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Abstract 

The occurrence of hydrocarbon-bearing fluids in alkaline igneous rocks has been known 
for many years, but their origin is still controversial. The fluids may be of biogenic 
origin, derived from the host rocks, or the result of abiogenic processes. Three 
mechanisms for abiogenic production have been proposed: mantle derivation, late- 
magmatic C-O-H respeciation and post-magmatic Fischer-Tropsch generation. Here, 
new petrographic, microthermometric and laser Raman data, combined with data of 
carbon and bulk gas content and isotope signatures as well as permeability and porosity 
data of material from throughout the Khibiny intrusion are presented. These are 
discussed in the context of previously published work in order to characterise the 
occurrence and distribution of hydrocarbon-bearing fluids and to reassess the 
hypotheses for hydrocarbon generation for the Khibiny pluton. 

Bulk gas data show a dominance of methane and only minor concentrations of higher 
hydrocarbons in whole-rock samples. On average, 12.8 cm3 of hydrocarbons are 
released from one kg rock of the Khibiny pluton. Solid carbon is present at levels 
between 0.21 and 0.06 wt%. Both, methane and carbon contents are highest in the 
marginal areas suggesting a possible contribution from the host rocks. The fluid 
inclusion study shows that about 90 % of the inclusion population is methane-dominant 
and only 10 % water-dominant. The majority of the fluid inclusions are secondary and 
were trapped over a wide range of P-T conditions within subsequently healed 
microfractures. P-T entrapment conditions for primary fluid inclusions are around 
600 MPa and 600°C. Melt inclusions often contain a methane-rich fluid phase. Isotope 
data for methane indicate a largely abiogenic origin, but the decrease of 613C towards 
the margin of the complex from - 5.4 %o to - 22.4 %o suggests addition of biogenic 
material derived from the host rocks. This is in agreement with the results of the fluid 
inclusion plane and microcrack study that indicates a high degree of fluid movement 
throughout the history of the pluton, up to the present day. Average palaeo and modern 
porosity estimates are 5.56 % and 4.80 %, respectively. Average palaeo and modern 
permeability values are 2.38 mD and 1.95 mD, respectively. Based on these porosity 
values the methane content in the Khibiny pluton is estimated at between 416 km3 and 
7649 km3. 

In summary, isotope data, the presence of primary CH4-dominated fluid inclusions and 
melt inclusions, which also contain a methane-rich gas phase, indicate an abiogenic 
mantle origin of the hydrocarbons. There is little evidence for operation of a Fischer- 
Tropsch-type reaction in methane generation. An increase in carbon and methane 
content, together with decreasing 6'3C isotope values towards the pluton margin 
suggests that magmatically derived abiogenic hydrocarbons may have mixed with 
biogenic hydrocarbons derived from the surrounding country rocks. 
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1 Introduction to the project 

1.1 Introduction 

Hydrocarbons are one of the world's key natural resources. They are currently the main 

source of energy and heat and research into their formation, distribution, migration, 

accumulation and alteration underpins much geological research. 

More than a century of research has established that the bulk of the world's 

hydrocarbons result from decomposition of organic matter deposited in sedimentary 

basins (Hunt, 1995). It has been shown that some naturally occurring hydrocarbons may 

have an inorganic source. Although, by comparison with organic hydrocarbons, the 

quantities of these are insignificant, they have nevertheless, attracted great interest and 

have even been proposed as the main source of petroleum (e. g. Gold, 1979; Porfirev, 

1974). Abiogenically derived hydrocarbons have been documented in metamorphic 

rocks as a product of respeciation of a C-O-H fluid and graphite (Holloway, 1984). 

Igneous rocks are an unusual environment to find hydrocarbon-rich fluids. Mostly 

igneous fluids are dominated by C02 and H2O and therefore, hydrocarbons within 

igneous rocks are generally assumed to be of a secondary nature and to have migrated 

into the rock body (e. g. Parnell, 1988). However, the variety and widespread occurrence 

of those igneous rocks that do contain hydrocarbons suggests that the migration model 

may be an over-simplification. Hydrocarbons have been described from basic and 

ultrabasic rocks of mid-ocean ridge basalts and ophiolites, from alkaline rocks and from 

mantle xenoliths (e. g. Kelley, 1996; Abrajano et al., 1990; Gerlach, 1980; Krot et al., 

1994) and several hypotheses for their origin or generation mechanism have been 

proposed. Most studies suggest that the abiogenic hydrocarbons are derived, as in 
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metamorphic rocks, through respeciation of a C-O-H fluid; are catalytically generated 

from CO2 and H2 by the low pressure-temperature Fischer-Tropsch-type reaction, or 

simply are derived directly from the mantle (Potter and Konnerup-Madsen, 2003 and 

references therein). 

