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DISCLAIMER 
 
 This report was prepared as an account of work sponsored by an agency of the United States.  
Neither the United States Government nor any agency thereof, nor any of their employees makes 
any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process disclosed or 
represents that its use would not infringe privately owned rights.  Reference herein to any specific 
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does 
not necessarily constitute or imply endorsement, recommendation or favoring by the United States 
Government or any agency thereof.  The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agency thereof. 
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ABSTRACT 
 
 Biogenic methane is a common constituent in deep subsurface environments such as 
coalbeds and oil shale beds.  Coalbed methane (CBM) makes significant contributions to world 
natural gas industry and CBM production continues to increase.  With increasing CBM production, 
the production of CBM co-produced water increases, which is an environmental concern.  This 
study investigated the feasibility in re-using CBM co-produced water and other high sodic/saline 
water to enhance biogenic methane production from coal and other unconventional sources, such as 
oil shale.  Microcosms were established with the selected carbon sources which included coal, oil 
shale, lignite, peat, and diesel-contaminated soil.  Each microcosm contained either CBM co-
produced water or groundwater with various enhancement and inhibitor combinations.  Results 
indicated that the addition of nutrients and nutrients with additional carbon can enhance biogenic 
methane production from coal and oil shale.  Methane production from oil shale was much greater 
than that from coal, which is possibly due to the greater amount of available Dissolved Organic 
Carbon (DOC) from oil shale.  Inconclusive results were observed from the other sources since the 
incubation period was too low.  WRI is continuing studies with biogenic methane production from 
oil shale. 
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EXECUTIVE SUMMARY 
 

Biogenic methane is a common constituent in deep subsurface environments such as 
coalbeds and oil shale beds.  Coalbed methane (CBM) makes significant contributions to world 
natural gas industry and CBM production continues to increase.  With increasing CBM production, 
the production of CBM co-produced water increases, which is an environmental concern. 
 

WRI in conjunction with the U.S. Department of Energy investigated the feasibility in re-
using CBM co-produced water and other high sodic/saline water to enhance biogenic methane 
production from coal and other unconventional sources, such as oil shale.  Microcosms were 
established with the selected carbon sources which included coal, oil shale, lignite, peat, and diesel-
contaminated soil.  Each microcosm contained either CBM co-produced water or groundwater with 
various enhancement and inhibitor combinations. 
 

Results indicated that the addition of nutrients and nutrients with additional carbon can 
enhance biogenic methane production from coal and oil shale.  Methane production rates from oil 
shale were as 1.63μmol/d-kg, while coal produced 0.09 μmol methane/d-kg.  The higher rate of 
methane production from oil shale is possibly due to the greater amount of available Dissolved 
Organic Carbon (DOC) from oil shale.  Inconclusive results were observed from the other sources 
since the incubation period was too low.  WRI in conjunction with the U.S. Department of Energy 
and a private party is continuing studies with biogenic methane production from oil shale under a 
JSR Project. 
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INTRODUCTION 
 
 Methane (CH4) is a common constituent in deep subsurface environments. CH4 is mainly 
formed through thermogenic and biogenic (methanogenic) processes.  Biogenic methane is believed 
to consist of 20-40% of the total methane storage on earth, and higher ratios (65%) under favorable 
bio-geological conditions (Kotelnikova 2002; Rice 1981, 1993).   Actual biogenic CH4 production 
is accomplished by methanogenic Archaea, or simply called methanogens.  Methanogens thrive in 
strictly anaerobic environments that contain available CO2 (CO3

2-, HCO3
-), acetate, and low sulfate 

concentrations (Oremland 1988), and are exposed to temperatures between 9oC and 110oC 
(Kotelnikova et al. 1998; Huber et al. 1994).  Pore space of 1 μm for methanogens is sufficient and 
favorable for methanogenesis (Boone et al. 1993).  Methanogenesis results in the reduction of CO2 
to form CH4.  This is accomplished in the presence of sufficient substrates in the form of small 
organic molecules and H2. 
 

Coalbed methane (CBM) makes significant contributions to world natural gas production.  
CBM is assumed to come from thermogenic origins; however, recent studies based on isotope and 
chemical data demonstrated that CH4 can be biogenically produced in economic quantities at any 
coal rank (Aravena et al. 2003; Scott 1993; Sott et al. 1994).  Bacteria metabolize the alkanes and 
other organic compounds found in coal to smaller organic compounds and CO2.  Methanogenesis 
has also been demonstrated in deep subsurface oil-bearing sedimentary rock (Belyaev et al. 1983, 
1986).  CH4 from coal beds and oil-bearing sedimentary rock (such as oil shale) is a significant 
contribution to natural gas industry.  However, this resource is transitory and biogenic or 
thermogenic production may not keep up with CH4 consumption.  It may be possible to increase and 
continue CH4 production by artificially enhancing methanogenic activity through the addition of 
various substrate and nutrient treatments. 
 

