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In this study coals and adjacent sandstones were sampled from cores retrieved from

depths between 3.4 and 5km on the Norwegian Shelf. The optical maturity of the coals varied

between 0.53 and 1.12% Ro with most values in the 0.8 – 1.0% range. Gas was liberated

from the coals by crushing and from fluid inclusions in the sandstone by sling mill. The fluid

inclusion gas was very dry while the coal gas was wet probably reflecting preferential leakage

of the smallest molecules from the coal during retrieval and storage of the cores.

Equally isotopically light methane (C1) was released from the coals and from the

adjacent fluid inclusions in sandstones (-60.9 to -72.7). This suggests that the coals are the

source of the gas and that no isotope fractionation takes place during gas expulsion from the

coals. The very light isotope values would normally be ascribed biogenic activity. However,

recent data opens for an early thermogenic origin (Schoell et al., 2005).

Galimov (1988) reports isotopically light C1 (-60.3 to -47.0) from all the Cenomanian

supergiant gasfields of northern West Siberia. These gasfields makes up more than 30% of the

World’s proven gas reserves and are currently at depths of ~1000 – 1200m. The source rocks

consist of coaly humic material, which is believed to have formed the isotopically light C1

through low temperature thermogenic processes (Stroganov, 1973; Monnier et al., 1983;

Galimov, 1988). It is suggested that some varieties of coal on the Norwegian Offshore

Continental Shelf (NOCS) may have the same petroleum potential as those described from

Russia based on the light C1 isotopes recorded in our study. If correct this has obvious and

significant implications for future exploration on the NOCS.

Figure 1 clearly shows our C1 isotope values to be outliers as compared to the majority

of gas isotope values from the NOCS. It is interesting to observe that the Frigg and Troll gas

and the associated Draugen gas also plot with isotopically lighter C1 values than the isotope

database and are skewed towards the light isotope values from our study. We speculate that

these gases represent mixtures of gases with isotope values on par with those seen from the

isotope database and early thermogenic isotopically light coal gas. We calculated tentatively

the mixing ratio for the Troll gas according to the following formula; 13C1 of Troll = X% early

thermogenic 13C1 + [100 - X]% normal thermogenic 13C1. The percentage early thermogenic
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gas (X) that would have to mix with normal thermogenic generated gas following the

“Kerogen Type II” trendline (Fig. 1) is 30%, with the “Åre coal” trendline 35% and with the

“Spekk shale” trendline 43% following the relationship above.

The total recoverable dry gas reserves on Troll are 1250x109Sm3 (44.6 Tcf) (Horstad

and Larter, 1997). If ~40% of this is generated through early thermogenic processes this

amount to ~500x109Sm3 dry gas, which indeed is significant.
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Figure 1.Methane, ethane isotope plot showing empirical and experimental isotope
relationships of gases expelled from various source rock types with increasing maturities. The
gas isotopes of our study is outlined and it is clear that the Draugen, Frigg and Troll gases plot

between our data and those representing normal gas mature source rocks (isotope database
and trendlines).
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Over the last two decades coalbed methane (CBM) has become an important source

of natural gas in North America where coal basins with both thermogenic and biogenic gas

proved to be productive on an economic scale. Biogenic methane accounts for >99% of

hydrocarbon gases in coals of the eastern part of the Illinois Basin. Our geochemical and

isotopic characterization of gases and waters from Indiana coal seams suggest recent (<10ky)

microbial CBM generation via CO2-reduction (Strąpoćet al., 2006).

As an alternative to microbial CO2 reduction leading to CBM generation,

microbiological experiments on the enriched microbial biota from Indiana anoxic coalbed

waters suggest a two-step substrate-competitive methanogenic pathway consisting of (i)

microbial acetogenesis and (ii) acetoclastic methanogenesis. Gibbs free energies calculated

for in situ conditions of Indiana coal beds show that CO2 reduction and the alternative

sequence of acetogenesis and acetoclastic methanogenesis can all co-exist and compete for

required substrates H2 and CO2 (HCO3
-), leading to isotopically similar CBM. Nonetheless,

CO2-reduction seems to tolerate lower concentrations of required substrates (Fig. 1). We

extracted DNA and developed a phylogenetic tree for Indiana coal-biodegrading microbial

consortia. The most abundant member of methanogenic Archaea found in coalbed waters and

in enrichment cultures is H2/CO2-utilizing Methanocorpusculum parvum (Zellner et al.,

1989), previously found in diverse methanogenic environments, including marine and

terrestrial sediments and wastewaters. Characterizing the speciation of sedimentary microbial

communities can help track the fate of buried fossil organic matter as macromolecules are

partly converted to CO2, H2, and CH3COOH, and subsequently to economically important