Many alkaline igneous rock complexes are significantly enriched in gaseous 

hydrocarbons although they may also contain dispersed bitumens in both liquid and 

solid forms. With respect to hydrocarbon origin and fixing the best studied alkaline 

complexes are the Khibiny and Lovozero peralkaline intrusions of the Kola Peninsula 

(NE Baltic shield, NW Russia), the Ilimaussaq complex of South Greenland and the 

Strange Lake complex in Canada. (e. g. Potter, 2000; Konnerup-Madsen, 2001; Salvi 

and Williams-Jones, 1997). The largest, and to date, best studied of these in terms of 

petrology, mineralogy and geochemistry is the Khibiny complex. This study focuses on 

its hydrocarbon reservoir with special respect to its origin, distribution and migration. 

The methane-dominant hydrocarbons in the Khibiny complex occur in two main forms. 

As free gas they occupy open microcracks and fractures. As fluid inclusions they fill 

mineral cavities and healed microfractures. The high abundance of these fluids has been 

known for more than half a century (Petersilie, 1960; 1962; Petersilie et al., 1961) but 

still their origin remains unclear. This is due to the variety of possible carbon sources 

involved in methane generation and the complexity of the system. Consequently a 

number of different hypotheses for the origin of methane in alkaline rocks have been 

proposed. Early research suggested derivation from a mantle fluid (Petersilie and 

Sorensen, 1970). More recently, the Fischer-Tropsch reaction, that involves an 

abiogenic, low temperature conversion of CO2 and H2O, catalysed by Fe-rich minerals, 

has been used to explain the high abundance of methane-rich fluids (Voitov, 1992; 

Potter, 2000). 
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1.2 Objective of the study 

The study has three principal goals: 

- to constrain the sources of the hydrocarbons and the conditions and mechanisms 

of their origin and evolution; 

- to identify the distribution of hydrocarbons within the Khibiny complex and the 

parameters that influence it; 

- to examine the migration pathways of the hydrocarbons. 

In the light of existing and new data, a critical review and reassessment of existing 

theories should lead towards a better understanding of processes of hydrocarbon 

generation, storage and movement in the Khibiny pluton. 

1.3 Approaching the problem 

The origin, distribution and migration of hydrocarbons in the Khibiny complex is most 

likely constrained by spatial variations within the complex. Parameters that change with 

location and may thus influence hydrocarbon occurrence are considered to be: 

- the distance from host rocks that may deliver material for hydrocarbon genesis or 

be the direct source of the hydrocarbons themselves; 

- the individual rock types inasmuch as some mineral species are more suitable than 

others for the storage of hydrocarbons or to catalyse their generation through late 

or post magmatic reactions; 

- the available migration pathways available to move hydrocarbons, or their 

precursors, through the complex; and 

- the tectonic settings that encourage hydrocarbon movement and storage. 

This study has therefore used samples from a variety of different locations in order to 

study the hydrocarbon fluids in the context of their local environment. To gain a 
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comprehensive data base, petrographic studies of minerals and mineral-fluid 

relationships were carried out in different rock types (Chapter 4) and the solid carbon 

contents were determined (Chapter 5). Fluid characteristics were defined through 

investigation of fluid inclusions (Chapter 6), bulk gas composition (Chapter 7) and 

stable hydrogen and carbon isotope signatures (Chapter 8). In addition, modern and 

palaeo migration pathways in the form of microcracks and fluid inclusion planes, 

respectively, were studied on selected samples using image-analysis techniques 

(Chapter 9). 

Key to understanding the range of fluid inclusion chemistries in the Khibiny Complex is 

the requirement to constrain precisely the location of the solid-liquid-gas triple point in 

the methane system. This was done as part of this study through the use of large 

methane-rich inclusions from the South Wales coal-field. Laser Raman spectroscopy 

and microthermometry were both used to do this. As the data from South Wales enable 

a robust interpretation of the methane inclusions from the Khibiny fluid system the 

results are summarised in Chapter 2. 

