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Definitions

Natural gas is a mixture of gaseous hydrocarbons and non-
hydrocarbon gases typically produced in subsurface sedimen-
tary rocks, frequently associated with crude oil or coal beds.
Hydrocarbon gases are almost exclusively alkanes,
dominantly methane (CH4, generally from 70 to 90 vol.%),
and, subordinately, ethane (C2H6, 1 to 10 vol.%), propane
(C3H8, generally <5 vol.%), and butane (C4H10 < 1–2 vol.
%). Nonhydrocarbon gases, such as CO2, N2, He, H2, and
H2S, are generally present as minor constituents. Natural gas
is formed throughmicrobial or thermal degradation of organic
matter in sedimentary rocks, typically shale or limestone
(source rocks), in coal-beds, and through oil cracking and
biodegradation. The gas can move inside the porous source
rocks (primary migration), migrate to external rocks
and accumulate in trapped permeable “reservoir” rocks
(secondary migration), and move from a reservoir to another,
or seep to the Earth’s surface (tertiary migration and seepage;
Figure 1) (Hunt 1996; Etiope 2015).

In the petroleum geology literature, the term “natural gas”
does not refer to geothermal or volcanic H2O- or CO2-rich gas
where hydrocarbons are a minor component. The term can
however include hydrocarbon-rich gas originated abiotically,
in considerable concentrations (up 90 vol.%), in some igne-
ous rocks (see “Origin”).

The methane produced in subsurface source rocks is typ-
ically “fossil,” i.e., radiocarbon (14C) free (carbon older than
50,000 years BP) and can be termed “geological methane.”
Modern microbial methane is instead produced and dispersed
within shallow sediments and bottom waters in estuaries,

deltas, bays, lakes, marshes, wetlands, and shallow perma-
frost. Although this modern gas could also be broadly called
“natural gas,” it does not represent a fossil-fuel source for
petroleum industry and literature.

Origin

The natural gas currently exploited as energy source origi-
nates through the microbial or thermal degradation of organic
matter, coal, or oil in sedimentary rocks, typically shale
and limestone. Microbial and thermogenic gases are
cumulatively termed biotic because of the derivation from
biologic compounds, mainly lipids and carbohydrates, in
marine (sapropelic) and terrestrial (humic) organic matter.

Microbial (or biogenic) gas is mainly produced during
diagenesis of sediments (Hunt 1996) by specialized microor-
ganisms that decompose organic matter and form CH4 at
relatively low temperatures (typically up to 60–80 �C; or
above 100 �C by extremophiles in special hydrothermal sys-
tems). Although the term “bacterial methane” is also used in
the literature, it should be remembered that Bacteria do not
produce methane, only Archaea do it. After organic matter is
decomposed, methane is formed through two main biochem-
ical pathways: CO2 or carbonate reduction (CO2 + 8H+ + 8e�

➔ CH4 + 2H2O), and acetate fermentation (CH3COOH ➔
CH4 + CO2), depending on burial depth and organic matter
(e.g., Whiticar et al. 1986). In special conditions, trace
amounts of ethane and propane can be formed (Formolo
2010). Microbial methane is also produced in coal-beds, in
early and late stages of coalification (Rice 1993) and by oil
biodegradation (secondary microbial methanogenesis), via
carbonate reduction. This secondary microbial gas may con-
stitute large gas resources (Milkov 2011). Microbial gas is
very dry, i.e., it consists almost entirely of methane. Generally
(but not always), it indicates relatively shallow gas source
rocks and reservoirs.

# Springer International Publishing AG 2017
W.M. White (ed.), Encyclopedia of Geochemistry,
DOI 10.1007/978-3-319-39193-9_152-1



Thermogenic gas is produced in deeper sedimentary rocks
by the thermal degradation (catagenesis) of organic matter,
kerogen, coal (primary cracking), or oil (secondary cracking)
at higher temperatures, typically up to 250 �C. Organic matter
maturation includes a series of intermediate products, such as
geopolymers (kerogen), bitumen, then converted into hydro-
carbons, as described in classic petroleum geochemistry lit-
erature (e.g., Tissot and Welte 1984; Hunt 1996). Vitrinite
reflectance is the main parameter to define thermal maturity
(Hunt 1996). Thermogenic gas can be independent from or
associated with oil reservoirs and can have variable amounts
of ethane, propane, butane, and heavier (C5+) hydrocarbons.
It also frequently contains measurable quantities of non-
hydrocarbon gases.

