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Abstract

The current widely accepted models for generation of methane by thermal cracking of oil and by
bacterial fermentation have several serious inconsistencies. Experiments show that high-
temperature pyrolysis of liquid (Ce+) hydrocarbons does not produce methane even if hydrogen is
added to the feed, and condensate, which is generally assumed to be the direct precursor to
methane, generally amounts to only a few percent of produced oil. The bacterial origin for
methane generation at low temperatures is also flawed because the pores in mudrocks are too
small relative to the dimensions of bacteria, making their proliferation unfeasible. Furthermore, it
is well known that most of the methane in sedimentary basins is dissolved in the formation
water, with only about 1% of the total occurring as free gas in conventional reservoirs, and
today’s models for generation of methane cannot account for such enormous volumes.

Two alternative models are advocated here: (1) high-temperature (>100-120°C) "thermic"
methane -generation from alkylated aromatics in the organic matter dispersed in mudstones and
(2) "CO2" methane formation by reaction of CO2and Hz produced from decomposing organic
matter, which occurs from low to high temperatures (throughout most of the burial history).
These processes can generate enough methane to saturate formation water using only a few
percent of the organic carbon in mudstones.

Large accumulations of methane-rich gas in shale-dominated siliciclastic basins, like the Gulf of
Mexico or North Sea, can be explained as the products of exsolution from upward-moving
formation water. In most basins, the water-pressure profile typically increases from hydrostatic
above 2-3 km depth to approach the hydrofracturing isobar (pore pressure between 1.8 and 2
times hydrostatic) at around 3-3.5 km. In this situation, most of the vertical water flow takes
place via hydraulic fractures that have originated in highly overpressured high-permeability rock
(sandstone) underlying the hydrofracturing isobar. It takes millions to tens of millions of years to
form a significant accumulation by this means, but if the hydraulic fractures originate in previous
gas accumulations, the time required can be reduced by two orders of magnitude.

For the subordinate proportion of methane formed in source rocks, as opposed to the main
proportion formed in normal mudrocks, the gas resides in an entirely different pore system than
the oil. Most of the free gas is contained in the inorganic pores, whereas the oil is confined within
the kerogen.
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Introduction

Current models for the origin of methane in sedimentary basins have several obvious inconsistencies,
so it is necessary to question fundamental assumptions and consider alternative mechanisms that
can better explain the facts. According to the widely accepted thermal cracking model, most
methane in petroleum reservoirs is assumed to be formed at subsurface temperatures of 100-200°C,
thus referred to here as "thermic methane" (Hunt, 1984; Mango and Jarvie, 2009), either directly
from kerogen or by thermal cracking of oil in source rocks or reservoirs (Quigley and Mackenzie,
1988a, b; Mango and Jarvie, 2009). However, this theory has been criticised for lacking experimental
support (Mango, 1997). Non-associated gas accumulations typically contain > 80% methane (Rice and
Threlkeld, 1990; Hunt, 1995; Mango, 1997), whereas pyrolysis of immature kerogen produces gas
with 10-60% methane in the C;-C,4 fraction (Mango, 1997, and references therein). It is assumed that
more than 50% of the reservoir gas is formed by cracking of oil (Rooney et al., 1995; Hantschel and
Kauerauf; 2009, Figure 4.13; Hunt, 1995, s. 236) and that the C,. hydrocarbons are thermally broken
down to methane at temperatures >150°C either in source rocks or in reservoirs (McNab et al., 1952;
Landes, 1967; Hunt, 1972; Stahl, 1974; Tissot and Welte, 1984; Horsfiled et al., 1992; Hunt, 1995;
Allen and Allen, 2013). However, when C8 to C12 alkanes are heated to temperatures >500°C,
although some propane and butane are formed, neither methane nor ethane is produced, even if
hydrogen is added to the feed (Weitkamp, 1975; Mohanty et al., 1990; Sie (1993a). Sie (1993a)
concluded that there is “almost zero production of C; and C; in hydrocracking» (p. 408), while
Jackson et al. (1995) stated that “n-alkane cracking gives too little methane to be a significant source
for natural gas in the earth” (p. 423). Ethane is exceptionally stable and expected to have a half-life of
several billion years under reasonable geological conditions, suggesting that conversion of ethane to
methane is extremely slow, if it occurs at all (McNeil and McBent (1996, and reference therein). In
fact, all normal paraffins with <6 carbons are very stable (Weitkamp, 1975).

