A review of the composition and evolution of hydrocarbon
gases during solidification of the llimaussaq alkaline

complex, South Greenland
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Fluid inclusions in minerals from agpaitic nepheline syenites and hydrothermal veins in the
Ilimaussaq complex and in similar agpaitic complexes on the Kola Peninsula, Russia, are
dominated by hydrocarbon gases (predominantly methane) and hydrogen. Such volatile com-
positions differ considerably from those of most other igneous rocks and their formation and
entrapment in minerals reflects low oxygen fugacities and a wide range of crystallisation
temperatures extending to a low-temperature solidus. Their composition reflects initial low
carbon contents and high water contents of the magma resulting in the exsolution of a water-
rich CO-H,0 dominated vapour phase. Fractionation of chlorides into the vapour phase
results in high salinities and the subsequent development of a heterogeneous vapour phase
with a highly saline aqueous-rich fraction and a methane-dominated fraction, with preferential
entrapment of the latter, possibly due to different wetting characteristics. The light stable
isotope compositions support an abiogenic origin for the hydrocarbons in agpaitic nepheline
syenite complexes.
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The importance of volatile components in the genera-
tion and solidification of alkaline rocks in general and
agpaitic nepheline syenites in particular has been em-
phasised by a number of authors (e.g. Larsen & So-
rensen 1987). The highly reduced nature of carbonic
fluids associated with silica-undersaturated alkalic com-
plexes has been documented (e.g. Kogarko &
Romanchev 1983; Sgrensen 1997), and the presence
of similar hydrocarbon-rich fluids has also been de-
scribed from peralkaline granitic complexes (e.g. Salvi
& Williams-Jones 1992). Since alkaline magmatic activity
typically occurs in intraplate locations and presents
geochemical and isotopic characteristics consistent
with an important contribution from upper-mantle-de-
rived magmas, studies of associated gas compositions
potentially provide information on the characteristics
of mantle degassing in extensional-type settings.
One method of obtaining information on the gases
is to study the volatiles trapped and preserved as fluid
inclusions in minerals during solidification of the melts.
This paper is a review of available data on the com-
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positional characteristics of the hydrocarbon-rich fluid
inclusions in the Ilimaussaq alkaline complex.

The Ilimaussaq complex

The Ilimaussaq alkaline complex belongs to the Meso-
proterozoic Gardar continental magmatic rift province
in South Greenland. It was emplaced at a high level
in the crust and cuts both a Proterozoic basement gran-
ite and the overlying Gardar lavas and continental
sandstones (Fig. 1). The geological setting and
petrologic evolution of the Ilimaussaq complex has
been summarised by Sgrensen (2001, this volume).
An initial temperature of about 900°C, a pressure
of 1-2 kbars and contents of H,O around 4 wt% at
emplacement and initial cooling of the main Ilimaus-
saq magma were suggested by Larsen & Sgrensen
(1987), indicating initial volatile undersaturation. Dur-
ing solidification of the magma, oxygen fugacities were
well below the synthetic QFM buffer (Larsen 1976)
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Fig. 1. Simplified E-W cross-section through the Ilimaussaq alkaline complex. Fluid types trapped in minerals in the various rock
types are indicated. Same horizontal and vertical scale. From Konnerup-Madsen (1980).
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The types of fluid inclusions observed in the various
rock types in the Ilimaussaq complex and immedi-
ately adjacent host rocks are indicated in Fig. 1 and
illustrated in Fig. 3.

