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Abstract

A detailed fluid inclusion study has been carried out on the hydrocarbon-bearing fluids found in the peralkaline complex,
Lovozero. Petrographic, microthermometric, laser Raman and bulk gas data are presented and discussed in context with
previously published data from Lovozero and similar hydrocarbon-bearing alkaline complexes in order to further understand the
processes which have generated these hydrocarbons. CH4-dominated inclusions have been identified in all Lovozero samples.
They occur predominantly as secondary inclusions trapped along cleavage planes and healed fractures together with rare H,O-
dominant inclusions. They are consistently observed in close association with either arfvedsonite crystals, partially replaced by
aegirine, aegirine crystals or areas of zeolitization. The majority of inclusions consist of a low-density fluid with CH4
homogenisation temperatures between — 25 and — 120 °C. Those in near-surface hand specimens contain CH,+ H, (up to 40
mol%) + higher hydrocarbons. However, inclusions in borehole samples contain CH, + higher hydrocarbons + H, indicating
that, at depth, higher hydrocarbons are more likely to form. Estimated entrapment temperatures and pressures for these
inclusions are 350 °C and 0.2—0.7 kbar. A population of high-density, liquid, CHy-dominant inclusions have also been
recorded, mainly in the borehole samples, homogenising between — 78 and — 99 °C. These consist of pure CHy, trapped
between 1.2 and 2.1 kbar and may represent an early CHy-bearing fluid overprinted by the low-density population. The
microthermometric and laser Raman data are in agreement with bulk gas data, which have recorded significant concentrations
of H, and higher hydrocarbons up to C¢H, in these samples. These data, combined with published isotopic data for the gases
CHy4, CoHg, Hy, He and Ar indicate that these hydrocarbons have an abiogenic, crustal origin and were generated during
postmagmatic, low temperature, alteration reactions of the mineral assemblage. This would suggest that these data favour a
model for formation of hydrocarbons through Fischer—Tropsch type reactions involving an early CO,-rich fluid and H, derived
from alteration reactions. This is in contrast to the late-magmatic model suggested for the formation of hydrocarbons in the
similar peralkaline intrusion, Ilimaussaq, at temperatures between 400 and 500 °C.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrocarbons interpreted as generated by abiogenic
processes have been reported from a number of igneous
terranes, in particular, from ultrabasic and peralkaline
igneous complexes (see review by Potter and Kon-
nerup-Madsen, 2003). A number of potential origins
have been proposed for these hydrocarbons. These
include a primary mantle origin (e.g., Gold, 1979), a
late-magmatic origin (e.g., Karzhavin and Vendillo,
1970; Konnerup-Madsen et al., 1985; Kogarko et al.,
1987), and a postmagmatic origin (e.g., Sherwood-
Lollar et al., 1993; Salvi and Williams-Jones, 1997;
Potter et al., 1998). The most recent data on these
abiogenic hydrocarbons indicate that a primary mantle
origin is unlikely. However, there are abundant analyt-
ical data that apparently support each of the late-
magmatic and postmagmatic models. In this paper, a
detailed fluid inclusion, petrographic and gas study on
the fluids hosted in the Lovozero complex of northwest
Russia is presented. These data, along with previously
published data from similar complexes (e.g., Khibina
and Ilimaussagq; Potter et al., 1998; Konnerup-Madsen
et al., 1979) are used here to test and discuss both
models and to provide a more detailed insight into the
mechanisms involved in generating abiogenic hydro-
carbons, not only in alkaline igneous rocks but in other
igneous terranes as well.

2. Geological setting and petrology of samples

The Lovozero pluton is the second largest alkaline
intrusion in the 100,000 km? Kola Alkaline Province
of northwest Russia, the largest being the nearby
Khibina pluton (Fig. 1a). Lovozero is located in the
centre of the Kola Peninsula and is spatially related to
the Kontozero—Khibina graben, a deep NW-SE
trending Palaeozoic fault (Fig. 1a). The reactivation
of this, and other, faults in the mid to late Devonian
accompanied the production and emplacement of
large volumes of alkaline magmas in the province
(Dudkin and Mitrofanov, 1994).

The Lovozero pluton is a laccolithic, layered com-
plex with a surface area of 650 km? (Fig. 1b). Rb—Sr
whole rock data give ages between 371.6 £20.3 and
361.7 £ 1.1 Ma (Kramm et al., 1993). The complex
consists mainly of nepheline syenites, urtites and

lujavrites. The lujavrites host large loparite deposits,
which are rich in the rare earth elements Ta and Nb. The
geology of the complex has been described extensively
by Gerasimovsky et al. (1968) and summarised by
Kogarko et al. (1995).

Table 1 shows a list of the main rock types
analysed in this study, their mineral assemblages and
peralkalinity index (PI). Peralkalinity was calculated
using whole-rock bulk geochemical data (Potter,
2000) as defined by Serensen (1997). The geochem-
ical data are available on request. The agpaitic nature
of the samples was determined mineralogically, as
discussed by Serensen (1997). The rare agpaitic
minerals mentioned in this paper are also listed in
Table 1. A detailed description of the petrology of
these samples is available in Potter (2000).

The Lovozero samples are mineralogically and
geochemically peralkaline and agpaitic in nature (Table
1). The urtites with the lowest PI ( ~ 1.04) contain
arfvedsonite, titanite and sodalite indicating a low
agpaicity. The more peralkaline urtites (PI= ~ 1.14)
contain the rare agpaitic Na—Ti—Zr-silicates lampro-
phyllite, lomonosovite and penkvilsikite. The increase
in peralkalinity in the foyaites (PI= ~ 1.25) coincides
with the disappearance of magnetite and an increase in
aegirine content together with the appearance of rare
agpaitic Na silicates such as bornemanite. The juvites
contain abundant loparite and eudialyte indicating they
are highly agpaitic. Abundant eudialyte and aegirine
are also present in the highly peralkaline lujavrites and
eudialyte—lujavrites (PI=1.3—1.5), as well as signif-
icant contents of rare Na silicates including murman-
ite, lovozerite, vlasovite and chkalovite indicating a
hyperagpaitic nature. Arfvedsonite is commonly ob-
served partially replaced by aegirine, particularly in the
urtites.

3. Methodology

A total of 17 samples from the variety of rock suites
in the Lovozero complex were selected for fluid inclu-
sion analysis from a preliminary screening of approx-
imately 40 typical rock types. Samples were supplied
from two sources; near-surface hand specimens stored
at the Kola Science Centre, Russia, and borehole
samples stored at the Natural History Museum, UK.
These samples were selected on the basis of the
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Fig. 1. (a) A locality map of the Kola Alkaline Province showing the main structural fault zones and locality of the major alkaline complexes
Lovozero (1) and Khibina (2) located in the Khibina—Kontozero graben (3). (b) A geological map of the Lovozero intrusion. Based on Kogarko
et al. (1995) and Dudkin and Mitrofanov (1994).
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Table 1

The main rock types for each intrusion and their mineralogy with sample numbers used in the fluid inclusion study

Rock type Main minerals Accessories Sample numbers PI (Na+K)/Al

Urtite Ne, Aeg, Arf, Ab Alk Fs, Mag, Sdl, Ttn, Ntr, Anl, Lop, UG-54, L 121 1.04—-1.14
Lamp, K-gmel, Lom, Penk