Also, if methane is the product of cracked hydrocarbons, methane precursors (condensate C,-Cs)
should be more abundant than methane. However, condensate makes up only a few percent of
produced gases (Tong, et al., 2018). Lastly, < 5% of crude oil is produced from reservoirs at
temperatures >120°C (Hedberg, 1964; Nadeau et al., 2005; Angulo and Vargas, 2022), suggesting that
most oil accumulations are never exposed to the temperatures required to form methane according
to current theory.

A mechanistic model for the origin thermic methane

This section outlines the widely accepted thermal cracking model of methane generation at high
temperatures (100-120°C) from methylated aromatics in source-rock kerogen and oil (Figure 1;
Savage et al., 1989; Smith and Savage, 1991; McNeil and McBent, 1996, Mango, 1997, Savage, 2000.
Mango, 2001; Lorant and Béhar; 2002).
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Figure 1

a) The weakest bond in an alkyl-benzen is the bond between second ¢ and third
/3 carbon in the alkyl chain. Therefore, this bond will be most frequently broken
to create methylated benzene by ipso-addition of H. b) Methylated benzene is
demethylated by hydrogenation to form benzene and methane (Fusetti et al.,
2010). Adapted from Savage (2000).

Organic matter and oil contain a certain fraction of alkylated aromatics, that is aromatic structures
with methylene (-CH»-) in the alkyl chains attached to one or more of the carbons in the six-ring
structure. Since the C- C bond between the second and third carbon, as measured from the ring
structure, is the weakest (Fig 1), this bond it mostly frequently broken (often referred to as to as -
session) during burial. Thus, methyl groups are generated during burial, which explains why mature
kerogen consists mainly of single-carbon methyl groups attached to aromatics (Redding et al., 1980;
Hunt, 1995, p. 209; Clough et al., 2015).

The methyl can be released to form methane (Smith and Savage, 1993; Hunt, 1995, pp. 207-209;
McNeil and MeBent, 1996; Al Darouich et al., 2006, Craddock et al., 2015) via ipso- addition of
hydrogen (Fusetti et al., 2010). Liberation of methyl will take place at different temperatures because
the aryl-methyl C-C bond (i.e., the first and second C-C) is influenced the number of rings in the
aromatic structure and by the position in the aromatic structure (Smith and Savange, 1991; 1993).
Hence, peak generation of methane is predicted to take place mainly between 100 and 200°C.

Methane will form when a methyl combines with one hydrogen atom (see below) through a free
radical reaction (Bell and Kistakowsky, 1962):

'CH3+ H--> CH4 (1)



This reaction can take place within the organic matter or in the water phase, meaning that some of
the methane is predicted to form within the water phase. Hydrogen is generated from
fusing/condensation of aromatics (Campbell et al.1980; Fusetti et al., 2000: Lorant and Béhar, 2002)
and when n-alkyl radicals or n-alkanes, which have a H/C ration greater 2, are converted to aromatics
with a H/C ratio < 1 (Shi et al., 2017; Clough et al., 2015). Generation of methane from alkylated
aromatics is not expected to become significant until the kerogen biopolymer dealkylates and
evolves toward an aromatic stage, which according to the measure H/C ratio (Baskin, 1997 and
references therein) appears to be around 120°C, that is, at the beginning of the oil window, as
defined by Quigley and Mackenzie (1988a, b).

The source material for thermic methane

The largest deficiency with today’s model for generation of methane is probably that it aims at
explaining the origin of reservoir methane, which constitutes only about 1% of the total amount of
methane in sedimentary basins, most of which is dissolved in formation waters (Buckley, 1958; Hunt,
1995; Mango, 2001). Although the thermal cracking model of McNeil and McBent (1996) explains
preferential generation of methane over ethane and propane, Mango (1997) demonstrated that
there is not enough methylated aromatics in source rocks and oils to account for the total amount of
methane in sedimentary basins and therefore concluded that "The source of methane in natural gas
needs additional study" (Mango, 1997, p. 436).