Hydrocarbon-rich gaseous inclusions predominate
in all examined minerals from the Ilimaussaq nephe-

Temperature, °C

Fig. 2. Sequence of crystallisation of minerals in Ilimaussaq roof
cumulates. Modified from Konnerup-Madsen et al. (1981). Ab-
breviations: ac: acmite, aen: aenigmatite, arf: arfvedsonite, ast:
astrophyllite, fa: fayalite, hed-aeg: hedenbergite-aegirine, kat:
katophorite, mgt: magnetite, nept: neptunite.
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Fig. 3. Sketches of the main types of fluid inclusions in minerals from the Ilimaussaq rocks. a: alkali granite sheet, b: nepheline
syenites, and ¢: late hydrothermal veins. Length of bar is 0.01 mm. Abbreviations: L™ and V*: liquid and vapour H,O, respectively;
H: halite; L¢ and V< liquid and vapour hydrocarbons, respectively; Fsp: feldspar. Modified from Konnerup-Madsen & Rose-Hansen
(1982).
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line syenites and late hydrothermal veins formed from
fluids expelled from the late nepheline syenites (Fig.
3b, ¢©); aqueous inclusions are only rarely observed.
Mixed hydrocarbon-aqueous inclusions are only very
rarely seen in minerals from the nepheline syenites.
The isolated occurrence of a few aqueous high-salin-
ity inclusions in minerals from the nepheline syenites
suggests that they were entrapped prior to the hydro-
carbon inclusions which are largely confined to more
or less effectively healed fractures. The vapour phase
in some of these highly saline inclusions is composed
predominantly of CO, (Sobolev et al. 1970). A minor
number of the hydrocarbon inclusions, however, also
occur isolated or associated with aegirine microlites
in nepheline from naujaite.

In the hydrothermal vein minerals the generally ob-
served association of highly saline aqueous inclusions
and hydrocarbon-rich inclusions (Fig. 3), however,
clearly indicate the existence and entrapment of non-
miscible fluids at this stage (Konnerup-Madsen & Rose-
Hansen 1982).

In quartz from the alkali granite sheet, which is
considered to represent a small second magma pulse
prior to the main agpaitic magma, only moderate- to
high-salinity aqueous inclusions were observed.

The surrounding country rocks (altered lavas) con-
tain only purely aqueous, low- to moderate-salinity
inclusions.

The distribution of fluid inclusion types summa-
rised above — and in particular the lack of hydrocar-
bon-bearing inclusions outside the nepheline syenites
and their associated hydrothermal veins (Fig. 1) —
strongly supports an interpretation where the hydro-
carbons represent the remains of an associated mag-
matic volatile phase produced during the cooling and
solidification of the alkaline magma, rather than a

phase introduced from outside the complex. Similar
observations have been made on hydrocarbon gases
in minerals from the Khibina and Lovozero complexes
onthe Kola Peninsula, Russia, and a similar origin was
proposed by Kogarko (1977), Petersil'ye & Pripachkin
(1979) and more recently by Potter et al. (1997).

Chemical characteristics of the
Ilimaussaq gases

Previous studies of the gases in fluid inclusions in
llimaussaq whole rocks and minerals, by microther-
mometry, gas chromatography, mass spectrometry and
Raman microprobe spectrometry, show them to be
composed predominantly of hydrocarbons (especially
CH, with smaller amounts of higher alkanes), He, CO,,
N, and Ar (Petersilie & Sorensen 1970; Konnerup-
Madsen et al. 1979; Konnerup-Madsen & Rose-Hansen
1982; Konnerup-Madsen et al. 1985). CH,, H, and C H,
were found to be the dominant species followed in
abundance by N, and higher alkanes. Raman micro-
probe spectrometry on individual gaseous inclusions,
however, only verified the presence of H,, CH,, C,H,
and occasionally traces of CH,. When recast into
atomic COH proportions most analyses closely ap-
proximate to the composition of CH, although varia-
tions in the C/H ratio are seen (Fig. 4). This suggests
that methane was probably the dominant carbon-bear-
ing species at the time of entrapment (Konnerup-
Madsen & Rose-Hansen 1982). Also included in Fig. 4
are the compositions obtained on the vapour phase
in individual primary inclusions in nepheline from
naujaite (Sobolev et al. 1970). In contrast to the hy-
drocarbon-dominated compositions obtained during
bulk crushing of Tlimaussaq rocks and minerals, these
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Fig. 4. C-O-H molecular relations for
gases released by crushing of minerals primary and secondary C3Hg
and agpaitic rock types from a: Ilimaus- CO, inclusions / C,Hg
saq, and b: Khibina and Lovozero com-
plexes. Recalculated on a water-free ba- inclusions CH,
sis. Data from Petersilie & Sorensen
(1970), Sobolev et al. (1970) and Kon- 0 H H