CBM water is an environmental concern due to its high sodium content.  High sodium water 
affects the stability of soils by dispersion and is phytotoxic to most plants.  Methanogens exist in 
CBM water, and treating CBM water with nutrients and substrate can increase methanogen 
population.  This treated CBM water can potentially be back-injected into coal bed seams as 
inoculum to enhance biogenic production of CH4.  A preliminary study was conducted using the 
CBM from the Powder River Basin (PRB).  Results demonstrated that CBM produced water 
overlaying coal seam may support observable methane production under anaerobic conditions.  No 
methane production was observed in sterile controls, confirming it was a microbially mediated 
process.  In a more recent study, Lucas Technologies (Denver, CO) has verified that indigenous 
methanogens are present in the coal cores extracted from the PRB.  Preliminary ex-situ culturing of 
these bacteria produced promising amount of methane.  The data suggest that a huge potential 
bioreservoir for natural gas may exist in the PRB coal fields. 
 

In this study, a thorough investigation was conducted to decipher the biogenic methane 
production in the PRB.  Enhancement approaches were attempted to increase the rates of methane 
production.  Coal bed methane produced water and other amendments were studied in this project.  
A bench scale reactor was established to evaluate the feasibility of “ex situ” production of biogenic 
methane by using low-value coal fines, CBM produced water and other amendments.  Other 
potential methane sources such as oil shale, lignite, peat, and petroleum-contaminated soil was also 
investigated. 
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MATERIALS AND METHODS 
 
Chemicals 
 
 All chemicals used were reagent or enzyme grade.  Ammonium chloride (NH4Cl) was 
certified ACS grade from Fisher Scientific (Fair Lawn, NJ) and used as received for nutrient 
addition.  Potassium phosphate monobasic (KH2PO4) was enzyme grade from Fisher Scientific (Fair 
Lawn, NJ) and used as received for nutrient addition.  Sodium nitrite (NaNO2) delivered from 
Fisher Scientific (Fair Lawn, NJ) and used as received as a sulfate reducing bacteria inhibitor.  2-
bromomethane sulfonic acid (2-BESA) was from Sigma-Aldrich Co. (St. Louis, MO) and used as 
received as a methanogen inhibitor.  Vancomycin hydrochloride (HCl) was from Sigma-Aldrich Co. 
(St. Louis, MO) and used as received as an acetogen inhibitor. 
 
CBM Co-Produced Water and Groundwater Sampling and Characterization 
 
 Groundwater samples were collected from two locations.  Coalbed methane co-produced 
water was collected by Western Research Institute (WRI) at Cooksley Ranch near Ucross, WY.  
Groundwater samples were collected near the Laramie Regional Airport west of Laramie, 
Wyoming.  CBM co-produced water and groundwater samples were contained, sealed, and stored at 
4oC until used. 
 
 Initial characterization was conducted on CBM co-produced water and groundwater 
samples.  Water samples were analyzed for pH, EC, DOC, and soluble anions and cations.  Samples 
were analyzed for dissolved organic carbon (DOC) using a TOC analyzer.  Samples were analyzed 
for cations, including, calcium (Ca2+), magnesium (Mg2+), potassium (K+), sodium (Na+), iron (Fe), 
manganese (Mn), aluminum (Al3+), selenium (Se), arsenic (As), lead (Pb), copper (Cu), nickel (Ni), 
and zinc (Zn) using ICP-MS, and anions, including, chloride (Cl-), fluoride (Fl-), bromide (Br-), 
nitrate (NO3

-), phosphate (PO4
3-), and sulfate (SO4

2-) using IC, Samples were analyzed for sulfide 
(S2-) and ammonium (NH4

+) using the colorimetric method described in Keeney and Nelson (1982). 
 

Total bacteria, methanogens, and sulfate-reducing bacteria (SRB) were enumerated.  Total 
bacteria were determined using the acredine orange method.  Acetogen bacteria enumeration was 
determined by most probable number (MPN), colorimetrically.  Methanogen bacteria enumeration 
was determined by CENSUS analysis performed by Microbial Insights (Rockford, TN).  Sulfate 
reducing bacteria enumeration was determined using BART tubes (Droycon Boiconcepts Inc., 
Canada). 
 
Coal, Oil Shale, Lignite, Peat, and Petroleum-Contaminated Soil Sampling and 
Characterization 
 
 Oil shale was collected from the Green River Formation near Rock Springs, Wyoming, by 
Anadarko Petroleum.  A 10 lb sample of the oil shale was crushed for microcosm establishment 
using a 9x9, Type M hammer mill (American Pulverizer Company, St. Louis, MO).  Oil Shale was 
contained, sealed, and stored under argon at 4oC until crushed.  Crushed samples were placed in a 
glove box under a nitrogen atmosphere until used. 
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 Coal was collected from for the North Antelope Mine near Gillette, Wyoming, by WRI.  
Coal was retrieved from the coal seam using a drilling unit.  A 10 lb sample of the coal was crushed 
for microcosm establishment using a 9x9, Type M hammer mill (American Pulverizer Company, St. 
Louis, MO).  Coal was contained, sealed, and stored under argon at 4oC until crushed.  Crushed 
samples were placed in a glove box under a nitrogen atmosphere until used. 
 