The solution is to include the organic matter in all mudstones as initially suggested in the early 1930s
(Hunt, 1979. p. 9). Mudstones contain on average 1% organic carbon (Hunt, 1972), equivalent to 10
kg of organic carbon per ton of rock. The organic carbon in mudstones is mostly derived from
terrestrial organic matter (Hunt,1995) and is estimated to be 100 times larger than the organic
carbon in the organic-rich mudstones providing the source rocks for oil (Vandenbrouke and Largeau,
2007). In addition, there is an average of around 0.3% organic carbon in sandstones and carbonates
(Hunt, 1972).

The solubility of hydrocarbons in water decreases exponentially with the number of carbon atoms up
to 12 (Ferguson et al., 2009). The solubility of Cs. is < 1/100 that of ethane (Pereda et al., 2009). Thus,
even though most mudstones contain a few hundred grams of Cs. hydrocarbons (Hunt, 1977),
hydrocarbons with five or more carbon atoms will not dissolve in the formation water. Hence, the
water phase serves as a physical filter for hydrocarbons.

While pyrolysis of immature kerogen generates wet gas with 10-60% methane in the C;-C,4 fraction
(Mango, 1997 ), pyrolysis of mature kerogen generates dry gas, that is > 90% methane in the C;-C4
fraction (Harwood, 1977; Redding et al., 1980; Hill, et al., 2007).

Approximately 5% of the organic carbon is converted to methane (Redding et al., 1980; Harwood,
1997; Hill et al., 2007). Thus, each ton of mudstones can produce ~0.7 kg of methane (~ 1 m3).
Assuming a rock porosity of 10% and a rock density of 2.5 ton/m?, every ton of rock will contain ~
0.04 m3 water. The solubility of methane in formation water of sea water salinity at 1000 bar and
150°C is slightly less than 10 kg (~14 m3) per m®water (Duan et al., 1992). Thus, most pore waters at
great depth and high temperatures are likely to be nearly saturated with methane.



Methane derived from CO,

Up to 20% of methane is assumed (Hunt, 1995) to be generated early in the burial history from CO;
and hydrogen according to the following reaction (Hunt, 1995, p. 189):

CO; + 4H;, <=> CH4 + 2H,0 (2)

The reaction is assumed to be mediated by bacteria (Claypool and Kaplan, 1974; Fuex, 1977; Rice and
Claypool, 1981; Hunt, 1995). However, generation of methane from CO; and H; by reaction (2) is
exothermic up to 600°C (Schaaf et al., 2017) and is therefore not dependent on bacterial mediation.
Small amounts of ethane (C;Hg) are also formed from CO and H.. That reaction is exothermic up to
400°C (Schaaf et al., 2017), which means that a small amount of ethane also forms together with the
methane from reaction (2).

CO; and H; are derived from decomposing organic matter by the following (irreversible) exothermic
reaction (Berner, 1980, p. 82):

CH,0 + 2H,0 -> CO, + 8H (3)
where CH,0 represents the organic compound.

Therefore, methane and some ethane might continue to form from CO; and H, at temperatures
higher than the temperature of 70°C at which bacteria are assumed to become inactive (Claypool and
Kaplan, 1974; Fuex, 1977; Rice and Claypool, 1981). It means that the amount of CO2 derived
methane might be greater than commonly believed.

In generating methane from CO; and H,, bacteria are currently presumed to release H, and to use
enzymes to catalyse the process (Claypool and Kaplan, 1974; Fuex, 1977; Rice and Claypool, 1981).
However, Zobell (1946) showed that the number of bacteria in marine mud decreases from 63
million per gram of mud in the upper 5 cm, to <400 at 180-185 cm depth. Bacteria are typically 1-10
pum in length (Momper, 1978), while mudstones are dominated by clay particles <2 um (Vogt et al.,
2002), suggesting that the pores in mudstones are too small for bacteria to thrive.

Rice and Claypool, (1981), therefore raised the question of whether bacteria can function in
compacted shales, but nevertheless maintained that they would thrive down to 1-2 km. On the other
hand, Stahl (1974, p.134) stated "biogenic alteration of organic matter is predominant during the first
few feet of sedimentary burial".