Foyaite Ab, Ne, Aeg Alk Fs, Eud, Sdl, Arf, Ap, Born, L34, L 76,L 98, L 139, 1.21-1.25
Ttn, Cen, Ntr, Anl, Lop TS-18-2, 727-9

Lujavrite Ab, Ne, Aeg Alk Fs, Eud, Sdl, Aug, Arf, Ttn, Lop, L 21, L 135, L 228, L 276, 146-6 1.28-1.40
Ntr, Cen, Anl, Pyr, Mur, Vlas

Eudialyte Ab, Ne, Aeg, Eud Alk Fs, Sdl, Arf, Ntr, Anl, Lov, Chk L-16-11, L 83, L167 1.24-1.48

lujavrite
Loparite juvite Ne, Ab, Aeg, Lop Alk Fs, Eud, Sdl, Anl L-16-19 1.32

Bomn: bornemanite (Na;BaTi,NbSisPO,,F); Chk: chkalovite (Na,BeSizOg); K-gmel: K-gmelinite (KAISi,Os-3H,0); Lamp: lamprophyllite
(NagSr3FeTigSigO34F,); Lom: lomonosovite (Na,Ti;Si,O9-NazPO,); Lop: loparite (NaCeTi,Og); Lov: lovozerite (H;Na;CaZrSigO5-H,0);
Mur: murmanite (Na;TiySi4O;,F-5H,0); Penk: penkvilsikite (Na,TiSi4;O;;-2H,0); Vlas: vlasovite (Na,ZrSizOq).

All other abbreviations, refer to Kretz (1983).

abundance of suitable host minerals, such as nepheline,
eudialyte and sodalite, and the number of fluid inclu-
sions present. For each sample, polished thin sections
were prepared for microprobe analysis and double-
polished 100—150 um fluid inclusion wafers for micro-
thermometric and laser Raman microprobe analysis.
The petrographic characteristics and textural relation-
ships of the fluid inclusion arrays (i.e., size, shape,
distribution and abundance) were recorded in order to
determine fluid inclusion populations and their timing
of entrapment, following established criteria (Roedder,
1984; Van den Kerkhof and Hein, 2001).

Fluid inclusion microthermometric analysis was
carried out using a Linkam THMS600 low-tempera-
ture, heating—freezing stage attached to a Nikon
microscope. Measurements were carried out over the
temperature range — 196 to +600 °C following the
methodology and procedures of Shepherd et al.
(1985). Stage calibrations were carried out regularly
using pure substances with known melting points
(Roedder, 1984) and synthetic fluid inclusion stand-
ards. All measurements reported in this paper are
accurate to within = 0.5 °C from — 100 to 100 °C
and to within + 1 °C from — 196 to — 100 °C and
from 100 to 600 °C. Wherever possible, the following
measurements were made: temperatures of homoge-
nisation of the liquid and vapour components of CH,
(Thep,), first ice melting temperature of aqueous
inclusions (Te), last ice melting temperature of aque-
ous inclusions (Tm-ice), clathrate melting temperature
of aqueous inclusions (Tm-clath) and total homoge-
nisation temperatures to liquid or vapour (T-t-L/V).
Methane phase behaviour is described according to

the criteria of Van den Kerkhof (1988) and Van den
Kerkhof and Thiéry (2001).

An Oxford Instruments, ISIS energy-dispersive
system mounted on a JEOL 6300 scanning electron
microscope was used to analyse mineral compositions
and identify any discrete mineral phases relating to
alteration of the mineral assemblages.

A confocal, multichannel Renishaw laser Raman
microprobe (RM 1000) with an argon ion laser (514.5
nm) and thermoelectrically cooled CCD detector
system was used to determine fluid inclusion gas
compositions. The laser Raman system was attached
to an Olympus microscope with lens magnification up
to x 80 enabling analysis of areas <4 pum? in size.
The microprobe was calibrated regularly using a
silicon standard to check and correct for any drift.
Reported peak positions are accurate to within + 1
cm~ ' Raman shift. Run times for spectra were ap-
proximately 30 s for an extended spectrum from 100
to 5000 cm ™~ '. Mole percentages of gas mixtures were
calculated using the criteria described by Burke
(2001), using reported Raman scattering cross-sec-
tions (o) for the appropriate excitation wavelength.

Two bulk gas methods were used to analyse the
chemical composition of volatiles released during the
heating and crushing of whole rock samples. Gas
chromatographic analyses were carried out at the Kola
Science Centre, Russia based on methods described by
Ikorski and Voloshin (1982) and Ikorski et al. (1992).
These analyses were done using a PE F-30 gas-chro-
matograph with a 5-A molecular sieve packed column
and Ar (5.0) carrier gas to separate He, H,, O,, N,, CHy,
CO and C,Hg¢ and a spherocrom packed column with
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He (5.0) carrier gas to separate out CH,4, CO, and C,—
Cs gas species. The gases were extracted from ~ 1 g
of whole-rock sample by crushing in a sealed vacuum
ball mill before subsequent release into the gas carrier

stream. Gases present were detected by a flame ionisa-
tion detector (FID). Further comparative data were
obtained from mass-spectrometric analyses at Fluid
Inclusion Technologies (Oklahoma, USA), using a
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Fig. 2. The distribution of inclusions in Lovozero. (a) H,O-dominant inclusions in trails with CH4-dominant inclusions in eudialyte from
eudialyte lujavrites. (b) Large CH4-dominant inclusions attached to aegirine microlites together with trails of smaller inclusions in nepheline in
lujavrites. (c) Trails of CH4-dominant inclusions extending out into the nepheline host from arfvedsonite crystals, partially replaced by aegirine
in urtites. (d) CHs-dominant inclusions concentrated around aegirine crystals in eudialyte lujavrites. (e) Trails of CH4-dominant inclusions
extending out into the nepheline host from areas of zeolitization in urtites. (f) Nepheline chadocrysts in arfvedsonite with reaction rims of

aegirine and zeolite (e.g., analcite or natrolite) in urtites.
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Table 2

Summary of microthermometric and laser Raman data for fluid inclusions in Lovozero

