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Abstract: Reports on the presence of hydrocarbons in igneous rocks have been on the
increase and generating greater interest i the scientific community over the last 29 years.
Most of the occurrences are due to the incorporation of organic material into the magmatic
systems. However, reports on the presence of hydrocarbons formed by abiogenic processes
have also increased 1n recent years, suggesting that these hydrocarbons may not be as rare
as previously thought and may have implications for natural gas resources in the future.
This paper reviews these occurrences and the models proposed for the seneration of these
hydrocarbons, in particular the nature of the hydrocarbon-bearing fluids in the alkaline
complexes Khibina, Lovozero and Ilimaussag. The origin of these hydrocarbons remains
controversial, whether they are (1} derived directly from the mantle, (2) formed during late
crystallization stages by respeciation of a C—O—H fluid below 500 °C, or (3) formed during
postmagmaltic alteration processes involving Fisher-Tropsch type reactions catalysed in
the presence of Fe-oxides and silicates. The reports suggest that a direct mantle origin
for the hydrocarbon fluid is unlikely. A model involving near-solidus reequilibration of a
C-O-H fluid to a CHy-rich composition is possible, although only for extreme melt
compositions that have large crystallization temperature ranges (i.e. hyperagpaitic melts).
The Fischer—Tropsch synthesis of hydrocarbons in igneous rocks seems to be a more applic-
able model for a wide variety of 1gneous rocks.

The origin of abiogenic hydrocarbons in rocks
has recently attracted considerable research
interest in geology and applied geology. Most
of the Earth’s hydrocarbons occur in sedimen-
tary rocks and have been produced from
biogenic material during burial and diagenesis
(e.g. Schidlowski 1982; Belokon et al. 1995).
Hydrocarbons in fluid inclusions from meta-
morphic rocks are also well documented and
arc thought to have been produced abiogenically
through reactions between graphite or bitumen,
present 1n the mitial sedimentary rock, and a
H,O-bearing fluid during metamorphism
(Holloway 1984; Samson & Williams-Jones
1991; Andersen & Burke 1996). In contrast,
fluds associated with igneous rocks are generally
CO- and H,O rich (e.g. Roedder 1984; Andersen
1986; Vard & Williams-Jones 1993; Samson et al.
1995; Morogan & Lindblom 1995). However, the
discovery of large volumes of hydrocarbons in
the alkaline mtrusions of Khibina and Lovozero
of the Kola Peninsula, NW Russia, and Ilimaus-
saq 1in Greenland in the late 1950s (Petersilie ef al.
1961; Petersilie 1962; Petersilie & Serensen 1970)
produced much interest in possible natural gas

resources 1n igneous rocks. These findings led
to the proposition of the existence of potentially
large natural gas reservoirs produced abiogeni-
cally by streaming of hydrocarbons directly
from the mantle (Porfir'ev 1974; Gold 1979;
Giardini et al. 1982) that ended in the ill-fated
Graveberg-1 well drilled into the Siljan Ring
Complex, Sweden (Jeffrey & Kaplan 1988; Kerr
1990). The recognition 1n recent years of the
potential for the presence of large hydrocarbon
reservolrs 1n 1gneous rocks has led to the
discovery of many oil-gas fields in igneous and
metamorphic basement rocks as well as hydro-
carbon occurrences on a smaller scale. The
majority of these hydrocarbons are biogenic in
origin, having infiltrated through fractures from
the surrounding sedimentary source rocks into
the 1gneous assemblage or incorporated into
hydrothermal springs associated with igneous
terrains (Des Marais er al. 1981; Welhan &
Lupton 1987; Stmoneit 1988; Gize & McDonald
1993, Darling et al. 1995; Darling 1998). How-
ever, over the last 20 years there have also been
many reports emerging on abiogenic hydro-
carbons discovered 1n a variety of igneous rock
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types, from ultrabasic and basic rocks (Jeffrey &
Kaplan 1988; Abrajano ef a/. 1988, 1990: Larsen
ef al. 1992; Sherwood-Lollar et al. 1993; Sugisaki
& Mimura 1994; Kelley 1996; Kelley & Friih-
Green 2001), to alkaline rocks (Gerlach 1980:;
Konnerup-Madsen et al. 1985; Jeffrey &
Kaplan 1988; Ting et al. 1994; Salvi & William-
Jones 1997; Potter et al. 1998), mantle xenoliths
(Mathez 1987; Krot et al. 1994) and hydro-
thermal gas plumes (Welhan & Craig 1983;
Botz et al. 1996; Charlou et al. 1998).

The proliferation of reports on hydrocarbons
in 1gneous rocks indicates that they may be
more widespread than previously thought. How-
ever, the origin of these hydrocarbons is still
somewhat controversial, as is the mechanism
which generated them. This paper reviews the
occurrence and composition of abiogenic

hydrocarbons in igneous rocks and will summar-
1ze and discuss the models that have been pro-
posed for the origin of these hydrocarbons.
Critical evaluation of these models could lead
to the possibility of predicting the presence of
abiogenic hydrocarbons in igneous rocks and
their potential as a natural gas resource in the
future.

Abiogenic hydrocarhon occurrences in
igneous rocks

The origin of abiogenic hydrocarbons in igneous
rocks has been of interest to Russian scientists
since the beginning of the 20th century. How-
ever, little information on this phenomenon has

Table 1. A summary of reports on abiogenic hydrocarbon occurrences in a variety of igneous rocks

Reference Rock type Locality Interpretation
of source
Petersilie ez a/. 1961 Alkaline ne-syenite Kola Peninsula magmatic
Petersilie 1962 Alkaline ne-syenite Kola Peninsula magmatic
Zakrzhevskava 1964 Alkaline ne-syenite Kola Peninsula magmatic
Karzhavin & Vendillo 1970 Alkaline ne-syenite Kola & Siberia magmatic
Gerlach 1980 Alkaline ne-syenite Kola Peninsula late magmatic
Kogarko et al. 1987 Alkaline ne-syenite Kola Peninsula late magmatic
Ikorski 1991 Alkaline ne-syenite Kola & Siberia ablogenic
Voytov 1992 Alkaline ne-syenite Kola Peninsula ablogenic
Tkorsk: et al. 1993 Alkaline ne-syenite Kola Peninsula late magmatic
Nivin et al. 1995 Alkaline ne-syenite Kola Peninsula post magmatic
Potter et al. 1998 Alkaline ne-syenite Kola Peninsula post magmatic
Petersilie & Sorensen 1970 Alkaline ne-syenite Kola & Greenland magmatic
Konnerup-Madsen & Rose-Hansen 1982 Alkaline ne-syenite Ilimaussaq, Greenland late magmatic
Konnerup-Madsen ez a/. 1985 Alkaline ne-syenite Ilimaussaq, Greenland late magmatic
Larsen ef al. 1992 Gabbro Skaergaard, Greenland magmatic