-4- 



1.4 Research methodology 

A variety of techniques have been used to understand how hydrocarbons are distributed, 

what their main chemical characteristics are and how they migrate through the rock 

system. For a better overview a short outline of the research methodology is given here. 

Geologicalfleldwork (in co-operation with Kola Science Centre, Apatity, Russia) 

Different rock types of the Khibiny complex were sampled during the Summer of 2003 

field season. Oriented samples were obtained and their location recorded by GPS. This 

was important for the investigation of spatial gas distribution and to ascertain if gas 

content or gas chemistry within the Khibiny pluton is dependent on rock type or 

location. Orientation of sample material was necessary for examination of microcracks 

and fluid inclusion planes in the igneous rocks of the Khibiny complex. In this way, it is 

possible to deduce principal migration directions and whether cracks are related to 

tectonic events or not. 

Petrological investigations (in co-operation with Natural History Museum, London, 

UK) 

Standard petrographic techniques were used to estimate modal mineral compositions 

and to document relationships between mineral assemblages and bulk gas chemistry and 

content. Furthermore, the textural association between mineral assemblages and fluid 

inclusion population was investigated to constrain possible fluid-rock interactions. 

Detailed microprobe analyses were used to study general mineral compositions as well 

as the chemistry and geometry of overgrowth and alteration structures. 
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Determination of carbon content (in co-operation with Alfred-Wegener-Institute 

Potsdam, Germany) 

In order to gain a comprehensive data set, it was necessary to determine whether all the 

organic carbon in the Khibiny is contained within the fluid phase or whether there are 

additional solid phases. Their distribution may indicate possible hydrocarbon generation 

mechanisms. 

Fluid inclusion investigations 

The study of fluid inclusions comprises a major part of this thesis. Initial microscopic 

observations were carried out in order to understand the occurrence and population 

density of fluid inclusions with regard to their host rocks and unusual petrographic 

features. The fluid composition was analysed using non-destructive laser Raman 

spectroscopy and, in combination with microthermometric results, data on pressure and 

temperature conditions of entrapment were obtained. 

Bulk gas analysis (in co-operation with Kola Science Centre, Apatity, Russia and 

Exxon Mobil, Houston, USA) 

The gas compositions of whole-rock samples were obtained in order to identify volatile 

species, not detected by the laser Raman technique, and to examine the molar 

proportions of all the detected gas components (methane and higher hydrocarbons). 

These data also contribute to the investigation of spatial gas distribution and their 

composition may indicate a biogenic or abiogenic gas origin. 

Investigation of S13C and 6D isotope composition (in co-operation with University of 

Lausanne, Switzerland) 

Isotope data provide important constraints on hydrocarbon origin. However, these data 

are sparse, probably due to the lack of suitably established techniques for gas release 
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from igneous rocks coupled to appropriate gas separation and isotope detection systems. 

For this study, two extraction mechanisms (one mechanical and one thermal) were used 

to release gas from selected samples and to measure their stable hydrogen and carbon 

isotope signatures. 

Examination of fluid migration in the Khibiny complex (in co-operation with 

University of Nancy, France) 

A preliminary study of the orientation of microcracks and fluid inclusion planes was 

performed to obtain information on fluid migration mechanisms, porosity and 

permeability in the rocks of the Khibiny complex. These data were used to compare 

palaeo porosities and permeabilities with those of the present day and to model fluid 

migration histories. 

A detailed description of the methods is given in the relevant chapters. 

The thesis concludes with a critical reassessment of the existing hypotheses for 

hydrocarbon origin and generation (Chapter 10). 
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2 Mixed CH4-CO2 fluid inclusions in quartz from 

the South Wales Coalfield as suitable natural 

calibration standards for microthermometry and 

Raman spectroscopy 

B. Beeskow, A. H. Rankin, P. J. Murphy and P. J. Treloar 

Data based on Laser Raman spectroscopy and microthermometric techniques is an 

essential part of the thesis work. Therefore, an introductory study of methane-dominant 

fluid inclusions from South Wales was carried out and is presented here. The project 

was initiated by A. H. Rankin. During the course of this study A. H. Rankin provided 

training in fluid inclusion techniques and P. J. Murphy in laser Raman analysis. A. H. 