J. Potter et al. / Lithos 75 (2004) 311-330

Rock type Sample Inc Type N Host They, Volatiles detected by L—R
Luj L21 CH,4 14 Ne —81.5t0 —90.1 v na
Foy L 34 CH4 5 Ne —79.5t0 —85.2 \Y% na
L34 CH,4 11 Ne —77.8 to —87.7 L na
Foy L 76 CH, 9 Ne —759t0 —85.2 \% CH, £ HHC
L 76 CH, 1 Alk Fs —84.0 \% CH4 = HHC
L 76 CH,y 31 Ne —80.9 to —89.7 L CH4 = HHC
L 76 CH,4 8 Alk Fs —80.3t0 —83.5 L CH4 = HHC
Eud—luj L 83 CHy 11 Ne —80.2to —89.1 \% CH, £ HHC
L 83 CHy4 14 Ne —822t0 —844 L CH4 = HHC
Foy L 98 CHy 12 Ne —64.7 to —86.2 v na
L 98 CH, 9 Alk Fs —502t0 —83.6 \% na
L 98 CH,y 10 Ne —77.7to —99.3 L na
L 98 CH,4 2 Alk Fs —177.7 to —80.5 L na
L 98 CHy 1 Ap —99.3 L na
Urt L 121 CH, 7 Ne —81to —88.3 \% na
Luj L 135 CHy4 61 Ne —25.1t0 —106.9 \% CH, £ HHC
L 135 CHy4 10 Eud —81.5t0 —90.5 \Y% CH4 = HHC
L 135 CHy 9 Alk Fs —434t0 —89.3 \% CH4 £ HHC
L 135 CH, 9 Sdl —81.8to —88.2 \% CH4 = HHC
L 135 CHy 14 Ne —809to —83.3 L CH4 £ HHC
L 135 CH,4 2 Eud —81.6to —82.3 L CH4 = HHC
L 135 H,O 2 Ne a na
Foy L 139 CHy 3 Ne —809to —84.1 L na
L 139 CH, 1 Ne —81.1° \Y na
Eud-luj L 167 CH, 23 Ne —278t0 —110.3° A% CH4 = H, £ H,O + HHC
L 167 CH4 Eud —84.8 to —103.6° \% CH4 = H, £ H,O £ HHC
L 167 H,O 4 Ne a na
Luj L 228 CHy 45 Ne —7821t0 —119.5° \% CH4 = H, £ H,O £ HHC
L 228 CH, 2 Ne —84.1to —86.1 L CH4 + H, £ H,O £ HHC
Luj L 276 CH4 5 Ne —82.5t0 —98.8 \% CH,4 + H,0 + HHC
L 276 CH,4 5 Eud —809to —87.2 \% CH,4 = H,O + HHC
Foy 727-9 CHy4 26 Ne —67.6t0 —85.5 \% CH4 £ HHC
727-9 CH,y 8 Eud —75.7to —83.0 \% CH4 £ HHC
727-9 CH,4 2 Alk Fs —80.7to —80.8 v CH4 £ HHC
7279 CH,y 2 Ap —71.9to —85.5 \% CH4 £ HHC
727-9 CHy4 4 Ne —80.1 to —88.1 L CH4 = HHC
Urt UG-54 CH, 6 Ne —8441t0 —115.0 \% CH, + H, + H,0 + HHC
UG-54 CHy4 17 Ne —89.8t0 —954 Cr CH4 = H, £ H,O £ HHC
UG-54 CH,y 5 Eud —89.8t0 —95.6° \% CH4 £ Hp £ H,O £ HHC
UG-54 CH,4 1 Ne —89.7 L CH,4 £+ H, £ H,O £ HHC
UG-54 CH, 1 Eud —90.4 L CH, + H, + H,0 + HHC
Foy TS-18-2 CH4 22 Ne —67.4t0 —90.2 v na
TS-18-2 CHy 3 Eud —77 to —81.5 \ na
TS-18-2 CHy4 7 Alk Fs —80.0to —90.2 \% na
Eud-luj L-16-11 CH, 47 Ne —62.5t0 —109.5 \% CH, + H, + H,0 + HHC
L-16-11 CHy4 2 Alk Fs —81.2to —86.9 \% CH4 = H, £ H,O £ HHC
L-16-11 CH,4 10 Ne —78.1to —83.8 L CH4 + H, £ H,O £ HHC
Lop—juv L-16-19 CH4 15 Ne —77.7t0 —105.2 \% na
L-16-19 CHy 3 Aeg —84.5t0 —92.1 \% na
Luj 146-6 CH,4 4 Ne —84.0to —92.2 \% na
146-6 CHy 3 Ne —82.2to —83.0 L na
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quadrupole mass-spectrometer. Samples were selected
based on observed fluid inclusion populations and sent
for analysis. These samples ( ~ 1-3 g) were placed in
a vacuum oven, baked and then crushed at ultrahigh
vacuum to release the volatiles that were then trans-
ferred into the quadrupole mass-spectrometer (refer to
FIT website for additional details).

PVTX modelling of fluid inclusion data enabled
calculation of fluid densities, salinities and volumetric
properties. Calculations utilised the appropriate micro-
thermometric data and equations of state (EoS) using
software developed by Bakker (2001). The EoS used
were based on those of Duan et al. (1992, 1995,
1996), Soave (1972) and Thiéry et al. (1994) for gas
mixtures of CH;—H,—C,Hg. Other data used in de-
termining compositions and trapping conditions of the
different fluid types include data for the H,O—CHy
system (Zhang and Frantz, 1992), the CH4—C,Hgq
system (Olds, 1953) and the H,O-NaCl system
(Brown and Lamb, 1989).

4. Analytical data
4.1. Fluid inclusion types and distribution

Two fluid inclusion compositional types have been
identified in the Lovozero samples: CHs-dominant
and H,O-dominant inclusions. The CHj-dominant
inclusions are the most abundant and are present in
all the samples analysed. H,O-dominant inclusions
are rare and have been identified in only two samples
in which they occur as ~ 10 pm, rounded, biphase
(L+V) inclusions in trails together with the CHy-
dominant inclusions in nepheline, eudialyte or soda-
lite (Fig. 2a). CH4-dominant inclusions occur as either
large, 10—30 pm, rounded monophase inclusions or as
smaller, 5—10 um, monophase inclusions in second-
ary trails that cross-cut grain boundaries (Fig. 2b).
These two morphological types occur together along

cleavage planes in nepheline and feldspar. Sinuous
trails of small CH4-dominant inclusions occupy
healed fractures in eudialyte and sodalite. These
CHy-dominant inclusions are almost always found
associated with arfvedsonite, aegirine and zeolites.
The large inclusions are commonly attached to aegir-
ine microlites in nepheline (Fig. 2b). The small
inclusions often occur in secondary trails that extend
outward from arfvedsonite crystals partially replaced
by aegirine, into the nepheline host (Fig. 2c). Alter-
natively, secondary trails of CHy-dominant inclusions
can be found in close association with aegirine crys-
tals (Fig. 2d), or extending out from areas of zeoliti-
zation (Fig. 2e). A petrographic plate of an urtite
containing abundant CH4-dominant inclusions is
shown in Fig. 1f, demonstrating the mineral phase
associations. A large, poikilitic arfvedsonite crystal
engulfs euhedral nepheline chadocrysts. Reaction rims
of aegirine and zeolites can be observed between the
arfvedsonite and nepheline.

4.2. Microthermometric data

Microthermometric analysis was carried out on 537
inclusions from 17 samples. These data are summarised
in Table 2. Both the large and small CH4-dominant
inclusions show H1 behaviour on heating/cooling (i.c.,
separation into a liquid and vapour phase at low
temperatures; Van den Kerkhof and Thiéry, 2001) with
a wide range of CH, homogenisation temperatures
(They,) between — 25 and — 120 °C, predominantly
to vapour ( ~ 75%; Fig. 3). Inclusions in certain
samples (UG-54, L 167, L 228) proved unresponsive
( ~ 15% of the population) with no observable phase
changes during cooling down to — 196 °C. These
inclusions were found in the same trails as those
showing low They, (—90 to — 120 °C). These unre-
sponsive inclusions will henceforth be classified as
inclusions displaying HO behaviour (i.e., no observable
phase changes down to — 196 °C). The majority of the

Notes to Table 2:

N: number of fluid inclusions recorded; Theyy,: temperature of homogenisation of CHy.
Eud—luj: eudialyte lujavrite; Foy—foyaite; Lop—juv—Ioparite juvite; Luj—Ilujavrite; Urt—Urtite; Ne—nepheline; Eud—eudialyte; Sdl—

sodalite; Alk Fs—alkali feldspar.

