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Abstract: Optimized, first-order, discrete Arrhenius kinetic parameters have been determined for the
thermogenic generation of methane and carbon dioxide for several low-maturity, organic-rich core samples
from the JAPEX/JNOC/GSC Mallik 2L-38 gas hydrate research well. Pyrolysis was carried out using a thermo-
gravimetric analyzer heated at 10, 25, and 50°C/min. The specific products were detected using a directly
coupled Fourier Transform Infrared spectrometer. Results indicated that at typical geological heating rates
of 3°C/Ma, significant (about 10% of the total) thermogenic carbon dioxide was released at very low tem-
peratures (<60°C) and would be coproduced with microbiologically mediated, diagenetic carbon dioxide.
At the same geological heating rate, the first 10% of thermogenic methane was determined to have been
released between about 110 and 140°C while significant methane generation from the kerogen continued
beyond 250°C. The absolute kinetic parameters for methane indicate that below about 60°C essentially no
thermogenic methane should be expected. Thus no in situ thermogenic methane should be expected in the
Mallik 2L-38 well.
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Résumé : On a déterminé les paramètres cinétiques d�Arrhenius discrets, optimisés, de premier ordre,
de la thermogenèse du méthane et du dioxyde de carbone contenus dans plusieurs échantillons carottés de
faible maturité, riches en matière organique, prélevés dans le puits de recherche sur les hydrates de gaz
JAPEX/JNOC/GSC Mallik 2L-38. Ces échantillons ont été soumis à une pyrolyse par analyseur thermo-
gravimétrique chauffé à 10, 25 et 50 °C/min. Les produits spécifiques ont été détectés au moyen d�un spec-
tromètre infrarouge par transformée de Fourier à couplage direct. Les résultats montrent qu�à des taux
d�échauffement géologique typiques de 3 °C/Ma, d�importantes quantités (environ 10 %) de dioxyde de
carbone thermogène sont libérées à de très basses températures (<60 °C), dioxyde qui serait produit en
même temps que le dioxyde de carbone diagénétique d�origine microbiologique. À des taux d�échauffe-
ment géologique identiques, les premiers 10 % de méthane thermogène sont libérés entre 110 et 140 °C
alors que d�importantes quantités de méthane continuent de se former à partir du kérogène au-delà de
250 °C. Les paramètres cinétiques absolus du méthane indiquent qu�essentiellement, il n�y aurait pas de
méthane thermogène à moins de 60 °C. Ainsi, on ne s�attend pas à trouver du méthane thermogène en place
dans le puits Mallik 2L-38.



INTRODUCTION

Previous work
A number of previous studies have investigated the genera-
tion of hydrocarbons, and specifically methane and carbon
dioxide, using various types of pyrolysis apparatus. Durand-
Souron (1980) and Durand-Souron et al. (1982) used a
5°C/min heating rate to a maximum temperature of 500 or
600°C in a thermogravimetric analyzer coupled to a mass
spectrometer to study the evolution of methane. Mass spectra
were collected every 10°C. They concluded that methane
generation occurred at about the same rate (that is, with the
same kinetics) as for other hydrocarbons, but that the total
CH4 yield represented less than about 1% of the mass of the
initial kerogen. This experimental work followed that of
Espitalié et al. (1973), Connan et al. (1978), and Connan and
Cassou (1979) who postulated early generated methane from
Type III (higher land plant, terrestrial) organic matter. Simi-
larly, the model of Monnier et al. (1983) showed that at geo-
logical heating rates, gas was generated from the kerogen at
the same time as oil, and for Type III organic matter, signifi-
cant gas generation preceded oil generation. Lillack and
Schwochau (1994) used pyrolysis�gas chromatography to
determine the kinetics of methane generation along with
heavier hydrocarbon homologs from a Toarcian oil shale. In
contrast to methane specific detectors, Yalçin et al. (1994)
considered all of the pyrolysis products of their experiments
(likely using a flame ionization detector) on Turkish coals to
be �gas�. Thus their results are more correctly hydrocarbon
kinetics rather than gas-generation kinetics and essentially
similar to oil or oil-plus-gas-generation kinetics.