The light carbon isotopic composition of shallow methane has been suggested to result from
bacterial fractionation (Claypool and Kaplan, 1974; Fuex, 1977; Rice and Claypool, 1981). However,
Sackett (1968) concluded that bacterial fractionation is not required because low temperatures will
in any case produce the observed isotopic fractionation between CO, and methane (Whiticar, 1999).

If 10% of the carbon content of average mudstone is converted to methane from CO,, one ton of
mudstone will generate 1.4 kg of methane. Assuming a rock porosity of 20% and an average water
pressure of 100 bar, less than 10% of the methane will dissolve in the formation water, with the
result that free gas will form. CO; has a solubility in water many times greater than methane,
however, and is therefore unlikely to be present as a discrete gas phase (Bando et al., 2003).

Significant amounts of methane migrate towards the surface via molecular diffusion in water (Smith
et al.,, 1971; Hunt, 1995). Smith et al. (1971) showed that a gas accumulation of 200 bcf (2,8 x10®m?)



at slightly less than 2 km depth with an area of 100 km? will be emptied within <80 million years if no
further gas is supplied. However, Smith et al. (1971) did not consider that methane is continuously
generated in the overburden. This gas will serve as a diffusional barrier for the underlying trapped
gas, thus significantly increasing the gas residence time in shallow reservoirs. It also means that a
significant portion of the methane formed in mudstones from CO, and H, will be lost since most of
the CO; is produced early in the burial history (Tissot and Welte, 1984) suggesting that methane from
methylated aromatics is the main source for methane. Even so, a significant fraction of the shallow
West Siberian Cenomanian dry gas accumulations (Schaefer et al., 1999; Littke et al., 1999), might be
derived from CO; and H,.

Methane that migrates to the surface via molecular diffusion within the water phase (where the
bacteria reside) is likely to be oxidized to CO,in the ~ 1m thick bacterial sulphate reduction zone
present in submarine mudstones (Berner, 1980, Figure 6-12). Therefore, the flux of methane at the
surface of sedimentary basins is not a good measure of vertical methane flux.

Accumulation of methane gas

For dissolved methane to form gas accumulations, it must be released from the water. It has been
shown that uplift and pressure reduction can result in exsolution of large amounts of gas (Masters,
1979; Schaefer et al., 1999; Law, 2002), but no universal quantitative model has been presented for
how large methane accumulations might form by exsolution from formation water in a subsiding
sedimentary basin. Although it is well established that open fractures exist in the deeper highly
overpressured part of sedimentary basins (Mandl and Harkness, 1987; Engelder and Leftwich, 1997,
and references therein), there is also no universal model presently available for the quantitative roles
of fracture flow vs. matrix flow as subsidence progresses.

Engelder and Leftwich (1997) provide data that can be used to determine the relative importance of
fracture vs. matrix water flow. They showed that pore water pressure in south Texas oil and gas fields
was close to hydrostatic down to 2-3 km, but then increased greatly along a “pressure ramp” to
approach the overburden gradient (1.8-2.0 times hydrostatic pressure) at around 3-3.5 km.

At the deep end of the pressure ramp, the calculated hydraulic gradients are typically reduced by
four to five times (Engelder and Leftwich, 1997). Since the flux of fluid immediately below and above
the hydrofracturing isobar is approximately the same, Darcy’s equation demands that the rock
permeability below the hydrofracturing isobar must have increased by four to five times. The only
universal phenomenon that can explain this increase in permeability is an increase in open fractures.
Such fractures are expected to form close to maximum overpressure in high-permeability rock
(Mandl and Harkness, 1987) hereafter referred to as "sandstone" (Mandl and Harkness, 1987).

The fractures are predicted to originate in sandstone [Mandl and Harkness, 1987) and propagate
though (tight) mudstones until they hit a new sandstone. It important to notice that generation of
hydraulic fractures does not increase the flux of water across the hydrofracturing isobar. The vertical
flux of water through any given horizontal surface, matrix plus fracture flow, is determined by
thermally-driven, pressure-insensitive porosity-loss rates (Bjgrkum, 1996; Bjgrkum and Nadeau,
1998; Nadeau et al., 2005) in the underlying rocks.