HHC: higher hydrocarbons; na: not analysed. L-16-19 and 146-6 results reported in Potter et al. (1998).
? H,O data: temperature of melting of clathrate=11.0—15.8 °C, last ice melting temperature=— 5.3 to —5.8 °C, temperature of total

homogenisation (V)=290.7-354.6 °C.
® HO inclusions.
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Fig. 3. The range of CH4 homogenisation temperatures to vapour (Th-V), liquid (Th-L) or critical (Th-cr) phases for small and large CHy-

dominant inclusions in Lovozero.

inclusions, however, homogenised between — 62 and
—90 °C (Fig. 3), most of which have values of Thcy,
that cluster around the critical temperature of pure CH,
(Terey, = — 82 °C). The rare H,O-dominant inclusions
have clathrate melting temperatures of 11 to 15.8 °C,
inferred to be a CH,4 rather than a CO, clathrate as it has
amelting temperature of >10 °C. Total homogenisation
temperatures were to vapour, between 291 and 355 °C.
Last ice melting temperatures were between — 5.3 and
— 5.8 °C, equal to 8.2—-8.8 equiv. wt.% NaCl.

4.3. Laser Raman data

Those inclusion arrays that showed variable Thcp,
values were subsequently analysed by laser Raman
spectroscopy in order to determine if any volatiles other
than CH,4 and H,O were present. Fig. 4 shows some
representative spectra from these inclusions. All inclu-
sions show a CH, peak between 2911 and 2915 cm™ !
(Fig. 4). In inclusions showing low Thcy, (< — 88 °C),
or displaying HO behaviour (i.e., samples L 228 and
UG-54), it is apparent that, in addition to CHy, H, is
also present, as evident from the peak at 4152 cm™ '
(Fig. 4a, b). Calculations show that these inclusions can
contain up to 40 mol% H,. Higher hydrocarbons are
also present as evident from the small peaks for C,Hg
(2954 cm™ ') and C3Hg (2890 cm™ ') rising above the

background in the vicinity of the CH,4 peak (Fig. 4a). In
inclusions showing high Thcy, (> — 80 °C), the back-
ground becomes more elevated around the CH4 peak
and C,Hg, C3Hg and trace amounts of H,O can be
identified (Fig. 4c). A broad fluorescent shoulder may
be present at wavelengths above 3000 cm™ ', indicat-
ing that more complex hydrocarbons are also present
(Fig. 4d). The volatiles detected in each sample studied
are shown in Table 2 along with the corresponding
microthermometric data.

4.4. Bulk gas data

Whole-rock gas chromatographic data are shown in
Table 3 for Lovozero samples obtained from the Kola
Science Centre. The gas-chromatographic method is
effective for quantifying He and CHy4 concentrations.
However, the extraction of gases by crushing in a
vacuum ball mill has limitations. H, can be generated
from mineral—H,O interactions and atmospheric con-
tamination and/or N, generated from trapped NH ions
in mineral lattices during crushing can give inaccurate-
ly high concentrations for these gases in the results.
Adsorption effects can also be high for gases such as
CO, CO, and higher alkanes; therefore, these trace
components may escape detection (Nivin, personal
communication; Salvi and Williams-Jones, 2003).
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Fig. 4. Representative laser Raman spectra for CHs-dominant inclusions in Lovozero samples. (a) A spectra showing peaks for a gas mixture of
CH,4 (88 mol%), C,Hg (1 mol%), H, (11 mol%) and trace C3Hg in L 228. (b) Spectra showing peaks for CHy4 (70 mol%) and H, (30 mol%) in
inclusions showing low CH, homogenisation temperatures in UG-54. (c) Spectra showing CH, with trace amounts of C,Hg, C3Hg and H,O in
L-16-11. (d) A typical spectra for inclusions in L 167 with high Thcy, showing a fluorescent shoulder at high wavelengths (the small sharp peak

at 2552 cm™ ! is from the sodalite host).

Results show that total gas concentrations are moder-
ate, with up to 28 cm’/kg recorded, with the highest
concentrations in the urtite. The dominant gas species
present is CH4 (up to 89 vol.%). Other significant gases
are H, (up to 35 vol.%) and C,Hg (up to 7 vol.%). The
urtite contains the highest concentrations of H, at 8 cm®/
kg. These results are similar to those reported by Nivin
et al. (2001) for free gases (CH4—60 vol.%, H,—35

Table 3

vol.%, CoHg—3.2 vol.%, He—2 vol.%) and inclusion
gases (CH4—76 vol.%, H,—20 vol.%, C,Hs—5
vol.%, He—0.07 vol.%) at Lovozero. No CO, or
C5—Cs hydrocarbons have been detected by this meth-
od but this may be due to the limitations described
above. The N, detected (up to 6.5 vol.%) has not been
identified in fluid inclusions during laser Raman inves-
tigations. Therefore, this N, may be from contamina-

Bulk gas-chromatographic data from Lovozero samples in vol.% and cm’/kg

Sample  Rock CH,4 (vol.%) C,Hg (vol.%) H; (vol.%) CO; (vol.%) N, (vol.%) He (vol.%)

L-16-11  Fud Lujavrite ~ 87.17 2.86 5.13 0.00 4.84 0.00

L-16-19  Lop Juvite 62.71 4.40 25.92 0.00 6.48 0.50

TS-8-2  Lujavrite 65.30 6.91 24.66 0.00 3.12 0.02

146-6 Lujavrite 52.06 6.44 35.24 0.00 5.72 0.52

727-9 Foyaite 89.43 1.92 4.14 0.00 451 0.00

UG-54  Urtite 62.72 6.80 27.76 0.00 2.69 0.02

Sample  Rock CH, (cm*/kg) CoHg (cm’/kg) H, (em’kg) CO, (cm’/kg) N, (em’/kg) He (cm’/kg) Total (cm’/kg)
L-16-11  Eud Lujavrite ~ 20.72 0.68 1.22 0.00 1.15 0.0010 23.77
L-16-19  Lop Juvite 5.13 0.36 2.12 0.00 0.53 0.0410 8.18
TS-8-2  Lujavrite 4.82 0.51 1.82 0.00 0.23 0.0016 7.38
146-6 Lujavrite 291 0.36 1.97 0.00 0.32 0.0290 5.59
727-9 Foyaite 23.78 0.51 1.10 0.00 1.20 0.0015 26.59
UG-54  Urtite 17.71 1.92 7.84 0.00 0.76 0.0058 28.24
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tion effects, either from the atmosphere or from NH,
released from feldspars.

