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Introduction

® Strong interest in Devonian age organic-rich shales of the
northern Appalachian basin.

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

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

« Some concern on the potential environmental impact to
shallow groundwater

 Distinguishing the source of natural gas may provide some
Insight into understanding mechanisms associated with
oil/gas operations, if any.



Objective

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

* Present gas geochemistry for the northern Appalachian Basin

“Chemical and isotopic tracers of the contribution of microbial
gas in Devonian organic-rich shales and reservoir sandstones,
northern Appalachian Basin”

-Osborn, S.G. and Mcintosh J.C., Applied Geochemistry, 25, pp.
456-471."
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Quantity and Quality of Organic Matter
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Origin of Methane
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Hydrogen Isotopes of Water and Methane
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Evidence for Microbial Methanogenesis

and Sulfate Reduction
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Take Home Message

e General indicators of thermogenic gas:

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

e Carbon isotope values of methane greater than ~-50%o

e Correlation between reciprocal carbon number and carbon isotope
values of higher chain hydrocarbons

e 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
e General indicators of biogenic gas:
« Relatively Low salinity (less than ~2-4 M Cl)
* Low concentration of alternative electron acceptors (SO,>~1mM)
 High 313C-DIC values (>~+10%0) and high Alkalinity (>~10 meqg/Kg)
e Correlation of 6D of methane and co-produiced water
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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 (6"3C) values of methane and higher chain
hydrocarbons (ethane, propane, and butane) combined with elemental (major) and isotopic
analyses (6">C-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 CH,4
and CO; (Schoell, 1980). Thus, gas composition may be used as a first order approximation
distinguishing between microbial and thermogenic gas. Carbon isotope values of methane
(6*C-CH,) are widely used to further constrain the origin of natural gas. Schoell (1980)
suggested that 8"3C-CH, values less than -64%o 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 §">C-CH, values (up to approximately -
50%0) 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 §"3C-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 (C;-Cs); and the reciprocal carbon number as a qualitative indicator of purely
thermogenic gas. Deviations from linearity in the heavier hydrocarbons (C,-Cs) 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 8'3C 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 CO, reducing methanogens impart a different hydrogen
isotope fractionation factor (achs-v20) than acetate fermenting methanogens (Schoell, 1980;
Whiticar et al., 1986; Martini et al., 1996). Production of CO, causes formation waters
associated with methanogenesis to be enriched in alkalinity (>10 meq/kg), and have very
positive 6"°C values of dissolved inorganic carbon (DIC) (>10%o).

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 6'3C values of CH, (-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 8"3C-CH,4 values (-74.68 to -57.86%o) and



no higher chain hydrocarbons, characteristics typical of microbial gas. Nevertheless, these
groundwaters have only moderate alkalinity concentrations (1.14 to 8.72 meg/kg) and
relatively low 8"3C 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 83C values
of DIC (>+10%o), slightly elevated alkalinity concentrations (up to 12.01 meg/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 53C-DIC values (<-22%o) 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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