Sherwood-Lollar et af. 1993
Sherwood-Lollar er al. 2002
Jeffrey & Kaplan 1988

Salvi & Williams-Jones 1992
Salvi & Williams-Jones 1997

Basic shield rocks
Basic shield rocks
Granite & dolerite
Alkaline granite
Alkaline granite

Canada & Finland
Kidd Creek, Canada
Siljan, Finland
Strange Lake, Quebec
Strange Lake, Quebec

post magmatic
post magmatic
post magmatic
post magmatic
post magmatic

Welhan & Craig 1983 Hydrothermal 21°N EPR post magmatic
Neal & Stanger 1983 Ophiolite Oman post magmatic
Mathez 1987 Mantle xenolith Hawaii abilogenic

Abrajano ef al. 1988 Ophiolite
Abrajano et al. 1990 Ophiolite
sugisaki & Mimmura 1994 Basic

Krot er al. 1994 Mantle garnet
Kharmalov er al. 1981 Carbonatite
Ting et al. 1994 Carbonatite
Gerlach 1980 Carbonatite
Botz et al. 1996 Hydrothermal
Kelley 1996 Basalt

Kelley & Frith-Green 2001 Basalt
Charlou ef al. 1998 Hydrothermal

Zambales, Philippines
Zambales, Philippines
50 localities

Mir, Siberia

Kovdor, Kola
Sukulu, Uganda
Nyiragongo

Milos, Greece

SWIR

SWIR

MAR

post magmatic
post magmatic
ablogenic
magmatic
magmatic
ablogenic
late magmatic
post magmatic
post magmatic
tate magmatic
post magmatic

EPR, East Pacific Ridge; SWIR, South-West Indian Ridge; MAR, Mid-Atlantic Ridge. Note: Where ‘abiogenic’ is
listed no further interpretation of the origin was reported. Reports of hydrocarbon occurrences in volcanic rocks,
where the hydrocarbons have migrated in from external reservoirs, are not included here.
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been accessible outside Russia. Therefore, the
presence of abiogenically formed hydrocarbons
i crystalline rocks has generally not been
noted by western scientists.

A summary of recent reports on hvdrocarbons
1In igneous rocks is shown in Table 1. with their
interpreted origin. The review by Porfir'ev
(1974) listed many early reports of hydrocarbons
found in crvstalline rocks including many intru-
sive  rocks 1 Siberia {i.e. Anabar, Timan,
Volga. Kamchatka) as well as large hydrocarbon
accumulations 1n the shield rocks of California,
the Urals. Ukraine. southern Norway, Arizona
and Ne¢vada. He argued that most of these
hyvdrocarbons could be inorganic in origin and
thet they could come directly from the upper
mantle through drainage into deep-seated
tauits. Petersilie et al. (1961), Petersilie (1962),
Zakrzhevskaya (1964) and Petersilie & Sgrensen
(1970) described large volumes of hydrocarbons,
(up 1o 168 ecm” of CH,/kg of rock), found in the
alkaline mtrusions of Khibina and Lovozero on
the Kola Peninsula and the Ilimaussaq intrusion,
Greenland. They interpreted them as magmatic
1n origin (Table 1). Thermodynamic calculations
demonstrated that a CHy-rich fluid could be
stable at magmatic conditions (Karzhavin &
Vendillo 1970). Further hydrocarbon occur-
rences were noted in the alkaline intrusions,
Kiyar-Shaltyr and Sredniy-Tatar (Transan-
gaara) 1n Siberia (Karzhavin & Vendillo 1970;
tkorski 1991). Later investigations of the hydro-
carbon clusions in Khibina, Lovozero and
[limaussaq linked the trapping of hydrocarbon-
bearing inclusions to late- or post-magmatic
stages below 600°C, between 0.5-1.5kbar
(Gerlach 1980; Konnerup-Madsen er al. 1985;
Kogarko ef al. 1987; Konnerup-Madsen 1988:
Ikorski et al. 1993; Nivin er al. 1995; Potter
et al. 1998) (Table 1). Hydrocarbon occurrences
1in alkaline igneous rocks have been extended to
include peralkaline granites and carbonatites
with reports of hydrocarbons in the Strange
Lake granitic complex, Quebec (Salvi &
Williams-Jones 1992: Salvi & Williams-Jones
1997). the Sukulu carbonatite, Uganda (Ting
er al. 1994) and Nyiragongo crater, Tanzania
(Gerlach 1980) (Table 1). The Strange Lake
granite contains mixed aqueous—carbonic fluid
inclusions that are composed mainly of CHy,
H_ﬂ_., C:Hﬁ, COE:. HQO and NaCl with smaller
amounts of hydrocarbons up to C; (Salvi &
Williams-Jones 1997). The Sukulu carbonatite
contains CO-. H-O and CH,-bearing inclusions.
These CHj-bearing inclusions were aiso been
interpreted as abiogenic in origin and linked to
late and post-magmatic processes within the
mmtrusions (Ting et al. 1994).

Mathez (1987) described the presence of
carbonaceous matter in mantle xenoliths and
ultra-basic magmatic cumulates, occurring as
films on crack surfaces, and on walls of fluid
inclusions. These films were thought to be
condensates from volcanic gases during cooling
of the host rock. Complex hydrocarbon inclu-
sions were also found in garnet phenocrysts in
the Mir kimberlite, Siberia (Krot er al. 1994)
and are thought to be magmatic in origin,
stable at the high pressures where the kimberlite
magma formed (~10 GPa) and preserved due to
the rapid transportation of the kimberlite to the
surface.

The presence of hydrocarbons in basic and
ultrabasic rocks was noted as early as 1902 by
Mendelyev (see review by Porfir'ev 1974). Neal
& Stanger (1983) noted the presence of up tc
4.1vol% CH,4 and 99vol% H, in the gas shase
from spring water emerging from the Oman
ophiolitic suite. The generation of CH, and H,
was linked with the serpentinization of these
basic rocks. This process was also noted in the
Zambales ophiolite in the Philippines by
Abrajano et al. (1990) where CH, and H, were
the dominant gases in seeps coming from the
partially serpentinized body. Other authors
have reported the presence of hydrocarbons
and H, in serpentinized basic rocks from
carbonic fluid inclusions in mid-ocean ridge
basalt (Kelley 1996), in the basic rocks of the
Canadian and Fennoscandian shields (Sher-
wood-Lollar et al. 1993, 2002), in dolerite dykes
in the Siljan ring complex (Jeffrey & Kaplan
1988), mm hydrothermal vents releasing up to
1.45 Cm3/kg CH, and 38 01n3/kg H, at the East
Pacific Ridge (Welhan & Craig 1983), and
intense CHy4 plumes at the Mid-Atlantic ridge
(Charlou er al. 1991, 1998). Abundant H, was
observed in gases in ventilation shafts in the
highly serpentinized dunites and peridotites of
the Kempirsay intrusion, Siberia (Devirts ef al.
1993). Larsen et al. (1992) described the presence
of primary CH,—H,0-NaCl fluid inclusions in
gabbroic pegmatites in the Skaergaard intrusion,
Greenland, and interpreted the CH, to have
evolved from a magmatic C-O-H fluid during
the last stages of crystallization between 655—
770°C at low oxygen fugacities. Similar early
CO,—CH,—Na(Cl fluids were found in basalts
from the Mid-Atlantic Ridge, implying a similar
magmatic origin (Kelley & Frith-Green 2001).
Sugisaki & Mimura (1994) analysed hydro-
carbons 1n a range of basic rocks from 50 local-
ities. They proposed three possible origins for
these hydrocarbons: (1) they were synthesized
by Fischer-Tropsch reactions in the mantle
from CO, and CO, or (2) they are primeval in
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origin, delivered by meteorites during the
accretion of the Earth and preserved in the
mantle, or (3) they are derived from recycled,
subducted biogenic hydrocarbon material.