The mass-spectrometric technique is more sensitive
and can detect a whole range of volatile species in one
run. However, quantitative analysis of gas concentra-
tions is not possible with this procedure due to over-
loading of the detectors with the dominant gas species
and problems calculating the contribution of H,O and
separating and resolving the various hydrocarbon ion-
ised fragments detected (FIT website; Salvi and Wil-
liams-Jones, 2003). Therefore, this technique can only
be used as a comparative tool by observing the relative
abundances of gas species present between samples in
conjunction with other data. Fig. 5 shows representa-
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tive quadrupole mass spectrometry data for different
rock types from Lovozero. Gaseous species are iden-
tified from their mass/charge ratio (m/z). The dominant
gas species present in all rock types is CH,. Higher
hydrocarbons up to Cs are also present in all samples,
the response decreasing with increasing carbon number
(Cn). Significant concentrations (i.c., >10° mV re-
sponse) of C4H 4 were also found in the loparite juvite.
Highest gas concentrations were found in the foyaites
and lujavrites (Fig. 5b, c). Highest H, concentrations
were recorded in the uritites, lujavrites and eudialyte
lujavrites (Fig. Sa, c, d, ¢). These data are in good
agreement with the gas-chromatographic data (Table 3)
and the fluid inclusion observations (Table 2).
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Fig. 5. Examples of quadrupole mass spectrometer analyses for the different rock types at Lovozero. m/z: mass/charge ratios ranging from 1 to
90. CHy=15-16, C,Hs=28-30, C;Hg=40—44, C4H,(=54—-58, CsH;,=68-71, CsH,,=84-86. (a) UG-54; (b) 727-9; (c) L 135; (d) 146-6;

(e) L 167; (f) L-16-19.
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5. Summary and interpretation of results

The petrographic distribution of the CH4-dominant
and H,O-dominant inclusions implies that they were
trapped as secondary inclusions. The textural relations
would suggest that the inclusions were trapped during
postmagmatic alteration of the early mineral assem-
blage to aegirine and zeolites. The rarity of H,O-
dominant inclusions in Lovozero samples and the
coexistence of these inclusions in the same trails as
the CH4-dominant inclusions implies coeval, immisci-
ble trapping of these two fluids, at or below the CH,—
H,0 solvus at ~ 350 °C (Zhang and Frantz, 1992),
supporting a postmagmatic origin for these fluids. This
is also indicated by the microthermometric data for the
H,0-dominant inclusions that homogenise to vapour
between 290 and 350 °C.

The microthermometric data for the CH4-dominant
inclusions indicates the presence of additional vola-
tiles. This is confirmed by laser Raman data. The
inclusions with high They, values contain higher
hydrocarbons and those that show low Thcy, values
or HO behaviour contain H,. The shift in peak positions
away from published values at atmospheric pressure
(Burke, 2001) for CH4 (2917 cm™ ') and H, (4157
cm™ ') indicate that internal pressures in the inclusions
may be as high as 400 bar (Seitz et al., 1993).

The fluid inclusion, laser Raman, and bulk gas data
reported here clearly show that the peralkaline rocks of
the Lovozero complex contain significant volumes of
CH4, H; and higher hydrocarbons. The gas chemistries
of the fluid inclusions indicated by the microthermo-
metric data and laser Raman analyses are similar to
those obtained by bulk rock analysis. This could
suggest that most of the gas within the rock is contained
within the fluid inclusions. It also suggests that any gas
held in sites other than fluid inclusions, such as along
cleavage planes in nepheline or feldspar or in sealed
microfractures, was trapped at the same time as that
held in the inclusions.

5.1. PVTX modelling and fluid inclusion trapping
conditions

Densities, and hence trapping pressures for the CHy-
dominant and H,O-dominant inclusions were calculat-
ed using microthermometric and laser Raman data
combined with data for the CH4—C,Hg system (Olds,

1953) and H,O-CH,4 system (Zhang and Frantz,
1992). Four types of CHy-fluids were defined in the
CHy-dominant inclusion population; a high-density
CH,4 fluid, a low-density CH4 fluid, a low-density
CH4—H, mixed fluid (5—40 mol% H,) and a low-
density CH,—C,Hg mixed fluid (1-40 mol% C,Hg). It
was not possible to constrain the compositional and
volumetric properties of the HO fluid inclusions con-
taining CH4 and H, due to lack of available published
data on the CH4—H, system and the unknown factors
involved. The entrapment temperature for both the
CHj4-dominant and H,O-dominant inclusions was tak-
en as 350 °C based on the evidence that these fluids
were trapped at or near the CH4—H,0 solvus in the
two-phase field (see also Potter et al., 1998). Densities
and entrapment pressures were therefore calculated for
the fluid types at this temperature and their ranges
shown in Table 4. The high-density CH4 inclusions
(Th-L) have an average density of ~ 0.25 gcm™ * and
estimated entrapment pressures between 1.28 and 2.13
kbar, indicating formation depths between 4.2 and 7.0
km (assuming lithostatic pressures). These inclusions
have been found to be most abundant in the borehole
samples rather than in the near-surface hand specimens,
consisting of ~ 40% of the inclusion population. From
the tightly constrained range of Thcy,, predominantly
between — 80 and — 85 °C, these high-density inclu-
sions are assumed to be of a pure CH4 composition. The
low-density CH, inclusions (Th-V) have an average
density of ~ 0.08 g cm™ > and entrapment pressures

Table 4
Calculated ranges of densities and pressures for fluid compositional
types at 350 °C based on microthermometric and laser Raman data

FI type Then, CHy4 Density Pressure
range (°C) range (p) range  range
(mol%) (gem ) (kbar)
High —82.0to L 100 0.24-0.31 1.28-2.13
pCHy —99.0
Low —82.0to V 100 0.08-0.10 0.28-0.37
pCHy —90.0
CHy— —250t0 V 60-99 0.05-0.16 0.13-0.61
HHC —78.0
mix
CHy— —88.0to V/Cr 60-90 0.02-0.07 0.09-0.29
H, mix —120.0
H,0-dom * - - 0.50-1.00"

HHC: higher hydrocarbons.
 Pressures calculated from CHy clathrate melting temperatures
(11-15.8 °C) based on Zhang and Frantz (1992).
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between 0.28 and 0.37 kbar, indicating formation
depths between 0.9 and 1.2 km. These inclusions are
ubiquitous throughout all the samples but are most
abundant in the near-surface hand specimens. The low-
density CH,—H; mixed fluid has an average density of
~ 0.04 gcm ™ and entrapment pressures between 0.09
and 0.29 kbar. This fluid type tends to be more
commonly observed in the near-surface hand speci-
mens. In contrast, the low-density CH;—C,Hg mixed
fluid tends to occur in the borehole samples. This fluid
type has an average density of ~ 0.06 g cm™ > and
entrapment pressures between 0.13 and 0.61 kbar. The
H,0O-dominant inclusions estimated entrapment pres-
sures were calculated from the observed CH,4 clathrate-
melting temperatures and are between 0.5 and 1 kbar. It
is evident that there is a broad pressure overlap for all
fluid compositional types (0.1—1 kbar), with the ex-
ception of the high-density CH4 population. The fluids
are spatially heterogeneous with the high-density CH,4
population more commonly found in the deeper bore-
hole samples. This fluid may represent a preserved,
pure CH,4 fluid trapped at depth in the complex and
overprinted by a later, low-density, more complex
fluid. The low-density CH, fluids in the borehole
samples tend to contain CHy4 and higher hydrocarbons
whereas those found in the near-surface hand speci-
mens contain CH, with abundant H,. This may indicate
that, at depth, higher hydrocarbons are more readily
generated whereas, at shallower depths, CH, and H,
are the dominant gas species. This spatial heterogeneity
may explain the broad range of estimated trapping
pressures calculated, with these fluids generated in
localised environments at variable conditions.

6. Discussion

6.1. Models for the generation of abiogenic hydro-
carbons in Lovozero and other igneous complexes

In a review of the relevant literature, Potter and
Konnerup-Madsen (2003) showed that there are two
likely models for the generation of abiogenic hydro-
carbons in igneous rocks. These are the late-magmatic
model (e.g., Karzhavin and Vendillo, 1970; Gerlach,
1980; Konnerup-Madsen et al., 1981; Kogarko et al.,
1987) and the postmagmatic model (e.g., Abrajano et
al.,, 1990; Sherwood-Lollar et al., 1993; Salvi and

Williams-Jones, 1997; Potter et al., 1998). The key
points of these two models are laid out below.