The pore pressure within hydro-fractured sandstones is predicted to stay high and be close to the
fracturing pressure for as long as water is expelled from the underlying rocks, that is, if the porosity
in the underlying rock is greater than zero. This implies that once a facture is generated, the
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thermally-driven pressure-insensitive porosity-reducing mineral reactions will proceed and pump the
water upward, with the result that the fracture water flow will be continuous and long-lasting, and
not episodic and short-lived (< 100 years) as assumed by Roberts and Nunn (1995, and references
therein).

If methane-saturated pore water flows upwards through hydraulic fractures (Figure 2), methane gas
will be released as the water pressure and temperature decrease, according to the methane
solubility data of Duan et al. (1992).

I Fracture flow

f Matrix flow

® Methane

Figure 2

Water containing molecularly dissolved methane are expelled from
highly overpressure sandstones through a hydraulic fracture that cut
through mudstones until it is arrested when it hits a high-permeable
sandstone situated above the hydrofracturing isobar. A significant
fraction of methane is predicted to exsolved due to drop in pressure and
temperature and a gas accumulation might form. If the lower sandstone
contains free gas, the vertical flux of gas might increase by two orders of
magnitude.

The following hypothetical example demonstrates that compactionally-driven upward flow of

geologically reasonable volumes of pore water can release significant amounts of methane. Each 1
m?3 of methane-saturated water moving from 1000 bar and 150°C upward to 400 bar and 90°C will
release ~5 m? of methane (Duan et al., 1992). From such movement, it will take 4x10® m3 water to



form a methane accumulation of 2x10° m? that is, a volume ten times the average gas fields sizes
(Smith et al., 1971). This volume of water (4x108 m3) can be provided by a porosity reduction of 4% in
10%° m3 of mudstone (comparable to 100 m thickness of mudstone with an aerial extend of 100 km?).
If we assume that it takes 10 million years to reduce the porosity by 4%, the flux into the receiving
reservoir will be 40 m* water per year, or ~0.1 m? gas per day.

To form a methane accumulation the size of the North Sea Troll Field (1.25 10> m® = 44.6 Tcf), the
volume of water must be 800 times larger than in the above calculation. This can be supplied by
compaction of an underlying thickness of 4 km of mudstone with an aerial extent of 2000 km? (an
aera three times the Troll Field (Horstad and Larter, 1997).

Alternatively, the gas might be sourced from previous gas accumulations that have transcended the
hydrofracturing isobar. Then gas will accumulate in the receiving reservoir at a rate two orders of
magnitude greater (several hundred kg methane per m? fluid) than if the gas was supplied with the
water phase as described above (a few kg per m? fluid). Rapid remigration is consistent with the
exponential decline in producing gas (and oil) field beneath the 120°C isobar (Nadeau et al., 2005;
Figure 8) which is assumed to coincide with the hydrofracturing isobar (Bjgrkum and Nadeau, 1998;
Nadeau et al., 2005; Angulo and Vargas, 2022). Nadeau et al. (2005) showed that > 90% of the gas
and >n 95% of the conventional oil are located at temperature < 120°C.

Thick and geologically fast subsiding basins, such as evinced the Gulf of Mexico, are more likely to
have been through more remigration events than slowly subsiding basins. As a result, rapidly
subsiding basins are expected to contain more gas in the gas accumulation zone at T < 120°C (Nadeau
et al. 2005; Angulo and Vargas, 2022) than in most slowly subsiding and thinner basins.

The residence time above the hydrofracturing isobar is critical since reservoirs can only retain a
significant amount of gas while located above the hydrofracturing isobar. Any gas accumulated at
greater depths would tend to be among the first fluids released along fractures. The time above the
hydrofracturing isobar is lowest in rapidly subsiding basins, but less time might to be more than
compensated by the anticipated increased number of remigration events and larger volumes of
mudstones relative to cases of slower subsidence.