nerup-Madsen et al. (1981).
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compositions are CO,-dominated (Fig. 4). The com-
positions of gases extracted from minerals and whole
rocks from the Khibina and Lovozero alkaline com-
plexes (Fig. 4b) are very similar to those of the
Ilimaussaq complex (Fig. 4a).

Calculations of the PT range for entrapment of the
CH,-rich fluids give pressures of 1-2 kbar and tem-
peratures from about 700°C down to 400—450°C dur-
ing final solidification of the nepheline syenites and
hydrothermal veins. Calculations of possible equilib-
rium oxygen fugacity conditions give values approach-
ing those of the synthetic graphite-CH, buffer curve
(Konnerup-Madsen et al. 1981; Larsen 1993). These
calculations were based on the assumption of buffer-
ing of a COH fluid with graphite even though graph-
ite has not been identified in the Ilimaussaq complex.
Therefore, additional calculations were performed on
the assumption that the hydrocarbon gas composi-
tions only represent the non-water fraction of a het-
erogeneous fluid consisting of an aqueous solution
and a hydrocarbon-dominated gaseous phase, of
which only the latter has been entrapped and pre-
served in fluid inclusions (Konnerup-Madsen 1988).
Although such calculations are encumbered with large
uncertainties, they clearly indicate that even under
highly reduced conditions H,O will be the dominant
volatile species and constitute around 80-90 mole%
of the bulk fluid. CH, and H, will dominate the non-
aqueous fraction of the fluid and will be followed in
abundance by N, and CO,. Similar calculations on
entrapped gases from the Lovozero complex (Kogarko
et al. 1987) gave similar results although higher abun-
dances of N, were obtained. The above H,O-free com-
positions agree fairly well with those obtained by
Raman spectrometry on gaseous inclusions in miner-
als from these complexes.
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analysed. HC: hydrocarbon, as specified
in legend.

An important conclusion of these calculations is
that although hydrocarbon-rich fluids form the over-
whelming number of fluid inclusions actually observed
in minerals, such fluids may have constituted only a
small fraction of the bulk fluid originally present.

Stable isotope characteristics of the
hydrocarbon gases

The 6"C isotope characteristics of hydrocarbon gases
in the Tlimaussaq complex are summarised in Fig. 5.
The most conspicuous features are the exceptionally
high 8"C values of bulk C (calculated as the weighted
sums of analyses on extracted CH,, C,H  and higher
hydrocarbons from fluid inclusions) compared to those
observed for hydrocarbons in other geological envi-
ronments, and the systematically higher 8C values
for CH, compared to those of the higher hydrocar-
bons in the same fluid sample. Both features are in-
consistent with hypotheses only involving formation
of CH, by thermal cracking of bituminous materials
assimilated by the Ilimaussaq magma during emplace-
ment (Des Marais et al. 1981). A rough calculation of
the 8*C value for the total amount of trapped hydro-
carbons in the Ilimaussaq complex gives a value
around —4.8%o0 PDB which is within the range of nor-
mal mantle values (Kyser 1986).

The systematically higher 8"C values for CH, com-
pared to those of the higher hydrocarbons in the same
fluid sample (Fig. 5b) is consistent with an inorganic
polymerisation process whereby the heavier hydro-
carbons are synthesised from methane (Des Marais et
al. 1981) and provide additional strong support for
an abiogenic origin of the hydrocarbons.