Whelan et al. (1989), Carangelo et al. (1990), and Solomon
et al. (1993) used TGA-FTIR (thermogravimetric ana-
lyzer�Fourier transform infrared spectrometer) to determine
the Arrhenius kinetics of methane generation from coals as
well as to study a number of other properties. The kinetics for
the generation of various volatile products (Solomon et al.,
1993) have been published as single activation energy and
frequency factor pairs. These may be useful for retorting or
other high-temperature�short-time process applications, but
it is unlikely that they can be usefully extrapolated to geological
applications. Most hydrocarbon-generation models use sys-
tems with multiple parallel Arrhenius equations in order to
overcome non-linearity problems with the extrapolation of
laboratory experiments (typically minutes to days, about 102

to 106 seconds ) to geological time scales (typically tens of
millions to a billion years, about 1014 to 1016 seconds). An
extensive review of kinetics analysis applied to geological
materials is available in Burnham and Braun (1999). In addi-
tion to using parallel Arrhenius reaction systems to model
petroleum generation, recent observations (Issler and Snowdon,
1990; Burnham et al., 1995) have noted that the frequency
factor increases as the activation energy increases, especially
for Type III kerogen. While the use of variable frequency fac-
tors precludes the comparison of effective reaction rates by
simple comparison of activation-energy distributions, the
models produced with variable frequency factors should give
a more reliable extrapolation from laboratory to geological
conditions.

While all of the work discussed above involved open-
system pyrolysis, a recent contribution by Garcia-Gonzalez
et al. (1997) made use of a series of hydrous pyrolysis experi-
ments to investigate the thermal evolution of an Upper Creta-
ceous coal in the Green River Basin. In contrast to earlier,
open-system experiments, the single activation-energy mod-
els derived from these results indicated that methane genera-
tion (and expulsion) lags considerably behind oil generation,
and the proposed model is one of coal giving rise to liquid
hydrocarbons which then subsequently crack to gas. An addi-
tional observation was that carbon dioxide generation in the
hydrous system always exceeded that of methane, even at
high levels of thermal stress. It is not immediately obvious if
the discrepancy between the interpreted timing of methane
generation relative to oil generation is a result of open-versus
closed-system pyrolysis, analytical limitations, or the philo-
sophical approach of the various research groups.

Study objectives
The principal objective of this project was to determine
Arrhenius kinetics for the generation of methane and carbon
dioxide gas using open-system pyrolysis specifically for
low-maturity, Type III, terrestrial organic matter present in
Canadian Mackenzie�Beaufort Basin sediments, specifically
those represented by core samples from the Mallik 2L-38 gas
hydrate research well. The determination of appropriate
kinetic parameters is an essential step in the construction of
credible mathematical models of hydrocarbon generation
(the topic of future research) in response to geothermal stress.
In turn, these models can be used to help constrain both quan-
titative aspects of generation and the migration history of
thermogenic natural gas relative to biogenic natural gas at
shallow depths of burial.

In order to develop models for both methane and carbon
dioxide generation at very low levels of thermal stress, it is
essential to use samples that have not already gone through
that stage of evolution. A secondary objective of the study
was therefore to determine the current level of thermal altera-
tion of the section represented by the core samples recovered
from the Mallik 2L-38 well.

METHODS AND RESULTS

Rock-Eval/TOC pyrolysis
Eighty-four samples from as wide a stratigraphic interval as
possible were analyzed using Rock-Eval/TOC pyrolysis
equipment which provided not only total organic carbon
(TOC) content and an indication of the organic matter type,
but also an indication of the initial level of thermal maturity of
the samples. Many of the samples represented separate ali-
quots of the core from the same nominal depth, and two or
more runs were made for almost all samples. The data are
reported in Table 1. The samples have been identified in the
table with a �type� indicator to reflect why the sample was
originally selected: P for palynology samples, MF for macro-
fossil samples, and RE for Rock-Eval.
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Table 1. Rock-Eval/TOC data for 84 Mallik 2L-38 core samples.
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Table 1. (cont.)



129

L.R. Snowdon

Table 1. (cont.)
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Table 1. (cont.)
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Table 1. (cont.)
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Figure 1. Cross plot of Rock-Eval Oxygen Index versus Hydrogen Index (pseudo-Van Krevelen diagram)
showing that the organic matter analyzed was dominated by Type III, higher land-plant material with
some samples showing a significantly enhanced hydrogen content. Laboratory standard samples of shale
(+) and coal (o) were run periodically during the analysis of the sample set and the ellipses at Hydrogen
Index values of about 250 mg HC/g TOC show the scatter for, and indicate the level of, reproducibility of
the data. Replicate analyses of the sample have been plotted as separate points and all results have been
listed in Table 1.



