
  

 

t l l ti ith

g

Post doctoral research associate

, y

Distinguishing the source of 
natural gas accumulations with a 
combined gas and co-produced 
formation water geochemical 
approach: A case study from the 
Appalachian Basin 

By: 
Stephen Osborn, Duke University 

-Post doctoral research associate 
(stephen.osborn@duke.edu) 
and 
Jennifer McIntosh, University of Arizona 
(mcintosh@hwr.arizona.edu) 

EPA Technical Workshop, February 24-25 2011 

mailto:mcintosh@hwr.arizona.edu
mailto:stephen.osborn@duke.edu


 

Acknowledgements: 
2 

Oil and gasOil and gas 
operators in the 

study area 

Robert Jackson ((Duke)) 
Avner Vengosh (Duke) 
Nathaniel Warner (Duke) 



  

 
   

  

 

 





 

	 




	 

IntroductionIntroduction 
• Strong interest in Devonian age organic-rich shales of the 

northern Appalachian basinnorthern Appalachian basin. 

“Appalachian Basin’s Marcellus – the new target” 
-AAPG Explorer (March 2008)AAPG Explorer (March 2008) 

“There’s Gas in Those Hills” -N.Y . Times (April 2008) 

• SSome concern on ththe pottentitiall enviironmenttall iimpactt tto 
shallow groundwater 

• Distinguishing the source of natural gas may provide some 
insight into understanding mechanisms associated with 
oil/ggas opperations,, if anyy. 



         

   



 

	 
	 	

 

 

ObjectiveObjective 

• Discuss the use of gas and co-produced formation water 
geochemistry for identifying the source of natural gas 

• Present ggas ggeochemistryy for the northern Appalachian Basinpp 

“Chemical and isotopic tracers of the contribution of microbialChemical and isotopic tracers of the contribution of microbial 
gas in Devonian organic-rich shales and reservoir sandstones, 
northern Appalachian Basin” 
O b  S G  d M I  h J C A li  d G  h  i  25-Osborn, S.G. and McIntosh J.C., Applied Geochemistry, 25, pp. 

456-471.” 



  

  

 

 







 

 
 

 

   

Northern Appalachian

f• ?t 

Regional 
Geologic 
Setting 

• Microbial gas is actively
generated at the
shallow margins of the 
gl ilaciattedd MiMichihigan andd 
Illinois basins 

Northern Appalachian
Basin: 

• Similar gglacial historyy 
and litho-stratigraphic
relationships 

• IImportan diffferences?t t di 

(modified from McIntosh and Martini, 2007) 




 Research Area 

(modified from Shaver et al., 1986; Laughrey and Baldassare, 1998) 



    

         


 

      

Quantity and Quality of Organic Matter 

Organic-rich shales 
contain total organicorganic 
carbon (TOC) up to 
18% 

(Modified from Repetski et al., 2006) 



Origin of Methane     
 Origin of Methane



 
Limit of Last 

Glacial MaximumGlacial Maximum 
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 Hyydroggen Isotoppes of Water and Methane 



Evidence for Microbial Methanogenesis 
and SSulfate Reductionulfate Reduction   
 

 

and 



low methane to ethane and propane ratios with increasing trend 

Dominantly thermogenic gas throughout the study area
• high δ13C-CH4 values,

Some Microbial Methane 
• low δ13C-CH4 values (-74 to -57‰)
• low methane to ethane and propane ratios, 
• negative to slightly positive δ13C-DIC values with low alkalinities
• relatively high salinity

• high methane to ethane and propane ratios, 
• some positive δ13C-DIC and increasing alkalinities
• low to moderate salinity.

esuR lt 
Summary of 
R lts 

• 

Mixed gas, though still dominantly thermogenic 
• slightly negative δ13C-CH4 (<-50‰) 

• some positive δ 
• low to moderate salinity 

13C-DIC values 
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i l f h h 50‰

Relatively Low salinity 2 Cl)

Take Home Message 
• GGenerall iindidicattors off ththermogeniic gas: 

• Presence of higher chain hydrocarbons (ethane, propane, butane) 
greater than 5% combined with, 

• CarbC bon isotope values of methane greater than ~-50‰ 
• Correlation between reciprocal carbon number and carbon isotope 

values of higher chain hydrocarbons 
• Genetic and post-genetic considerations: 