Rankin, P. J. Murphy and B. Beeskow interpreted the data. B. Beeskow wrote the first 

draft of the paper. P. J. Treloar and B. Beeskow wrote the final version for publication. 

This work is published in Chemical Geology 223 (2005), page 3-15. 
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Abstract 

Laser Raman and microthermometric analysis have been used independently to calculate the molar proportions of mixed 
CH4-CO2 fluid inclusions in quartz from the South Wales Coalfield, UK. The respective ratios of the mean values obtained are 
84: 16 and 85: 15 mol%. Therefore, the fluid inclusions are suitable for independently checking the validity of LRM and 
microthermometric data, and for determining the instrumental efficiency coefficient ý of Raman microprobes. Individual fluid 
inclusions show consistent and reproducible phase transitions on heating and cooling between room temperature and - 196 °C. 
LRM tracking of these phase changes shows that on cooling CO2 is strongly partitioned into a solid phase, thus purifying the 
residual CH4 liquid down to - 196 °C at which point it freezes. Reheating results in the melting of the CH4 solid to form co- 
existing liquid+ vapour+ solid (L+ V+S) CH4 at the triple point of - 182.5 (± 1) °C. In these samples, this phase transition is 

exceptionally clear and reproducible making the inclusions suitable as a low temperature calibration standard for microthermo- 
metric studies. The Raman spectra for L, V and S methane are distinguishable, with a prominent peak at 2906 (± 1) cm-' for 
CH4 (S) at - 190 °C, compared with peak positions for CH4 (V) and CH4 (L) at - 105 °C at 2917 and 2910 (± 1) cm-', 
respectively. Similar patterns apply to the CO2 spectra. With change of aggregation the peak position shifts by up to 7 wave 
numbers. These data show that the Raman peak positions in natural inclusions depend not only on temperature and pressure as 
previously reported, but also on the state of matter in which the component occurs: L, Vor S. 
© 2005 Elsevier B. V. All rights reserved. 

Keywords: Fluid inclusions; Raman spectroscopy; Microthermometry; Methane triple point 

Corresponding author. Fax: +44 20 8547 7497. 
E-mail address: B. Beeskow@kingston. ac. uk (B. Beeskow) 

1. Introduction 

Microthermometry and laser Raman (LRM) spec- 
troscopy are the two most widely used non-destructive 
methods of fluid inclusion analysis, particularly of the 

0009-2541/$ - see front matter © 2005 Elsevier B. V. All rights reserved. 
doi: 10.1016/j. chemgeo. 2005.01.028 
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volatile components (e. g., Roedder, 1984; Van den 
Kerkhof, 1988). 

Raman spectroscopy is essentially a qualitative 
method whereby certain Raman-active molecular spe- 
cies may be identified on the basis of their character- 
istic spectra (Burke, 2001). However, it is also 
possible to estimate the relative molar ratios of these 
species in fluid inclusions based on peak area ratios 
(e. g., Seitz et al., 1987; Dubessy et al., 1989; Chou et 
al., 1990; Thomas et al., 1990). 

Microthermometry is an indirect method of volatile 
analysis based on measurements of the temperatures at 
which distinct phase changes, assigned to particular 
chemical species, take place. With reference to appro- 
priate phase diagrams, it is possible to estimate molar 
proportions and volumes of binary mixtures of volatiles 
such as C02, N2 and CH4 in the inclusions (e. g., Thiery 
et al., 1994). Successful application of this approach 
depends on the degree of confidence in recognising 
these phase changes as well as the accuracy of the 
temperature measurements and phase diagrams used. 

