric water endmember with stable isotope values similar to modern 
mean annual precipitation for the study area, and a basinal brine endmember. 
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Figure 5.  Plot of δ18O values versus years before present for precipitation as calculated 

from speleothem records from Missouri, Iowa, and Kentucky, USA (black 
diamonds); ostracod records from the Great Lakes, USA and Canada (grey 
squares); and wood cellulose records from southern Ontario, Canada (black 
triangles) (Harmon and Schwarcz, 1981; Edwards and McAndrews, 1989; Rea et 
al., 1994; Dettman et al., 1995; Dorale et al., 1992, 1998; Denniston et al., 2001, 
2007).  In addition, time ranges of the when ice sheets were present in the Illinois 
Basin during Wisconsin, Illinoian, and Pre-Illinoian periods are indicated in grey 
boxes along the x-axis (with no relation to δ18O values).  Note δ18O values of 
paleoprecipitation are only slightly depressed compared to modern mean annual 
precipitation, during glacial periods. 
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Figure 6.  (a) Plot of 3He/4He (R/Ra) versus 1/4He shows 4 New Albany Shale samples 
have significant air contamination, whereas the remaining samples are similar to 
the upper crust value.  The two different symbols denote samples collected from 
areas of dominantly microbial methane versus thermogenic methane (Schlegel et 
al., 2011).  (b) Plot of 20Ne/36Ar versus 1/36Ar shows 10 samples have significant 
air contamination, whereas 13 samples are near the air value, indicating near 
complete degassing of the water to the gas phase. (c) Plot of 40Ar/36Ar versus 
1/36Ar shows two mixing trends between an Ar air endmember and Ar 
endmembers in the north and south of the study area.  
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Figure 7.  Groundwater 4He ages are shown for dominantly microbial and thermogenic 

methane areas and compared to the presence of ice sheets in the Illinois Basin 
during glacial periods. The error bars shown give the maximum (2 σ) uncertainty 
in 4He age, estimated using the minimum and maximum parameter values used to 
calculate the in situ 4He production, external 4He flux (Table 3) and analytical 
error. The error term is dominated by the uncertainty in external 4He flux. When 
considering relative age differences between samples the uncertainty is much 
smaller, assuming a near uniform external 4He flux, and would plot within the 
symbols presented. Groundwater associated with the microbial methane is 
significantly younger than the groundwater associated with the thermogenic 
gases. 
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Abstract 

  Deep subsurface organic-rich reservoirs, such as shales and coals are 

oligotrophic environments, in which consortia of microbes degrade recalcitrant organic-

matter under anaerobic conditions into simple carbon molecules, such as CO2 and acetate.  

These substrates are metabolized by methanogens into economic quantities of natural gas 

in sedimentary basins world-wide.  Production of this energy resource plays a crucial role 

in the cycling of carbon in biologically active subsurface reservoirs, and could potentially 

be enhanced by stimulating in-situ biodegradation of the shales.  This study uses organic 

matter concentrations in the Devonian New Albany Shale and associated fluids from the 

Illinois Basin to investigate the extent of organic matter biodegradation.  Identification of 

labile organics such as n-alkanes, fatty acids, and phenols in produced waters of the New 

Albany Shale, and low biodegradation indices in the shale (e.g. 0.002 – 0.023 for total 

hopanes to total n-alkanes) indicate only limited biodegradation.  This limited 

biodegradation, coupled with detected acetate concentrations (0 to 225.1 µM; average 

37.8 µM), suggest that both the supporting microbial consortia and methanogens are 

limited.  As salinity increases, extent of biodegradation generally becomes more varied, 

suggesting diverse microbial adaptations to degrade organic matter at high salinities.  

Low biomass, lack of essential nutrients, and/or toxicity effects may cause the observed 

low amounts of biodegradation.  Enhancement of in situ methane production may be 

most effective if targeted at stimulating production of the supporting microbial consortia 

as well as methanogens.  
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1.  Introduction 

 Deep subsurface organic-rich reservoirs, such as shales and coals are extremely 

oligotrophic environments, and represent one of the frontiers of life (e.g. Head et al., 

2003).  Here, consortia of microbes degrade recalcitrant organic-matter under anaerobic 

conditions into simple carbon molecules, such as CO2 and acetate that methanogens 

metabolize to produce economic quantities of natural gas.  Because this natural gas is 

microbial in origin, production could be enhanced by stimulating in-situ biodegradation 

of shales and coals (e.g. Jones et al., 2010).  However, little is known about the 

biodegradation steps and intricate microbial relationships required to transform complex 

geopolymers into natural gas as acknowledged by Zengler et al. (1999), Jones D.M. et al. 

(2008), Jones E.J.P. et al. (2008), Strąpoć et al. (2008), McInerney et al. (2009), Gieg et 

al. (2010), Jones et al. (2010), and Orem et al. (2010).   

 One of the final biodegradation steps of organic matter is microbial 

methanogenesis via acetate fermentation (acetoclastic methanogenesis) or CO2 reduction 

using H2 as an electron donor (hydrogenotrophic methanogenesis; Fig. 1).  Of the major 

methanogen metabolites, only bicarbonate is abundant in organic-rich shales such as the 

Illinois Basin New Albany Shale, the Michigan Basin Antrim Shale, and the Appalachian 

Basin Ohio Shale (10-70 meq/kg; McIntosh and Martini, 2008), in contrast to the general 

low levels of H2 and acetate (<1 mM; McIntosh et al., 2002; Waldron et al., 2007; 

McIntosh and Martini, 2008).  In sediments, the acetate threshold for acetoclastic 

methanogenesis is approximately 5 µM (Lovley and Phillips, 1987), suggesting that any 

acetate concentration >5 µM indicates some inhibition of acetoclastic methanogens.  
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Additional known controlling environmental factors for microbial methanogenesis 

include anaerobic conditions, near neutral pH (Jones et al., 1987; Zinder, 1993), low 

sulfate values (<2 mM; Megonigal et al., 2005), and low salinity (<3 M Cl-; Zinder, 1993; 

Waldron et al., 2007; McIntosh et al., 2010).   Furthermore, methanogens require 

sufficient nutrients such as certain organics, phosphorous, and several trace metals 

(Jarrell and Kalmokoff, 1988; Bekins et al., 2005; Penner et al., 2010), and low levels of 

toxins such as long-chain fatty acids and copper (Karri et al., 2006; Hatamoto et al., 

2007b; Jones et al., 2010).  Adequate space such as fracture and cleat systems (McIntosh 

et al., 2002; Solano-Acosta et al., 2007), and the quality and quantity of organic matter 

(Rice and Claypool, 1981) also affect the generation of microbial methane.  As 

methanogenic consortia consist of microbes that are present in formation waters and 

attached to surfaces, they can access solid and dissolved organic matter (e.g. Zinder, 

1993). 

 Though several environmental conditions affecting methanogens are known, little 

is understood about the biodegradation steps required to convert geopolymers to natural 

gas, which is critical to investigating the potential of in situ stimulation of the 

methanogenic consortium and carbon cycling in biologically-active subsurface reservoirs.  

To address these knowledge gaps, this study examines organics in an Upper Devonian 

organic-rich shale in the Illinois Basin and associated fluids as inhibitors, enhancers, and 

by-products of methanogens and supporting microbial consortia.  This study compares 

measured concentrations of acetate, dissolved organic carbon (DOC), and other organic 

compounds (e.g. PAHs, n-alkanes, fatty acids) in produced waters, and organic matter 
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degradation patterns in core from the New Albany Shale with known concentrations and 

degradation patterns from previous studies in other organic-rich reservoirs (shale, coal, 

and oil). 

   

2.  Biodegradation of recalcitrant organic matter 

 Several studies have investigated portions of the biodegradation process in the 

deep subsurface crude oil, coals, shale, and coal associated formation fluids, resulting in 

known general biodegradation steps (Fig. 1). 

 

2.1  Biodegradation in crude oil 

 In crude oil reservoirs biodegradation occurs at the oil/water interface (e.g. Head 

et al., 2003).  Biodegradation rates are generally fastest for straight chain n-alkanes, 

followed by branched acyclic and monocyclic hydrocarbons, polycyclic steroidal and 

triterpenoidal hydrocarbons, and finally some aromatic hydrocarbons (Peters and 

Moldowan, 1993; Wegner et al., 2002; Head et al., 2003; Peters et al., 2005; Jones, D.M. 

et al., 2008).  Hydrocarbons (e.g. n-alkanes, isoprenoids, aromatic hydrocarbons) are 

preferentially degraded, but compounds (including heterocyclics) containing sulfur, 

oxygen, and nitrogen are also destroyed (Head et al., 2003; Huang and Larter, 2005; Gieg 

et al., 2010).  Polycyclic aromatic hydrocarbons (PAHs) such as alkylated naphthalenes 

are primarily degraded under sulfate reducing conditions (Aitken et al., 2004; Jones, 

D.M. et al., 2008).  Products of hydrocarbon degradation include carboxylic acids, 

phenols, and succinates, as well as a variety of acidic non-hydrocarbons (Head et al., 
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2003).  Low molecular weight alkylsuccinates have also been observed in anaerobic 

oilfield fluids indicating biodegradation of low molecular weight n-alkanes (Duncan et 

al., 2009; Gieg et al., 2010).  Further break down of some of these compounds can 

produce light hydrocarbons and gases (C2-C5 hydrocarbons) that can also be biodegraded 

to methane (Head et al., 2003).  

