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Methane is one of the most common contaminants of groundwater and private 

drinking water wells.  Methane contamination is usually due to natural causes; 

however, it can also be the result of drilling activities, including shale gas drilling.  

Monitoring techniques exist for detecting methane and, in some cases, identifying 

potential sources of methane contamination.  These techniques involve measurement 

of stable isotopes of carbon (C) and hydrogen (H) within methane (CH4) and related 

compounds, such as carbon dioxide (CO2), water (H2O), ethane (C2H6) and other 

hydrocarbons.  The goal of this type of monitoring is to aid water well owners who wish 

to distinguish methane contamination that arises naturally from contamination 

resulting from nearby drilling activities.  

While stable isotope monitoring can provide valuable information in the event of water 

contamination, it also has significant limitations.  Conclusive results generally require 

extensive and coordinated sampling, incorporation of additional data related to 

geology, hydrology, and chemistry, and expertise in data interpretation.  Below, we 

discuss these techniques in more detail within the context of shale gas drilling activities 

in New York, as well as their uses and limitations.   

 

Background and Theory (briefly) 

New York State has a long history of natural gas drilling and exploration.  Some modern 

shale gas drilling practices, such as high volume hydraulic fracturing, are relatively new 

and present unique challenges.  Other practices, such as near-surface vertical drilling, 
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present challenges and have potential negative consequences that have been 

recognized in the past.  Methane contamination of private water wells, possibly as a 

result of conventional, vertical drilling, has been previously documented in western NY 

and northwestern PA (Harrison 1983; Harrison 1985; Hewitt 1986).  Elsewhere, it has 

been shown that gas drilling and storage operations have the potential to result in 

methane contamination of nearby ground and well waters (Taylor 2000; Breen 2007; 

Sharma 2008; Thyne 2008).  In a majority of these cases, methane contamination is 

thought to arise from leakage from the well annulus and/or disruption and migration of 

methane reservoirs in near- surface or overlying formations.  There are, no doubt, 

other documented instances of methane contamination in various gas fields, but the 

above references suffice to illustrate the issue. 

In many places, groundwater naturally contains significant concentrations of methane.   

High concentrations of methane, sometimes at explosive levels, are known to occur in 

both NY and PA, and elsewhere (Osborn 2010; WV USGS 2006).  This makes the mere 

detection of methane in private water wells an inadequate test for determining 

whether gas drilling has caused water contamination.  Since methane contamination 

can originate from both natural and industrial processes, a more sensitive method is 

needed for determining the gas source.    

Techniques which explore and analyze stable isotope signatures of methane and 

related molecules can be used to help determine the source of methane 

contamination.  These techniques work because, isotopically, not all methane is the 

same.  In subtle ways, methane molecules can differ depending on how and where they 

are formed, and the processes they are subjected to.    

Fundamentally, methane is created one of two ways.  Thermogenic methane forms 

when organic matter present in a sedimentary geological formation is subjected to heat 

and pressure.  The stress of this geological “maturation” process causes the methane 

molecule (CH4) to break off of larger organic compounds.   



 

 

Bacteriogenic methane, on the other hand, forms as a result of microbial metabolic 

processes in which compounds such as carbon dioxide (CO2), hydrogen (H2), and 

acetate are converted into CH4 and water (H2O) in order to produce energy.   



 

 

These two main types of methane, thermogenic and bacteriogenic, contain 

characteristic concentrations of stable isotopes – carbon and hydrogen molecules with 

an unusual number of neutrons.   

Stable isotopes can generally be divided into two categories.  “Light” isotopes are 

elements that have nuclei containing the normal number of protons and neutrons.  In 

the case of carbon, each nucleus contains 6 protons and 6 neutrons.  “Heavy” isotopes, 

however, contain an extra neutron relative to their “lighter” counterparts.  A heavy 

nucleus of carbon, for example, contains 6 protons and 7 neutrons, imparting 

additional mass to the molecule.  Heavy isotopes move more slowly, and form bonds 

that are more difficult to break relative to light isotopes.   