The hydrofracturing-water-flow model for transport of methane presented here might also explain
why most hydrocarbon gas accumulations contain helium (Barry et al., 2016). Helium is present in
trace amounts in pore water (Zartman et al., 1961), but its concentration will increase in gas
accumulations by up to 100 times (Zartman et al., 1961) due to gas-stripping (Barry et al., 2016). A
guantitative model for accumulation of helium has been difficult to establish since large volumes of
water are required (Barry et al., 2016) and today’s model for gas migration assumes that migration of
the gas as a separate phase. The model for transport of methane as molecularly dissolved in water
(in a ratio of approximately 1/100) presented in this paper provides the volume of water necessary to
explain the presence of helium in many gas accumulations.

Implications for shale gas

Unconventional gas is currently produced form organic rich shales. Empirical data also suggest the
TOC in the source rock must be 2% or higher for kerogen of medium to high maturity to form
economic amounts of free gas (Montgomery et al., 2005; Jarvie et al., 2007). There are a few STP m3
of gas per ton rock (Jarvie, 2007). Therefore, the in-situ volumes of pressurized gas are on the order
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of a few tens of dm3per m3 rock, which is close to the volume of mudstone pores (Jarvie, 2007).
Hence, most of the gas is likely to be confined to inorganic pores.

The production of unconventional gas decreases rapidly after the first year, after which the rate of
gas production continues for many years with little decline and with close to constant gas/water ratio
(Jarvie, 2012; 2015). This differs from the production of gas from conventional gas reservoirs where
the gas/water ratio declines during production. (Jarvie, 2012; 2015) and other attempts to predict
the shale gas production profile from first principles have not been successful (Kuske et al., 2019;
Orozco et al., 2020). However, if we accept that most of the gas is produced from the mudstone, the
shale gas production profile can be understood as reflecting the increased connectivity of initially
isolated gas pockets due to reduced pressure from production.

The fate of the free gas in source rocks/shales is unclear, but at near-zero porosity, most of the in-
situ gas must have escaped or been incorporated into the kerogen structure (Mango, 2013). At
temperatures higher than 700°C (only likely to be achieved in subduction zones), reaction 1 will be
reversed (Schaaf et al., 2017), implying that remaining methane will react with water and produce
CO; and Ha.

Unconventional oil is also produced from source rocks (Jarvie, 2012). According to Bjgrkum (2021),
this oil comes from expulsion of immature oil at depths less than 1km. There are typically slightly
more than ~0.1 kg oil per kg organic carbon in source rocks from which oil is produced (Jarvie,
2012), which means that a source rock with 3% TOC (30 kg organic carbon per ton rock) will contain
~3 kg oil per ton rock. Hence, all in-situ oil might be confined to the kerogen.

The remaining oil is not likely to invade the mudstone nano-pores because of short-range repulsive
electrical forces (Cordell, 1973; Buckley et al, 1989; Basu and Sharma, 1996) between negatively
charged oil/water interphase and negatively charged mineral surfaces in mudstone pores, in addition
to the curvature forces (Cordell, 193). Calculation of the entry pressure, p_, for oil into mudstone
nanopores must include the electrical forces as described by the augmented Laplace-Young equation
(Basu and Sharma, 1996):

P = = + Pelectrical (4)

r

where G is the curvature interfacial force, r the interface curvature radius, and pelectrical the electrical
repulsive pressure (Basu and Sharma, 1996).

Since the oil is produced from hydraulically induced vertical fractures, most of the oil is likely to be
produced from organic lamiae with a lateral extent comparable to the distance between the vertical
fractures.

Therefore, production of oil and gas from organic-rich mudstones probably does not involve a
complex, and to date unsolved three-phase (PVT) problem (Kuske et al., 2019), but rather a two-
phase gas problem (gas and water) and a “one”-phase oil problem (kerogen and oil).

For in-situ separation of gas and oil, gas production rates will be controlled by the permeability of the
mudstone, while oil production rates will be sensitive to both permeability and the lateral continuity
of the organic lamina. The mudstone oil saturation and relative permeability (Kuske et al., 2019) are
thus irrelevant. Faulting might disrupt the lateral continuity of organic lamina, with resulting decline
in oil production near major fault zones.



The in-situ separation of oil and gas can also explain why in “Huff’'n Puff” gas injection (Orozco et al.,
2020) results in a doubling of oil recovery (from 10 to 20%), while most of the injected gas remains in
the ground. Attempts to model the experience from first principles have not been successful (Orozco
et al., 2020). If we assume that the oil is confined to the organic laminae and that most of the
injected gas invades the organic laminae (because there is no capillary entry pressure), invasion of
gas will substitute for and mobilize some of the oil adsorbed on the organic matter.