Lignite was collected from Black Hills Bentonite in Glenrock, Wyoming.  A 10 lb sample of 
the lignite was crushed for microcosm establishment using a 9x9, Type M hammer mill (American 
Pulverizer Company, St. Louis, MO).  Lignite was contained, sealed, and stored under argon at 4oC 
until crushed.  Crushed samples were placed in a glove box under a nitrogen atmosphere until used. 
 

Peat was collected from the Snowy Range Mountains near Albany, Wyoming.  Peat was 
contained, sealed, and stored under argon at 4oC until used.  Peat was not crushed before use due to 
the amount of water present. 
 

Contaminated soil was collected from a ranch north of Laramie, Wyoming.  The contaminated 
soil was sieved through a 10 mesh sieve with the < 10 mesh portion being contained, sealed, and 
stored at 4oC until used.  Samples were placed in a glove box under a nitrogen atmosphere until 
used. 
 
 Initial characterization was conducted on all carbon sources: oil shale, coal, lignite, peat, and 
contaminated soil.  Paste extracts were prepared and allowed to equilibrate for 24 hours.  Effluent 
was extracted using a vacuum pump and filtered through a 0.45 μm filter.  Oil shale pastes were 
prepared using 598 mL of Reverse Osmosis (RO) water and 650 g of crushed shale.  Coal, lignite, 
peat, and contaminated soil pastes were prepared using the same ratio of water to substrate as the oil 
shale pastes.   Duplicate paste extracts were prepared for each substrate.  Effluent was analyzed for 
pH, EC, DOC, and soluble anions and cations.  Effluent was analyzed for DOC using a TOC 
analyzer.  Effluent was analyzed for cations, including, calcium (Ca2+), magnesium (Mg2+), 
potassium (K+), sodium (Na+), iron (Fe), manganese (Mn), aluminum (Al3+), selenium (Se), arsenic 
(As), lead (Pb), copper (Cu), nickel (Ni), and zinc (Zn) using ICP-MS, and anions, including, 
chloride (Cl-), fluoride (Fl-), bromide (Br-), nitrate (NO3

-), phosphate (PO4
3-), and sulfate (SO4

2-) 
using IC, and sulfide (S2-), and ammonium (NH4

+) using colorimetric method.  Initial 
characterization is summarized in Table 3. 
 

Phosphate buffer solution (PBS) was used to extract bacteria from the substrates for 
bacterial enumeration.  Total bacteria, acetogens, methanogens, and sulfur reducing bacteria (SRB) 
were enumerated. Total bacteria were determined using the acredine orange method.  Acetogen 
bacteria enumeration was determined by MPN, colorimetrically.  Methanogen bacteria enumeration 
was determined by CENSUS analysis performed by Microbial Insights (Rockford, TN).  Sulfate 
reducing bacteria enumeration was determined using BART tubes (Droycon Boiconcepts Inc., 
Canada). 
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Microcosm Establishment 
 
 Microcosms were established in 160 mL glass serum bottles with septa to prevent oxygen 
exposure.  Duplicates were established for each treatment, including non-amended sterile controls.  
Microcosms were established so that 50 mL of headspace was remaining after setup for CH4 
production.  Microcosms were stored between 20-25oC throughout the study.  Amounts of substrate 
and water used for microcosm establishment are shown in Table 1. 
 
Table 1 Carbon source and water amounts used for microcosm establishment. 

Carbon Source Amount of Carbon Source, g Water, mL 
Oil Shale 75.0 63.0 

Coal 64.3 54.0 
Lignite 61.9 520 
Peat 75.0 63.0 

Contaminated Soil 77.4 65.0 
 
 Data from the baseline characterization were used to calculate nutrient amendments in 
corresponding microcosms.  Analytical results indicated that nitrogen (N) and phosphorus (P) were 
limiting for an optimal molar ratio of 100:30:3.  Concentrations of N and P were increased using 
NH4Cl and KH2PO4 respectively.  Other additions included dump milk and bacterial inhibitors (2-
BESA sodium salt, vancomycin•HCl and NaNO2).  Tables, 2-6 lists the treatments and amounts of 
treatments added to the microcosms for each of the five carbon sources. 
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Table 2 Nutrients and inhibitors added to oil shale microcosms. 