Calibration of heating and cooling stages is usually 
carried out using the melting points of pure chemical 
substances or, preferably, the known transition points 
in natural and synthetic fluid inclusions. For tempera- 
tures down to -100 °C, the melting point of pure 
hexane (-95 °C) or the triple point of CO2 (- 56.6 
°C) are suitable (Shepherd et al., 1985) and, depend- 
ing on the operating conditions, accuracies better than 
±1 °C are often achievable. Where information on the 
PVTX properties of CH4-bearing fluids is required it 
is necessary to undertake measurements well below 
these temperatures, but unfortunately suitable calibra- 
tion material is lacking. The triple point of pure CH4 

at - 182.5 °C (Kleinrahm and Wagner, 1986; Gold- 

stein and Reynolds, 1994) in natural or synthetic 
inclusions would provide an ideal calibration point 
at very low temperatures. However, observation of 
this transition has seldom been reported in the litera- 
ture (see for instance Hurai et al., 2002). This is due to 
a number of factors: 

1) pure CH4 inclusions are very rare, 
2) the phase changes at the triple point may be diffi- 

cult to recognise, 
3) the temperature at the triple point is close to the 

lower limit of commercial stages (ca. - 196 °C) 

and, 

4) solid CH4 does not always form, due to meta- 
stability and supercooling effects. 

As part of a combined laser Raman and microther- 
mometric study of fluid inclusions in large quartz 
crystals associated with Carboniferous coals from 
South Wales, UK we have routinely observed abun- 
dant, large CH4-bearing fluid inclusions (with a minor 
CO2 component), which readily freeze at around 
- 190 °C. In this paper we demonstrate how it is 
possible to isolate the pure CH4 component of the 
inclusions through heat-cool cycling. This enables the 
observation and accurate measurement of the CH4 
triple point at - 182.5 T. We discuss the use of 
these fluid inclusions as calibration standards for 
low temperature fluid inclusion microthermometry. 
A further aspect outlined here is their suitability for 
determining the instrumental efficiency coefficient C 
of Raman microprobes, which is necessary for calcu- 
lations of molar proportions of fluid inclusion compo- 
nents (Pasteris et al., 1988). We also report on the 
identification of the various phase changes that take 
place on heating and cooling of these inclusions and 
the partitioning of CH4 and CO2 between these phases 
down to the triple point of pure methane. 

2. Methods 

A series of 0.1-0.2 mm thick double-polished fluid 
inclusion wafers were prepared from two quartz crys- 
tals. Some were cut parallel to the c-axis and others 
perpendicular to it. The overall size, shape and dis- 
tribution of the fluid inclusions were determined using 
a standard petrographic microscope. 

A Renishaw RM1000 laser Raman microprobe, 
equipped with an argon ion laser (514.5 nm) and 
thermoelectrically cooled CCD detector, was used to 
measure the Raman spectra of various phases devel- 

oped in the fluid inclusions upon cooling and heating. 
Measurements were made in confocal mode by 
focussing the laser beam through the optical path of 
an Olympus microscope using lenses with magnifica- 
tions of X20 and X50. A pure silicon standard (520 
cm-1) was used to calibrate the microprobe, and the 
stated peak positions are reproducible to within ±1 
cm-1. A pure, natural diamond standard was used to 
determine the accuracy of the spectra at higher wave- 
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length using the single peak at 1332 cm-1 and to 
check for any drift towards higher wavelengths (Chal- 
mers and Griffiths, 2002). 

Spectra were usually acquired over a 30 s period 
over the range from 1000 to 3000 cm-'. A laser 
power of 100 mW was reduced to <1 mW on the 
sample. 

Microthermometric analyses of fluid inclusions 
were carried out using a Linkham TH600 heating/ 
freezing stage mounted on the Olympus microscope 
attached to the Laser Raman microprobe. For the 
present study, measurements were carried out on 
phase changes below room temperature only. The 
system was cooled rapidly down to about - 195 °C 
to avoid metastable effects. Heating rates of 10 °C/ 
min were used. These were reduced to 1 °C/min close 
to transition points in order to define precisely the 
temperatures on which phase changes occur. The 
same rates were used for heat-cool-cycling. 

The stage was calibrated at regular intervals using a 
synthetic FLINCOR H2O fluid inclusion with a 
known ice melting point at - 0.2 °C, and a synthetic 
FLINCOR CO2 standard showing a triple point value 
for pure CO2 at - 56.6 °C. The accuracy of the 
melting point of the FLINCOR standards was estab- 
lished by careful calibration of the stage using the 
known melting points of pure (specpure) organic 
liquids (Shepherd et al., 1985). All these measure- 
ments are reproducible to within ± 0.2 T. 