 

2.2  Biodegradation of coals and shales 

 In core samples of coals and shales, anaerobic degradation rates are generally 

fastest for n-alkanes, followed by branched alkanes, PAHs, and hopanes (Fig. 1); though 

destruction of n-alkanes and aromatic hydrocarbons (methylated naphthalenes and 

methylated phenanthrenes) at comparable or reversed rates have been observed in the 

microbial methane producing Powder River Basin and Austrailian coals (Ahmed et al., 

1999; Ahmed and Smith, 2001; Formolo et al., 2008a).  Furthermore, in Powder River 

and San Juan Basin coals there is substantial removal of both n-alkanes and acyclic 

isoprenoids relative to generally non-biodegraded hopanes (Formolo et al., 2008a).  In 

contrast, the microbial methane areas in the Antrim Shale in the Michigan Basin exhibit 

near quantitative destruction of n-alkanes accompanied by an increase in the unresolvable 

complex mixture (UCM) prior to extensive acyclic isoprenoid degradation (Waldron et 

al., 2007; Formolo et al., 2008b).  Low thermogenic maturity of organic matter in coals 

and shales is necessary to identify biodegradation levels because high and anomalous 

maturities can affect aliphatic and aromatic hydrocarbon concentrations, leading to false 

biodegradation signatures (Formolo et al., 2008a).   
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 The bioavailability of organic matter may affect the rate at which supporting 

microbial consortia can provide simple metabolites required for methanogenesis (Rice 

and Claypool, 1981).  Factors controlling bioavailability of organic matter in coals and 

shales are unclear, and may be related to depositional and post-depositional history, 

thermal maturation, depth, C:N ratio, and calorific values; though no individual attribute 

is a reliable indicator (Formolo et al., 2008a; Jones E.J.P. et al., 2008).  However, gas 

content in the New Albany Shale corresponds to total organic carbon content and 

micropore (<2 nm) volume (Martini et al., 2008; Strąpoć et al., 2010).  Furthermore, gas 

content is higher for microbial methane areas than thermogenic areas with similar total 

organic carbon contents (Martini et al., 2008).  Regional and localized freshwater 

recharge also play important roles in increasing the extent of biodegradation and 

microbial methane production, as observed in the Powder River Basin coals, San Juan 

Basin coals, Michigan Basin Antrim Shale, Illinois Basin coals and New Albany Shale 

(Rice 1993; Martini et al., 1996, 1998, 2008; McIntosh et al., 2002, 2004; Zhou et al., 

2005; Strąpoć et al., 2007, 2008a,b, 2010; Formolo et al., 2008a,b; Bates et al., 2011; 

Schlegel et al., 2011).  Steps and rates of organic matter biodegradation in the formation 

fluids are only generally known (e.g. Jones et al., 2010).   

 

2.3  Organic compounds in formation fluids associated with coals 

 Organic compounds are released from organic matter into formation fluids by 

dissolution and exoenzymatic hydrolysis, followed by multistep biodegradation via 

microbial consortia to metabolites suitable for microbial methanogenesis (Fig. 1; e.g. 
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Orem et al., 2007; Strąpoć et al., 2008b; Jones et al., 2010).  Known intermediate 

products that support microbial methanogenesis include long-chain fatty acids (Hatamoto 

et al., 2007a,b; Gieg et al., 2008), aromatics (Evans and Fuchs 1988; Weiner and Lovley, 

1998; Elshahed et al., 2001; Widdel and Rabus, 2001), alkanes (Zengler et al., 1999; 

Anderson and Lovley, 2000; Widdel and Rabus, 2001), acyclics (Townsend et al., 2004), 

and PAHs (Aitken et al., 2004).  The degradation of these compounds initially produces 

succinates, which are further degraded to support microbial methanogenesis (Zengler et 

al., 1999; Elshahed et al., 2001; Widdel and Rabus, 2001; Aitken et al., 2004).  Colberg 

and Young (1985) demonstrated that lignin can be degraded using a methanogenic 

consortium, and found a buildup of monoaromatic carboxylic acids and acetate when 

methanogens were inhibited.  Jones et al. (2010) found that in culture experiments with 

coals there were different organic compounds in solution at different stages of the 

experiment.  When coal was added to the culture solution, fatty acids were immediately 

detected (Jones et al., 2010).  Soon thereafter (approximately 8 to 40 days) the culture 

solution also contained long-chain alkanes (C22 to C36), single-ring aromatics, phenols, 

phthalates, acetate, propionate, butyrate, and sterol precursors such as squalene, 

stigmasterol and sitosterol (typical of plant material; Jones et al., 2010; Orem et al., 

2010).  The acetate, propionate, butyrate, fatty acids, single-ring aromatics, and long-

chain alkanes were degraded by the end of the culture experiment (within 78 days), 

accompanied by generation of methane primarily via acetoclastic methanogenesis (Jones 

et al., 2010; Orem et al., 2010).  Several of these compounds were also detected in 

formation fluids from microbial methane zones in the Powder River Basin coals (Orem et 
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al., 2007).  No PAHs were detected in the culture solutions of Jones et al. (2010) and 

Orem et al. (2010), however PAHs were the predominant organic compound class in 

formation fluids from microbial methane zones in the Powder River Basin coals (Orem et 

al., 2007). 

 

3.  Geologic setting 

 The Illinois Basin is located in the midcontinent of the United States, including 

Illinois, Indiana, and Kentucky (Fig. 2).  It is an interior sedimentary basin that is ~620 

km long in the NW-SE direction, ~375 km wide (Zuppan eta l., 1988).  The Paleozoic 

sediments have a shallow dip (6 to 14 m/km), with a combined thickness of over 4.5 km 

(Zuppan et al., 1988).  The oldest sedimentary formations are the Cambrian-Ordovician 

sandstones and carbonates, which overlie the Precambrian basement (Swann, 1968).  

Next are the Late Ordovician to Mississippian units, which primarily consist of 

carbonates interbedded with sandstones and shales (Swann, 1968).  Overlying these units 

are the interbedded shale, carbonates, and coal of Late Mississippian to Pennsylvanian 

age (Swann, 1968).  Glacial sediments top the sedimentary sequence, and have less than 

300 m of relief (Swann, 1968; Zuppan et al., 1988).  The basin is bounded by several 

arches: the Kankakee and Wisconsin arches to the north, the Cincinnati Arch to the east, 

the Ozark Dome and Pascola Arch to the southwest, and the Mississippi River Arch to 

the west (Buschbach and Kolata, 1991).  The uplift of the Pascola Arch and downwarping 

of the Mississippian Embayment which deformed the southern margin of the Illinois 

Basin occurred in the Late Paleozoic through Mesozoic (Buschbach and Kolata, 1991).  
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Additional major tectonic features include major fault systems (Cottage Grove and 

Rough Creek-Shawneetown) active throughout the Paleozoic (Buschbach and Kolata, 

1991).  These fault systems trend east-west through the south-central basin, extending 

from the Precambrian basement to the surface (Buschbach and Kolata, 1991).   

 The Upper Devonian New Albany Shale grades from a black shale along the 

eastern basin margin to a grey-green shale along the western margin (Barrows and Cluff, 

1984; Hassenmueller, 1993).  The shale contains predominantly type-II kerogen 

(sapropelic-marine), with low thermal maturity (Ro <0.7%; Barrows and Cluff, 1984; 

Hassenmueller and Leininger, 1987; Chou et al., 1991; Hatch et al., 1991; Lis et al., 

2005; Strąpoć et al., 2010) except in the south near the Shawneetown-Rough Creek fault 

system where the shale reaches Ro values >1% (Cluff and Byrnes, 1991; Strąpoć et al., 

2010).  Total organic carbon (TOC) content varies through the shale, with the Clegg 

Creek Member containing 5-15 wt. % of TOC, the Camp Run Member containing 3-13 

wt. % of TOC, the Morgan Trail Member containing 4-20 wt. % of TOC, the Selmier 

member containing <4 wt. % of TOC, and the Blocher Member containing 3-20 wt. % of 

TOC (Fig. 3; Walter et al., 2001; Strąpoć et al., 2010).  Hydrocarbons in the central-

eastern portion of the basin are dominated by microbial methane, which is predominant in 

the shale and Pennsylvanian coals closer to the basin margins, associated with depressed 

Cl- concentrations (<2 M), and indicated by isotopes of carbon (DIC, CO2, and CH4) and 

hydrogen (H2O and CH4; McIntosh et al., 2002; Strąpoć et al., 2007).  In contrast, 

thermogenic methane dominates in the deeper central portion of the basin in western 

Kentucky and southern Indiana in areas of higher Cl- concentrations (>2 M) (McIntosh et 
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al., 2002; Strąpoć et al., 2007).  The microbial methane in the shale is associated with 

Pleistocene-aged freshwater recharge up to ~1 km depth into saline brines (Schlegel et 

al., 2011a,b).  This study focuses on areas of predominantly microbial methane in the 

New Albany Shale, primarily found in the eastern portion of the basin.  