Abiotic hydrocarbon-rich gas can be produced in special
geological conditions by chemical reactions that do not require
the presence of organic matter. These reactions include gas-
water-rock reactions (for example, Fischer-Tropsch type reac-
tions, like the Sabatier reaction between carbon dioxide and
hydrogen) occurring at relatively low temperatures, often
below 150 �C, in mafic and ultramafic rocks (Etiope and
Sherwood Lollar 2013). Abiotic methane is also produced,
in low concentrations (typically parts per billion to parts per
million), by magmatic and high temperature (>250 �C) reac-
tions in geothermal systems (Etiope and Sherwood Lollar
2013) but, as anticipated above, it is not typically termed
“natural gas.”

Nonhydrocarbon gases (mainly CO2, N2, H2S, H2, and He)
are often associated with hydrocarbons as they can originate
through organic or inorganic processes that can occur within,
beneath, or in proximity to the petroliferous sedimentary

rocks (Hunt 1996). The organic processes are mainly thermo-
genic, e.g., kerogen decarboxylation (producing CO2 during
catagenesis), thermochemical sulfate reduction (producing
mainly H2S), thermal degradation of organic N-containing
compounds (producing N2), and oil biodegradation
(producing mainly CO2 after hydrocarbon production).
Bacterial sulfate reduction can also produce H2S and CO2.
Inorganic reactions include kaolinite-carbonate reactions
(producing CO2), metamorphism of ammonium-rich clays
(producing N2), thermo-methamorphism of limestone
(CO2), radioactive decay of U and Th (producing He), and
magma degassing (mainly CO2 and He).

The identification of natural gas origin may start observing
the relative abundance of methane (C1), ethane (C2), and
propane (C3) (i.e., the Bernard ratio C1/(C2 + C3), or the gas
wetness, expressed as SC2–5/SC1–5). Microbial gas generally
has a Bernard ratio > 1000. But this diagnostic tool may be
misleading as it fails to detect post-genetic alterations of the
molecular composition of the gas (molecular fractionation of
thermogenic gas leading to high Bernard ratios) and second-
ary genetic processes (secondary microbial methane). The
critical step for identifying the origin of natural gas is the
analysis of the stable isotope composition of carbon (13C/12C)
and hydrogen (2H/1H) in methane (expressed as d13C and d2H
in‰ (per mil) relative to Vienna Pee Dee Belemnite, VPDB,
and Vienna Standard Mean Ocean Water, VSMOW, stan-
dards; e.g., Schoell (1980)). The isotopic data are typically
plotted in a d13C vs. d2H diagram, an empirical diagram that
differentiates the genetic fields of microbial, thermogenic, and
abiotic methane (Figure 2). Worldwide occurrences of ther-
mogenic and microbial gases have a well-defined distribution
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in regards to carbon and hydrogen isotopes. Microbial meth-
ane is generally characterized by d13C values lower than
�50‰. Thermogenic methane is typically in the range
between �50 and �30‰; but highly mature source rocks
can provide methane with d13C values up to �20‰, and
low maturity rocks (early thermogenesis) can lead to values
as low as �70‰. Abiotic CH4 has a wide range of d

13C and
d2H values and, although overlapping with part of the ther-
mogenic field, is characterized by an overall shift towards
more 13C–enriched and more 2H–depleted values (Figure 2).

Use of d13C in relation to the Bernard ratio is beneficial for
determining the mixing between microbial and thermogenic
gas and the source rock maturity. The changes in the molec-
ular and stable isotopic composition of natural gas with
increasing thermal maturity are a direct result of the kinetics
of the formation mechanisms. During the first stages of
catagenesis, at relatively low temperatures (low maturity),
gas is “wet” (i.e., rich in alkanes heavier than methane).
Wetness (defined above) can range between 10 and 100.
With increasing maturity (time and temperature) gas becomes
“dry,” less rich in C2–C5 due to the thermal cracking of heavy
alkanes. Wetness can drop to values below one. If the carbon
isotopic composition is not evaluated, this type of dry ther-
mogenic gas can be confused with microbial gas, which
generally has wetness <0.1. Additional interpretative tools
use the isotopic composition of nonhydrocarbon gases
(especially CO2 and N2).

Occurrences

Natural gas occurs in porous, sedimentary, organic-rich
source rocks (shales, marls, and limestones), and coal-beds,
where it is initially generated, and in more permeable sedi-
mentary rocks (sandstones, fractured limestones) and, not
rarely, even in igneous and metamorphic rocks (fractured
volcanic or crystalline basement rocks; e.g., Farooqui 2009),
where it accumulated. Permeable reservoir rocks represent
“conventional” gas resources. Scarcely permeable reservoirs
(e.g., tight-gas sandstones) and source rocks (shale-gas) rep-
resent “unconventional” resources, as they require stimula-
tion methods to improve economic recovery rates. Gas
hydrates and coal-beds (coal-bed methane, CBM; or coal
seam gas, CSG) are also unconventional gas resources.