In summary, the §C characteristics of the hydro-
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Fig. 6. a: Isobaric and isothermal ternary C-O-H diagram at 2
kbar and 600°C. Shown is the graphite saturation curve and the
compositional trace (stippled) in the graphite-absent part for
an oxygen fugacity of QFM -2. The estimated composition of
the initially exsolved CO,~H,O fluid from the Ilimaussaq magma
is indicated by the large filled circle. Upon buffering at oxy-
gen fugacities of QFM -2, this fluid will evolve to point 1 and
then follow the graphite saturated curve until point 2. Data
from Huizenga (1995). b: Schematic illustration of the evolu-
tion of the same fluid as in a when salts are added in sufficient
amounts to cause fluid immiscibility. The initially exsolved bulk
fluid will follow the path indicated by the arrow with precipi-
tation of graphite from 1 to 4. See text for further discussion of
the diagram. Based on data from Lamb et al. (1996).

carbon gases in the Ilimaussaq complex (and in simi-
lar complexes from the Kola Peninsula) support the
concept of an abiogenic formation of methane from a
COH vapour-saturated, highly reduced melt. Conden-
sation of part of the methane-rich gas phase at rela-
tively low temperatures to higher hydrocarbons during
post-entrapment cooling conceivably occurred and

produced the hydrocarbon gas compositions observed.
The bulk gas 8“C values furthermore indicate a pre-
dominantly juvenile origin for the carbon component.

In addition, four samples have been analysed for
both the 6"C and 6D composition of CH,; 6D values
obtained vary from —132 to —145%0 SMOW, with a de-
crease in the 8D values parallel to a decrease in §*C
values from —1 to —5%o0 PDB. The possible significance
of these data is discussed later.

Volatiles during solidification of the
agpaitic Ilimaussaq nepheline syenites

Previous studies have indicated that the most impor-
tant properties that characterise the formation of a
hydrocarbon-rich volatile phase in agpaitic nepheline
syenites such as in the Ilimaussaq complex are: (1) a
wide temperature range of crystallisation to very low
solidus temperatures, enabling buffering of any ex-
solved volatiles by the magma and minerals to tem-
peratures as low as about 450°C; (2) low oxygen fu-
gacities, with values roughly corresponding to those
of the synthetic graphite-CH, curve during solidifica-
tion.

Together, these factors increase the probability for
the co-existence of immiscible fluids (a CH -rich gas-
eous and a saline aqueous liquid phase) and melt
during the closing stages of solidification of the nephe-
line syenites, as schematically modelled for COH-flu-
ids in Fig. 6 for a pressure of 2 kbar and a temperature
of 600°C.

Initial H,0 and C contents of the main Tlimaussaq
magma of about 4 wt% H,0O (Larsen & Sgrensen 1987)
and 250 ppm C (J.C. Bailey, personal communication
1999) would result in vapour saturation at close to 2
kbars and the exsolution of a CO,-H,O rich fluid with
X, of about 0.7 (Holloway & Blank 1994; Fig. 6a,
large filled circle). As oxygen fugacities about 2 log
units below the synthetic QFM buffer reaction (QFM
—2) are indicated (Larsen 1976), this fluid buffer'rll
would result in a change in bulk fluid composition
from the initially exsolved through composition 1 to
composition 2 of Fig. 6a according to the reaction (1)

CO, + 2H,0 — CH, + 20,

until a composition in accordance with the imposed
oxygen fugacity is obtained (Fig. 6a point 2 for QFM
—2). As this change in bulk fluid composition to 2
occurs along the graphite saturation curve, some graph-
ite should be precipitated. Graphite has not been ob-
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served in the Ilimaussaq rocks; however, the amounts
precipitated, according to this change in composition,
would be trivial and could easily go undetected (total
exsolution of 0.9 wt% CO, would result in a maxi-
mum precipitation of about 107 vol.% graphite). That
these fluids are actually capable of precipitating graph-
ite is indicated by the occasional observation of a thin
film of poorly ordered graphite on the inclusion walls
by Raman microprobe spectrometry.