 

4.  Methods 

 Thirty-four samples of produced water were collected from natural gas wells in 

the New Albany Shale.  Additionally, 13 New Albany Shale core samples were collected 

from the Indiana Geological Survey core library.  All water samples were collected 

directly from the well head.  Sample containers were filled completely with minimal to 

no headspace, immediately placed on ice and refrigerated until analyzed (except where 

noted).  Water samples were collected for Cl- (34), DOC (11), and acetate (26) analyses, 

and extractable hydrocarbon identification and quantification (12; Table 1).  Samples for 

Cl- were filtered with a 0.45 µm Micropore filter and stored in HDPE bottles.  Samples 

for DOC analysis were filtered using a 0.2 µm Polysulfone GD/X filter into 40 mL amber 

VOC vials with open-top septa lined caps.  Samples for acetate analysis were filtered 

using a 0.2 µm Micropore filter into glass bottles with Teflon lined caps or high-denisty 

polypropane scintillation vials, immediately placed on dry ice, and kept frozen until 

analysis.  Samples for extractable hydrocarbons were collected in 5 L amber glass bottles 

(pre-rinsed 3 times with sample water), and filtered within 12 hours of collection through 

1 µm pore size glass fiber filters (Whatman GFC) using an all-glass Millipore filtration 

apparatus (Sandstrom, 1995; USGS, 1998).  The filtration apparatus was precleaned with 
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distilled water and rinsed 3 times with pesticide grade dichloromethane (DCM), and glass 

fibers were precleaned in a 450 oC oven for at least 12 hours.  The entire apparatus was 

rinsed three times with 200 mL of the collected water prior to filtering the water into two 

1 L glass amber bottles.  Sixty mL of pesticide grade DCM were added to the filtered 

water in each glass bottle to inhibit microbial activity and to begin the extraction of 

organic compounds. 

 Chloride samples were analyzed on a Dionex ICS-3000 Ion Chromatograph using 

an AS23 column (precision, ±2%) at the Hydrology and Water Resources Department, 

University of Arizona.  The full suite of inorganic chemistry of shale formation waters is 

published in Schlegel et al. (2011).   

 

4.1  Organic analyses 

 Dissolved organic carbon (DOC) was determined at the U.S. Geological Survey 

(USGS) Laboratory, Reston, Virginia using a Shimadzu TOC-VCPH analyzer, equipped 

with a catalitically-aided 680 deg C combustion chamber and normal sensitivity catalyst. 

Standardization was based on a 6 point calibration curve, using a potassium phthalate 

DOC standard (100 ppm, or 10 ppm based on the DOC range in the samples) and the 

detection limit was 100 ppb. MilliQ water (MQW) was used as blank and each sample 

was injected at least two times, to ensure data consistency and a maximum coefficient of 

variation (CVmax) of the integrated areas below 2. 

Acetate was analyzed by high-performance liquid chromatography (HPLC) at the 

USGS Laboratory, Reston, Virginia.  The chromatographic separation was performed 
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with an Alltech Prevail organic acid column (5µ, 150mm x 4.6mm), using as mobile 

phase potassium phosphate monobasic eluent (pH 2.5) at a flow rate of 1.5 ml/min. 

 Chromatograms were extracted from the diode array spectrum at 205 nm.  Detection 

limits are 0.1 mg/L, with quantifiable limits above 1.0 mg/L. 

 Extractable hydrocarbons in formation fluids were determined at USGS Labs in 

Reston, Virginia following the method described in Orem et al. (2007).  The organic 

matter was isolated from the water by liquid/liquid extraction with 4 sequential volumes 

of 60 mL of pesticide grade DCM.  The combined extract (240 mL) was then 

concentration to a few mL by rotoevaporation, and then further evaporated to 50 µL 

under N2 in a nitrovap.  A subfraction (~1 µL) was used for gas chromatography/mass 

spectrometry (GC/MS) analysis on an Agilent 6890 series GC and 5973 electron 

ionization (EI) mass selective detector (MSD) operated in scan mode.  An HP-5MS 

column (95% dimethyl, 5% diphenyl polysiloxane) was used.  Analysis conditions were: 

1 µL splitless injection, constant flow of 1 mL/min, solvent delay of 6 minutes, injector 

temperature of 150 oC, interface temperature of 300 oC, temperature program of 70-300 

oC at 4 oC/min and a hold at 300 oC for 15 minutes, and mass scan from 50 to 550 Da.  

Compounds were identified by comparison of mass fragmentograms of peaks with those 

in two mass spectral libraries (NIST98 and Wiley 7), and by comparison to standard 

compounds for PAHs and other organic compounds.  Match factors of 50% or greater 

were used, though match factors of 50-90% are considered only tentative identification, 

whereas match factors>90% are considered reliable identification.  Quantification of 

identified compounds involved the comparison of total peak areas of a standard mixture 
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of PAHs and other organic compounds with sample concentrations.  Because most 

compounds were not quantified with the standard for that specific compound, these 

results are only semi-quantitative. 

 New Albany Shale core samples were obtained from the Indiana Geological 

Survey core library in Bloomington, Indiana from three locations for multiple depths: 

Harrison County for 257.7, 258.9, 260.6, and 261.8 m depth; Green County for 441.7, 

447.4, 452.3, and 460.6 m depth; and Jackson County for 26.4, 34.9, 45.0, 51.1, and 62.6 

m depth (Table 2).  Samples span the Clegg Creek, Camp Run, Morgan Trail, Selmier, 

and Blocher Members of the New Albany Shale (Fig. 3).  Core samples were analyzed 

following the method described in Formolo et al. (2008a) at the University of 

Massachusetts, Amherst.  Shale samples of 5-10 g mass were crushed in a steel ball mill 

to fine powder, and then transferred to solvent extraction cells.  extractable organic 

matter was isolated from the crushed core in 3:1 (v/v) dichloromethane:methanol for 72 h 

using a ASE200 Accelerated Solvent Extractor (Dionex, Sunnyvale, CA). Total bitumen 

extracts were separated into aliphatic, aromatic and polar fractions over silica gel by 

sequential elution with hexane (F1), 1:1 (v/v) hexane:dichloromethane (F2) and 1:1 (v/v) 

dichloromethane:methanol (F3) (Brock et al., 2005).  Polar compounds (F3) were 

derivatized using BSTFA to generate TMS ethers of alcohols and fatty acids.   Fractions 

were evaporated to near-dryness under an N2 stream at room temperature.  A known mass 

of internal standard (20 µg 7-hexylnonadecane) was added to each extract.  Aliphatic 

hydrocarbons (F1), aromatic hydrocarbons (F2), and TMS-derivatives of polar 

compounds (F3) were redissolved in hexane analyzed by GC/MS using an HP 6890 GC 
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coupled to an HP 5973 Mass Selective Detector using helium as a carrier gas.  The GC 

was equipped with a split/splitless injector run in splitless mode, and a 30m HP-5ms 

fused silica capillary column (0.25 mm i.d., 0.25 µm film thickness).  For F1 analyses, 

the GC temperature program was held isothermal at 60 °C for 1.5 minutes followed by an 

increase at 20°C/minute to 130 °C then a 2 °C/minute increase to 300 °C, then held 

isothermal for 10 minutes.  For F2 and F3 analyses, the GC temperature program was 

held isothermal at 60 °C for 2 minutes followed by an increase at 20°C/minute to 150 °C 

then a 2 °C/minute increase to 320 °C, then held isothermal for 10 minutes.  For both F1 

and F2, the mass spectrometer source was operated at 250°C in electron-impact mode at 

70 eV.   Five classes of compounds (74 compounds total) were selected for identification 

and quantification: 1) n-alkanes, 2) acyclic isoprenoids, 3) C31 hopanes, 4) methylated 

naphthalenes, and 5) methylated phenanthrenes.  Identification of compounds was 

achieved by interpretation of mass fragmentation patterns of individual compounds and 

comparison with published mass spectra and retention times.  Quantification of individual 

compounds was achieved using total and extracted ion chromatograms and peak area 

integration, using m/z = 57 (for alkanes and acyclic isoprenoids), m/z  = 191 (hopanes), 

m/z = 128, 156, 170, 184 (methylated naphthalenes), m/z = 178, 192, 206, 220, 234 

(methylated phenanthrenes), m/z = 103 (TMS-derivatives of alcohols), and m/z = 117 

(TMS-derivatives of fatty acids; Peters and Moldowan, 1993; Fisher et al., 1996; Ahmed 

et al., 1999; Ahmed and Smith, 2001; Peters et al., 2005; Formolo et al., 2008a).  
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5.  Results 

5.1  DOC and acetate 

 Dissolved organic carbon (DOC) concentrations in New Albany Shale formation 

waters ranged from 0.1 to 3.7 mM (1.18 to 46.81 mg/L; average 1.2 mM or 14.52 mg/L), 

with only one sample (S-10) >2 mM (or >20 mg/L; Table 1).  These values are 

comparable to DOC concentrations from other methanogenic systems, such as the 

Michigan Basin Antrim Shale (0.17 – 0.80 mM; Waldron et al., 2007), the Forest City 

Basin coals (0.34 – 1.4 mM; McIntosh et al., 2008), and the Alliston aquifer in Southern 

Ontario, Canada (0.17 – 1.5 mM; Aravena et al., 2004). 