6.1.1. The late-magmatic model

Konnerup-Madsen et al. (1981, 1985) and Kon-
nerup-Madsen (1988) showed that it is possible to
evolve a CHy-rich fluid by respeciation of a carbonic
fluid in the C—O—H-—graphite system under magmatic
conditions at geologically feasible fO, conditions (i.e.,
QFM to QFM-3) below 500 °C. This process has been
advocated for CH,4 generation in metamorphic rocks
(Holloway, 1984; Cesare, 1995) but can only occur in
igneous rocks at unusually low solidus temperatures.
Such temperatures can be achieved in volatile-rich
agpaitic magmas where the solidus may be depressed
as low as 450 °C (e.g., Serensen, 1997). This model
could therefore explain the presence of hydrocarbons in
the agpaitic rocks of the Lovozero complex, as well as
the associated Khibina complex and Ilimaussaq com-
plex in Greenland. However, it cannot be applied to
igneous terranes where the magmas have higher solidus
temperatures (i.e., miaskitic alkaline and ultrabasic
rocks), and it does not satisfactorily explain the lack
of graphite reported in rocks from Lovozero, or the
generation of significant amounts of H, and higher
hydrocarbons present in the fluids at Lovozero and
other peralkaline complexes.

6.1.2. The postmagmatic model

A number of authors have suggested that abiogenic
hydrocarbons could be generated in a variety of igne-
ous rocks by postmagmatic Fischer—Tropsch (F—T)
type reactions (e.g., Szatmari, 1989; Abrajano et al.,
1990; Sherwood-Lollar et al., 1993; Sugisaki and
Mimura, 1994; Kelley, 1996; Salvi and Williams-
Jones, 1997; Potter et al., 1998). The production of
hydrocarbons by F—T synthesis is well documented in
the chemical industry, where F—T reactions convert
combusted coal to petroleum through a series of
disequilibrium reactions that can be represented by:

nCO + (21’! + 1)H2 — CnH2n+2 + I’leO (Rl)
nCO;, + (3n + 1)Hy — C,Hy, 42 + 2nH,0 (R2)

At temperatures below 400 °C at 0.1 kbar, long
chains of hydrocarbons can be produced. However,
higher hydrocarbons, up to Cg, can still form at
temperatures of 600 °C at these low pressures (Ander-
son, 1984). In industry, the F—T reaction is catalysed
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by the presence of group VIII metals and oxides,
specifically Fe (Anderson, 1984), and it has been
reported that Fe-silicates and hydrated silicates (zeo-
lites) can also act as catalysts (Lancet and Anders,
1970; Porfir’ev, 1974; Szatmari, 1989).

F—T synthesis can be applied to hydrocarbon gen-
eration under natural conditions. Such a synthesis
requires postmagmatic mineral—fluid reactions that
involve a suitable mineral assemblage, a primary
CO,-rich fluid and a source of H,. CH,4 production in
ultrabasic rocks during serpentinization has been at-
tributed to the operation of F—T reactions (Porfir’ev,
1974; Szatmari, 1989; Abrajano et al., 1990; Sher-
wood-Lollar et al., 1993; Sugisaki and Mimura, 1994;
Kelley, 1996; Berndt et al., 1996). In such cases, the H,
required to drive F—T synthesis can be generated
during serpentinization by reactions involving oxida-
tion of Fe>* to Fe* * and release of H, (i.e., olivine to
serpentine and magnetite).

Similar reactions can occur in alkaline igneous
rocks. Salvi and Williams-Jones (1997) suggested that
hydrocarbons present in the Strange Lake peralkaline
granitic complex in Canada were generated by F—T
reactions during late-stage hydrothermal alteration of
Fe-rich minerals, such as arfvedsonite resulting in the
production of H, by the reaction:

3NasFe] "Fe’* Sig02 (OH), + 2H,0
Arfvedsonite

— 9NEIF€3Jr Si206 + 2Fe304 + 6SIOQ+ 5H2 (R3)
Aegirine Magnetite Quartz

Potter et al. (1998) further suggested that an F—T
process could explain CH, production in the Khibina
complex. In that case, H, was thought to have been
produced through postmagmatic hydrothermal reac-
tions, which involved the alteration of the primary
mineral assemblage of nepheline, augite and Ti-mag-
netite to magnetite, biotite, aegirine and zeolites. For
example:

4(CaNa)(Fe*)Si 04 + 3(Fe3 " Ti)O4 + NaAlSiO,

Augite Ti-Magnetite Nepheline
+ 2 KAISiO,4 + 2Si** 4 8H,0
Kalsilite
— K, Fe2 ™ (AITi),Sis020(OH), + Fei ™ Fe?* 0,
Biotite Magnetite
+ NaFe** Si,04 + 2 CaTiSiOs
Aegirine Titanite

+ Na2Al, Siz; Oy - 2H,O0 + 2H,0 + 3H, (R4)

Natrolite

Therefore, the F—T model can be applied to a
variety of igneous terranes and can potentially
explain the gas assemblages identified including
the production of higher hydrocarbons and H,.
Evidence for this model is discussed in the next
section in the context of the new Lovozero data
reported here as well as other data from Lovozero
and similar complexes published elsewhere.

6.2. Evidence for the origin of hydrocarbon-bearing
fluids in Lovozero and related plutons

6.2.1. Fluid inclusion evidence

It is apparent from the reported fluid inclusion
data in the Lovozero complex that the CHy-dom-
inant (and H,O-dominant) inclusions were trapped
during postmagmatic alteration processes along
fractures and cleavage planes (Fig. 2). This is
supported by the estimated entrapment tempera-
tures (ca. 350 °C). Textural evidence from the
Lovozero complex reveals a close spatial relation-
ship between CHy-dominant inclusions and Fe-rich
minerals, in this case, arfvedsonite and aegirine, as
well as the zeolites, analcite and natrolite (Fig. 2).
This association is similar to that described at
Khibina (Potter et al., 1998). However, the dom-
inant relationship preserved in the less alkaline
miaskitic rocks of the Khibina complex, such as
the apatite—nepheline ores, is between CHj-domi-
nant inclusions and titanomagnetite, aegirine, bio-
tite, magnetite and natrolite (Potter et al., 1998).
In the more alkaline agpaitic rocks of both the
Khibina and Lovozero complexes, aegirine rather
than magnetite is the stable Fe phase (Korobeyni-
kov, 1994), and is also spatially associated with
the CH4-dominant inclusions (Fig. 2). These spa-
tial signatures are similar to those reported from
Ilimaussaq where hydrocarbon-bearing inclusions
are associated with aegirine (Konnerup-Madsen et
al., 1985) and in the Strange Lake granite where
they are associated with arfvedsonite, aegirine and
magnetite (Salvi and Williams-Jones, 1997). Sig-
nificantly, in both the Lovozero and Strange Lake
complexes, abundant H, (up to 40 mol%) is
present in inclusions associated with the replace-
ment of arfvedsonite by aegirine. In the Strange
Lake complex, the H, can be generated by the
operation of reaction (3). In the absence of
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magnetite, H, in the Lovozero complex was
probably produced by the reaction:

Na; Fe}"Fe®Sig0x (OH), + 2 NaAlSiO, + 4H,0

Arfvedsonite Nepheline

— 5NaFe’* Si;Og + 2A1(OH)) + 2H, (R5)
Aegirine

for which there is good textural evidence (Fig. 2).