CH4.
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Figure 1. Lines indicate energetic sustainability thresholds for three microbial reactions that
are relevant for in situ coalbed methane (CBM) generation at shallow depths. Each line

represents a -15kJ/mole product boundary considered to be the energetic minimum to sustain
microbial life. Acetoclastic methanogenesis depends on acetogenesis as a prerequisite to
provide acetate. The CO2 reduction pathway may be predominantly responsible for CBM
generation when dissolved hydrogen, H2 (aq), is limited. Concentration of CH4 (aq) was
1.4*10-2M and estimated acetate concentration was 10-6M. After Hinrichs et al. (2006).
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The Cretaceous Colorado Group shales in the central parts of the Western Canada

Sedimentary Basin (WCSB) reservoir a mixture of bacteriogenic CH4 and incipient

thermogenic gases. The shale gases leak along the bores of petroleum wells completed in the

underlying Lower Cretaceous strata. Stable isotope data demonstrate that most thermogenic

gases (C2+) are of very low maturities (< 0.5 %Ro eq.) and appear not impacted by mixing

and microbial oxidation (Rowe and Muehlenbachs 1999).

Colorado shales contain type II and III kerogen of low maturity (< 0.4 to 0.8 %Ro eq.),

and the 13C of the Total Organic Matter (TOM) in the shales varies from -22 to -30 ‰

(V-PDB; Buckley and Tyson, 2003). Values lower than -24 ‰ are confined to the type II

kerogen bearing Second White Specs (SWS) Formation. These values mark a global positive
13C excursion at the Cenomanian-Turonian boundary (Buckley and Tyson, 2003).

The Natural Gas Plot (NGP, Chung et al., 1988) has been used to estimate the type

and relative maturity of the source rocks from the 13C composition of C1-Cn. Low levels of

thermal maturity had prevented the generation of liquid hydrocarbons in the Colorado shales,

thus, rendering kerogen the principal source of natural gas. This along with the 13CTOM data,

provides an opportunity to critically evaluate the use of the NGP on a large subset of leaking

gas samples collected from the central part of the WCSB.

Statistical treatment of the 13C of C2-nC4 gases from 123 leaking gas samples

demonstrates that the average 13CNGP intercept value is -22.5 ± 6.7 ‰ with a mean R2 of 0.91 ±

0.15. The high average value suggests that the bulk of the leaking gases originate from the

SWS Formation. Predominant gas origin from the SWS is consistent with the lower activation

energy threshold of Type II hydrogen-rich kerogen. This has resulted in an earlier onset of

thermogenic gas generation in the SWS and, hence, production of larger quantities of natural

gas at the low levels of thermal maturity in this part of the basin.

Although variability of the 13CNGP intercept values is the lowest amongst samples having

R2 ≥0.97, a large number of those exhibit 13CNGP intercept values lower than -22 ‰, with some

as low as -7.5 ‰. An analysis of the concentrations and 13C compositions of those natural

gas samples demonstrated that high 13CNGP intercept values likely result from mixing of natural
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gases of different maturity (Figure 1). Mixing of two leaking gases in different proportions

produces series of “hypothetical” gas mixtures with distinct 13CC2-nC4 compositions. When

plotted on a NGP plot the 13CC2-nC4 values of those mixtures define series of regression lines

with 13CNGP intercept values ranging from -10.6 to -21.9 ‰ and R2 values that vary from 0.97 to

1.0 (Figure 1). The two end member gas compositions shown on Figure 1 are not unique and

attempts to “mix” other gases of similar concentrations and 13CC2-nC4 compositions produced

similar results.

This study demonstrates that the thermogenic component of most Colorado shale

gases from the central part of the WCSB was generated by a low temperature cracking of type

II kerogen from the SWS Formation. It also demonstrates that a number of leaking gas

samples having unrealistically high 13CNGP intercept values likely comprise mixtures of relatively

immature gases with small amounts of more mature gases.

Figure 1. A natural gas plot with the 13CC2-nC4 of two end-member gases and their mixtures.
The 13C compositions of C2-nC4 of gas I are -31.6, -29.3, and -28.9 ‰, while Gas II has

13C C2-nC4 of -53.2, -43.2 , and -37.1 ‰, respectively.
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Unconventional shale resource systems, which are oil or gas plays where the reservoir

unit is also the source rock, are present over broad geographic areas. While shale oil has been

produced from a number of source rocks and basins for quite some time, exploitation of shale

gas has only evolved in the last five years. Of these systems, the Mississippian Barnett Shale

in the Fort Worth Basin, Texas is the pre-eminent example, having become the fourth largest

gas field in the United States. The Barnett Shale is a low porosity (avg. 5%), nano-darcy

permeability resource play that encompasses about 4500 square miles. It has served as a

model in the pursuit of other shale gas resource plays.