 Acetate concentrations ranged from <0.1 to 225.1 µM (average 37.8 µM; Table 

1).  Acetate is a final product in geopolymer biodegradation, but may also be quickly 

(within 8 days) released from the organic-rich unit, suggesting that acetate may be among 

the first organic compounds released to solution as well as a final product (Jones et al., 

2010).  Compared to other organic-rich units where microbial methanogenesis occurs, 

acetate concentrations in the New Albany Shale are similar to acetate concentrations from 

the Michigan Basin Antrim Shale (<300 µM; Martini et al., 1998; Waldron et al., 2007; 

McIntosh and Martini, 2008), though generally higher than acetate concentrations from 

Powder River Basin coals (0 – 10 µM; Ulrich and Bower, 2008).  Acetate values in the 

shale are within the range of acetate values in crude oil reservoirs, which are highly 

variable: <80 µM in Dagang Oil Field, China (Nazina et al., 2006, 2007), 0-3500 µM 

with great temporal variability in Schrader Bluff Formation, North Slope Alaska (Pham 

et al., 2009), <866 µM in Pelican Lakek Oil Field, Western Canada Sedimentary Basin 
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(Grabowski et al., 2005), and 0-17,520 µM in the Norwegian Continental Shelf (Barth 

and Riis, 1992). 

 

5.2  Organic compounds in formation fluids 

 One hundred and thirteen organic compounds were identified in New Albany 

Shale formation water, including 31 PAHs, 21 n-alkanes, 11 heterocyclic compounds, 10 

carboxylic acids, 9 phenols, 8 ketones, 7 esters, 4 alkenes, 2 cyclic hydrocarbons, 1 

alcohol, 1 homocyclic compound, and 8 classified as other aromatics (Supplemental 

Table 1).  These groups of compounds are similar to groups of compounds identified in 

formation fluids of low rank coal beds (Orem et al., 2004; 2007), suggesting that the 

organic compounds identified are primarily from the organic matter in the shale.  Only a 

small fraction of compounds in the formation fluids were identified.  Of the identified 

compounds, 27 contained >1 µg/L in at least one sample.  Nineteen compounds were 

identified for 7 or more of the 12 samples, with hexadecanoic acid identified in all 

samples, naphthalene and 1,2-benzenedicarboxylic acid identified in 11 samples, and 

tetradecanoic acid identified in 10 samples.  Thirty-four compounds identified in the New 

Albany Shale samples were also identified in samples from the Powder River Basin coals 

(Orem et al., 2007), of which 23 identified compounds had generally higher ranges in the 

Powder River Basin, 7 identified compounds had completely overlapping ranges, and 4 

identified compounds had generally lower ranges.   
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5.2.1  PAHs 

 For identified organic compounds in the New Albany Shale, there is a 

predominance of PAHs, with total PAH concentrations range from 0.02 to 30.95 µg/L; 

the highest concentration of a single PAH compound was only 16.3 µg/L 

(ethylnaphthalene).  This is comparable to the Powder River Basin coals, which have low 

concentrations of individual organic compounds. (<18 µg/L) and total PAHs (<23 µg/L; 

Orem et al., 2007).  In the New Albany Shale, major groups of PAHs detected include 

naphthalenes, fluorenes, indenes, anthracenes, phenanthrenes, pyrenes, and chrysenes, 

similar to major groups of PAHs commonly detected in coals (Filho et al., 2002; Van 

Kooten et al., 2002; Orem et al., 2007) and black shales (Formolo et al., 2008b).   

 

5.2.2  Carboxylic acids and n-alkanes 

 Of the carboxylic acids identified in New Albany Shale formation water, most are 

saturated (6 out of 10).  Carboxylic acids are the most commonly occurring group of 

organic compounds (average 7 out of 12 samples) in the New Albany Shale formation 

water samples.  Of identified carboxylic acids, chain lengths contain even numbers of 

carbon atoms, ranging from 8 to 18, however with the exception of pentadecanoic acid 

odd chained carboxylic acids were not among the target compounds.  The concentrations 

of carboxylic acids in the New Albany Shale fluids were either similar or higher than 

concentrations observed in Powder River Basin coal water (Orem et al., 2007).   

 The second most numerous group of identified organic compounds for the New 

Albany Shale are n-alkanes (C12, C14, C16, C18 - C35).  Orem et al. (2007) also found n-
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alkanes (C14, C22-C27) in one well in the Powder River Basin coals, with concentrations 

higher than those found in the New Albany Shale.  Alkanes are a large component of 

deeply buried organic matter, which methanogenic consortia can rapidly convert to 

methane found in coals, organic-rich shales, and crude oil reservoirs (Zengler et al., 1999; 

Anderson and Lovely, 2000). When methanogenic consortia were used to degrade crude 

oils, the n-alkane fraction (C13-34) was quickly (4 -15 months) degraded, with only 

slightly reduced rates for the longer chains (Townsend et al., 2003; Gieg et al., 2008).   

 

5.2.3  Contaminant organic compounds 

 Benzothiazole, found in 7 out of 12 samples from the shale (0.02 – 4.25 µg/L) has 

been found in association with rubber vulcanization accelerators, fungicides, and 

groundwater sourced from coals (Orem et al., 2007).  As suggested by Orem et al. (2007), 

benzothiazole may be a contaminant sourced from formation water production, but could 

also be sourced from the in situ organic matter.  Four of the 7 esters identified occur only 

in plastics (such as the plastic coating of the sample bottles and PVC) and/or hydraulic 

fluid, suggesting that these compounds are contamination from sampling or formation 

water production (Orem et al., 2007).  Two esters (dipropylene glycol dibenzoate, 

homosalate) and one ketone (oxybenzone) were detected in 4 samples (though not all 

compounds were detected in any one sample), and are commonly found in sunscreen, 

indicating further contamination from sampling protocol.  One sample (10) contains a set 

of quinoline and derivatives of quinoline, which are indicative of coal tar (Orem et al., 

2007), suggesting that sample S-10 formation water may contain organic compounds 
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from outside the New Albany Shale.  Hydraulic fracturing fluids may also add organic 

compounds to produced water samples. 

 

5.2.4  Other organic compounds 

 Ketones and other aromatics identified have up to 3 aromatic rings, with nitrogen, 

sulfur, phosphorous, bromide, oxygen and/or methyl containing groups.  Relatively 

simple aromatic compounds, including those identified in the New Albany Shale 

formation water, may be degraded simultaneously with n-alkanes (Jones et al., 2010).  

Many aromatics biodegrade to benzoyl-CoA (McInerney et al., 2009), however this was 

not among the target compounds identified, so its presence in New Albany Shale 

formation waters in unknown. 

 Cyclic octatomic sulfur is not an organic compound; however it was detected in 

the majority of samples from both the New Albany Shale (7 out of 12) and Powder River 

Basin coal waters (Orem et al., 2007). The presence of reduced sulfur is indicative of 

anoxic conditions within the shale. 

 

5.3  Organic compounds in the shale 

 Abundance values of organic compounds in the shale are expressed as 

concentrations of compound per gram of shale (Table 3).  Average chain length of n-

alkanes was calculated using the formula: 
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where ACL is the average chain length, Ni is the number of carbons in the n-alkane chain 

between 13 and 35 carbons, and Ci is the concentration of the n-alkane.  Ratios of 

compound class abundance were also calculated to establish patterns of biodegradation.  

These ratios divide the abundance of compounds less susceptible to biodegradation by the 

abundance of compounds more susceptible to biodegradation; so that higher 

biodegradation index values indicate more biodegradation.  Calculated indices described 

in the following text.  All compounds analyzed were found in all samples, with the 

exception of monomethylnapthalenes, which were not found in any samples. 

 

5.3.1  Aliphatic hydrocarbons 

5.3.1.1  n-alkanes  

 In spite of the range of sample depths (26.4 – 460.6 m depth; Table 2), 

concentrations of n-alkanes are fairly uniform across all samples (30.56 – 232.49 µg/gsed; 

Table 3).  For all samples, abundance of C13-C19 n-alkanes comprises the largest fraction 

of total n-alkanes (37 – 78%), with no significant odd-over-even preference in carbon 

chain length.  C20-C24 n-alkanes comprise between 17 – 33%, and C25-C35 n-alkanes 

comprise 4.2 – 30% of total n-alkanes.  In all groups of n-alkanes, Harrison County 

generally has the 3 lowest concentrations from samples at 257.7, 258.9 and 261.8 m 

depth, and Green County has the highest concentration from the sample at 447.4 m depth.  

 

ACL =
NiCi∑
Ci∑
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The greatest overall abundance for an individual n-alkane is 25 µg/gsed for nC15 from 

Greene County (447.4 m depth).   