The textural observations described are consistent
with the hypothesis that the hydrocarbons were gen-
erated in F-T type reactions during postmagmatic
alteration of the mineral assemblages, involving reac-
tions between a CO,-rich fluid and H, generated
during alteration reactions, that specifically affected
Fe-rich minerals. The close spatial association be-
tween the CHy-dominant inclusions and the Fe-rich
minerals suggest that the latter phases play an impor-

tant role in catalysing F—T reactions. The spatial
heterogeneity of the composition of the CH4-domi-
nant inclusions throughout the Lovozero complex
would also indicate that the fluids were generated
during postmagmatic processes, controlled by local
environmental factors (e.g., pressure, temperature,
geochemistry). This would seem to contradict the
late-magmatic model with formation of a CHy-rich
fluid, in equilibrium with, and buffered by a subsoli-
dus agpaitic magma. Although, in this study, little
evidence has been found for an early CO,-rich fluid at
Lovozero; a CO,-rich magmatic fluid in the associated
alkaline intrusion at Khibina has been identified in the
sulphide-rich carbonatite (Potter, 2000). This fluid
may represent the early magmatic CO,-rich fluid
generated in such complexes that has only been
preserved in the Khibina carbonatite due to the nature
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Fig. 6. (a) A plot of log normalised abundances of hydrocarbon species (mol%) for the abiogenic hydrocarbon-bearing fluids at Khibina,
Lovozero, [limaussaq and Strange Lake. (b) For comparison, the distribution of hydrocarbon species in biogenically derived hydrocarbon gases
are shown for the China oil fields (average mol%), the Ula Formation, Norway and thermogenic gases in the Green Tuff Basin, Japan. Arrows
represent general slope in distribution of hydrocarbon species. (Data from Petersilie et al., 1961; Petersilie, 1962; Petersilie and S¢rensen, 1970;
Konnerup-Madsen et al., 1979; Konnerup-Madsen and Rose-Hansen, 1982; Voytov, 1992; Karlsen et al., 1993; Sakata et al., 1997; Salvi and

Williams-Jones, 1997; Chen et al., 2000.)
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of the rock type. This may imply that, in similar
circumstances, possibly at depth in the Lovozero
complex, a similar early CO,-rich fluid may be
preserved.

6.2.2. Bulk gas evidence

The mass spectrometer data from the Lovozero
samples show significant concentrations of higher
hydrocarbons up to Cs and C4 (Fig. 5). Relative
concentrations decrease with increasing carbon num-
ber (Cn). As quantitative concentrations were not
obtained with this technique and the gas-chromato-
graphic method was also limited in detection, quanti-
tative gas data from the literature for Lovozero and the
other hydrocarbon-bearing igneous complexes, Khi-
bina, Ilimaussaq and Strange Lake, are combined and
discussed in regard to the two models (see review by
Potter and Konnerup-Madsen, 2003). A plot of the
distribution of hydrocarbon species according to car-
bon number in these fluids can be produced from these
data and is shown in Fig. 6a. This normalised log
diagram shows that the hydrocarbons have a typical
Schulz—Flory distribution with a log-linear decrease in
concentration with increasing Cn (Anderson, 1984).
Although this linear distribution is indicative of many
pathways for formation of hydrocarbons (Kissin,
1987), the steep slope observed for these hydrocar-
bon-bearing fluids, as indicated by the arrow, is very
different to those seen for biogenically derived hydro-
carbons (Fig. 6b). The Cn ratios calculated from the
bulk gas data are low for all the complexes (Table 5).
Those for C,/C; are between 0.01 and 0.12, indicating a
predominance of CHy. The ratio between the higher
hydrocarbon species increases and levels out at an
average of ~ 0.3. The Cn ratios, as well as the steep
sloped log-linear distribution is well known in industry
for hydrocarbons generated by F—T synthesis, with a
constant Cn ratio that does not exceed 0.6 (Anderson,
1984). Thus, the bulk gas concentration data for the
hydrocarbon-bearing fluids from Lovozero and Khi-
bina, as well as other alkaline complexes, are consistent
with derivation through abiogenic F—T reactions, sup-
porting the postmagmatic model.

6.2.3. Isotopic evidence

Detailed isotopic studies have been carried out on
the fluids in Lovozero and Khibina by Nivin et al.
(1988, 1993, 1995) and Voytov (1992). The §'*C and

Table 5
Carbon number ratios calculated from published bulk gas data from
Potter and Konnerup-Madsen (2003)

Rock type Cz/C] C3/C2 C4/C3 C5/C4
Lovozero

Juvite 0.07 0.08 0.59 -
Syenite 0.05 0.21 0.06 -
Foyaite 0.03 0.47 0.19 -
Khibina

Nepheline syenite 0.01 0.22 0.21 -
Rischorrite 0.08 0.24 0.41 -
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 0.10 -
Khibinite 0.03 0.05 0.01 -
Rischorrite 0.04 0.05 0.05 -
llimaussagq

Syenite 0.03 0.09 0.18 -
Naujaite 0.12 0.18 0.28 -
Foyaite 0.10 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 0.10 0.15 0.25 0.25
Arfvedsonite 0.10 0.13 0.24 0.11
Nepheline 0.11 0.13 0.24 0.12
Eudialyte 0.30 0.15 0.25 0.12

Strange lake
Fresh pegmatite 0.08 0.18 0.34 0.34
Altered pegmatite 0.10 0.14 0.41 0.34

oD isotopic data for these fluids are listed in Table 6.
For gases released from fluid inclusions during
crushing and for free gases extracted from boreholes,
the 6'°C values for CH4 range from —3%o to
— 16%o. These data indicate either a heterogeneous
source or process for hydrocarbon generation. 0Dcy,
values have a range of —132%o0 to — 167%o. The
0'13C values between — 3%o and — 16%o would tend
to exclude a biogenic origin, falling outside any
defined biogenic fields, and therefore favour an
abiogenic origin (Schoell, 1988). The 6'*C values
recorded for the higher hydrocarbons are also indic-
ative of an abiogenic origin (Table 6). These show a
decrease in 0'°C values with increasing carbon num-
ber. This implies that successive formation of higher
hydrocarbons, possibly through polymerisation of
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Table 6

Compiled published carbon and deuterium isotopic ratios for fluids in Lovozero and Khibina

Sample 3Dy, (%o) 8Dcp, (%o) 3"Cen, (%o) 3"Cem, (o) 8"Cem, (%o) 0"Ceo, (%o)
Lovozero
Urtite® —629.0 —164.0 - - - -
Foyaite® —198.0 n.d. - - - -
Foyaite® —448.0 —132.0 - - - -
Urtite® —359.0 n.d. - - - -
Urtite® —644.0 —167.0 — — - -
Urtite® —609.0 n.d. - - - -
Foyaite® —604.0 n.d. —11.8 —15.2 - -
Foyaite® n.d. —167.0 - - - -
Free gas® —7.1t0 —15.7
Khibina
Carbonatite® - - - - - -173
Uttite! - - —128 —24.0 —-26.0 -
Khibinite! - - -32 -9.1 -25.7 -
Eudialyte® - - -79 — 142 n.d. -
Free gas® - - —10.6 n.d. —239 -
Free gas® - - —-6.5 —11.7 n.d. -
Rasvumchorr - - —11.2 —15.6 n.d. -
mine®
Free gasb - - —7.7t0 —14.0 n.d. n.d. -

n.d.: Not detected.
#Nivin et al. (1995).
° Nivin et al. (2001).
¢ Potter (2000).
4 Voytov (1992) in inclusions.
¢ Voytov (1992) in free gases.