The nature of hydrocarbon-bearing fluid
inclusions in silica-undersaturated alkaline
igneous complexes

Khibina and Lovozero complexes, Kola

A more detailled description of the fluid inclu-
sions found i these complexes can be found in
Potter et al. (1998) or Potter (2000). In summary,
the most abundant fluid inclusions in both
complexes are hydrocarbon-rich inclusions con-
sisting predominantly of a low-density vapour
(0.16 gcm °). These occur in healed fractures
and cleavages within the host minerals (nephe-
line, apatite, eudialyte, sodalite). Other, less
common, associated fluid mclusions consist of a
low-salinity, aqueous fluid and rare mixed hydro-
carbon—aqueous inclusions. These occur within
the same fracture planes as the hydrocarbon-
rich inclusions. This implies that the fluids were
coeval, but immiscible. The inclusions are sec-
ondary in nature and are commonly observed
to be present in rock samples that (1) contain
titano-magnetite grains showing reaction rims
of biotite, aegirine and pure magnetite;, (2)
contain arfvedsonite grains partially replaced
by aegirine; (3) contain hydrated Na/K silicates;
or (4) occur as inclusions attached to aegirine
microlites (Potter et al. 1999).

Microthermometric data from the hydro-
carbon-rich inclusions show that the majority of
the inclusions are composed of pure CH,
(critical  homogenization  temperature  of
CH, ~ —82°C). Anomalously low CH,4 homoge-
nization temperatures (down to —119°C)
indicate the presence of H,, confirmed by laser-
Raman analysis. Higher CH, homogenization
temperatures (up to —25 “C) indicate the presence
of higher hydrocarbons (up to 40 mol% C,Hy),
confirmed by laser-Raman analysis (Potter
2000). The total homogenization temperatures
and decrepitation temperatures of the aqueous,
hydrocarbon-rich and mixed hydrocarbon-
aqueous inclusions occur near the CH,-H,O
solvus at 350 °C (Zhang & Frantz 1992). PVTX
modetling of these fluids (1.e. calculating the volu-
metric and compositional properties of these
fluids) mfers trapping pressures and temperatures
of around 0.5-1.5 kbars (equivalent to 1.5-5km
depth assuming lithostatic pressure) and 350 °C
(Potter et al. 1998).

The llimaussag complex, Greenland

A more detailed description of the flmd inclu-
sions 1n the Ilimaussaq complex can be found
m Konnerup-Madsen ef al. (1981), Konnerup-
Madsen & Rose-Hansen (1982) and Konnerup-
Madsen et al. (1985). In summary, hydro-
carbon-rich gaseous inclusions predominate in
all examined minerals from the Ilimaussaq
nepheline syenites and in hydrothermal veins
considered to have formed from fluids expelied
from the late nepheline syenites of the intrusion.
Aqueous 1inclusions are only present in very
limited numbers. Mixed hydrocarbon—-aqueous
inclusions are only very rarely observed in
minerals from the nepheline syenites and, in
general, there does not appear to be any connec-
tion between the hydrocarbon-rich and the
aqueous fluuds. The few aqueous inclusions
observed 1n minerals from the nepheline syenites
are 1solated high-salinity inclusions, suggesting
that they were entrapped prior to the hydro-
carbon inclusions that are largely confined to
more or less eflectively healed fractures. A
minor number of the hydrocarbon gaseous
inclusions, however, occur in isolation, are
occasionally associated with aegirine micrelites
in nepheline, and may be of a meore primary
nature. In the hydrothermal vein minerals, the
commonly observed association of highly saline
aqueous inclusions and hydrocarbon-rich
inclusions indicates the simultanecous entrapment
of non-miscible fluids at this stage.

Microthermometric data on the hydrocarbon-
rich 1nclusions show the earliest entrapped fluids
to be composed of pure CH, in the nepheline
syenites, whereas 1n the late hydrothermal veins
higher contents of e.g. ethane (They, at —60°
to —55°C) are indicated, confirmed by laser-
Raman analyses. Homogenization to liquid of
the earliest entrapped hydrocarbon-rich inclu-
sions range from —90° to —&82°C in minerals
from the nepheline syenites, and from —110° to
—90°C 1n the late hydrothermal veins. PVTX
modelling nfers trapping pressures around
1-2 kbars, equivalent to 3—6 km depth, assuming
lithostatic pressure and temperatures of 400°
to 600°C for these fluids (Konnerup-Madsen
2001).

Chemistry of abiogenic hydrocarbons in
igneous rocks

Bulk gas compositions

Bulk gas compositions of hydrocarbon-bearing
fluids m the alkaline complexes Khibina,
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Lovozero, Ilmmaussaq and Strange Lake have
been obtained by mechanical crushing of the
rock samples in a vacuum ball mill with the sub-
sequent released gases transported 1mnto a chro-
matograph. Tables 2 and 3 summarize the
compositions of the gases m these alkaline
rocks along with some borehole gases collected
from pressurized pockets within the Canadian
and Fennoscandian shield rocks. The majority
of the analvses are dominated by CH, (80—
90 vol%o ). with higher hydrocarbons decreasing
exponentially with increasing carbon number.
Hvdrocarbons up to Cs have been detected
(Petersilie 1962; Petersilie & Seorensen 1970:
Konnerup-Madsen & Rose-Hansen  1982;
Voviov 1992; Salvi & Willhams-Jones 1997).
Methane concentrations can reach as high as
168.7¢cm™ kg (Petersilie 1962). Carbon dioxide
is either absent or present in small concentrations
(up to 4vol%) (Konnerup-Madsen et al. 1979).
In the Lovozero samples, H, 1s relatively abun-
dant as the second dominant species after CH,.
This H; 1s present as a tree gas 1n fluid inclusions.
Laser-Raman investigations determined that the
hydrocarbon-bearing inclusions can have com-
positions up to 65mol% CH, and 35mol% H,
(Potter 2000).