The fate of liquid hydrocarbons retained in sources rocks is unclear since hydrocarbons with <7
carbons are highly stable (Wietkamp, 1975). The answer might have been found by Lewan (1985),
who noticed that the residual carbon increased during aqueous pyrolysis of immature kerogen at
temperatures >350°C while the oil fraction decreased (Lewan, 1985), suggesting that the oil fraction
is ingested by the kerogen. This possibility appears to have been anticipated by McCoy (1924), who
stated that the oil must squeezed out beds before the “the liquid oil in source beds has been
solidified to kerogen” (p. 1023).

Discussion

The fact that artificial heating of immature kerogen generates wet gas while artificial heating of
mature kerogen generates dry gas calls for an explanation. The answer appears to reside in the role
of time involved in pyrolysis of kerogen. The overall quantity of hydrocarbons (oil and gas) generated
in artificial heating of immature kerogen decreases significantly with decreasing heating rate
(Campbell and Evans, 1979; Evans and Smith, 1979; Lewan and Ruble, 2002). Below a heating rate of
120°C/hr, the oil yield is approximately proportional to the log of the heating rate (Evans and Smith,
1979). If extrapolated to subsurface conditions and heating rates less than 3.1°C/million years,
comparable to a sedimentation rate of ~100m/million years, no hydrocarbons would form (Lewan,
1998). At heating rates of 10°C/million years, a few % of the kerogen is predicted to form
hydrocarbons, suggesting that most source rocks are not expected to lose noticeable amounts of
organic carbon within the oil generation window of 120-150°C (Quigley and Mackenzie, 19883, b).

These observations are contrary to expectation, since conversion of kerogen to hydrocarbons is a
kinetically controlled process, such that more time should result in the formation of more
hydrocarbons (Hunt, 1995). However, the predictions by Lewan (1998) have been given some
support by Bjgrkum (2021) who showed that TOC does not decline in North Sea Draupne source rock
in the predicted oil generation and expulsion window.

These conflicting observations can be understood from the different chemical structural changes of
kerogen during burial and in short-lived artificial high-temperature experiments. When the aliphatic
chains (-CH»-) attached to aromatics in the kerogen biopolymer (Berner, 1980; Vandenbrouke and
Largeau, 2007) are broken during burial, they are incorporated into the growing aromatic (-CH-)
structure of kerogen (Campbell et al., 1980; Béhar and Vandenbrouke, 1987; Vandenbrouke and
Largeau, 2007; Fusetti et al., 2010; Clough et al. (2015). Hence, during burial, kerogen is
dehydrogenated, and organic carbon is preserved. Clustering and ordering of aromatic ring
structures towards graphite (CHo) is a kinetically impeded crystallisation process requiring geological
timescales (Grew, 1974; Beyssac et al, 2002; 2003), which explains why kerogen is not aromatized in
short-lived laboratory experiments.

Also, due to high temperatures (> 400°C), most of the artificially generated C6-C30 hydrocarbons will
evaporate (to form pyrolysate) and are therefore prevented being incorporated into aromatic
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structures. Hence, the amount of organic carbon declines during pyrolysis of immature kerogen. Due
to the high temperatures, some of the C6+ hydrocarbons crack to form propane and butane, which
might explain why pyrolysis of immature kerogen generates wet gas while mature dealkylated
kerogen produces mainly methane (Campbell et al., 1980; Mango, 1997 and references therein).

Hydrogen is also produced during pyrolysis of immature kerogen. On a mol basis, H; is the major
gaseous pyrolysis product (Campbell et al., 1980). However, the amount of H, generated decreases
with decreasing heating rates, probably due the greater time available for hydrocracking the
artificially generated C6+ hydrocarbons.

Since ~ 5% of organic carbon is converted to methane (Redding et al., 1980; Harwood, 1977; Hill, et
al., 2007), only a small fraction of the remaining hydrogen is used form methane. Thus, most of the
remaining hydrogen is expelled from kerogen as H, if kerogen reaches the graphite stage at
approximately 700°C (Landis, 1971}.