A portion of each core sample was pulverized, and vari-
ous weights of the powder were analyzed using a standard
25°C/min heating ramp between 300 and 600°C. Oxidation
was carried out in air at 600°C. Lower sample weights were
used for some of the high TOC samples in order to get a better
estimate of this parameter. (Generally, lower weight samples
(about 10 to 25 mg) oxidize more completely and yield higher
(and truer) TOC contents than higher weight samples (about
100 mg).) Two different calibration standards were used to
set up the instrument. The IFP 55000 standard and a similar
in-house standard were used for the samples with lower TOC
contents and S2 hydrocarbon yields, while a coal standard
(Humble Instruments and Technology) was used to calibrate
the machine for the analysis of the coals or coal-rich samples.

Figure 1 shows a pseudo-Van Krevelen diagram of the
Rock-Eval parameters Oxygen Index (OI) versus Hydrogen
Index (HI). Error ellipses for the in-house standard and coal
standard, which were run periodically as samples, are shown
at the left hand side of the diagram near HI = 250 mg HC/g
TOC. All of the duplicate and replicate analyses have been
plotted separately on Figure 1.

Additional thermal-maturity estimates were obtained
from measurement of vitrinite reflectance (VRo) for six
selected samples (M. Tomica and L. Stasiuk, pers. comm.,
1998). Three samples from the 114.92 to 174.84 m interval
yielded VRo values of 0.21 to 0.25%, while three additional
samples from the 893.17 to 943.74 m interval yielded values
of 0.27 to 0.29% VRo. (All depths were measured from kelly
bushing [8.31 m above sea level]).

TGA-FTIR analysis
A separate aliquot of selected powdered sample material
(about 40 mg) was analyzed using a Perkin Elmer TGA 7
thermogravimetric analyzer coupled to a System 2000 Fourier
Transform InfraRed spectrometer. The system was heated
from 30°C to 1000°C at 10, 25 and 50°C/min with a nitrogen
gas flow through a heated transfer line to the IR cell. Infrared
absorption responses for methane (3025 to 3000 cm-1) and
carbon dioxide (2380 to 2320 cm-1) were captured as a func-
tion of time and hence temperature. The baselines of the
resulting traces were flattened with a linear correction.
Results for all samples gave essentially similar results.
Figure 2 is an example of the resulting pyrolysis data traces.
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Figure 2. The traces show the baseline corrected Fourier Transform Infrared responses for methane
and carbon dioxide typical of the samples in this study. Significant methane generation extends to
higher temperatures than typical total hydrocarbon experiments, but this cannot be the result of
cracking of heavier hydrocarbons because the pyrolysis system is open (nitrogen gas flow rate of
about 50 mL/minute). The carbon dioxide generation maximum for this example occurs at low
temperature (low thermal stress) and shows a bimodal distribution. The high-temperature CO2 is
presumed to be dominantly from the decomposition of small amounts of carbonate mineral in the
sample.



Selected samples of whole rock were treated with hot
hydrochloric acid to remove carbonate minerals such as sid-
erite, calcite, and dolomite that may have been present in
order to eliminate carbon dioxide derived from their thermal
degradation. Figure 3 is an example of the FTIR response for
carbon dioxide from an acidized sample.

Kinetics optimization
Two separate pieces of software were used to determine
optimized Arrhenius kinetics for the generation of methane
and carbon dioxide from these samples. The first was com-
mercial software (Kinetics 2000�, Humble Instruments and
Services) and the second was in-house software (Issler,
1995). The former software contains a simple algorithm for
estimating the frequency factor from the shift in the Tmax as a
function of heating rate, while the latter software offers the
opportunity to allow both the frequency factor and the initial
potential as free parameters for every activation energy, that
is two free parameters for each of the parallel Arrhenius equa-
tions (2n free parameters, where n is the number of equations
needed to obtain an adequate fit to the experimental data).
This is in contrast to the usual approach in which either �n� or
�n+1� free parameters are allowed during the optimization
process, with the former case being one in which a pre-
determined frequency factor is imposed on all equations, and

the latter case being where all equations are presumed to have
the same frequency factor but it is optimized along with the
initial potentials for a fixed set of �n� activation energies.

Direct comparison of reaction rates for two or more sam-
ples cannot be easily done if the frequency factors for the two
samples are different. Many good (low chi squared) solutions
can be obtained with quite variable activation-energy distri-
butions depending on the frequency factor or frequency fac-
tor distribution that is used. An increase in the frequency
factor of one order of magnitude (factor of 10) is compen-
sated for by an upward shift of the activation-energy distribu-
tion of about 12 kJ/mole (about 3 kcal/mole).