Notable exceptions are analyses 11 and 60 of
altered samples that contain distinctly lower
CH, concentrations and a significant increase
in CO, 1n comparison to their unaltered equiva-
lents. This has been attributed to the oxidation
of the CH, fluid to CO, during low-temperature
weathering (<150°C) of the minerals to clays
(Petersilie 1962). Other exceptions are analyses
3, 8, 31, 39, 40 and 50. These monchiquite
dvkes, alkali effusives and early olivine gabbros
are domunated by H,O fluids with low con-

centrations of gaseous volatiles consisting of
CO- and CO very different to the fluid inclusion
assemblages observed 1 the other samples.
The high H, concentrations detected probably
came from dissociation of H,O during
crushing. as no evidence from the fluid nclu-
sions suggests that free H, gas is present in
these samples. Characterization of fluid inclu-
sions 1n samples 39 and 40 revealed that they
contained H-O-dominant inclusions (Potter
2000). The analyses revealed low gaseous con-
centrations (<7cm /kg) dominated by H, and
CO- that mav have come from dissociation of
H-O and decarbonation of carbonate minerals
in these samples (1.e. cancrinite and calcite).
Analvses from gases from the Canadian and
Fennoscandian shield rocks also show high per-
centage volumes of N~ and He 1n contrast to the

gas analyses from the alkaline 1gneous rocks
(Table 2).

Stable isotope characteristics

Table 4 shows a summary of the stable isotope
results for a number of reports on hydro-
carbon-bearing fluids in a variety of igneous
terrains. Figure 1 shows the collated 6"*Cey,
and 0Dcy, data for a variety of hydrocarbon-
bearing fluids 1n 1gneous rocks, plotied alongside
well-established source fields. The &°Cey )
results show a large range in values from
—3.2%0 to —44.9%0. The majority of examples,
however, are i the range of —20%o0 to —28%a
(Fig. 1, Table 4). This range of 6 IECCH , results
would 1ndicate that the hydrocarbon-bearing
fluid 1s ablogenic in origin (biogenic signatures
tend to be more depleted for CH,). However,
the results do not fall within the mantle field
(—3%0 to —9%o0), so a direct mantle origin is
unlikely. The &§°Ceo, results for associated
CO, fluids range from 0.6%o to 7.1%o. The CO,
analysed by Botz er al. (1996) was interpreted
as originating Ifrom marine carbonates
(6°Cep. ~ 0%0). The 6" Cco, results of around
—T7%o for the CO, fluids in the Khibina complex
(Potter 2000) and the East Pacific Rise (Welhan
& Craig 1983) fall in the mantle field and are
interpreted as magmatic in origin. In the Himaus-
saq 1ntrusion, the (51"CCH4 results show a more
restricted range 1 values from —1.0%0 to
—7.0%.. The calculated §°Ccy, of the bulk
carbon of the hydrocarbon fluids 1s
—4.5%0 £+ 1.5%0, interpreted to be a clear mag-
matic/juvenile signature (Konnerup-Madsen
2001).

The 0Dy, results tend to fall around —110%
to —135%0 with the exception of gases from the
Canadian Shield showing depleted values down
to below —400%.. These values plot in the
fumaroles and hot springs or juvenile fields on
the §°Ceq ,—0Dcp, plot (Fig. 1). The majority
of 0Dy, signatures are extremely depleted with
values below —600%o.. Such 6Dy values have
been noted in H, produced by serpentinization
processes 1n basic rocks (Devirts et al. 1993).

The origin of hydrocarbons in igneous rocks

Two possible sources for hydrocarbons in
igneous rocks can be envisaged: an organic
(biogenic) origin, or an abiogenic origin. Three
processes can generally be distinguished for
organically derived material: bacterially gener-
ated hydrocarbons by either (1) CO, reduction
or (2) fermentation or as (3) thermogenically
derived hydrocarbons. In igneous rocks, biogenic
hydrocarbons are generally all thermogenic in
nature as the organic matter has been subjected
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Fig. 1. A 6°Cep ,—0Dcy, diagram showing where reported abiogenically generated hydrocarbons fall in respect
to a number of well-established fields for biogenically generated hydrocarbons and those directly from the
mantle. These include the alkaline igneous complexes of Khibina, Lovozero and Ilimaussaq. Data have been
taken from Welhan & Craig (1983), Schoell (1988), Abrajano et al. (1990), Voytov (1992), Sherwood-Lollar

et al. (1993, 2002), Nivin et al. (1995), Botz et al. (1996), Potter (2000) and Konnerup-Madsen (2001).

to thermal alteration by the igneous body. The
organic material may be leached out of the
country rocks by late-magmatic or hydrothermal
fluids and found in association with the igneous
body (e.g. Welhan & Lupton 1987; Simoneit
1988; Gize & McDonald 1993) or entirely
incorporated into and recycled in the magmatic

hydrothermal system (Gunter & Musgrave
1971; Des Marais et al. 1981; Darling et al.

1993; Sakata et al. 1997; Darling 1998). Biogenic
sources can be distinguished from abiogenic

sources by the §'°C values of the hydrocarbons.
The pattern of §°C values between the indivi-
dual hydrocarbon species for hydrocarbons
generated by thermal breakdown of organic
matter and hydrocarbons generated by abiogenic
polymerization processes can be distinctly
different. The resulting (SIBCCHﬁL values are
generally used to differentiate between the two
sources (Sherwood-Lollar et al. 2002; Horita &
Berndt 1999). Biogenic sources tend to have
more depleted 613CCH4 values (below —30%o),
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whereas more enriched 6" Ceyy ., values indicate
an abiogenic origin (Schoell 1983, 1988).

There are three main theories on the abiogenic
generation of hydrocarbons, which are not
mutually exclusive:

(a) a direct mantle origin (e.g. Petersilie et al.
1961; Petersilie 1962; Petersilie & Sorensen
1970; Gold 1979) where hydrocarbons are

cither synthesized in the mantle via reactions
with CO and CO,, or are present as primeval
hydrocarbons delivered by meteorites and pre-
served in the mantle since the accretion of the
Earth (Sugisaki & Mimura 1994);

(b) closed system respeciation of a primary
CO,-bearing fluid during late to post-magmatic
stages below 600 °C (Gerlach 1980; Konnerup-
Madsen et al. 1985; Kogarko et al. 1987);

(c) generation of hydrocarbons during post-
magmatic mineral-fluid reactions involving
Fischer—Tropsch reactions (i.e. serpentinization)
(Abrajano ef al. 1990; Sherwood-Lollar et al.
1993; Kelley 1996; Salvi & Williams-Jones
1997; Charlou et al. 1998; Potter ef al. 1998).