More than 50% of conventional reservoired oil and gas
was generated by source rocks formed within two relatively
short geological time periods, between 144 and 169Myrs ago
(Upper Jurassic) and between 88 and 119 Myrs ago (Aptian-
Turonian) (Klemme and Ulmishek 1991). From the reservoir
rocks, natural gas can migrate through faults to the Earth’s
surface (seepage), entering shallow aquifers, soil, and the
atmosphere via diffuse exhalation (microseepage), springs
and seeps (macroseeps), such as mud volcanoes, and oil or
gas seeps, including natural “eternal” fires (Etiope 2015).
Natural gas source rocks, reservoirs, and seeps are distributed
throughout the petroliferous sedimentary basins of all

Natural Gas, Figure 2 Stable C and H isotope values of methane
(CH4) in different geological systems and related genetic mechanisms
(biotic and abiotic). Biotic (microbial and thermogenic) gas data are from
a global inventory of natural gas in conventional (reservoir) and uncon-
ventional (shale-gas, coal-gas) petroleum systems (Sherwood et al.

2017), and from Coleman et al. (1988), Whiticar et al. (1986) and
Tazaz et al. (2013). Abiotic gas data are from Etiope and Sherwood
Lollar (2013), Etiope et al. (2016), and Etiope (2017a, b). Abiotic gas
must be considered as “dominantly abiotic,” as it may be mixed with
variable amounts of biotic gas.
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continents. The largest gas reservoirs are located in Russia,
Iran, Qatar, and Algeria.

In ocean bottom sediments, microbial or thermogenic nat-
ural gas can occur as gas hydrates or clathrates, ice-like
crystalline solids stable under specific pressure and tempera-
ture conditions, composed of rigid cages of water molecules
that enclose guest gas molecules. Methane hydrates generally
occur in deep-sea sediments or shallow seabed in Arctic
regions, and likely contain one order of magnitude more
methane than the 220 Gt of carbon estimated to occur in all
conventional gas reservoirs (Milkov 2004). Permafrost on
land, in subpolar regions, may also host significant amounts
of methane clathrates, either microbial or thermogenic.

Abiotic natural gas has been widely reported, in
concentrations reaching orders of 80–90 vol.%, in deep
boreholes in crystalline shields in Canada, South Africa, and
Finland (Sherwood Lollar et al. 1993), and in surface seeps
and springs in serpentinized ultramafic rocks (peridotites) of
continental ophiolites, peridotite massifs, and igneous intru-
sions, in at least 17 countries in North America, Europe, Asia,
and Oceania (Etiope and Sherwood Lollar 2013; Etiope and
Schoell 2014; Etiope 2017b). Volumes of this gas in the rocks
are not known but the high gas flux, observed at the surface in
some cases, suggests the presence of pressurized pools.

Energy Resource

Natural gas in conventional and unconventional petroleum
systems is a nonrenewable resource. Thermogenic gas accu-
mulations account for approximately 80% of the world’s
natural gas resources (Rice 1993). Shale-gas represents an
increasingly important source of gas in the United States,
Canada, and China. Commercial accumulations of abiotic
methane have not been identified by the petroleum industry,
so far; less than 1% of the CH4 in most oil and gas fields was
estimated to be abiotic (Jenden et al. 1993). The recent dis-
coveries of abiotic gas in continental ultramafic rocks and
Precambrian crystalline shields could, however, represent
new resource prospects for the future.

In total, natural gas accounts for about 24% of the world’s
energy consumption. Global natural gas production, con-
sumption, and reserves have been estimated (end of 2015) at
approximately 3539, 3469, and 186,900 billion cubic meters,
respectively (BP 2016).

Summary

Natural gas is a mixture of hydrocarbons (methane, ethane,
propane, butane) and nonhydrocarbon gases (CO2, N2, H2S,
H2, and trace amounts of noble gases) originated in sedimen-
tary source rocks (shales, marls, and limestones) and stored in

reservoir rocks (sandstones, limestones, and subordinately
igneous/metamorphic rocks). The gas is produced biotically
by microbial or thermal degradation of marine (sapropelic) or
terrestrial (humic) organic matter in marine sediments and
coal formations (coal-bed gas), and by oil cracking and bio-
degradation. Abiotic natural gas, generated by gas-water-rock
chemical interactions (e.g., Fischer-Tropsch type reactions),
has been increasingly discovered in recent years in Precam-
brian shields and serpentinized ultramafic rocks in ophiolites
and peridotite massifs. Microbial and thermogenic gas can
also be stored as hydrates in marine sediments and onshore
permafrost. From source rocks and reservoirs, the gas can
migrate along faults to the Earth’s surface, where it exhales to
the atmosphere through gas seeps and mud volcanoes.
Reservoired natural gas presently accounts for one fourth of
the world’s energy consumption.
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