Geochemical and petrophysical characterization of various shale gas systems in the

U.S. suggests a variety of unconventional shale-gas system types (Fig. 1). The most basic

distinction is gas type: biogenic and thermogenic, although there can also be mixtures of the

two gas types. Thermogenic shale-gas systems are further segregated into various sub-types

depending on geochemistry and geology. The shale-gas system categories are: (1) high

thermal maturity shale; (2) low thermal maturity shales; (3) mixed lithology intra-formational

systems containing shale, sands, and silts; (4) inter-formational systems where gas is

generated in a mature shale and stored in a less mature shale, and (5) mixed systems. A key

difference among these shale-gas systems are initial gas flow rates. High thermal maturity

systems tend to have much higher gas flow rates than low maturity systems due to gas charge

and storage mechanisms. Certainly other non-geochemical factors, such as mineralogy, are

extremely important in being able to stimulate these shales to flow gas.

Both source rock potential and thermal maturity play key roles in generation, retention,

and storage of hydrocarbons. High thermal maturity shales have porosity development related

to their original TOC content, less the mass balance loss as a result of generation. Thus, 7

wt.% TOC is ca. 14 vol.%, which at 35% conversion of organic matter, yields 4.9% porosity

development. At low to moderate thermal maturity the organic carbon provides adsorptive

sites for retention of hydrocarbons. This results in less efficient expulsion and increased gas

generation amplified by secondary cracking of hydrocarbons. Estimated expulsion efficiency

from the Barnett Shale is only ca. 55%. Adsorption may also play a role in the increased

cracking of hydrocarbons as a function of reduced bond breaking energies due to bond angle
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strain (Sheiko et al., 2006). In addition, if transition metal catalysis plays any role in increased

gas generation, the close association of generated hydrocarbons to residual organic matter

would provide a possible avenue for such catalysis to occur.

Figure 1. Various shale gas resource plays in the United States. Data from three systems are
used to illustrate system types: (1) the immature Antrim Shale, (2) the low thermal maturity

New Albany shale, and (3) the high thermal maturity Barnett Shale.

Gas storage capacity of a shale at low porosity can be quite high, depending on pressure

and temperature. For example, at 5% porosity, 80oC, and 3800 psi (typical porosity and

reservoir conditions for the Barnett Shale) over 121 scf/ton of gas can be stored. This gas

content translates into a GIP (gas-in-place) of over 200 Bcf/section (mi.2) or about 20 Bcf EUR

(estimated ultimate recoverable).

Interpreted maturity values in the absence of black oil allow estimates of initial gas

flow rates from shales for economic evaluation. Black oil components occlude pore throats in

these shales possibly due to both molecular size and adsorption-induced flow restrictions.
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AND GEOLOGICAL TEMPERATURES OF CONVERSION
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The standing paradigm in carbonate decomposition is that thermal decomposition does

not occur until geological temperatures of 300oC+ are reached. However, measured kinetic

parameters for various carbonates suggest a range of thermal decomposition temperatures for

carbonates ranging from 100oC to 280oC using calculated kinetic parameters and an arbitrary

heating rate of 3.3oC/Ma. The decomposition profiles at geological heating rates of various

source rocks enriched in a given carbonate minerals are shown in Figure 1. Siderite

decomposes at lower temperatures contemporaneous with oil generation, whereas calcite

decomposition occurs at very high temperatures (280oC). Dolomites and dirty carbonates are

much more complex showing a range of decomposition profiles and, in many samples,

multiple decomposition profiles due to the presence of various carbonate mineral types.
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Figure 1. Decomposition profiles of various dirty carbonates contained in a variety of source
rocks. These data are derived from open-system pyrolysis experiments and calculated

Gaussian kinetic parameters. The kinetic data are modeled at an arbitrary heating rate of
3.3oC/Ma. Error functions are relatively high in these data (± 3000 cal/mole).

From these data it can be seen that thermally labile carbonates such as siderite

decompose at temperatures contemporaneous with oil generation, calcium carbonates with
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early gas generation, and calcites at the dry gas deadline. While CO2 may be part of a given

gas pool, it is reactive so it may not necessarily result in increased yields of carbon dioxide

itself in a source rock or via migration into a conventional reservoir. Increased acidity of

formation waters via reaction with CO2 could result in decarbonation of some carbonates,

thereby increasing further CO2 release. Shale gas reservoirs have variable percentages of CO2

(<1%) to upwards of 15% of the total gas, but it is not known whether this gas is from

diagenetic reactions releasing CO2 from kerogen or if some of the gas is derived from labile

carbonate decomposition either from thermal or decarbonation processes.

Generation of carbon dioxide also impacts saturation of available adsorption sites in

organic matter. As carbon dioxide has stronger adsorption affinity than methane, but lower

than other gaseous hydrocarbons such as ethane, propane, and butanes, it can displace

methane or restrict methane from being adsorbed by solid organic matter surfaces. This

enhances the release of methane for production or migration and is a useful parameter to

evaluate for unconventional shale gas and coalbed methane production and stimulation.