 The relative abundance of n-alkanes of different chain lengths is summarized by 

calculation of average chain length (ACL) for each sample, with lower values indicating 

a relatively larger amount of shorter chain n-alkanes than longer chain n-alkanes.  ACL 

values were fairly uniform, and ranged from 17.03 – 21.30, with no clear pattern of 

variation with depth or between cores, indicating similar low amounts of biodegradation 

in all samples. 

 

5.3.1.2  Acyclic isoprenoids (methyl-branched alkanes)  

 Three acyclic isoprenoid saturated hydrocarbons were detected in all analyzed 

samples:  norpristane, pristane, and phytane.  All three are degradation products of phytol 

either during biosynthesis, diagenesis, or deeper (thermal) sedimentary processes (Killops 

and Killops, 2005).  In all samples, norpristane and pristane exhibit approximately equal 

abundance, whereas phytane abundance is approximately 40% lower than either pristane 

or norpristane, which suggests anoxic conditions during diagenesis (Killops and Killops, 

2005).  Total acyclic isoprenoid values ranged from 10.90 – 61.68 µg/gsed (Table 3), with 

the lowest concentrations from Harrison County (257.7, 258.9 and 261.8 m depth), and 

highest from Green County (447.4 m depth).  The greatest overall abundance for an 

individual isoprenoid alkane is for norpristane from Greene County (447.4 m depth), with 

an abundance of 25 µg/gsed.  
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5.3.1.3  C31 hopane  

 The abundance of two isomers of the C31 hopane (17a(H),21b(H)-(22R)-

homohopane and 17a(H),21b(H)-(22S)-homohopane) was examined in all samples.  

Total hopane abundance (0.09 – 3.06 µg/gsed; Table 3) was overall much lower than for 

total n-alkanes and total acyclic isoprenoids, and was comparable to the abundance of 

individual C30+ n-alkanes.   

 Of the compounds analyzed, C31homohopanes are the least susceptible to 

subsurface hydrocarbon biodegradation (Peters and Moldowan, 1993; Peters et al., 2005; 

Formolo et al., 2008a).  Hopane abundances are uniformly low in the Harrison County 

core (0.09 – 0.31 µg/gsed), as compared to either Jackson County or Greene County (0.13 

– 3.06 µg/gsed; Table 3).  However hopane abundances are highly variable with depth in 

the Jackson and Green County cores (Fig. 4).  Hopanes could be variable because of 

localized heterogeneities in the organic-rich facies or secondary biodegradation 

influences (Formolo et al., 2008a). 

 

5.3.2  Aromatic hydrocarbons 

 Methyl Methyl-substituted naphthalenes were found to contain two, three and 

four methyl groups sited at various positions around the naphthalene center of the 

molecule, yielding a suite of 6 distinctly-eluting dimethylnaphthalenes (DMN), 8 

distinctly-eluting trimethylnaphthalenes (TrMN), and 8 distinctly-eluting 

tetramethylnaphthalenes (TeMN).  Concentrations of total methylated naphthalenes 

ranged from 2.57 – 9.21 µg/gsed (Table 3).  Concentrations for all individual methylated 
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naphthalenes in all samples were <1 µg/gsed, with the exception of one TeMN compound 

in Jackson County (1.07 µg/gsed, 34.9 m depth).  

 Methyl-substituted phenanthrenes were found to contain one, two, three and four 

methyl groups sited at various positions around the phenanthrene center of the molecule, 

yielding a suite of 4 distinctly-eluting monomethylphenanthrenes (MMP), 10 distinctly-

eluting dimethylphenanthrenes (DMP), 5 trimethylphenanthrenes (TrMP), and 6 

distinctly-eluting tetramethylphenanthrenes (TeMP).  Concentrations of total methylated 

phenanthrenes ranged from 5.95 – 26.30 µg/gsed (Table 3) Concentrations for all 

individual methylated phenanthrenes in all samples were <3 µg/gsed., with the exception 

of one MMP compound in Green County (3.33 µg/gsed, 447.4 m depth).   

 Despite the wide range of depths (26.4 – 460.6 m depth), concentrations of 

methylated naphthalenes and methylated phenanthrenes are fairly similar across all 

samples; however there are varying relative abundances of specific methylated 

naphthalenes and phenanthrenes between and within cores.  The relative abundance of 

the specific methylated napthalenes range between 2.5-33% for DMN, 35 - 53% for 

TrMN, and 28-62% for TeMN as compared to total methylated naphthalenes.  Mono-, di-

, and trimethylphenanthrenes are approximately equal in abundance among the three 

cores, with tetramethyalphenanthrenes comprising no more than 11% of total methylated 

phenanthrenes in any sample.  The abundance of methylated naphthalenes and 

phenanthrenes reveals no obvious trend with depth or between cores.   
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5.3.3  Hydrocarbon ratios 

 Ratios of the abundance of hydrocarbon compound classes can be interpreted as 

biodegradation indices, in which differences in ratio values among samples reflect 

differing extents of biodegradation.  Biodegradation indices include the ratios of hopane 

abundances to all other analyzed compounds, as well as acyclic isoprenoid, naphthalenes 

and phenantherenes to n-alkane abundances.  The compound least susceptible to 

biodegradation is consistently in the numerator, so that greater numeric values indicate 

greater extents of biodegradation.  This ratio-index approach removes the bias of 

variations in the absolute abundance of compound classes among samples, though 

patterns in biodegradation indices with depth are primarily controlled by hopane 

variations with depth. 

 

5.3.3.1  Hopane to aliphatic ratios  

 The ratio of total hopanes to total n-alkanes ranges from 0.002 – 0.023, with total 

hopane to C13-C19 alkanes ranging between 0.003 – 0.044, total hopanes to C20-24 alkanes 

ranging between 0.013 – 0.097, and total hopanes/C25-C35 alkanes ranging from 0.037 – 

0.23.  Differences in total hopane to n-alkane biodegradation indices among different 

cores are most extreme in values calculated for short-chain n-alkanes and converge to 

similar values among all cores for long-chain alkanes, corroborating that biodegradation 

is most extensive among short-chain n-alkanes.  The ratio of total hopanes to total acyclic 

isoprenoids ranges between 0.007 – 0.106.  All biodegradation indices follow the same 
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trends with generally lower values in Harrison County.  This suggests that biodegradation 

is least severe for total n-alkanes and isoprenoids in the Harrison County core. 

 

5.3.3.2  Hopane to aromatic ratios 

 The ratio of total hopanes to total methylated naphthalenes and phenanthrenes 

ranges between 0.02 – 0.79 and 0.01 – 0.25, respectively, and have similar trends with 

generally lower values for Harrison County.  Ratios of total hopanes to DMN, MMP, 

DMP, and TrMP also have generally lower values for Harrison county, suggesting that 

biodegradation for naphthalenes and phenanthrenes is least severe for the Harrison 

County core.  However, ratios of total hopanes to TrMN and TeMN abundances have 

similar values for all cores, corroborating that biodegradation is most extensive among 

methylated napthalenes with fewer methyl substitutions (Ahmed et al., 1999; Volkman et 

al., 1984).   

 

5.3.3.3  Ratios without hopanes  

 Ratios of the total isoprenoid abundance to n-alkanes abundance indicate the 

intensity of aliphatic hydrocarbon biodegradation, because these compounds are more 

susceptible to biodegradation than hopanes in coals and shales (Killops and Killops, 

2005).  For example, the ratio of total acyclic isoprenoid abundance to n-alkane groups is 

greatest in the Harrison County core (0.28 – 0.36 for total acyclic isoprenoid to total n-

alkane ratios) as compared to Jackson and Green County cores (0.21 – 0.32 for total 
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acyclic isoprenoid to total n-alkane ratios).  This suggests limited aliphatic hydrocarbon 

biodegradation in the Harrison County core.   

 Ratios of the abundance of aromatic to aliphatic hydrocarbons indicate the 

intensity of hydrocarbon biodegradation not seen in comparisons to nominally non-

degraded hopanes.  For example, the ratios of total methylated 

naphthalenes+phenanthrenes to total n-alkane abundance and to total isoprenoids 

abundance are greatest in the Harrison County core (0.22 – 0.69 and 0.6 – 1.9, 

respectively) and lower in Greene and Jackson County cores (0.11 – 0.38 and 0.5 – 1.2, 

respectively).  The relatively high values in Harrison County suggest that biodegradation 

is only in the initial stages in this sample location, when n-alkanes are beginning to be 

consumed.  In contrast, the generally lower values in Green and Jackson Counties 

indicate extensive hydrocarbon biodegradation, in which differences in the relative 

abundance of aliphatic and aromatic hydrocarbons are no longer apparent because both 

compound classes have been extensively lost through biodegradation.  However, this 

assumes that biodegradation rates of aliphatic hydrocarbons are faster than aromatic 

hydrocarbon biodegradation rates, a common assumption for coals and shales.  Yet recent 

research indicates that aliphatic and aromatic hydrocarbon biodegradation may occur 

simultaneously in methane-generating coals (Ahmed et al., 1999; Ahmed and Smith, 

2001; Formolo et al., 2008b), suggesting Green and Jackson Counties may only be mildly 

biodegraded. 
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6.  Discussion 

6.1  Extent of biodegradation in the shale 

Economic quantities (86-120 TCF gas-in-place; 40-80 scf/ton) of microbial methane are 

present in the New Albany Shale (Hill and Nelson 2000); however results from this study 

suggest that biodegradation in the shale and formation fluids appears to be minimal.  In 

the shale core, the overall high abundance of n-alkanes, acyclic isoprenoids, and 

methylated aromatic hydrocarbons indicate only weak biodegradation in all samples.  