3. Description of sample and fluid inclusion 

population at room temperature 

The methane-rich fluid inclusions considered here 

are contained within large euhedral quartz crystals, up 
to 3 cm in size, which form in vugs and cavities 
within vertical fractures. These cross-cut a sequence 
of anthracitic coal, mudstone and sandstone from the 
lower benches of the Nant Helen open cast coal mine 
(UK National Grid Reference: SN827113) in Glamor- 

gan, Wales, UK. The crystals studied were provided 
by Dr. N. Hollingworth (NERC) and are associated 
with minor millerite and calcite overgrowths. 

The regional geological setting of the Nant Helen 

mine within the South Wales coalfield has been sum- 
marised by Alderton et al. (2004). The authors also 
report on the PVTX properties of hydrocarbon-bear- 

5 

ing and associated fluid inclusions in fracture-fill and 
nodule quartz from a number of locations in this 
coalfield. They conclude that the quartz mostly 
formed at low temperature (100-200 °C) and shallow 
depths (<ca. 2.5 km) from fluids generated during 
burial and associated coalification. 

The host quartz crystals for the inclusions consid- 
ered here are exceptionally clear and the methane-rich 
inclusions are abundant and large. In this respect, and 
also in terms of estimated PVTX trapping conditions, 
they are similar to fluid inclusions reported in euhe- 
dral quartz crystals from other low temperature meta- 
morphic environments associated with carbonaceous 
sediments (e. g., by Hurai et al., 2002; Kisch and Van 
den Kerkhof, 1991; Mullis, 1987). The fluid inclu- 
sions present in the Nant Helen quartz crystals are 
between 20 and 100 µm in size, although inclusions 
up to 200 µm also occur. Observations at room tem- 
perature allow two types of fluid inclusions to be 
distinguished. 

Type 1 inclusions make up about 95% of the 
population. They are composed essentially of CH4- 
CO2 and the majority appears mono-phase at room 
temperature. These inclusions are mostly regularly 
distributed along healed microfractures or along 
planes parallel to the hexagonal crystal faces of the 
host quartz (Fig. la). They also occur in randomly 
distributed clusters (Fig. lb). The regularly distributed 
fluid inclusions show both negative crystal shapes and 
elongate morphologies. The majority of the clustered 
inclusions typically exhibit irregular flat shapes, and 
are often connected by thin channels indicative of 
necking-down. At the margins of irregularly shaped 
inclusions, especially those that have necked down, a 
small rim of liquid water is sometimes observed. 
However, this phase is mostly not detectable by 
LRM spectroscopy. 

Type 2 inclusions make up the remaining 5% of the 
inclusion population. They are two-phase aqueous 
fluid inclusions containing a NaCl (± CaC12) brine 

and a CH4-rich vapour bubble, which occupies 10% 
to 20% of the total volume of the inclusion. They are 
only observed interspersed with clusters of Type 1 
inclusions. 

The apparent co-evality of Type 1 and Type 2 
might suggest heterogeneous entrapment of coexisting 
brine and immiscible bubbles of methane-rich vapour 
bubbles from a parent fluid. However, there is also a 
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entially lose water and become more enriched in 
CO2 and CH4 (Hall and Sterner, 1993; Bakker and 
Jansen, 1994). Such modifications might also be 
strain induced (Kerrich, 1976); a theory supported 
by the presence of microcracks within the crystal. 
However, water loss can also be initiated when the 

. 
fx20 gradient, i. e., fH20 in the fluid inclusion, is 
greater than fH2O in the intergranular fluid (Hui- 
zenga, 2001). In the samples studied, changes in 
fluid composition, and hence of the fH2O gradient, 
is indicated by the presence of calcite overgrowths 
on the host quartz crystals. 

We therefore assume that preferential water loss 
due to secondary processes is the most plausible 
explanation for the occurrence of discrete aqueous 
and essentially H20-free methane-rich inclusions 
observed in these samples. 

4. Results 

Fig. 1. Photomicrographs showing the distribution of mixed CH4- 
CO2 inclusions in quartz. (a) Along the hexagonal face of quartz, (b) 

as randomly distributed groups, showing some evidence for necking 
down. 

suggestion of post-entrapment changes in Type 1 
inclusions involving water loss by leakage or necking 
down. This is inferred from the observation that some 
of the irregularly-shaped fluid inclusions contain 
water in bulges. Water is much more mobile than 
gases such as CO2 and CH4 due to the higher polarity 
of the water molecules and it is therefore, possible that 
under certain conditions the inclusions might prefer- 

Detailed microthermometric and LRM analyses 
were carried out on some 200 Type 1 inclusions as 
discussed below. 