 

 

This is important because it leads to “fractionation”.  Fractionation refers to the 

process by which lighter isotopes are preferentially selected during transformation 

processes, such as during the breakdown of complex organic material into simpler 

compounds, and during the use of various compounds by bacteria.  In other words, 

heavy isotopes get left behind during the process of methane formation.  Methane 

molecules formed both thermogenically and bacteriogenically contain more light H and 

C relative to the source material from which the methane was made (such as acetate, 

or organic material within shale).  The amount of fractionation that has occurred is 

denoted with the symbol “δ”. 



 

 

The theory and science behind the detection of methane, and the use of isotopes as a 

means of determining gas origin, goes back many decades, and a complete review is 

beyond our scope here.  For more complete discussions of this work, see Whiticar 

(1999).  Osborn and McIntosh (2010) also review the forensic utility of isotopes, and 

frame the discussion within the context of northeastern shales.  Breen et. al. (2007) is 

an excellent example of the use of these techniques for diagnosing gas contamination 

in private water wells and serves to illustrate both their potential and limitations.  

Additional sources of information on isotopes in general are provided below. 

 

Making a Distinction:  Thermogenic v Bacteriogenic Methane 

Origins 

As described above, thermogenic methane is generated by heat and pressure applied 

to organic material over hundreds of millions of years.  Complex organic material is 



slowly broken down into successively simpler molecules, including pentane, butane, 

propane, and ethane.  These hydrocarbon compounds will be referred to as C2+ 

compounds, since they all contain at least two carbon atoms.  Methane, which contains 

only one carbon atom, is the final and simplest hydrocarbon that forms as a result of 

this process.  Thermogenic gas generally contains a mixture of these compounds (CH4 

and C2+).  Bacteriogenic methane, on the other hand, results from the metabolic 

transformation of CO2 and/or organic acids such as acetate.  Generally, bacterial 

transformations do not result in the formation of C2+ hydrocarbons.  Therefore, the 

presence or absence of C2+ hydrocarbons can be used as a rough indicator of gas origin.  

Water well methane contamination with measureable C2+ concentrations could 

indicate the presence of thermogenic gas.  The absence of C2+ compounds may support 

a bacteriogenic origin for contaminating gas.  By itself, however, C2+ concentration is 

rarely enough to conclude gas origin with certainty.   

Besides the C2+ content of the gas in general, carbon isotope fractionation (δ13C) within 

the CH4 molecule is often the most informative parameter when trying to distinguish 

thermogenic from bacteriogenic gas origin.  For CH4 of thermogenic origin, the 

fractionation of C is related to the C content of the source material (e.g. shale and C2+ 

compounds).  Therefore, the δ13C of methane contamination can be compared to the 

δ13C of suspected source materials, such as shale formations or gas reservoirs known to 

exist within the area of the well.  The δ13C of bacteriogenic methane, on the other 

hand, is related to the C content of bacterial metabolic substrates such as CO2 and 

acetate.  Bacteria often create even more pronounced fractionation of C isotopes 

relative to thermogenic processes.  This is because bacteria strongly prefer lighter C 

isotopes, and also because source metabolic substrates (CO2 and acetate) are often 

themselves products of bacterial respiration, which in turn are subject to fractionation.  

Thus, contaminant CH4 that has highly fractionated C indicates a bacterial origin.  

Comparing δ13C values of contaminant CH4 with source materials, such as geologic 

organic material, C2+ compounds, and CO2 and acetate from possible formation 

reservoirs, may also help to determine methane origin. 

Isotope fractionation values of hydrogen are also used to further characterize methane 

origins.  “Heavy” hydrogen is called deuterium, and the symbol δD is used to indicate 

the value of its fractionation.  Like δ13C, the δD of thermogenic methane is related to 



the δD of the source material (e.g. shale and C2+ compounds).  However, δD values of 

source materials can range widely even within geographically closely related samples.  