methyl radicals by F-T type reactions, occurred
rather than cracking of complex organic matter,
which would give an inverse relationship between
63C and Cn (Des Marais et al., 1981; Sherwood-
Lollar et al., 2002). This can be demonstrated in Fig.
7 where published d'*Cc, data for the hydrocarbon-
bearing fluids at Khibina and Lovozero are plotted
alongside data from thermogenic (biogenic) hydro-
carbons from oil fields and geothermal springs.
Helium and argon isotope data for fluids from
Lovozero are reported by Nivin et al. (1988, 1993).
The *He/*He ratios are between 1 x 10~ % and
25 x 10~ % and CH,/He ratios between 3 x 10° and
15 x 10°. The *°Ar/*°Ar ratios are variable, ranging
from 600 to 8000. Based upon values calculated
from evolutionary models for terrestrial gas reser-
voirs for He, Ar and CHy, contributions of mantle,
crust and atmospheric input can be estimated (Pra-
solov and Tolstikhin, 1987; Tolstikhin and Marty,
1998). The *He/*He ratios indicate a predominantly

radiogenic, crustal input for the fluids with a max-
imimum of 2% He mantle input. The CH,/*He ratios
indicate a maximum of 10% mantle CHy input. The
wide range in *°Ar/*°Ar ratios indicates variable
contamination from crustal and atmospheric sources.
On average, these values are consistent with mantle,
crustal and atmospheric inputs of 2%, 98% and
<0.1%, respectively, for the analysed fluids (Nivin
et al., 1993).

Nivin et al. (1995) also showed, on the basis of
equilibrium calculations on the isotopic pairs for
0Dcp,—6Dy,0 and 6Dy,—0Dy O using the 6Dcy,
and 6Dy, values shown in Table 6, that the
hydrocarbon-bearing fluids at Lovozero could not
have been in equilibrium with each other, giving
highly variable estimated formation temperatures
between the isotopic pairs. The éDy, signatures
( ~ —600%0) are consistent with H, generation
through low-temperature processes (Bottinga, 1969;
Devirts et al., 1993). For example, the 5DH2 values
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Khibina

Lovozero

China Oil Fields
Geothermal Springs

> H e O

8"°C (%)

i — —d

CH, CHs

CSHB C4H1C

Fig. 7. A plot showing the distribution of §'>C values with increasing carbon number (Cn) for the abiogenic hydrocarbon gases at Khibina
(Voytov, 1992) and Lovozero (Nivin et al., 1993), and for comparison, biogenic gases from the China oil fields (Dai et al., 1996; Chen et al.,
2000) and various geothermal springs, USA (Des Marais et al., 1981). Taken from Potter and Konnerup-Madsen (2003).

are similar to those for H, generated in serpenti-
nized ultrabasic rocks (Neal and Stanger, 1983;
Abrajano et al., 1990; Sherwood-Lollar et al.,
1993). Therefore, these combined data support a
model of fluid formation during a postmagmatic
crustal process (i.e., hydrothermal alteration during
interactions with crustal H,O) that involved disequi-
librium reactions such as F—T reactions. They are
not consistent with the late-magmatic model. The
large variation in 6" Ccn, values (—3%o to — 16%o)
would also support this model. The CH,; formed
from a primary magmatic CO,-rich fluid at early
stages would have a lighter signature than CHy4
formed at later stages, which would approach the
initial mantle carbon signature of the primary mag-
matic CO,-rich fluid as it was consumed (Lancet
and Anders, 1970; Voytov, 1992). This early mag-
matic CO,-rich fluid could be represented by the
CO»-rich fluid identified in the Khibina carbonatite
with a 6" Cco, value of — 7%o (Table 4), clearly in
the mantle field.

6.3. Summary and wider implications for the F—T
model

From the data presented and discussed above, it
can be concluded that although the late-magmatic
model could still be viable for generation of hydro-
carbons in the Ilimaussaq complex as presented by
Konnerup-Madsen et al. (1985) and hence for other
agpaitic rocks, it is not favoured here. The fluid
inclusion, compositional, bulk gas and isotopic data
on the hydrocarbon-bearing fluids in the Lovozero
and Khibina complexes, along with the textural
evidence would strongly suggest that the hydro-
carbons were generated postmagmatically by F-T
synthesis. The relationship between the hydrocar-
bon-bearing fluid inclusions and Fe phases and
zeolitization is apparent in all igneous rock types.
The less alkaline miaskitic rocks in complexes (e.g.,
Khibina and Strange Lake) show close associations
between the inclusions and magnetite, biotite and
arfvedsonite. The more alkaline agpaitic rocks in
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complexes, e.g., Lovozero and Ilimaussaq, show
close associations between the inclusions and aegir-
ine and arfvedsonite. These relationships provide a
key to understanding how, and in what environ-
ments hydrocarbon-generating reactions can occur.
The presence of Fe-rich phases and the incipient
alteration of these phases may not only generate the
H, required for F—T reactions but may also act as
the surface catalysts for F—T synthesis. Therefore,
the main controlling factor for the formation of
abiogenic hydrocarbons in igneous rocks may be
the total Fe content of the igneous assemblage. A
further example of this is the widespread report of
abiogenic hydrocarbons found in association with
ultrabasic igneous rocks, formed during the alter-
ation of olivine to serpentine and magnetite. How-
ever, another potential controlling factor may be the
bulk chemistry of the igneous assemblage. Calcu-
lations by Ryzhenko and Kraynov (1992), investi-
gating H, formation in hydrothermal waters during
interaction with Fe—Al silicates, found that H,
production reached a maximum in alkaline fluids
in contact with alkaline and ultrabasic igneous
rocks. Therefore, a relationship between Fe and
Na+K/Si contents of the igneous rocks may be
the combined controlling factor for predicting where
abiogenic hydrocarbons are generated and in what
igneous complexes.

A limitation on the production of abiogenic hydro-
carbons could be that in order to generate and trap
these hydrocarbons within the igneous rock assemb-
lages, incipient hydration of a primary mineral assem-
blage is required. Preliminary fluid inclusion work on
the alkaline Sokli carbonatite complex, which con-
tains many Fe-rich phases (Potter, 2000) in Finland
showed the presence of only very small concentra-
tions of hydrocarbons in discrete areas. In contrast to
Lovozero and Khibina, Sokli is characterised by large-
scale alteration including serpentinization and phlo-
gopitization. It would appear in this case that perva-
sive alteration swamped the system with H,O and
flushed out any hydrocarbons that may have formed.
At Sokli, the presence of abundant sulphides may also
be a factor for the lack of hydrocarbons, as the
presence of sulphur is known to poison the catalysts
used in F-T synthesis (Madon and Taylor, 1981).
This may explain the preservation of the CO,-rich
fluid in the sulphide-rich carbonatite at Khibina.

Another limitation may be the rate at which the F—
T reactions can take place. Recent laboratory experi-
ments on CH, production through F-T reactions
during serpentinization have indicated that CH, pro-
duction is slow and that the F—T reaction may not be
as effective in natural mineral assemblages as previ-
ously proposed (Berndt et al., 1996; Horita and
Berndt, 1999; McCollom and Seewald, 2001).
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