Microcosm ID CBM Water Groundwater 
1 No additives No additives 
2 0.0122 g 2-BESA sodium salt 0.0122 g 2-BESA sodium salt 
3 0.0116 g Vancomycin•HCl 0.0116 g Vancomycin•HCl 
4 0.0240 g NaNO2 0.0240 g NaNO2 
5 1.9515 g KH2PO4 

7.6688 g NH4Cl 
1.9494 g KH2PO4 
7.6601 g NH4Cl 

6 12.6 mL Milk 12.6 mL Milk 
7 12.6 mL Milk 

7.9638 g NH4Cl 
2.0266 g KH2PO4 

12.6 mL Milk 
7.9551 g NH4Cl 
2.0245 g KH2PO4 

8 12.6 mL Milk 
7.9638 g NH4Cl 
2.0266 g KH2PO4 
0.0116 g Vancomycin•HCl 

12.6 mL Milk 
7.9551 g NH4Cl 
2.0245 g KH2PO4 
0.0116 g Vancomycin•HCl 

9 12.6 mL Milk 
7.9638 g NH4Cl 
2.0266 g KH2PO4 
0.0122 g 2-BESA sodium salt 

12.6 mL Milk 
7.9551 g NH4Cl 
2.0245 g KH2PO4 
0.0122 g 2-BESA sodium salt 

10 12.6 mL Milk 
7.9638 g NH4Cl 
2.0266 g KH2PO4 
0.0240 g NaNO2 

12.6 mL Milk 
7.9551 g NH4Cl 
2.0245 g KH2PO4 
0.0240 g NaNO2 

11 1.9515 g KH2PO4 
7.6688 g NH4Cl 
0.0240 g NaNO2 

1.9494 g KH2PO4 
7.6601 g NH4Cl 
0.0240 g NaNO2 

12 (Sterilized CBM Water) 
(Sterilized Oil Shale) 

(Sterilized Groundwater) 
(Sterilized Oil Shale) 

13 (Sterilized Oil Shale) (Sterilized Oil Shale) 
14 12.6 mL Milk 

7.9638 g NH4Cl 
2.0266 g KH2PO4 
(Sterilized Oil Shale) 

12.6 mL Milk 
7.9551 g NH4Cl 
2.0245 g KH2PO4 
(Sterilized Oil Shale) 

 



 6

 

Table 3 Nutrients and inhibitors added to coal microcosms. 

Microcosm ID CBM WATER WELL WATER 
1 Nothing Nothing 
2 0.0122 g 2-BESA 0.0122 g 2-BESA 
3 0.0116 g vancomycin 0.0116 g vancomycin 
4 0.0240 g NaNO2 0.0240 g NaNO2 
5 0.0125 g NH4Cl 0.0053 g NH4Cl 
  0.0043 g KH2PO4 0.0024 g KH2PO4 
6 12.6 ml Milk 12.6 ml Milk 
7 12.6 ml Milk 12.6 ml Milk 
  0.3075 g NH4Cl 0.3003 g NH4Cl 
  0.0794 g KH2PO4 0.0775 g KH2PO4 
8 12.6 ml Milk 12.6 ml Milk 
  0.3075 g NH4Cl 0.3003 g NH4Cl 
  0.0794 g KH2PO4 0.0775 g KH2PO4 
  0.0116 g vancomycin 0.0116 g vancomycin 
9 12.6 ml Milk 12.6 ml Milk 
  0.3075 g NH4Cl 0.3003 g NH4Cl 
  0.0794 g KH2PO4 0.0775 g KH2PO4 
  0.0122 g 2-BESA 0.0122 g 2-BESA 

10 12.6 ml Milk 12.6 ml Milk 
  0.3075 g NH4Cl 0.3003 g NH4Cl 
  0.0794 g KH2PO4 0.0775 g KH2PO4 
  0.0240 g NaNO2 0.0240 g NaNO2 

11 0.0125 g NH4Cl 0.0053 g NH4Cl 
  0.0043 g KH2PO4 0.0024 g KH2PO4 
  0.0240 g NaNO2 0.0240 g NaNO2 

12 Sterile Solid Sterile Solid 
  Sterile Water Sterile Water 

13 Sterile Solid Sterile Solid 
  Live Water Live Water 

14 12.6 ml Milk 12.6 ml Milk 
  0.3075 g NH4Cl 0.3003 g NH4Cl 
  0.0794 g KH2PO4 0.0775 g KH2PO4 
  Sterile Solid Sterile Solid 
  Live Water Live Water 
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Table 4 Nutrients and inhibitors added to lignite microcosms. 
 