Moderate or severe biodegradation would have shown higher relative losses of short 

chain n-alkanes, as well as mono- and di- methylated naphthalenes and phenanthrenes.  

Furthermore, very low values for all biodegradation indices also indicate weak 

biodegradation (e.g. <0.025 for total hopane/total n-alkane).  By comparison, coals in the 

Powder River and San Juan Basins have biodegradation indices that are 10- to 100-fold 

greater (Formolo et al., 2008a).  Similarly, biodegradation indices for acyclic isoprenoids 

compared to n-alkanes (0.2 - 0.4) in the New Albany Shale samples are 2-5 times lower 

than similar indices calculated for the Antrim Shale (Formolo et al., 2008b).  

Biodegradation indices that compare hopanes to methylated aromatic hydrocarbons are 

also lower in the New Albany Shale samples compared to similar values in Powder River 

and San Juan basin coals that support microbial methanogenesis (Formolo et al., 2008a).  

By comparison, the New Albany Shale is much less biodegraded than the microbial 

methane producing Michigan Basin Antrim Shale, Powder River Basin coals, or San Juan 

Basin coals. 
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 Biodegradation is often more advanced in organic-rich units with moderate to low 

thermal maturity (McIntosh and Martini, 2008).  However, in the areas sampled in the 

New Albany Shale, vitrinite reflectance values are low (Ro <0.7%; Barrows and Cluff, 

1984; Chou et al., 1991; Hatch et al., 1991; Lis et al., 2005; Strąpoć et al., 2010), similar 

to areas of microbial methanogenesis in the Antrim Shale (Ro 0.4-0.6%; Martini et al., 

1998).  The Powder River and San Juan Basin coals also have comparable thermal 

maturities (Ro 0.45-0.53% and Ro 0.55-0.82%, respectively; Formolo et al., 2008), 

suggesting that the observed difference in biodegradation is not due to differences in 

thermal maturity.  In shales and coals, with low matrix permeability, biodegradation may 

also be enhanced by increased surface area associated with higher fracture density (e.g. 

Solano-Acosta et al., 2007).  For example the Antrim Shale has more biodegradation as 

well as higher fracture density and fracture inter-connectivity than the New Albany Shale 

(Walter et al., 1997; Curtis, 2002; Salehi and Chiriboga, 2009).  This correlation suggests 

microbial methane in the New Albany Shale may be inhibited by limited surface area.  

 If the concentration of alkanes measured in the shale (C13 – C35) were extended to 

the entire volume of the New Albany Shale and assumed to completely degrade to 

methane, an additional 2.8 - 23 TCF (average 8.8 TCF) of methane could be produced.  

Though only 76% of the carbon from alkanes may become methane with 24% becoming 

CO2 (Zengler et al., 1999), reducing estimates of possible methane production to 2.1 – 

17.2 TCF (average 6.7 TCF).  Furthermore, methane may also be produced from the 

biodegradation of other organic compounds found in the shale and associated formation 

waters, such as acyclics, PAHs, and aromatic hydrocarbons (Peters and Moldowan, 1993; 
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Ahmed et al., 1999; Ahmed and Smith, 2001; Wegner et al., 2002; Head et al., 2003; 

Peters et al., 2005; Jones, D.M. et al., 2008; Formolo et al., 2008b), which would 

potentially increase microbial methane production.  However, as the biodegradation 

pathway of and physical controls on microbial methane generation are poorly understood 

(e.g. Formolo et al., 2008a; Jones E.J.P. et al., 2008; Jones et al., 2010; Orem et al., 

2010), estimates of potential microbial methane production can only be very general.  

 

6.2  Extent of biodegradation in the formation fluids 

 In New Albany Shale formation fluids, the predominance of recalcitrant PAHs 

indicates that the microbial consortia supporting methanogenesis are actively degrading 

more labile compounds.  However, more labile compounds such as long- and mid-chain 

alkanes, fatty acids, and phenols are still present, suggesting that organic compounds in 

solution have undergone only mild biodegradation, or that generation of these labile 

compounds is more rapid than their consumption.  Though not conclusive, the low 

biodegradation indices in the core suggest that release of organic compounds into 

solution is slow, indicating mild biodegradation is probable.   

 Hexadecane, found in all shale formation fluid samples, was used by Anderson 

and Lovley (2000) and Zengler et al. (1999) to demonstrate that methanogenic microbial 

consortia can rapidly (days to years) degrade long-chain alkanes to form methane.  The 

presence of labile organic compounds in the shale may indicate that methanogenic 

consortia in the shale are significantly different from methanogenic consortia from 

different environments.  Jones et al. (2010) also noted differences in rates and amounts of 
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methane production in methanogenic cultures using in-situ methanogenic consortia and 

introduced methanogenic consortia.  Further investigation is needed to determine if 

results from culture experiments using methanogenic consortia from various 

environments are comparable to in situ methanogenic environments in organic-rich 

reservoirs. 

 Labile organic compounds in solution suggest that the microbes supporting 

methanogens are limited.  However, acetate concentrations >5 µM suggest that 

acetoclastic methanogens are also limited. 

 

6.3  Trends in biodegradation with salinity 

 Although biodegradation in the New Albany Shale is limited, the least 

biodegraded Harrison County core corresponds to the area with highest formation water 

salinity (~1800 mM Cl-) as compared to the more biodegraded Green and Jackson 

County cores (650 and 800 mM Cl-, respectively; Schlegel et al., 2011).  This trend is 

unlikely due to water washing (dilution of compounds due to groundwater flow through 

the aquifer) as concentrations of methylated naphthalenes and methylated phenanthrenes 

are fairly similar across all samples (Volkman et al., 1984; Formolo et al., 2008a).  

Organic compounds in formation fluids also show an increase in number of identified 

compounds with increase in salinity (R2 = 0.5; Fig. 5a).  Organic matter in the shale is 

variable (Hassenmueller and Comer, 1994; Walter et al., 2001; Strąpoć et al., 2010; Fig. 

3), which may affect the amount of organics in solution.  However, the trend of 

increasing number of identified compounds with increasing salinity may indicate less 
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biodegradation at higher salinities.  Also, as salinity increases, there is an increase in 

concentration as well as an increase in variation of sum of PAHs, n-alkanes, and all 

identified organic compounds (Fig. 5).  Solubility of organic compounds such as PAHs 

are often temperature dependant, and can increase by complexation with other organic 

compounds, and decrease with increasing salinity (Orem et al., 2007), which is opposite 

the observed trend.  A similar pattern is also observed in acetate concentrations (Fig. 6), 

with high acetate concentrations (>80 µM) corresponding to high Cl- concentrations 

(>1000 mM), though low acetate values are also present.  Chloride concentrations of 

>1000 mM in the Antrim Shale correspond to high acetate concentrations (>300 µM), 

and is attributed to inhibition of acetoclastic methanogens at high salinity concentrations 

(Waldron et al., 2007).   

 Carboxylic acids do not show a trend of increased variability with an increase in 

salinity, but exhibit a wide range in the sum of concentrations for all salinities (Fig. 7a).  

However, the number of identified carboxylic acids generally decreases as salinity 

increases (Fig. 7b), with generally more occurrences of longer chain fatty acids (12-18) 

than mid chain fatty acids (8 and 10; Table S1).  This trend may indicate that the 

microbes degrading the longer chained carboxylic acids into mid chained carboxylic 

acids can be inhibited at higher salinities. 

 A wide range of organic compound concentrations at high salinities may indicate 

spatial heterogeneities in methanogenic consortia (Waldron et al., 2007; Jones et al., 

2010).  In general, methanogens are known to tolerate salinities up to ~3 M Cl- (Zinder, 

1993), though acetoclastic methanogens may be limited at >1 M Cl- (Waldron et al., 
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2007).  In particular, a wide range of acetate concentrations at high salinities suggests that 

acetoclastic methanogenesis may be limited in some locations whereas in other locations 

either no acetate is being generated, or acetoclastic methanogens have adapted to 

salinities >1 M Cl-.  Furthermore, heterogeneities in methanogenic consortia at different 

salinities are evidenced by enrichment cultures producing the most methane at salinities 

similar to native chloride concentrations (Waldron et al., 2007).  However, 

heterogeneities in methanogenic consortia may also result from a variety of additional 

environmental factors such as variations in the organic-rich unit structure (Jones et al., 

2010). 

 A broad increase in organic compound concentrations with salinity may indicate: 

(1) a general decrease in biodegradation with increase in salinity due to toxicity effects, 

and/or (2) a decrease in freshwater recharge that transported microbes into the 

subsurface, which reinoculated the paleopasteurized shale.  Methanogens are known to 

grow in salinity concentrations up to 3 M (Zinder, 1993), which is higher than salinities 

observed throughout the New Albany Shale (up to 2.7 M Cl-; McIntosh et al., 2002), 

suggesting that methanogens might not be inhibited by salinity concentrations.  