The additional presence in the Tlimaussaq magma
of at least 0.5 wt% Cl (Larsen & Sgrensen 1987) would,
however, result in high salinities of the exsolved aque-
ous fluid (Kilinc & Burnham 1972) and the formation
of two immiscible fluid phases, one rich in CH,, the
other rich in H,O plus chlorides (Lamb et al. 1996).
The high contents of F (up to about 1 wt%; J.C. Bai-
ley, personal communication 1999) in the Ilimaussaq
magma would not affect the composition of the va-
pour phase as F is strongly partitioned into the melt
(Carroll & Webster 1994).

The immiscibility resulting from the addition of chlo-
rides to the vapour would further enrich the salinity
of the aqueous fluid fraction to high values in agree-
ment with the fluid inclusion observations. The com-
positional evolution during buffering of such an
exsolved heterogeneous fluid mixture is shown
schematically in Fig. 6b. The compositional change of
exsolved bulk fluid composition is shown by the ar-
row from 1 to 4 whereas the compositional change of
the aqueous fluid co-existing with the precipitated
graphite follows the path from f; to /,. Upon final equi-
libration, the immiscible fluids would have composi-

tions f, (aqueous fluid) and f (hydrocarbonic fluid).
The minerals may have had a possible catalytic effect
and contributed to the formation of some of the higher
hydrocarbons and hydrogen from methane at lower
temperatures.

The features of Fig. 6 demonstrate that although
the fluid which initially exsolved was rich in CO, and
H,0, buffering of this fluid to low temperatures at
low oxygen fugacities would result in a CH -rich fluid
co-existing with a highly saline, aqueous fluid. The
fluid inclusion observations suggest that preferential
entrapment of the CH -rich fluid occurred, probably
as a result of preferential wetting characteristics or as
a result of re-dissolution of the aqueous fraction upon
further development of the residual melt. The charac-
teristics of Fig. 6 further indicate that variations in the
CO,/CH, ratio can result from variations in the initial
CO,/H,0 ratio of exsolved fluid (that is, initial C and
H,0 contents of the melt) and imposed oxygen fu-
gacities. The range in COH compositions shown in
Fig. 4 may reflect the interplay between these param-
eters. Finally, the lack of observed graphite in the Tli-
maussaq complex may be due to a high water con-
tent relative to carbon in the melt.

Origin of the carbon component

The observed distribution and type of occurrence of
the hydrocarbon inclusions and their stable isotope
characteristics in the Ilimaussaq rock types point to-
wards a likely abiogenic origin.
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Based upon the available data for 8"*C and 4D val-
ues of hydrocarbons in the Ilimaussaq complex and
published fractionation factors for §C and 8D, the
composition of an evolved COH-vapour in equilib-
rium with the melt may be modelled (Fig. 7). For ini-
tial melt values of —4.5 8*C and —50%o dD the compo-
sition of the vapour would start at —2.6 8"*C, —30%0 6D
and evolve towards lower values in both, as indicated
in Fig. 7 by the upper stippled curve. Upon the onset
of immiscibility and the formation of CH, -dominated
and H,0O-dominated fluid fractions, further fractiona-
tion in 4D would occur and result in 8D values around
—150%0 for the CH, fluid (Fig. 7, lower curve). The
four samples of whole rocks on which analyses of
8C and 8D on the hydrocarbons have been performed
are included in Fig. 7. Compared to the modelled §“C
and 90D values (based on the premises indicated in
Fig. 7), the overall compositional trend obtained on
the Ilimaussaq hydrocarbon gases agrees with a pos-
sible signature obtained from isotopic equilibration
of an immiscible CH -dominated fluid with the magma.

Conclusions

The hydrocarbon-rich fluid inclusions observed in the
llimaussaq complex — and in similar alkaline, both
silica-undersaturated and silica-oversaturated com-
plexes elsewhere — have characteristics compatible
with a magmatic origin. Their formation may reflect
buffering to unusually low temperatures during re-
duced conditions of normal magmatic fluids while
variations in the compositional characteristics between
different complexes may be due to an interplay
between the initial volatile contents of the magmas
and small variations in solidification conditions.
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