Microcosm ID CBM WATER WELL WATER 
1 Nothing Nothing 
2 0.0122 g 2-BESA 0.0122 g 2-BESA 
3 0.0116 g vancomycin 0.0116 g vancomycin 
4 0.0240 g NaNO2 0.0240 g NaNO2 
5 0.0251 g NH4Cl 0.0182 g NH4Cl 
  0.0043 g KH2PO4 0.0038 g KH2PO4 
6 12.6 ml Milk 12.6 ml Milk 
7 12.6 ml Milk 12.6 ml Milk 
  0.3201 g NH4Cl 0.3132 g NH4Cl 
  0.0794 g KH2PO4 0.0789 g KH2PO4 
8 12.6 ml Milk 12.6 ml Milk 
  0.3201 g NH4Cl 0.3132 g NH4Cl 
  0.0794 g KH2PO4 0.0789 g KH2PO4 
  0.0116 g vancomycin 0.0116 g vancomycin 
9 12.6 ml Milk 12.6 ml Milk 
  0.3201 g NH4Cl 0.3132 g NH4Cl 
  0.0794 g KH2PO4 0.0789 g KH2PO4 
  0.0122 g 2-BESA 0.0122 g 2-BESA 

10 12.6 ml Milk 12.6 ml Milk 
  0.3201 g NH4Cl 0.3132 g NH4Cl 
  0.0794 g KH2PO4 0.0789 g KH2PO4 
  0.0240 g NaNO2 0.0240 g NaNO2 

11 0.0251 g NH4Cl 0.0182 g NH4Cl 
  0.0043 g KH2PO4 0.0038 g KH2PO4 
  0.0240 g NaNO2 0.0240 g NaNO2 

12 Sterile Solid Sterile Solid 
  Sterile Water Sterile Water 

13 Sterile Solid Sterile Solid 
  Live Water Live Water 

14 12.6 ml Milk 12.6 ml Milk 
  0.3201 g NH4Cl 0.3132 g NH4Cl 
  0.0794 g KH2PO4 0.0789 g KH2PO4 
  Sterile Solid Sterile Solid 
  Live Water Live Water 
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Table 5 Nutrients and inhibitors added to peat microcosms. 
 

Microcosm ID CBM WATER WELL WATER 
1 Nothing Nothing 
2 0.0122 g 2-BESA 0.0122 g 2-BESA 
3 0.0116 g vancomycin 0.0116 g vancomycin 
4 0.0240 g NaNO2 0.0240 g NaNO2 
5 0.0685 g NH4Cl 0.0601 g NH4Cl 
  0.0183 g KH2PO4 0.0161 g KH2PO4 
6 12.6 ml Milk 12.6 ml Milk 
7 12.6 ml Milk 12.6 ml Milk 
  3.61 g NH4Cl 3.60 g NH4Cl 
  0.9191 g KH2PO4 0.9169 g KH2PO4 
8 12.6 ml Milk 12.6 ml Milk 
  3.61 g NH4Cl 3.60 g NH4Cl 
  0.9191 g KH2PO4 0.9169 g KH2PO4 
  0.0116 g vancomycin 0.0116 g vancomycin 
9 12.6 ml Milk 12.6 ml Milk 
  3.61 g NH4Cl 3.60 g NH4Cl 
  0.9191 g KH2PO4 0.9169 g KH2PO4 
  0.0122 g 2-BESA 0.0122 g 2-BESA 

10 12.6 ml Milk 12.6 ml Milk 
  3.61 g NH4Cl 3.60 g NH4Cl 
  0.9191 g KH2PO4 0.9169 g KH2PO4 
  0.0240 g NaNO2 0.0240 g NaNO2 

11 0.0685 g NH4Cl 0.0601 g NH4Cl 
  0.0183 g KH2PO4 0.0161 g KH2PO4 
  0.0240 g NaNO2 0.0240 g NaNO2 

12 Sterile Solid Sterile Solid 
  Sterile Water Sterile Water 

13 Sterile Solid Sterile Solid 
  Live Water Live Water 

14 12.6 ml Milk 12.6 ml Milk 
  3.61 g NH4Cl 3.60 g NH4Cl 
  0.9191 g KH2PO4 0.9169 g KH2PO4 
  Sterile Solid Sterile Solid 
  Live Water Live Water 
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Table 6 Nutrients and inhibitors added to contaminated soil microcosms. 
 

Microcosm ID CBM WATER WELL WATER 
1 Nothing Nothing 
2 0.0122 g 2-BESA 0.0122 g 2-BESA 
3 0.0116 g vancomycin 0.0116 g vancomycin 
4 0.0240 g NaNO2 0.0240 g NaNO2 
5 12.92 g NH4Cl 12.92 g NH4Cl 
  3.29 g KH2PO4 3.29 g KH2PO4 
6 13 ml Milk 13 ml Milk 
7 13 ml Milk 13 ml Milk 
  16.58 g NH4Cl 16.57 g NH4Cl 
  4.22 g KH2PO4 4.22 g KH2PO4 
8 13 ml Milk 13 ml Milk 
  16.58 g NH4Cl 16.57 g NH4Cl 
  4.22 g KH2PO4 4.22 g KH2PO4 
  0.0116 g vancomycin 0.0116 g vancomycin 
9 13 ml Milk 13 ml Milk 
  16.58 g NH4Cl 16.57 g NH4Cl 
  4.22 g KH2PO4 4.22 g KH2PO4 
  0.0122 g 2-BESA 0.0122 g 2-BESA 