Furthermore, microbial methane is observed in the stratigraphically equivalent Michigan 

Basin Antrim Shale at salinities (up to 2.3 M Cl-; Waldron et al., 2007) higher than 

salinities for areas sampled for this study (up to 2.2 M Cl-), suggesting that the supporting 

microbial consortia may not be inhibited by higher salinities.   

 Introduction of methanogenic consortia into the paleopasteurized shale with fresh 

groundwater recharge has been suggested by McIntosh et al. (2002), Strąpoć et al., 
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(2010) and Schlegel et al. (2011a,b).  An increase in salinity corresponds to a decrease in 

amount of freshwater recharge and presumably less extensive transport of microbes into 

the subsurface.  This low biomass would correspond to a decrease in biodegradation of 

organic matter required to form simple metabolites for methanogens at higher salinities.  

Low biomass limiting in-situ methane generation in a Texas coal was observed by Jones 

et al. (2010) who demonstrated that a bioaugmented culture generated methane more 

rapidly than the in situ methanogenic consortia.  The trends in organic matter 

concentrations suggest that though microbial methanogenesis has occurred in the New 

Albany Shale (e.g. McIntosh et al., 2002), the microbial consortia supporting 

methanogenesis has not been sufficiently active and/or adequately established (i.e. has 

low biomass) to substantially alter the absolute and relative abundance of hydrocarbons 

in the New Albany Shale, or totally consume labile organic compounds in associated 

fluids.  Areas of low biodegradation of organic matter, such as observed in the shale, may 

be ideal for stimulating or enhancing microbial methane production. 

 The relatively limited activity of microbial consortia supporting methanogenesis 

in the shale may also be due to lack of essential nutrients, and/or toxicity effects.  

Toxicity effects from long-chain fatty acids and aromatics, and lack of essential nutrients 

may be inhibiting microbial methane production (Van Hamme et al., 2003; Qiu et al., 

2004; Hatamoto et al., 2007b; Jones et al., 2010; Penner et al., 2010), as indicated by 

acetate concentrations >5 µM.  However, toxins, lack of nutrients, and restricted access to 

organic matter may also be directly affecting the supporting methanogenic consortia, and 

requires further investigation.   
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7.  Conclusions 

 The New Albany Shale supports the generation of economic quantities of 

microbial methane, though less than natural gas quantities from equivalent shales in the 

Michigan and Appalachian basins (Hill and Nelson, 2000).  The limited biodegradation 

of complex organic matter in the New Albany Shale and formation fluids is evidenced by 

labile compounds such as n-alkanes in the shale and formation fluids, and fatty acids and 

phenols in the formation fluids.  Furthermore, mild destruction of organic compounds is 

demonstrated by low biodegradation indices throughout the shale.  This limited 

biodegradation, coupled with acetate concentrations >5 µM, suggest that both the 

supporting microbial consortia and methanogens are limited.  Furthermore, 

biodegradation generally becomes more varied with increasing salinity, suggesting spatial 

heterogeneity within the microbial community expressed as different adaptations to 

degrade organic compounds at high salinities.  Reasons for low biodegradation could 

include low biomass, lack of essential nutrients, low fracture density and connectivity, 

and/or toxicity effects.  Efforts aimed at stimulating in situ methane production may be 

most effective if aimed towards enhancing production of the supporting microbial 

consortia as well as methanogens. 
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Figures 

 

 
Fig. 1.  Possible biodegradation steps in the shale and associated fluids required to 

generate microbial methane from shale organic matter (modified from Jones et al., 
2010). 
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Fig. 2.  Location map of New Albany Shale samples collected as part of this study in the 
Illinois Basin. 
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Fig. 3. Stratigraphic column showing geologic members of the New Albany Shale.  Total 

organic carbon (TOC) content is shown, and organic-rich units are highlighted in 
gray (modified from Walter et al., 2001).  
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Fig. 4.  Total hopane concentration in the core versus depth of sample. 
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Fig. 5.  (a) Number of identified organic compounds (b) sum of n-alkanes, (c) sum of 

polycyclic aromatic hydrocarbons, and (d) sum of identified compounds versus 
chloride concentrations.  Note that elevated numbers or concentrations occur only 
in conjunction with elevated chloride concentrations. 
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Fig. 6.  Acetate versus chloride concentrations show that elevated acetate concentrations 

occur only in conjunction with elevated chloride concentrations. 
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Fig. 7.  (a) Sum of identified carboxylic acids and (b) number of identified carboxylic 

acids versus chloride concentrations. 
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Abstract 

 Approximately 5% of the United States’ and Canada’s current energy 

consumption is from in situ microbial methane in organic-rich coals and shales, and may 

potentially be enhanced or stimulated by increasing concentrations of essential nutrients, 

including trace metals.  The Upper Devonian New Albany Shale, located in the Illinois 

Basin, supports economic quantities of microbial methane.  Concentrations of trace 

metals (Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Se, Tl, Th, U, V, W, Zn) 

in the shale are generally within ranges of trace metal concentrations in microbial 

methanogenic coals, and co-produced fluids with crude oil.  However, maximum trace 

metal concentrations are generally lower for the shale than methanogenic coals (except 

for Fe, Co, Mn, and Ba), suggesting that the microbial consortia in the shale may be able 

to tolerate an increase in certain trace metal concentrations.  Furthermore, trace metal 

concentrations in the shale are below known levels of inhibition or enhancement, with the 

exception of Fe, indicating that microbial methanogenesis is not inhibited by any of the 

measured trace metals.  Moreover, microbial methanogenesis may be enhanced with the 

addition of Ag, Co, Cr, Ni, and Zn, however current literature presents broad ranges of 

inhibition and enhancement, null effects, and contradictory results. The lack of agreement 

in the literature suggests complex interactions between trace metals, the microbial 

community and other environmental factors (i.e. organic matter and ion complexation, 

and mineral adsorption).  Future studies on the effects of trace metal concentrations on 

microbial methanogenesis in organic-rich coals and shales should incorporate microbial 

studies with in situ characterization of environmental conditions. 
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1.  Introduction 

 In situ microbial methane supports ~5% of current energy consumption in the 

United States and Canada (Rice and Claypool, 1981; OEE, 2008; EIA, 2010).   As this 

energy resource is microbial in origin, it may also be semi-renewable, and/or stimulated 

by enhancing favorable environmental conditions such as increasing concentrations of 

essential nutrients (Jones et al., 2010).  These nutrients may include limited amounts of 

phosphorous, nitrogen, and several trace metals (Jarrell and Kalmokoff, 1988; Bekins et 

al., 2005; Penner et al., 2010). Trace metals found in methanogens include Cu, Ni, Co, 

Fe, Se, Mo, and Zn, however addition of these elements to a growth medium does not 

always stimulate methanogenesis, and may be species dependant (Jarrell and Kalmokoff, 

1988; Trevors and Cotter, 1990).  In the Illinois Basin, the Upper Devonian New Albany 

Shale supports microbial methanogenesis in areas of freshwater recharge indicated by a 

plume of low Cl- (<2 M) and δ18O (<0‰) values penetrating deep (~1 km) into 

evaporative saline brines (McIntosh et al., 2002; Schlegel et al., 2011), however nutrient 

concentrations are unknown.  To determine if trace metal concentrations are limiting 

microbial methanogenesis in the shale, we sampled 57 produced waters from natural gas 

wells, and compared measured concentrations with known levels of inhibition or 

enhancement. 

 

2.  Geologic setting 

 The Illinois Basin, located in the midcontinent of the United States, includes 

Illinois, Indiana, and Kentucky (Fig. 1).  It is an interior sedimentary basin (~620 km 
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long in the NW-SE direction, ~375 km wide; Zuppan et al., 1988), with shallowly 

dipping (6 to 14 m/km) Paleozoic sediments over 4.5 km in depth (Zuppan et al., 1988).  

The general stratigraphic sequence is: Precambrian basement; Cambrian-Ordovician 

sandstones and carbonates; Late Ordovician to Mississippian carbonates interbedded with 

sandstones and shales (including the New Albany Shale); Late Mississippian to 

Pennsylvanian interbedded shale, carbonates, and coal; and Quaternary glacial sediments 

(Swann, 1968; Zuppan et al., 1988).  The topography, controlled by the glacial sediments, 

have <300 m of relief (Swann, 1968; Zuppan et al., 1988).  The basin is bounded by the 

Kankakee and Wisconsin arches to the north, the Cincinnati Arch to the east, the Ozark 

Dome and Pascola Arch to the southwest, and the Mississippi River Arch to the west 

(Buschbach and Kolata, 1991).  The southern margin of the Illinois Basin was deformed 

in the Late Paleozoic through Mesozoic, forming the Pascola Arch and Mississippian 

Embayment (Buschbach and Kolata, 1991).  Major fault systems (Cottage Grove and 

Rough Creek-Shawneetown) trending east-west through the south-central basin were 

active throughout the Paleozoic and extend from the Precambrian basement to the surface 

(Buschbach and Kolata, 1991).  Paleozoic regional thermal and fluid-flow history 

involves deep burial by Permian sedimentation, regional northward fluid flow (primarily 

in permeable Cambrian-Ordovician carbonates and sandstones, as well as Pennsylvanian 

coals) associated with the Ouachita fold and thrust belt, and basement heat flow (Garven 

et al., 1999; Rowan et al., 2002).  This fluid-flow has emplaced several world-class metal 

(primarily lead-zinc) ore deposits south, southeast, west, and northwest of the basin (Fig. 