Table 2 contains the initial potentials for sets of 25 parallel
equations describing the evolution of methane and carbon
dioxide for the five samples investigated in this study. In the
upper half of the table, all reactions were optimized with �n�
free parameters and fixed frequency factors of 5 x 1011/s for
carbon dioxide and 1.2 x 1014/s for methane so that the results
for the various samples can be directly compared with one
another. The �n+1� optimizations were carried out for all sam-
ples in order to determine a median or optimum value that
could be applied in the �n� free parameter case without intro-
ducing distortions. Figure 4 shows examples of the same data
plotted as initial potential as a function of activation energy.
The highest initial potentials fall in the range of 235 to
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Figure 3. FTIR response of carbon dioxide generation for one sample treated with hydrochloric acid
(up to 6N at 80°C) in order to remove carbonate minerals such as calcite, dolomite, and siderite. The
resulting peaks should only represent CO2 released from organic matter; however, the acid-treated
sample response returns to baseline at a higher temperature than the whole-rock sample, suggesting
some error in the baseline correction and/or residual carbonate.
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Table 2. Solutions to multiple parallel Arrhenius reactions describing the thermogenic evolution
of methane and carbon dioxide from immature Mallik 2L-38 organic matter.
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Figure 4. Distribution of initial potentials as a function of activation energy using fixed,
constant pre-exponential (Arrhenius) factors for a) methane and b) carbon dioxide for
whole-rock samples, and c) for three acid-treated samples. Initial potential is normalized
to 1. The constant Arrhenius factors (A) were selected as median values based on multiple
optimization runs in which A was allowed to be optimized but constant for all equations
and also allowed to be a free parameter for each Arrhenius equation.



245 kJ/mole for methane generation and 175 to 190 kJ/mole
for carbon dioxide. Again, these absolute activation energies
cannot be directly compared because the frequency factors
used for methane and carbon dioxide generation are different
by more than two orders of magnitude.

In the lower portion of Table 2, the solutions for �2n� free
parameters case are provided for three of the samples. The
modal activation energies are not significantly different from
the �n� free parameter case, but there is a slight trend to higher
frequency factors with higher activation energies. While this
trend is consistent with the observations of Issler and Snowdon
(1990) and Burnham et al. (1995), both the magnitude and
regularity of the shift are much lower in this study.

DISCUSSION

Thermal maturity
The Rock-Eval/TOC and vitrinite-reflectance data yield
results which consistently indicate that the level of thermal
maturity of the section represented by the available samples is
very low. The average Tmax values are less than 420°C and
VRo is 0.23% for the shallow samples (110 to 175m) and
423°C and 0.28% VRo, respectively, for the deeper samples
(886 to 951m). The Rock-Eval Tmax parameters show a con-
siderable scatter, and this scatter is interpreted to be the result
of either very heterogeneous organic-matter types in the sam-
ples and/or the presence of variable amounts of primary and
reworked organic matter rather than analytical error. The

interpretation of heterogenous samples is preferred over ana-
lytical errors because the replicate Rock-Eval analyses for
each sample generally yielded values within 2°C of the aver-
age. The apparent heterogeneity of the organic matter may be
seen where more than one sample was collected from the
same nominal depth. For example, the Rock-Eval sample
from 905.75 m yielded replicate Tmax values of 420 and
422°C, while the palynology sample from the same nominal
depth yielded Tmax values of 402 and 404°C. Similarly, the
TOC contents were 1.49 and 1.54% for the former and 2.22
and 2.27% for the latter. Multiple populations of organic-
matter types in one sample were also indicated by petro-
graphic analysis (Tomica and Stasiuk, pers. comm., 1998).

Kinetics
The optimized activation-energy distributions for the genera-
tion of methane from very low thermal-maturity coaly mate-
rial in the Mallik 2L-38 well are comparable with those
published by Lillack and Schwochau (1994) for an immature
Toarcian oil shale sample, when the difference in frequency
factors is taken into account. While Durand-Souron et al.
(1982) did not provide optimized kinetics solutions of their
pyrolysis experiment results, their data show the early evolu-
tion of carbon dioxide from low-maturity Type III organic
matter, comparable with the observations of this study. The
hydrous pyrolysis data of Garcia-Gonzalez et al. (1997, their
figure 10) show a strong dominance of carbon dioxide rela-
tive to methane generation, especially at lower temperatures.
Because the water in hydrous pyrolysis systems appears to
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Figure 4 (cont.)



be an active reagent, it is possible, or even probable, that the
oxygen in the carbon dioxide derived from their experiments
has come from the water and thus the quantities and kinetics
may not be particularly applicable to low-temperature geologi-
cal systems.