10 13 ml Milk 13 ml Milk 
  16.58 g NH4Cl 16.57 g NH4Cl 
  4.22 g KH2PO4 4.22 g KH2PO4 
  0.0240 g NaNO2 0.0240 g NaNO2 

11 12.92 g NH4Cl 12.92 g NH4Cl 
  3.29 g KH2PO4 3.29 g KH2PO4 
  0.0240 g NaNO2 0.0240 g NaNO2 

12 Sterile Solid Sterile Solid 
  Sterile Water Sterile Water 

13 Sterile Solid Sterile Solid 
  Live Water Live Water 

14 13 ml Milk 13 ml Milk 
  16.58 g NH4Cl 16.57 g NH4Cl 
  4.22 g KH2PO4 4.22 g KH2PO4 
  Sterile Solid Sterile Solid 
  Live Water Live Water 
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RESULTS AND DISCUSSION 
 
Baseline Characterization of Carbon Sources and Water 
 

 The baseline characterization results for both waters indicate favorable chemical and 
biological conditions for methanogenesis (Tables 7 and 8).  The pHs shown in Table 7 are within 
neutral range (7.42-7.80) and both waters contain low sulfate concentrations (<0.100 mg/l), which 
would minimize the amount of hydrogen sulfide produced from sulfate-reduction that would 
potentially inhibit methanogenesis.  Additionally, the population of methanogens shown in Table 8 
(13,600-151,000 cells/ml) was substantially higher than the population of sulfate-reducing bacteria 
(<200-5000 cells/ml) in both waters. 
 

Table 7 Chemical parameters for CBM co-produced water and groundwater. 
 

Chemical Parameter CBM Co-Produced Water Groundwater 
pH 7.80 7.42 
EC, μS/cm 1720 4450 
DOC, mg/l 207.68 106.20 
NH4

+, mg/l 3.400 <0.004 
NO3

-, mg/l 9.715 <0.100 
F-, mg/l 1.105 <0.100 
Cl-, mg/l 9.660 132.350 
Br-, mg/l <0.100 <0.100 
PO4

3-, mg/l <0.100 <0.100 
SO4

2-, mg/l <0.100 <0.100 
S2-, mg/l <0.001 <0.001 
Na, mg/l 427.8 667.4 
K, mg/l 59.2 6.1 
Mg, mg/l 6.3 150.8 
Ca, mg/l 12.2 220.4 
Fe, mg/l 0.7 2.4 
Al, μg/l 16.8 87.8 
Mn, μg/l 23.8 98.6 
Cu, μg/l 1682.5 1638.3 
Ni, μg/l 454.6 494.4 
Zn, μg/l 933.5 922.1 
Pb, μg/l 66.8 60.4 
As, μg/l 133.2 1.9 
Se, μg/l 14.0 3.1 
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Table 8 Bacteria enumeration for CBM co-produced water and groundwater. 
 

Microorganisms CBM Co-Produced Water Groundwater 
Total Bacteria, cells/ml 1852050 25722 
Sulfate-Reducing Bacteria, cells/ml 5000 <200 
Methanogens, cells/ml 151000 13600 
 
 The baseline parameters of the waters indicated favorable conditions for methanogenesis; 
however, the baseline characterizations for the carbon sources (Tables 9 and 10) varied in 
favorability for methanogenesis.  The pHs in water for coal, peat, and diesel-contaminated soil were 
within neutral range (7.60, 5.93, and 7.71, respectively), while the oil shale was basic (pH of 9.92) 
indicative of its high sodicity (sodium concentration of 10,497.2 mg/kg), and the lignite had an 
acidic pH in water of 3.43.  Neutral conditions tend to be more favorable for microbial activity; 
however, slightly basic conditions can increase the amount of water extractable organic carbon 
making it more available, such was the case with oil shale.  Analytical results indicated that oil 
shale contained a concentration of extracted dissolved organic carbon (DOC) of 3865.14 mg/kg.  
This was substantially higher than for coal (DOC of 22.09 mg/kg) and still higher than found in 
lignite and peat (506.94 and 541.4 mg/kg, respectively).  Potential inhibition from hydrogen sulfide 
produced by sulfate-reduction was highest in oil shale since it had a high concentration of sulfate 
(833.900 mg/l) and high population of sulfate-reducing bacteria (16,560 cells/g).  Lignite had the 
highest concentration of sulfate (1463.150 mg/kg) but no detectable sulfate-reducing bacteria.  
Methanogen populations in coal and oil shale were the highest detected (12,900 and 26,496 cells/g, 
respectively) among the carbon sources; however, peat was not analyzed for methanogens.  Peat in 
the field is known for its highly reduced nature, due to high organic matter and constant water 
saturation, which also makes it known for its ability to support methanogenic activity.  Peat 
contained 159,000,000 bacteria cells/g which was the highest among the selected carbon sources. 
 