It has been difficult to explain why methane, which has the highest H/C ratio of all hydrocarbons is
generated form kerogen with a lower H/C ratio (< 0,8) than during generation of liquid hydrocarbons
(Hunt, 1995; Baskin, 1997). However, if methane is formed from methylated aromatics, the H/C ratio
of the kerogen at the time of methane generation is not relevant.

All organic matter contains alkylated aromatics (Vandenbrouke and Largeau, 2007), which implies
that all type organic matter will generate methane (Harwood, 1977). Organic matter from land plants
(Type Ill), which dominates in mudstones (Hunt, 1995), has a higher fraction of alkylated aromatics
than organic matter stemming from marine lifeforms which has more alkylated aromatics than

freshwater (Type I) organic matter (Béhar and Vandenbrouke, 1987).

Even though Type Ill organic matter in mudstones is expected to be the source for most of the
methane in sedimentary basins (Hunt, 1995), methane produced directly form source rocks is
generated from marine (Type Il) organic matter (Jarvie, 2015).

The models for generation of early and late methane presented in this communication explains the
origin off conventional non-associated dry gas accumulations. Most of the wet reservoir gas (< 10%
C1 in the C1-C4 gas fraction) is predicted to stem from contact with oil. If sufficient dry gas enters an
oil reservoir to form a gas cap, it will be enriched in C3 and C4 hydrocarbons due to gas-stripping.

Most geologist would probably contend that the absence of oil shows in cores indicates the lack of
any previous oil column in the rocks. This might not be true, however, because a gas phase in contact
with oil will result in spontaneous formation of a thin oil film at the gas-water interphase (@ren et al.,
1992; @ren et al., 1994). This continuous oil film will serve as a drainage channel for the oil towards
the oil leg. Hence, no oil shows might be present in the cores where the oil has been.

However, if gas has been in contact with oil, it is predicted to be wet (< 10% C1 in the C1-C4 gas
fraction) due to gas stripping. Some of the C3 and C4 hydrocarbons are likely to have originated from
in-reservoir hydrogenation (hydrocraking) of C6+ hydrocarbons where the required H; is supplied
(Bjgrkum, 2021) from decomposition of organic matter in mudstones during burial (Hunt, 1995). For
a given oil, the wetness of the gas will depend on the pressure, temperature, and the volume of free
gas relative to volume of oil, as well as the thermal maturity of the oil. If oil inclusions can be
documented in mineral cements, it is probably safe to conclude that the reservoir has had an oil
column.
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Conclusions

The total amount of methane in sedimentary basins is estimated to be 100 times larger than in
conventional reservoirs. Most methane is dissolved in the pore water. The origin of the methane
dissolved in the pore water is not accounted for in today’s models for the generation of methane.

Two mechanisms are proposed that can together explain the large volumes of methane. Most is
generated from the organic matter dispersed in mudstones, but some methane is formed by reaction
of the CO; and H; released from decomposition of organic matter during most of the burial history.

To explain the origin of free methane in mature conventional reservoirs, approximately one percent
of the methane dissolved in pore water methane must be exsolved from the formation water by the
decrease in pressure and temperature during upward flow through fractures.

It has been shown that large amounts of water saturated with dissolved methane, generated in
mudstones, might flow vertically through hydraulic fractures originated in high-permeability rocks
below the hydrofracturing isobar at around the 120°C isotherm. Given optimal geological settings,
significant gas accumulation might form above the hydrofracturing isobar from methane released
from water due to lower pressures in a few tens of millions of years. However, if hydro-fractures
originate in previous gas accumulations (situated below the hydrofracturing isobar), a new gas
accumulation might form in less than one million years.

Basins with the largest volumes of mudstones are expected to contain the most convention gas.
Rapidly subsiding basins might give rise to the largest gas accumulations due to the possibility of
multiple remigration episodes.

The model for gas generation might also shed light on the challenges facing shale-gas production. It is
argued that most of the gas is the inorganic pores, while the oil is confined to the organic matter.
This results in a two-phase problem for the gas and a one-phase problem for the oil. It implies that oil
production will be sensitive to the permeability and continuity of organic laminae whereas, gas
production should be sensitive to the mudstone permeability.
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