Mantle origin

The potential for exploitable abiogenic hydro-
carbon reservoirs outgassing from the primeval
mantle was first discussed by Gold (1979). He
noted that most hydrocarbons found in igneous
rocks have a uniform 6°C 1sotopic signature
between —25%0 and —28%o. Although this signa-
ture 1s within the geothermal field, the uniformity
of these §°C signatures suggested a common
large homogenous source such as the mantle.
Petersilie (1962) and Zakrzhevskaya (1964) inter-
preted the hydrocarbons found in the alkaline
intrusions of Khibina and Lovozero as having
a primary magmatic origin, and suggested there
may be economic¢ accumulations of hydrocarbon
gases 1n deep zones within these massifs. The
Graveberg-1 Siljan Ring drilling project was the
first well drilled in crystalline rocks. The well
was set down in a meteorite 1mpact crater
where numerous o1l seeps had been observed.
Although one hypothesis was that the hydro-
carbons observed were generated by the abrupt
baking of the surrounding source sediments at
the time of impact (Vlierboom et a/. 1986), the
project was funded on the basis of Gold’s
hypothesis that large reserves of mantle gas
might be stored within the crystalline basement
(Gold 1979; Kerr 1990). However, only very
small concentrations of CH, were found in the

igneous rocks and these were interpreted as
postmagmatic 1 origin (Jeflrey & Kaplan

1988). More recent fluid inclusion studies on
the hydrocarbons found in the alkaline igneous
intrusions Khibina and Lovozero have suggested
these fluids are secondary and were trapped at
temperatures and pressures around 350 °C and
0.5—-1.2kbars, not directly from the mantle
(Kogarko et al. 1987; Nivin et al. 1995; Potter
et al. 1998). Similarly, a late- to post-magmatic
origin tor the hydrocarbons in the Ilimaussaq
intrusion has been proposed. Therefore, it can

be concluded that a direct mantle origin is
unhikely.

A late magmatic origin

The majority of abiogenic hydrocarbon occur-
rences in crystalline rocks have been suggested
to be formed by the respeciation of a carbonic
fluid m the C-O-H system (Karzhavin &
Vendillo 1970; Gerlach 1980; Konnerup-
Madsen & Rose-Hansen 1982; Holloway 1984;
Kogarko et al. 1987; Samson & Williams-Jones
1991; Cesare 1995; Andersen & Burke 1996). In
the presence of graphite (agpapurre = 1), the
relative proportions of the main volatile species
CO,, CH, and H,O are controlled by the four
independent reaction equilibria:

C+ 0O, « CO, (R1)
CO +50, < CO, (R2)
H, + 50, < H,0 (R3)
CH, 4+ 20, < CO, + 2H,0, (R4)
plus
CH,; +2H,0 « CO, +4H,. (R5)

Studies by e.g. Holloway (1984), Huizenga
(1995) and Cesare (1995) clearly demonstrated
the effects of varying pressure, temperature,
oxygen fugacity and activity of graphite for the
speciation of a variety of fluids in the C-O-H
system. Figure 2 shows schematically some
important aspects of the C—O-H system related
to the actuwal concentration of CH; to be
observed in fluid inclusions.

FFigure 2a schematically illustrates the phase
relationships for the C-O-H system at some
specified pressure and temperature conditions
and low oxygen fugacities. Two initial fluid com-
positions (a and b; Fig. 2a) differ in their initial
H,0/CO, ratio. Re-equilibration of composition
a (70% H,0, 30% CO») to an oxygen fugacity of
QFM-2 will change the initial fluid composition
first away from the O apex onto the graphite
saturation curve, and then along the graphite
saturation curve, with associated precipitation
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Fig. 2. (a) A schematic diagram showing phase relations in the C—O-H system at fixed temperatures and
pressures (500 °C, 2 kbar) demonstrating the evolution of two fluid compositions (a and b) towards CH,-rich
compositions (a’ and b’) with decreasing fO, conditions (QFM to QFM-2). (b) Another schematic C—O-H
diagram at fixed pressure (1 kbar) showing the down temperature evolution of C—O-H fluids at constant Xo
(Xo = O/0 + H) towards CO,-rich, CH,-rich or H,O-rich compositions depending on initial Xo. The shaded
area represents the H,O-rich fluid region. Paths A-A" and B-B' represent temperature evolution of an H,O-rich
fluid with a minor CO,-rich or CH4-rich minor gas phase, respectively. Dashed lines represent

CO,/CO, + CHy4 ratio isopleths. See text for further discussion. Based on Konnerup-Madsen (2001), Huizenga
(2001) and Cesare (1995). QFM = quartz—fayalite-magnetite buffer.
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of graphite, to point B' (QFM-2 on the graphite
saturation curve). Composition b, which is richer
in H>O (90% H,O, 10% CO,), will evolve away
from the O apex along the arrow until point b’
without the precipitation of graphite. Thus
both compositions will re-equilibrate to CH,-
rich fluid compositions, composition a to an
essentially H,O—-CH, fluid, and composition b
to a H,O-CH,;-H, flmd. Therefore, a CH,-rich
fluid could evolve in a closed system by re-
equilibration from a primary more oxidized
CO,—CH,—H,O fluid under geologically reason-
able fO, conditions below about 500 °C, between
QFM and QFM-3. The CO,/H,0O ratio of the
mitial flurd will determine whether or not
graphite precipitates during re-equilibration.

Figure 2b also illustrates schematically how a
CO,—CH,;—H,0 mixed flud might evolve upon
cooling. Depending on the initial Xo ratio
(Xo=0/0+H), the C-O-H fluid could
evolve to a CO;-rich fluid (Xo > 0.4), a CHy-
rich fluid (Xo < 0.3) or an H,O-rich fluid with
a mmor gas phase (Xo = 0.3-0.4). The Xo ratio
remains constant throughout. Upon cooling,
the fluid will pass through the graphite saturation
curve, resulting in precipitation of graphite and a
change in the CO,/CO,+CH, ratio. Two initial
composifions, A and B, with Xo of 0.3 and 0.4
are shown at 1000 °C. Upon cooling to 400°C
these compositions will evolve te an H,O-rich
fluid. However, the minor gas phase in A, at
400 °C, 1s represented by the intersection of the
CO,/CO,+CH, isopleth with the graphite
saturation curve (point A'). The minor gas
phase would consist of 90% CQO,, whereas, at
point B', the final gas phase would consist of
90% CHy.

Therefore, Figure 2 clearly demonstrates how
an early C-O—-H fluid could evolve to a CH,-
rich composition below 500 °C. This model can
be readily applied to CH, generation in meta-
morphic terranes (Holloway 1984), but for
magmatic systems unusually low solidus tem-
peratures are required. More recent studies on
the hydrocarbons present in the alkaline
intrusions Khibina, Lovozero, Ilimaussag and
Strange Lake have indicated that these hydro-
carbon-bearing fluids could have been trapped
during the final stages of crystallization of these
intrusions (Gerlach 1980; Konnerup-Madsen
et al. 1985; Kogarko et al. 1987; Salvi &
Williams-Jones 1992), and in particular the
[limaussaq intrusion, which during final solidifi-
cation stages evolved iInto a hyper-agpaitic
melt. These melts have the necessary low solidus
temperatures (down to 450 °C) required to evolve
a CHy-rich gas phase due to high concentrations

of volatiles (1.e. F, Cl) (Konnerup-Madsen 1988).