 Based on baseline characterizations of the waters and carbon sources, the methane 
production potential was difficult to predict due to the variability in chemical and biological 
conditions which in turn varied the advantages and disadvantages.  Studies involving actual 
production of methane from the carbon sources, waters, and enhancements were conducted to 
determine the amount and rate of methane that could be produced using these sources. 
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Table 9 Chemical parameters for coal, oil shale, lignite, peat, and diesel-contaminated soil. 
 
Chemical Parameter Coal Oil 

Shale 
Lignite Peat Diesel-

Contaminated 
Soil 

pH 7.60 9.92 3.43 5.93 7.71 
EC, μS/cm 296 30300 9760 2940 4030 
TPH, mg/kg N/A 76300 N/A N/A 125000 
Extracted DOC, mg/kg 22.09 3865.14 506.94 541.4 N/A 
NH4

+, mg/kg 12.520 2.760 39.480 9.700 6.940 
NO3

-, mg/kg 0.840 <0.092 901.770 <0.092 <0.092 
F-, mg/kg 6.290 <0.092 <0.092 760.660 <0.092 
Cl-, mg/kg 2.900 175.130 9.880 336.130 41.770 
Br-, mg/kg <0.092 <0.092 <0.092 <0.092 <0.092 
PO4

3-, mg/kg <0.092 <0.092 <0.092 19.320 2.170 
SO4

2-, mg/kg 4.860 833.900 1463.150 10.500 107.470 
S2-, mg/kg 66.36 <0.001 91.14 <0.001 <0.001 
Na, mg/kg 24.5 10497.2 46.3 9.0 46.0 
K, mg/kg 1.3 3.2 7.4 24.0 97.1 
Mg, mg/kg 0.4 0.3 190.2 27.6 49.3 
Ca, mg/kg 1.0 3.6 547.6 207.9 160.8 
Fe, mg/kg 0.00 0.7 0.3 4.1 0.8 
Al, μg/kg 178.6 781.1 5822.2 14.2 335.2 
Mn, μg/kg 13.6 7.6 98486.8 9790.4 90.1 
Cu, μg/kg 10.3 1830.0 12.8 8.7 37.2 
Ni, μg/kg 7.1 455.0 16.2 10.8 10.4 
Zn, μg/kg 13.1 891.7 123.0 47.5 67.7 
Pb, μg/kg 3.3 72.9 2.7 1.0 76.1 
As, μg/kg 2.7 1656.9 7.3 11.7 13.4 
Se, μg/kg 24.0 28.8 24.8 4.3 4.5 
N/A = Not Analyzed 
 
Table 10 Bacteria enumeration for coal, oil shale, lignite, peat, and diesel-contaminated soil. 

 
Microorganisms Coal Oil Shale Lignite Peat Diesel-

Contaminated 
Soil 

Total Bacteria, 
cells/g 

81027 24256 147906 159000000 N/A 

Sulfate-
Reducing 
Bacteria, cells/g 

<200 16560 <200 18000 N/A 

Methanogens, 
cells/g 

12900 26496 N/A N/A N/A 

N/A = Not Analyzed 
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Methane Production in Microcosms 
 

Headspace in the microcosms was measured for volume fraction of methane which was 
converted to μmol/kg.  The results show that nutrient-amended, especially nutrient + substrate –
amended, treatments produced the highest amount of methane (4.19-8.68 μmol/kg) from 
microcosms containing coal CBM co-produced water (Figures 1), but only the nutrients 
substantially increased the rate of methane production after 60 days from microcosms containing 
coal and groundwater (Figure 2).  The cumulative amount of methane produced from those 
treatments (7.40 μmol/kg) surpassed the live control (6.78 μmol/kg) after 102 days. 
 

The ranges of methane production resulting from nutrient amendments, nutrients with 
additional carbon amendments, and no enhancements are more distinct for the microcosms 
containing oil shale as the primary carbon source.  Oil shale-CBM co-produced water microcosm 
treated with only nutrients yielded 210.2-237.2 μmol methane/kg after 150 days (Figure 3), and 
corresponding groundwater microcosms yielded 217.3-249.2 μmol methane/kg (Figure 4).  Higher 
yields were observed in microcosms amended with nutrients and additional carbon where 150.2-
162.2 μmol methane/kg were produced in the CBM co-produced water microcosms and 142.4-
157.2 μmol methane/kg were produced in the groundwater microcosms.  Inhibitors did not have any 
observable effect on methane production, even in microcosms amended with the methanogenic 
inhibitor 2-BESA.  The amount of 2-BESA required to inhibit methanogenesis may be more in 
these cases than is observed in literature. 
 