• Organic matter source (effects carbon isotopic value) 
• Oxidation and Diffusion (fractionation of isotopes and gas composition 
• Mixing of different thermogenic sources 

• General indicators of biogenic gas: 
Relatively Low salinity (less than(less than ~2-4 MM Cl)4 

• Low concentration of alternative electron acceptors (SO4>~1mM) 
• High δ13C-DIC values (>~+10‰) and high Alkalinity (>~10 meq/Kg) 
•• Correlation of δD of methane and co-produiced waterCorrelation of δD of methane and co produiced water 



 

                 
             

 

 

         
             
               

 

                             
                       

 

 

 
                       

                       
                     

                     
                       

                       
                           

                           
                     

           

           
                       

                         
                             

                     
                           
                         
                         
                     

                         
                         

                       
                         

                     
             

 

 

Distinguishing the Source of Natural Gas Accumulations with a 
Combined Gas and Coproduced Formation Water Geochemical 

Approach 
Stephen Osborn1 and Jennifer McIntosh2 

1Duke University, Center on Global Change 
2University of Arizona, Hydrology and Water Resources 

The statements made during the workshop do not represent the views or opinions of EPA. The 
claims made by participants have not been verified or endorsed by EPA. 

Introduction 
Identifying the source of dissolved gas accumulations in shallow groundwater systems may 
provide some insight into potential impacts from underlying geologic formations targeted for 
natural gas production and associated with drilling and hydro‐fracturing operations. This 
presentation describes a combined gas and formation water geochemical approach for 
distinguishing relatively shallow microbial methane and gas sourced from depth by the thermal‐
catalytic breakdown of organic matter (thermogenic gas). Recent results from the northern 
Appalachian Basin, detailed in Osborn and McIntosh (2010), will be presented and highlight this 
approach using gas composition and carbon isotope (δ13C) values of methane and higher chain 
hydrocarbons (ethane, propane, and butane) combined with elemental (major) and isotopic 
analyses (δ13C‐DIC) of formation waters. 

Distinguishing the Source of Natural Gas 
Thermogenic gas has a greater proportion of higher chain hydrocarbons (ethane, propane, 
butane, and pentane) relative to methane than microbial gas, which dominantly contains CH4 

and CO2 (Schoell, 1980). Thus, gas composition may be used as a first order approximation 
distinguishing between microbial and thermogenic gas. Carbon isotope values of methane 
(δ13C‐CH4) are widely used to further constrain the origin of natural gas. Schoell (1980) 
suggested that δ13C‐CH4 values less than ‐64‰ and ethane concentration less than 0.5 mole% 
(methane to higher chain hydrocarbon ratio greater than 1000) may represent a purely 
microbial gas end‐member, where as more positive δ13C‐CH4 values (up to approximately ‐
50‰) may represent an admixture of thermogenic and microbial gas (Bernard, 1978; Schoell, 
1980; Whiticar et al., 1986). Methane to higher chain hydrocarbon ratios less than 
approximately 100 and δ13C‐CH4 more positive than ‐50‰ have been interpreted as indicative 
of thermogenic gas (Bernard, 1978; Schoell, 1980; Whiticar et al., 1986). Studies on 
thermogenic gas have focused on higher chain hydrocarbons to understand mixing 
relationships among different sources of gas. 



 

 

                             
                       

                         
                       

                       
                       

                         
                               

                         
                   

                         
                                 

                       
           

 
                       

                           
                         

                       
                   
                           
                         

                   
 

                       
                     

                       
                               

                               
                       

                         
       

         
                               
                       

                         
                                   
                           

                           
                 

 
                         
                         