Post-magmatic origin

Finally, abiogenic hydrocarbons could be
generated during post-magmatic hydrothermal
alteration from Fischer—Tropsch types of
reactions between an exsolved magmatic CO,-
dominant fluid and H, produced from hydro-
thermal reactions (Abrajano ef al. 1988; Szatmari
1989; Abrajano et al. 1990; Sherwood-Lollar
et al. 1993, 2002; Sugisaki & Mimura 1994;
Kelley 1996; Salvi & Williams-Jones 1997;
Potter et al. 1998, 1999).

The disequilibrium Fischer—Tropsch reaction
has been well known as a way of producing
hydrocarbons irom combustion of coal in
industry (Anderson 1984; Szatmari 1989).
Fischer—Tropsch synthesis involves a series of
step reactions, which can be represented by
equations such as:

nCQO -+ (2?? -+ 1)H2 — CHHQH—E—E -+ F’ZHEO} (R6)
HCOZ (3?’1 -+~ I)Hg —— CHHQH_}_Q —+ 2HH20
(R7)

For CO,-dominant initial fluid compositions,
these reactions can be simplified to:

CO,+4H, — CH,; +2H,0 (Cn=1), (RR)
2CO, +7TH,; — C,Hy +4H,O0  (Cn =2),
etc. (R9)

The Fischer—Tropsch reaction is catalysed in the
presence of group VIII metals, Fe-oxides, Fe-
silicates and hydrated silicates (Lancet &
Anders 1970; Porfir'ev 1974: Pommier ef al.
1985; Szatmart 1989) and may therefore be a
mechanism for the production of CH, and
higher hydrocarbons in natural rocks. The
production of CH,; in ultrabasic and basic
rocks during serpentinization processes has
previously been attributed to this mechanism
(Porfir’ev 1974; Abrajano er al. 1988, 1990:
Szatmart 1989; Sherwood-Lollar er al. 1993;
Sugisaki & Mimura 1994; Kelley 1996), the H,
needed being provided during serpentinization
of the primary mineral assemblage. Serpentine
and brucite tend to exclude Fe ™ ions from
their lattices and the Fest i partially oxidised
to Fe’™ and incorporated into magnetite. H, is
generated 1n this reaction, due to the dissociation
of H,O and oxidation of the ferrous ions through
reactions such as:

SMgzsIO4 -+ F628i04 —+ 9H20 —

Forsterite Fayalite
Serpentine Brucite

(R10a)




.'Fl"m"_"-_-.'!m:.:ia;_ﬂ": ~

3F: OH - — Fes Fe 0. — H- = 2H-0.

Magnsure

'R10b)
b:fﬁ "‘“'_"Cl LLH:..H &l ﬂ[. 1993)
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and
3NaAlSiO, + Na™ + 2H,0 —
Nepheline
NayAlSi;05,(OH)H,0 + 0.5H,.  (R14)
Cancrinite

S S r e
R.\-h"n_.i_'-} ":-:1_._

- -.l.--. ] -1_:.

-n1ogenic CHy generation at mid-
nvarcthermal vents, seamounts

ns oo C‘Drlﬁhtm plausible due to Fischer—

Iropser svnthesis during serpentinization, are
be-‘*ommg nereasingly more common (Welhan
: 1983; Abrajano et al. 1990; Charlou

f 1991__ 1998 Kiyosu et al. 1992,, Kelley
Kata et al. 1997).

T-:li zssoclation between  post-magmatic
zoerzuzon mvolving Fe oxidation, Fischer—
T:‘-:n:‘*-sci svnthesis and hydrocarbon generation
= :zn2ous rocks can also be extended to include
zixéne rocks (Salvi & Williams-Jones 1997:
Patter er al. 1998, 1999). Hydrocarbon genera-
102 1 the Khibina, Lovozero and Strange
[ ake complexes has been related to the alteration
of the primary mineral assemblages (nepheline,
augite, artvedsonite, Ti-magnetite) to late biotite,
cancrinite, aegerine, magnetite and natrolite via
reactions such as:

3N83F€§+F63+Si8022(0H)g + 2H20 —>

Artvedsonite

ONaFe *Si,0; + 2Fei " Fe’ T O, + 6Si0, + 5H,,

Aegirine Magnetite Quartz

(R11)
(Salvi & Williams-Jones 1997)

Na;Fe; Fe'"Sig0,,(OH), + 2NaAlSiO,

Arfvedsonite Nepheline

+4H,0 — 5NaFe’'Si,O4 + 2A1(0OH); + 2H,.

Aegirine

(R12)

4(Cay sNag s)(FejtFept)Si,Og + 3(Fes ' Ti)O,

Augite Ti-magnetite

+ 3NaAlSiO, + 2K AlSi;Og + Si*t + 4H,0 —

Nepheline Orthoclase

K,Fe:tFe' " (AlTi),Sig 0, (OH),
Biotite

+ Fes"Fe* O, + NaFe  8i, O

Magnetite Aegirine

-+ 2C32TISIO:§ —+- 2N3A13 Si308 + 4H2
Albite

(R13)

Titanite

Therefore, this model can be readily applied to
abilogenic hydrocarbon generation in a wide
variety of 1gneous rock types and has become
increasingly popular in recent years.

Overview and discussion of the models for the
origin of hydrocarbons in igneous rocks

The generally secondary nature of the hydro-
carbon-dominated inclusions in hitherto studied
1gneous rocks and the estimated low pressures
and temperatures of their entrapment preclude
a direct mantle origin as suggested by Gold
(1979). Whether the hydrocarbon fluids in the
stlica-undersaturated alkaline rocks evolved in a
late-magmatic setting through re-equilibration
of a C-O-H fluid, or formed during post-
magmatic mineral-fluid reactions, is still
questionable (Gerlach 1980; Konnerup-Madsen
1988; Potter et al. 1998). However, it is generally
accepted that the presence of hydrocarbons (and
H,) 1n basic rocks is due to the reduction of an
early COj-rich fluid during post-magmatic
serpentinization processes (e.g. Neal & Stanger
1983; Abrajano er al. 1990; Sherwood-Lollar
et al. 1993).

The magmatic re-equilibration model sug-
gested by Gerlach (1980) and Konnerup-
Madsen et al. (1981) involving the evolution of
a CHy-rich fluid at low temperatures in a closed
magmatic system is theoretically feasible for
some particular alkaline melt compositions.
Previous studies have indicated that the fulfil-
ment of the most critical melt properties for the
formation of a hydrocarbon-rich volatile phase
1s to be found in hyper-agpaitic nepheline
syenites such as those at Ilimaussag, Khibina
and Lovozero. The formation of a hydro-
carbon-rich volatile phase at the late-magmatic
stage 1n this setting appears related to: (1) a
wide temperature range of crystallization to
very low solidus temperatures, enabling the
buffering of any exsolved volatiles by the
magma and minerals to temperatures as low as
450°C; (2) low oxygen fugacities, with values
roughly corresponding to those of the synthetic
graphite-CH, curve during final solidification.
Initial H,O and C contents in the Ilimaussaq
melt of about 4 wt% and 250 ppm, respectively,
would at 2 kbars result in vapour saturation at
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ciose to 700 -C and the exsolution of a CO,—H,O
~oh fhuid with Xy about 0.7. As oxygen fugaci-
-ies about 2-3 log units below the synthetic QFM
auiter curve are indicated from mineral equilibria
sTuies. respeciation of the exsolved fluid to very
CH:-rich compositions would result (Konnerup-
Mecsen 2001). The additional presence of about
> wt o Clin the melt furthermore would result
1 a1gh salinitues of the exsolved aqueous fluid
and the subsequent formation of two non-
miscible fiuid phases, one rich in CH,, the other
=ch i H-O plus chlorides. This evolution is
i agreement with the fluid inclusion arrays
crserved 1 the Ilimaussaq intrusion (Kon-
narip-NMadsen er al. 198)95).