The rate of methane produced from oil shale is observed to be much greater than in coal 
(high of 1.63 μmol/d-kg oil shale compared to high of 0.09 μmol/d-kg coal).  This may be due to 
low availability of DOC from coal.  It may be possible to pre-treat coal by raising the pH to basic 
levels to yield higher amounts of DOC.  The higher DOC concentrations from oil shale may be due 
to its basic pH in water of 9.92.  Nutrient amendments had little effect on methane production in 
microcosms containing lignite less than 60 days (Figures 5 and 6).  These zero and low rates of 
methane production may be due to the acidity of lignite in water which is unfavorable for microbial 
activity.  However, the 60-day incubation period may not be adequate to make any conclusions. 
 

As mentioned before, methane is known to form in oil shale beds and deep subsurface oil-
bearing sedimentary rock (Belyaev et al. 1983, 1986).  Oil shale is rich in hydrocarbons (up to 20 
wt%) from which long-chain alkanes can be biodegraded to produce methane (Anderson and 
Lovley 2000).  Petroleum contaminated soils can used as another source of carbon for methane 
production while simultaneously the microorganisms degrade the contaminants from the soil. 

 
The addition of nutrients to the diesel-contaminated soil seemed to have an inhibitory effect 

since the methane production in the controls was occurring at a greater rate (Figures 7 and 8).  
Aerobic bacteria are dominant in numbers in the soil, which would consume the remaining oxygen 
in the system and produce carbon dioxide from the oxidation of the hydrocarbons.  Populations of 
anaerobic bacteria, such as facultative and strictly denitrifying bacteria, may exist in higher numbers 
in the soil, which breakdown hydrocarbons to simpler molecules and carbon dioxide; however, 
methanogen population were not detected in the soil.  Therefore, only the groundwater and CBM 
co-produced water were supplying the methanogen population.  An incubation period of greater 
than 60 days may be necessary for methanogenic conditions to dominate.  Nutrient additions to 
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microcosms containing peat did have a substantial positive effect on methane production as shown 
in Figure 10.  However, an incubation period much greater than 30 days would be required to make 
any conclusions. 
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Figure 1 Cumulative methane production from microcosms with coal and CBM co-produced 
water. 



 15

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

0 20 40 60 80 100

Time, days

M
et

ha
ne

 C
on

ce
nt

ra
tio

n,
 μ

m
ol

/k
g

Live Control

2-BESA

Vancomycin

Nitrite

Nutrients

Milk

Milk + Nutrients

Milk + Nutrient +
Vancomycin
Milk + Nutrients + 2-
BESA
Milk + Nutrients +
Nitrite
Nitrite + Nutrients

Abiotic Control

Inoculated

Inoculated + Milk +
Nutrients

 
 
Figure 2 Cumulative methane production from microcosms with coal and groundwater. 
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Figure 3 Cumulative methane production from microcosms with oil shale and CBM co-
produced water. 
 



 17

0

50

100

150

200

250

300

0 20 40 60 80 100 120 140 160 180 200

Time, days

M
et

ha
ne

 C
on

ce
nt

ra
tio

n,
 μ

m
ol

/k
g

Live Control

2-BESA

Vancomycin

Nitrite

Nutrients

Milk

Milk + Nutrients

Milk + Nutrients +
Vancomycin
Milk + Nutrients + 2-
BESA
Milk + Nutrients +
Nitrite
Nitrite + Nutrients

Abiotic Control

Inoculated

Inoculated + Milk +
Nutrients

 
 
Figure 4 Cumulative methane production from microcosms with oil shale and groundwater. 
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Figure 5 Cumulative methane production from microcosms with lignite and CBM co-
produced water. 
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Figure 6 Cumulative methane production from microcosms with lignite and groundwater. 
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Figure 7 Cumulative methane production from microcosms with diesel-contaminated soil 
and CBM co-produced water. 
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Figure 8 Cumulative methane production from microcosms with diesel-contaminated soil and 
groundwater. 
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Figure 9 Cumulative methane production from microcosms with peat and CBM co-produced 
water. 
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Figure 10 Cumulative methane production from microcosms with peat and groundwater. 
 
 
 
 

CONCLUSIONS 
 
 The results of the microcosm study indicate that the addition of nutrients with and without 
additional carbon can substantially enhance methane production from coal and oil shale.  The rate 
of methane production is substantially greater for oil shale than for coal since DOC extracted from 
oil shale was greater, which made the carbon more available for microbial degradation and 
transformation.  Pre-treating coal to release more DOC would likely increase biogenic methane 
production from the enhancements.  The incubation times reported may not be long enough to make 
any definite conclusions. 
 
 The results did demonstrate that CBM co-produced water that is treated with nutrient 
amendments can possibly be reused to increase or re-initiate biogenic methane production from coal 
and oil shale.   With technological improvements, it is projected that natural gas supplies from 
unconventional sources will make increased contributions to total natural gas production.  WRI is 
continuing studies on biogenic methane production from oil shale in conjunction with the U.S. 
Department of Energy and a private party under a JSR project. 
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