The δD of bacteriogenic methane, like before, is related to the H content of bacterial 

metabolic substrates such as H2O, H2 and acetate.  Of particular interest are the 

isotopic properties of H2O.  Freshwater has a very different δD value compared to 

marine water.  This is because freshwater comes predominantly from precipitation, and 

because precipitation results in strong fractionation of hydrogen.  Bacteriogenic CH4 

with hydrogen derived from freshwater (acetoclastic methanogenesis) can sometimes 

be identified on the basis of this strong δD fractionation.  Bacteriogenic CH4 with 

hydrogen derived from marine water (hydrogenotrophic methanogenesis), on the 

other hand, does not produce such distinct δD values.  Therefore, δD values of 

contaminant CH4 may indicate a high degree of fractionation indicative of some types 

of bacteriogenic methane formation.  Other values for δD, however, are not helpful in 

distinguishing between thermogenic and certain bacteriogenic methane formation 

processes.   

 

Confounding Variables:  Mixing, Migration, and Oxidation 

In an ideal world, the techniques described above would provide sufficient evidence to 

unambiguously differentiate between thermogenic and bacteriogenic methane.  They 

often do.  However, confounding circumstances sometimes occur that make methane 

characterization more difficult, and less certain.  The processes of mixing, migration 

and bacterial oxidation all have the potential to impede a clear diagnosis of methane 

contamination. 

Mixing refers to a situation in which gases from different sources combine within one 

geologic or groundwater reservoir or water well.  Mixtures of gases could be 

combinations of thermogenic and bacteriogenic gas, or combinations of either kind of 

gas from more than one source.  The isotopic composition of mixed gas no longer 

resembles the often distinct signature of a single source. 

Migration refers to the movement of gas from one location to another over varying 

distances and timescales.  As with thermogenic maturation and bacteriogenic 



metabolic processes, migration can result in fractionation of carbon containing 

compounds.  In the case of δ13C values associated with CH4, for example, migration can 

enhance the fractionation of thermogenic gas as it moves from gas reservoirs to water 

wells, causing it to take on isotopic characteristics that are usually associated with 

bacteriogenic gas. 

During oxidation, bacterial metabolic processes convert methane into CO2 in order to 

produce energy.  Just as bacteriogenic methane formation produces a highly 

fractionated methane pool relative to source material, bacterial oxidation of methane 

results in a less fractionated methane pool.  “Light” methane is used and converted to 

CO2, while “heavy” methane is left behind.  If bacteria capable of methane oxidation 

are present, they can significantly complicate the interpretation of δ13C values. 

Each of these processes, mixing, migration and oxidation can alter the isotopic 

composition of the methane gas, making unambiguous distinction between 

thermogenic and bacteriogenic methane difficult.  These factors, in concert with 

natural uncertainty and variability in isotope characteristics as highlighted above, can 

combine to make the use of stable isotope techniques a challenge.  To confidently 

diagnose methane contamination in private water wells, it is oftentimes useful to 

incorporate multiple isotope analyses with broader studies of geologic, hydrologic, and 

biogeochemical data.   

 

Diagnosing Methane Contamination:  Overall Strategy & 

Usefulness 

Diagnosing methane contamination in groundwater and private drinking water wells is 

possible with the help of isotopic analyses.  However, it is not necessarily an easy task, 

and can be limited by significant uncertainty. 

In general, examination of gaseous C2+ content coupled with CH4-associated δ13C is not 

sufficient for accurate determination of gas origin in all cases.  As several 

comprehensive studies indicate, it is often useful to combine these measurements with 

isotopic analyses of CH4-associated δD, as well as additional isotopic analyses of source 



and formation materials such as ethane, H2O, and CO2 (Whiticar 1986; Whiticar 1999).  

Diagnosing methane subject to mixing, migration and/or oxidation presents a particular 

challenge.   When these processes are suspected to be involved, additional geological, 

hydrological, and geochemical information has been used to support isotope data 

(Breen 2007).   

As a tool to protect groundwater and owners of private water wells, these techniques 

appear best suited for use over larger areas in which multiple samples may be analyzed 

and compared.  Confident diagnosis may in some cases require significant scientific 

expertise and expense.  These techniques are less effective for diagnosing 

contamination of isolated water wells unless there is existing contextual data available.  

Earnest forensic analyses are likely to be employed only after contamination is thought 

to have occurred, and in cases where a significant number of complaints are filed, or 

where significant environmental or public health damage is suspected.  As with most 

monitoring tools, stable isotopes are not useful for preventing contamination.   
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