Initial estimates of the appropriate frequency factors were
made using the Kinetics 2000� software algorithm, which
calculates the value on the basis of the shift in Tmax as a func-
tion of different heating rates. A frequency factor is then
allowed to be a free parameter during the optimization calcu-
lation along with the initial potentials for the selected set of
activation energies. In practice, the optimization routine is
not particularly sensitive to the frequency factor, and thus the
resulting solution rarely deviates significantly from the initial
�seed� value with which the calculation is started. This is also
true for the in-house GSC Calgary software, both in the �n+1�
and �2n� free parameter cases.

There is a certain risk of circularity in using kinetics data
derived from the Mallik 2L-38 samples to model or predict
the generation of CH4 and CO2 for the same well at very low
levels of thermal stress, that is, close to their current level of
maturity. This circularity stems from the fact the any facile
(very low activation energy) reactions that might be appropri-
ate for Type III Mackenzie�Beaufort Basin organic matter
will presumably have already occurred in response to burial
and geothermal heating. That is, if the modelled results are
credible then they should not predict methane or carbon diox-
ide generation at temperatures below the maximum tempera-
ture to which the samples have been exposed geologically,
because this potential should already have been realized. In
the case of the Mallik 2L-38 well, however, the results proba-
bly are useful in so far as the development of permafrost and
reduction of temperatures of the near-surface sediments are
relatively recent phenomena. Thus, there may have been
early thermogenic methane generated and expelled at maxi-
mum burial (more correctly maximum thermal stress), and
the reactions responsible for this very early methane can no
longer be modelled using samples from this well. It is not
anticipated that this problem is significant given that the
measured maturity is estimated at about 0.25% VRo, very
close to the theoretical minimum value of 0.2% VRo
(Teichmüller and Durand, 1983; Stasiuk et al., in press).
Glaciation events over the past 2.6 Ma and associated reduc-
tion of surface temperatures suggest that the establishment of
the current permafrost and gas hydrate stability zones post-
dates maximum burial of the stratigraphic section that is pres-
ently at about 900 m in the Mallik 2L-38 borehole. Greater
paleoburial depths and higher paleosurface temperatures
mean that maximum thermal stress preceded the formation of
the gas hydrate stability zone. However, even if there has
been as much as 1 km of erosion and the bottom water tem-
perature was as high as 15°C, the effective paleotemperature
could not have been more than about 40°C. This temperature
is considerably below the threshold for methane generation
based on the kinetic calculations for the samples in this study.
Thus the methane and carbon dioxide generation models of
the current burial cycle provide the reasonable prediction that
little or no thermogenic methane is being generated at the
present time at the depths represented by samples in this set.

Geological models
Models of gas generation for methane and carbon dioxide
have been calculated using a �normal� geological heating rate
of 3°C/Ma. Examples have been shown in Figures 5a and 5b.
Real heating rates in the Mackenzie�Beaufort Basin are prob-
lematic because of the difficulty in constraining geological
ages, that is, time and rates of sedimentation and erosion.
High rates of sedimentation may yield thick stratigraphic sec-
tions that experience low heating rates because sedimentation
rates exceed conductive and convective thermal transfer
rates, leaving the sediments at below equilibrium tempera-
tures (Issler and Snowdon, 1990). However, once a rapid
loading event has stopped, the return to thermal equilibrium
may result in higher than expected heating rates. The situation
is complicated by shifting surface temperatures (Ridgway
et al., 1995; Norris, 1982) The analyses of samples from
116.67 m, 912.32 m, and 943.72 m all show similar results for
methane. The shallowest sample (167.67 m, Figure 5a) yields
slightly more methane at low levels of thermal stress than the
deepest sample (943.72 m, Figure 5b). This could reflect the
lower thermal maturity of the shallower sample, but is almost
certainly the result of analytical and numerical uncertainty.
The results for the 912.32 m sample fall midway between
those of 116.67 m and 943.72 m at low temperatures (Fig. 6).
Only the sample from 904.03 m shows what appears to be a
significant difference in methane-generation kinetics at low
temperatures. This sample yields less methane at tempera-
tures below 200°C than the other three samples. The presence
of reworked (geologically recycled) or more-oxidized (dia-
genetically altered, primary) organic matter could result in
the selective preservation of slightly more refractory material
and hence the delayed methane-generation kinetics observed
for this sample.