1; Garven et al., 1999; Rowan et al., 2002).  In contrast, regional fluid flow in the north-
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eastern portion of the basin (the study area) is dominated by more recent Pleistocene-

aged meteoric recharge up to ~1 km depth, associated with the Laurentide icesheet, and 

can be traced with depressed chloride and δ18O concentrations penetrating into 

evaporative saline brines (Fig. 2; McIntosh et al., 2002). 

 

3.  Methods 

 Sixty-one water samples were collected from natural gas wells producing from 

the New Albany Shale for trace metal (Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Mo, 

Ni, Pb, Se, Tl, Th, U, V, W, Zn) concentrations (Table 1).  All water samples were 

collected directly from the well head, and filtered with a 0.45 µm Micropore filter into 

pre-cleaned acid washed high-density polypropaline (HDPE) bottles, and preserved with 

nitric acid to a pH less than 2. Sample containers were filled completely with minimal to 

no headspace, immediately placed on ice and refrigerated until analyzed.  Samples were 

analyzed at the Department of Geology, Amherst College on an inductively coupled 

plasma-mass spectrometry (ICP-MS) Agilent 7500 Ce instrument.  Two trace metals (Be, 

and Th) were below the detectable limit for all samples. 

  

4.  Results and discussion 

 Ranges of detected trace metal concentrations are summarized in Table 1.  

Solubility of metals are controlled by Eh, pH, temperature, organic matter concentrations, 

surface activity of minerals, salinity concentrations, microbial activity, sulfur species 

concentrations, carbon species concentrations, and oxygen levels (e.g. Lehman and Mills, 



 
 

227 
 

1994; Gao et al., 2009).  Low Eh values (~-0.26 for methanogenic environments; 

Langmuir, 1997) and tepid temperatures (9.0 to 29.7oC, average 19.2oC; Table 1) would 

generally decrease metal solubility (with the exception of Mn; Brookins 1988), whereas 

complexation with other ions and organic matter would generally increase metal 

solubility.   

 Trace metal concentrations compare favorably with trace metal concentrations 

(As, Cd, Co, Cr, Cu, Mo, Ni, Pb, Se, V, and Zn) observed in coals supporting microbial 

methanogenesis in the Alberta Foreland Basin, though the coal maximum concentrations 

are generally higher than the shale maximum concentrations, with the exception of Co 

and Fe (Cheung et al., 2009).  Trace metal concentrations (Al, As, B, Ba, Cd, Cr, Cu, Fe, 

Mn, Mo, Pb, Se, Zn ) also compare favorably with Powder River Basin coalbed methane 

produced waters, though maximum shale concentrations are significantly higher than 

maximum coal concentrations for Fe, Mn, and Ba; and Al concentrations are higher in the 

coal than the shale (McBeth et al., 2003).  Differences in coal and shale formation fluids 

would be expected due to differences in original sedimentary inputs and environments, as 

well as differences in current oxidation-reduction conditions and complexation with 

different types of organics.  Furthermore, trace metal concentrations in the shale are 

within ranges of Ag, Cu, Pb, and Zn measured in fluids co-produced with crude oil in the 

Alberta Basin, however maximum concentrations are significantly higher in the crude oil 

formation waters than the shale formation waters (Hitchon et al., 2001).  However, the 

higher trace metal concentrations in the microbial methane supporting coals in the 
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Alberta Foreland Basin indicate that the microbial community in the shale may also be 

able to tolerate higher trace metal concentrations. 

 For the trace metals we observed Ag, Al, B, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, 

Pb, Se, V, W, and Zn have been shown to affect methanogenesis (Table 2; Castignetti et 

al., 1979; Ahring and Westermann, 1985; Jarrel et al., 1987; Zellner and Winter, 1987; 

Jerrall and Kalmokoff 1988; Harries et al., 1990; Oleszkiewicz and Sharma, 1990; 

Trevors and Cotter 1990; Lin 1992; Bertram et al., 1994; Erasin et al., 1994; Kong et al., 

1994; Bhattacharya et al., 1995a,b; Banik et al., 1996; Bhattacharya et al., 1996; Sanchez 

et al, 1996; Lin and Chen, 1999; Mishra et al., 1999; Mori et al., 2000; Zayed and Winter, 

2000; Basiliko and Yavitt, 2001; Zandvoort et al., 2002; Zandvoort et al., 2003; Edgcomb 

et al., 2004; Karri et al., 2006; Bartacek et al., 2008; Cheng et al, 2008; Lenz et al., 2008; 

Atlas, 2009; Pobeheim et al., 2010).  Measured trace metal concentrations in New Albany 

Shale fluids are below known levels of inhibition and enhancement, with the exception of 

Fe (Fig. 3), suggesting that microbial methanogenesis is not inhibited by any of the 

measured trace metals and may be enhanced with the addition of Ag, Co, Cr, Ni, and Zn. 

 Furthermore, several studies found contradictory or null effects of certain trace 

metal concentrations on methanogenesis.  For instance, Zn minimum values of inhibition 

and enhancement are the same (Fig. 3; Table 2).  Concentrations of Fe2+ were not 

correlated to growth in wetland methanogenic communities (D’Angelo and Reddy, 

1999), however Fe added in low concentrations (1-18 µM) was found to enhance 

methanogenesis in sludge (Takashima and Speece, 1988; White and Stuckey, 2000; 

Zandvoort et al., 2003).  Tungsten, interchangeable with Mo, enhanced methanogenesis 
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by CO2 reduction more than acetate fermentation (Zellner and Winter, 1987; Bertram et 

al., 1994), however Mo added to maize silage (fermented corn plant) had no effect on 

methane production (Pobheim et al., 2010).  Nickel and Co were found to enhance 

methanogenesis in maize silage (10.6 µM Ni and 0.4 to 2.0 µM Co; Pobheim et al., 

2010), but not in sludge (0.4 µM Ni and 0.3 to 0.8 µM Co; Zancoort et al., 2003).  

Interestingly, Ni (0.0004 µM), Co (0.001 µM) and Mn (0.0004 µM) additions enhanced 

primarily acetoclastic methanogenesis in sludge (White and Stuckey, 2000).  In general, 

acetate fermentors are more sensitive to heavy metal concentrations than CO2 reducers, 

with tolerance levels for Cu at 944 µM and >11,800 µM; and Cr at 774 µM and >3,850 

µM, respectively (Erasin et al., 1994; Kong et al., 1994).  However, there was no effect of 

high concentrations of Cd (1,780 µM), Pb (965 µM), Zn (3,060 µM), and Ag (927 µM) 

for either acetate fermentors or CO2 reducers (Kong et al., 1994; Pavlostathis and Maeg, 

2000). 

 The wide range of concentrations shown to inhibit or enhance methanogenesis 

(including ranges of inhibition and enhancement that overlap, and findings of no effect) 

may be due to variation in complexation, precipitation and adsorption of metals in 

different aqueous solutions and aquifer matrices, as well as differences in different 

methanogen metabolisms and experimental set-up (Karri et al., 2006; Edgcomb et al., 

2004; Chen et al., 2008; Atlas, 2009).   
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5.  Conclusions 

 Trace metal concentrations in the New Albany Shale are generally within ranges 

of trace metal concentrations in microbial methanogenic coals, and co-produced fluids 

with crude oil.  However, maximum trace metal concentrations in the microbial 

methanogenic Alberta Foreland Basin coals were generally higher (except for Co and 

Fe), demonstrating that microbial methanogenesis in deep subsurface environments may 

be able to tolerate higher trace metal concentrations than observed in the New Albany 

Shale.  Furthermore, trace metal concentrations in the New Albany Shale are less than 

known levels of inhibition or enhancement, with the exception of Fe.  This indicates that 

microbial methanogenesis is not inhibited by any of the measured trace metals and may 

be enhanced with the addition of Ag, Co, Cr, Ni, and Zn.  However, wide ranges of 

inhibition and enhancement, null effects, and contradictory results in the literature 

suggest complex interaction of trace metals with the microbial community and other 

environmental factors (i.e. organic matter and ion complexation, and mineral adsorption).  

Further investigation on the effects of trace metal concentrations in deep subsurface 

environments should be coupled with microbial studies and additional characterization of 

in-situ environmental conditions. 
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Figure 1.  Location map of Illinois Basin, with sample locations. 
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Figure 2.  Contour map of chloride concentrations in formation fluids in the New Albany 

Shale. 
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Figure 3.  Measured trace metal concentrations compared to known levels of inhibition or 

enhancement of microbial methanogenesis (see text for references). 
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APPENDIX E:  COMPLETE DATA SPREADSHEETS WITH 
ADDITIONAL DATA NOT DISCUSSED IN TEXT 
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