However, for a large range of H,O/CO, ratios
ot anyv exsolved fluid, re-equilibration to low
oxveen fugacities would result in the precipita-
ton of graphite (Fig. 2a), albeit in very small
cmounts. No graphite has been found in the
fduid inclusions m the Khibina and Lovozero
complexes and little has been found in Ilimaus-
sag (Konnerup-Madsen ef al. 1981). Therefore
this simple magmatic re-equilibration model is
not considered to explain adequately all fluid
inclusion features observed in alkaline (and
other) 1gneous intrusions in general; also the
model does not explain the significant concentra-
tions of higher hydrocarbons.

The generation of hydrocarbons through
Fischer—Tropsch synthesis during post-magmatic
alteration may provide an additional mechanism
for the formation of CH,; and higher hydro-
carbons in these silica-undersaturated alkaline
complexes and also other igneous rocks. Evidence
for this type of process may be found in the bulk
gas, stable 1sotope data and from textural obser-
vations. |

Using the published bulk gas data shown in
Table 2, the distribution of hydrocarbons in
the alkaline intrusions of Khibina, Lovozero,
Ilimaussaq and Strange Lake, plus those found
1in the Canadian Shield, show a clear log-linear
trend from C, to Cs5 decreasing in concentration
from 10' to 10 (Fig. 3). It is apparent that
Khibma, Lovozero and Ilimaussag have very
low ethane/methane ratios (0.01 to 0.08) (Table
5). The ratios for the higher hydrocarbons either
remain at the same low figures, indicating the
dominance of lighter hydrocarbons, or increase,
then level out at around 0.18 to 0.25 (Table 3).
Thas 1s consistent with a Schulz—Flory distribution
(Anderson 1984), with production of a hydro-
carbon mixture dominated by light hydrocarbons
with a C,, ;/C, ratio of less than 0.6 and a clear
indication that the hydrocarbons are being gener-

ated by Fischer—Tropsch reactions (Anderson
1984; Szatmar1 1989). The hydrocarbon-bearing

fluids at Strange Lake have ratios that level out
at shghtly higher values (~0.34), indicating a
slightly higher proportion of higher hydrocarbons
than the fluids in the Khibina, lovozero and
Ilimaussaq complexes. The ratios of the hydro-
carbon fluids found in the Canadian and Fennos-
candian shield rocks are also below 0.6 (with the
exception of Elliot Lake). They have generally
very low ratios, but tend to be more variable
between sites. Comparing the Schulz—Flory distri-
bution of these abiogenic hydrocarbons with the
distribution of abundances of biogenic hydro-
carbons (Fig. 3) in oil fields and geothermal
(thermogenic) springs, the two are clearly differ-
ent. The biogenic hydrocarbons have a flatter
distribution (particularly for the oil fields). This
clearly indicates that these hydrocarbons are of
an abiogenic nature probably generated by
Fischer—Tropsch reactions..

The fractionation of §°C 1sotope signatures
during Fischer—Tropsch synthesis in a relatively
closed system can vary. Initial conversion of a
primary magmatic CO-, fluid to CH, with sub-
sequent I:I)artitioning will fractionate the CH, to
lighter 6°C signatures. Later CH, associated
with the total conversion of the CO, fluid will
produce 6 C signatures closer to the initial mag-
matic value. Therefore, a wide range of 513CCH4
values, as observed in Table 4 (—10%0 to
—30%0), can be produced during CH, generation
(Voytov 1992). The majority of CH, found in
igneous rocks show signatures between —20%o
and —28%o (Table 4), indicating fractionation
from the mitial magmatic fluid at temperatures
between 300°C and 400°C (Bottinga 1969).
Plotting 6°C values for CH,; to C;H; from
hydrocarbon-bearing fluids at Khibina (Fig. 4),
it is apparent that the §°C values become
depleted with increasing carbon number (Cn).
Comparing these values with published §°C
values for hydrocarbon gases 1n oil fields and
geothermal (thermogenic) springs, it is clear
that these fluids were not derived from biogenic
processes (1.e. they have been generated by poly-
merization from simple hydrocarbon species
with preferential enrichment of *C to *C with
increasing Crn rather than thermal cracking of
complex organic species giving an inverse 6°C
distribution). This is also strong evidence for an
abiogenic origin. The hydrogen isotope signa-
tures observed 1n these hydrocarbon-bearing
rocks are also in accordance with the theory
that hydrocarbons were produced by Fischer—
Tropsch synthesis. The signatures of these hydro-
carbons commonly show depleted 6Dy, values
of around —135%0 and a 06Dy, values of
—600%0 (Devirts et al. 1993; Sherwood-Lollar
et al. 1993).
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Table 5. Carbon number ratios

Rock type Cr/Cy Cs3/Cs C4/Cs Cs/Cy
Khibina

Nepheline Syenite 0.01 {2 0.21 —
Rischorrite 0.08 0.24 0.41 o
Tjolite 0.04 0.26 0.27 0.55
Kukisvumchorr Mine 0.07 0.25 0.18 0.28
Rasvumchorr Mine 0.05 0.13 0.24 0.18
Rasvumchorr Mine 0.07 0.08 0.1 —
Khibinite 0.03 0.05 0.01 —
Rischorrite 0.04 0.05 0.05 —
Lovozero

Juvite 0.07 0.08 0.59 —
Syenite 0.05 0.21 0.06 —
Foyaite 0.03 0.47 0.19 —
Ilimaussaq

Syenite 0.03 0.09 0.18 —
Naujaite 0.12 0.18 0.28 —
Foyaite 0.1 0.18 0.28 —
Lujavrite 0.13 0.07 0.05 —
Sodalite & nepheline 0.12 0.15 0.31 0.13
Arfvedsonite 0.09 0.13 0.38 0.03
Sodalite 0.12 0.21 0.32 —
Sodalite 0.1 0.15 0.25 0.25
Arfvedsonite 0.1 (). 13 0.24 0.11
Nepheline 0.11 0.13 0.24 0.12
Eudialyte 0.3 0.15 0.25 0.12
Strange Lake

fresh pegmatite 0.08 0.18 0.34 0.34
altered pegmatite 0.1 0.14 0.41 0.34
Canadian Shield

Sudbury N 0.006 0.29 —

Sudbury CCS 0.06 0.07 0.42

Elliot Lake 0.002 0.18 1.5

Timmins 0.06 0.15 0.32

Red Lake — Dickenson 0.03 0.56 0.08

Red Lake — Campbell 0.03 0.45 .