Chung et al. (1988) proposed a kinetic fractionation model (natural gas plot) that assumed a 
linear correlation between carbon isotope values of methane, ethane, propane, butane, and 
pentane (C1‐C5); and the reciprocal carbon number as a qualitative indicator of purely 
thermogenic gas. Deviations from linearity in the heavier hydrocarbons (C2‐C5) may be 
interpreted as a mixture of different thermogenic gas end‐members and/or reflecting the 
heterogeneity within a single organic matter source. Depleted carbon isotope values of 
methane relative to a linear thermogenic end‐member may result from mixed thermogenic and 
microbial gas. The sole use of gas composition and δ13C values to determine the origin of 
natural gas is complicated by microbial production of higher chain hydrocarbons (i.e., ethane 
and propane) and secondary modifications during microbial oxidation and diffusive 
fractionation and mixing between multiple gas sources (Barker and Fritz, 1981; Prinzhofer and 
Pernaton, 1997; Boetius et al., 2000; Taylor et al., 2000; Martini et al., 2003; Hinrichs et al., 
2006). Thus, additional indicators from formation water geochemistry are necessary to further 
constrain the origin of natural gas. 

Methanogens extract hydrogen from shale organic matter and in‐situ formation waters to 
produce methane. The covariance of hydrogen isotope values of water and methane have been 
used as a strong indicator methanogenesis, as well as identifying the predominant metabolic 
pathways for methane generation, as CO2 reducing methanogens impart a different hydrogen 
isotope fractionation factor (αCH4‐H2O) than acetate fermenting methanogens (Schoell, 1980; 
Whiticar et al., 1986; Martini et al., 1996). Production of CO2 causes formation waters 
associated with methanogenesis to be enriched in alkalinity (>10 meq/kg), and have very 
positive δ13C values of dissolved inorganic carbon (DIC) (>10‰). 

The geochemical conditions (salinity and redox) favorable for microbial metabolism are also 
important for identifying methanogenesis. Microbial methane generation is inhibited at high 
salinities and sulfate concentrations. A salinity level of approximately 2,000 mmole/L chloride 
has been proposed as a boundary for the onset of toxicity for methanogens, however, a range 
of tolerances is observed up to 4,000 mmole/L (Zinder, 1993; Ollivier et al., 1994; Waldron et 
al., 2007). Sulfate reducing bacteria (SRB) begin to out‐compete methanogens in freshwater 
sediments for hydrogen and acetate at sulfate concentrations greater than 1 mmole/L (Lovley 
and Klug, 1982). 

Results from the Appalachian Basin 
Together the formation water and gas results suggest that the vast majority of methane in the 
Devonian organic‐rich shales and sandstones across the northern Appalachian Basin margin is 
thermogenic in origin. Small accumulations of microbial methane are present at shallow depths 
along Lake Erie and in western NY. This is based on the observation that the majority of natural 
gases in Devonian organic‐rich shales and sandstones at depth (>168 m) in the northern 
Appalachian Basin have a low methane to higher chain hydrocarbon ratio (3‐35 mole%) with 
high δ13C values of CH4 (‐53.35 to –40.24‰). 

Dissolved gases in shallow groundwaters in Devonian organic‐rich shales along Lake Erie contain 
detectable methane (0.01 to 50.55 mole%) with low δ13C‐CH4 values (‐74.68 to ‐57.86‰) and 



 

 

                     
                     

                         
         

 
                         

                           
                       
                       
                           

                         

 
                           

                         
                         

                       

 

 
                           

                   
                       
                             

                     

no higher chain hydrocarbons, characteristics typical of microbial gas. Nevertheless, these 
groundwaters have only moderate alkalinity concentrations (1.14 to 8.72 meq/kg) and 
relatively low δ13C values of dissolved inorganic carbon (DIC) (‐24.8 to ‐0.6‰), suggesting that 
microbial methanogenesis is limited. 

The geochemistry of co‐produced brines shows evidence for microbial activity. High δ13C values 
of DIC (>+10‰), slightly elevated alkalinity concentrations (up to 12.01 meq/kg) and low SO4 

values (<1 mmole/L) in select Devonian organic‐rich shale and sandstone formation water 
samples suggest the presence of methanogenesis, while low δ13C‐DIC values (<‐22‰) and 
relatively high sulfate concentrations (up to 12.31 mmole/L) in many brine samples point to 
sulfate reduction, which likely limits microbial methane generation in the Appalachian Basin. 

Conclusions 
Results from this case study demonstrate the importance of a combined gas and formation 
water approach for constraining the origin of natural gas in sedimentary basins. This approach 
may provide useful in understanding the origin of natural gas accumulations in shallow 
groundwater systems that may be associated with drilling and hydro‐fracturing operations. 
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