The model suggests that only about 2% of the total meth-
ane generation will be realized by about 100°C (33 Ma at
3°C/Ma and a surface temperature of 0°C) and 10% by about
122°C. If the heating rate was slower, either because the sedi-
mentation rate was too high to maintain thermal equilibrium
or because of a climate shift to cooler mean annual surface
temperatures during deposition, then the temperatures at
which 2% and 10% conversion would occur would be slightly
lower. On the other hand, if the heating rate were higher than
3°C/Ma, then the temperatures for the equivalent level of
conversion would be higher by a few degrees (136°C instead
of 122°C for 10% conversion at a heating rate of 30°C/Ma).

The overall implications of these results are that only a
very small amount of thermogenic methane would be
expected to have been derived from even the deepest and/or
most reactive samples within the Mallik 2L-38 well because
these samples have never reached temperatures of even 60°C.

The generation kinetics for carbon dioxide are compli-
cated by the fact that it is derived from both the thermal
decomposition of organic matter and of small amounts of car-
bonate minerals. Figures 5a and 5b show an example of the
predicted carbon dioxide yield as a function of heating at
3°C/Ma. There are two generation peaks reflected in the
cumulative curves at about 28 Ma and 70 to 80 Ma, equivalent
to temperatures of 84°C and 210 to 240°C. These two peaks
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Figure 5. Examples of predicted rate of generation for methane and carbon dioxide in
response to heating at a geological rates of 3°C/Ma: a) 116.67 m and b) 943.72 m. The
form of the Arrhenius equation is dx/dt = reaction rate = Ae-Ea/RT, where A is the
pre-exponential or Arrhenius or frequency factor, Ea is the activation energy, R is the
universal gas constant, and T is the absolute temperature. The Initial Potential (IP) is the
proportion of the overall reaction controlled by the associated Ea and A values. The rate
of gas generation is the resulting sum determined by the use of all of the equations
(parallel reactions) for each temperature (or time) increment in the model.



are presumed to be derived from mainly organic matter and
mainly mineral matter, respectively. Carbon dioxide evolu-
tion from organic matter has a much lower activation energy
than for methane generation. Thus carbon dioxide evolution
occurs at much lower temperatures than methane evolution,
even considering the lower frequency factor (5 x 1011 s-1 ver-
sus 1.2 x 1014 s-1 for methane) which seems to be appropriate
for carbon dioxide. This is consistent with the observed trends
in atomic O/C versus H/C ratios in a Van Krevelen diagram in
which the O/C ratio declines at low levels of thermal stress
and H/C ratios are reduced at higher levels of thermal matur-
ity (e.g. Figure II.4.11, p.152, in Tissot and Welte, 1984). The
kinetics for the 943.72 m sample (Figure 5b) indicate that
about 10% of the total carbon dioxide yield will be realized at
temperatures as low as about 40°C. At these low tempera-
tures, biologically mediated processes (organic diagenesis)
would be expected to dominate the alteration of sedimentary
organic matter, and it is not clear that the contribution of ther-
mogenic processes to the generation of carbon dioxide are
significant.

CONCLUSIONS

The level of thermal maturity based on both Rock-Eval Tmax
and measured vitrinite reflectance of the section penetrated
by the Mallik 2L-38 well is very low, ranging from the
equivalent of a vitrinite reflectance of about 0.23% VRo at
about 100 m and about 0.28% VRo at about 950 m. Thermo-
genic methane and carbon dioxide kinetics have been deter-
mined and these kinetics predict that the initial 10% of the
total methane generation would occur by a temperature of

about 122°C if the heating rate were a constant 3°C/Ma. A
higher heating rate of 30°C/Ma would result in 10% of the
total thermogenic methane generation capacity realized by
about 136°C. Carbon dioxide generation occurs at much
lower levels of thermal stress with a significant overlap
between diagenetic (biologically mediated) and early ther-
mogenic generation at temperatures below 80°C. Thermo-
genic carbon dioxide arises from both the decomposition of
organic matter (lower temperatures) and carbonate minerals
(higher temperatures).

It is highly unlikely that the stratigraphic section repre-
sented by the deepest samples in the Mallik 2L-38 well have
ever been heated to a temperature as high as 60°C and thus
essentially no thermogenic methane will have been generated
from within this unit, or shallower units.
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