Fennoscandian Shield

Juuka 0.01 0.01 —

The carbon ratios are calculated from the bulk gas analyses shown in Table 2 (vol%) from
Khibina and Lovozero (Russia), Ilimaussaq (Greenland), Strange Lake (Quebec) and the

Canadian and Fennoscandian shield rocks.

Textural observations provide further evi-
dence that most of the hydrocarbons in alkaline
and basic rocks have been generated by
Fischer—Tropsch type reactions. Catalysts for
the Fischer—-Tropsch synthesis in industry
include magnetite, Fe-silicates and zeolites. The
often-observed close relationship between the
hydrocarbon-bearing fluids and the magnetite,
Fe-silicates and hydrated Na/K silicates (1.e. zeo-
lites) in the rock assemblages suggests this is also
occurring in nature (Salvi & Williams-Jones

1997; Potter et al. 1999).

Implications for the generation of abiogenic
hydrocarbons in igneous rocks

The occurrence of hydrocarbons in igneous rocks
may not be as rare as previously thought. Over
the last 20 years there has been a proliferation
of reports on the presence of hydrocarbons in
igneous rocks found in ultrabasic., basic. per-
alkaline granites and silica-undersaturated
1igneous rocks from plutonic to hypabyssal and
volcanic levels. Most of these occurrences have
a biogenic or thermogenic origin., but many
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Fig. 4. A plot showing the distribution of §'°C values with increasing carbon number (Cr) for the abiogenic
hydrocarbon gases at Khibina (Voytov 1992) and for comparison, biogenic gases from the China oil fields
(Dat ez al. 1996; Chen et al. 2000) and various geothermal springs, USA (Des Marais et al. 1981).

have an abiogenic origin. A large proportion of
these reports relates the hydrocarbons to post-
magmatic alteration of the assemblage, in parti-
cular, serpentinization of ultrabasic and basic
rocks.

Although a model involving near-solidus re-
equilibration at low oxygen fugacities of an
initially exsolved CO,-H,O fluid can explain
the generation of hydrocarbon-dominated fluid
compositions, the melt compositional require-
ments are such that they are only met with in
very rare situations, such as in some hyper-
agpaitic nepheline syenite intrusions. Alterna-
tively, the model for Fischer-Tropsch synthesis
of hydrocarbons in igneous rocks, as proposed
by Salvi & Williams-Jones (1997), Potter et al.
(1998) and Potter (2000), is considered to be
more generally applicable to predict the presence
of hydrocarbons in a variety of igneous rocks.
The operation of this process may become
important in searching for future natural gas
resources in these rocks. Fischer—Tropsch
synthesis not only produces abundant CH,,
but, depending on the temperature at which the
reactions take place, various other complex
higher hydrocarbons. One obvious example of
a potential reservoir for hydrocarbons formed
by this process is the CH,-clathrates trapped at
the sea floor. Serpentinization of ocean floor
basalts by circulating seawater and hydrothermal
fluids has the potential to produce large volumes

of CH4 and higher hydrocarbons via Fischer—
Tropsch reactions from magmatic CO, fluids.
The continuing advances in ocean floor explora-
tion may make these hydrocarbons an economic-
ally viable resource.

The Fischer-Tropsch model for hydrocarbon
generation in igneous rocks can theoretically be
applied to many magmatic bodies of all composi-
tional types. Hydrothermally altered Fe-rich
assemblages are common features in many
intrusive bodies. Therefore, this model might
suggest that hydrocarbons should be found in
most i1gneous bodies. This is clearly not the
case. It has been observed in industry that the
Fe catalysts for Fischer-Tropsch reactions can
be poisoned by the presence of sulphur (Ander-
son et al. 1965; Szatmari 1989). A comparative
study of fluids present in the serpentinized
carbonatitic intrusion, Sokli in Finland (Potter
2000) revealed the presence of little or no hydro-
carbons in the samples. The majority of Sokli
samples contain abundant sulphides which may
have inhibited any Fischer-Tropsch type
reaction from occurring. The extensive serpenti-
nization (and phlogopitization) of the assem-
blage also suggests that large volumes of H,O
infiltrated the complex, potentially washing out
any hydrocarbons generated. Therefore, in
order for Fischer—Tropsch synthesis to occur,
sulphur should not be present and, for the hydro-
carbons to be retained within the assemblage,
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hyvdrothermal alteration should not be pervasive
with large volumes of H,O migrating through the
complex.

Conclusions

Awareness among scientists of the presence of
hydocarbons in igneous rocks has been steadilv
on the increase over the past 20 vears. Although
in most cases, the hydrocarbons have been
derived from biogenic sources. there has beaen a
recent proliferation of reports on the presencs
of hydrocarbons formed by abiogenic proceses.
These are commonly found 1 basic and 510--
undersaturated alkaline igneous rocks and mn
hydrothermal plumes associated with basic
rocks. From where these hydrocarbons were
derived and how they were generated still
remains debatable. In the 1970s it was proposed
that these hydrocarbons were derived directly
from the mantle and that large abiogenic hydro-
carbon reservoirs might be stored in the deep
crust, having flowed up from the mantle. How-
ever, more recent studies have determined that
this 1s unlikely and that these hydrocarbons
were generated during late or post-magmatic
processes. Two models have been proposed: a
late-magmatic equilibrium model and a post-
magmatic disequilibrium model. It has been
shown that a CHy-rich fluid can evolve from a
magmatic CO,-rich fluid in a closed system at
late-magmatic conditions (below 3500 °C). This
model can only be applied to igneous rocks
with extreme compositions with low solidus
temperatures and wide crystallization ranges
(i.e. SiO,-undersaturated alkaline rocks).
post-magmatic model has also been suggested,
where hydrocarbons are generated during post-
magmatic hydrothermal alteration of the mineral
assemblages. This involved Fischer—Tropsch
type reactions between an early CO,-rich fluid
and H, generated from the hydrothermal
reactions. The Fischer—Tropsch reactions are
catalysed in the presence of Fe-rich minerals
abundant in the basic and alkaline 1igneous com-
plexes (e.g. magnetite, aegirine). Textural, flmd
inclusion, isotopic and bulk gas data from a
variety of complexes support this model. There-
fore, although the late-magmatic model may
still be valid for generation of hydrocarbons in
the Si0,-undersaturated alkaline complexes, the
Fischer—Tropsch model 1s favoured and can be
applied to a wide variety of igneous environ-
ments. This model suggests that abiogenic hydro-
carbons may be more common than previously
anticipated, with possible 1mplications for
natural gas resources in the future.
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