Microthermometric data for Type 2 inclusions 
show salinities in the range of 5 to 30 wt. % and 
homogenisation temperatures from 20 to 120 °C. 
However, they are not considered further in the pre- 
sent paper as we wish to focus on the methane-rich 
inclusions. 

4.1. LRM analyses at room temperature 

In every inclusion analysed the only distinct peaks 
recognised were at 2914,1387 and 1285 cm-'. The 
first can be ascribed to CH4 and the latter two to the 
presence of CO2 (Burke, 2001). The detected CH4 

Fig. 2. Behaviour of CH4-CO2 inclusions on freezing (a) mono-phase inclusion at room temperature, (b) at -70 °C CH4 a vapour bubble (V) 

appears, (c) at - 100 °C a dendritic C02-solid (S1) nucleates, (d) heat-cool cycling up to -80 °C was performed to develop a single solid CO2 

crystal, (e) further cooling leads to the expansion of vapour V and solid S1, (f) at temperatures below - 190 °C the remaining liquid L forms a 

second solid S2, consisting of CH4. Due to the sudden contraction of CH4, when it converts from liquid to solid, the vapour "jolts" and releases 
tiny gas bubbles into S2. (g) PT-diagram (modified from Thiery et al., 1994) showing the topology of the binary system C02-CH4 and 
illustrating the path and phase transition of fluid inclusions during cooling and heating. Dashed lines and arrows show the path of fluid 

inclusions during cooling and heating and full lines mark the two-phase-assemblages for the pure end-members (dividing the field into G (gas), 

S (solid), and L (liquid) for pure CH4 and pure CO2. Grey squares mark the triple point of the pure end-members. The dotted line indicates the 

critical curve, which connects the critical points of the pure end-members (marked with a grey star). The thin full line marks the univariant SLG 

curve. See text for description of the heating and cooling path. Also shown is the pressure at homogenisation (Ph). Note, P and Taxes are not to 

scale. 
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peak is at a relatively low wavelength compared with 
standard literature values (e. g., 2917 cm- 1 reported in 
Burke, 2001). This is likely to be the result of high 
density and pressure within the fluid inclusions (Van 
den Kerkhof, 1988). 

No other peaks were apparent, even in extended 
runs, lasting over 30 s, and in all instances we were 
unable to detect the broad band at around 3400 cm- I, 
indicative of liquid water. 

4.2. Microthermometry 

The following description is based on observations 
during runs on some 80 fluid inclusions at tempera- 
tures between 20 and -195 °C, using the methods 
described by Shepherd et al. (1985). The phase transi- 
tions during heating and freezing were remarkably 
consistent for all inclusions. The sequence of phase 
transitions S+L +V-L+V-L/V during heating 
corresponds to H2 behaviour, as defined by Van den 
Kerkhof (1988). The solid (S1 and S2), liquid (L) and 
vapour (V) phases were identified by LRM analyses. 

phase transition: L- L+V L+V - L+V+S1 L+V+S1 - S2+V+S1 S2+V+S1 - L+V+Sl L+V+S1- L+V L+V -L 
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Upon rapid cooling the fluid separates into liquid 
(L) and vapour (V) at about - 70 °C (Fig. 2b), and at 
approximately -110 °C a dendritic C02-rich solid 
phase (S1) forms in the residual liquid (Fig. 2c). 
Heat-cool cycling was performed in order to grow a 
single S1-crystal (Fig. 2d). Further cooling leads to 
growth of the vapour and solid phase (Fig. 2e), and at 
approximately - 190 °C the remaining liquid forms a 
second solid phase (S2) consisting of CH4 (Fig. 2f) at 
the eutectic point of the C02-CH4 system. 

Heating leads to the initial melting of S2 close to the 
reported triple point of pure CH4 at - 182.5 T. On 
further heating S1 (solid C02) melts at approximately 
- 75 T. Finally, at about - 69.9 °C, homogenisation 
occurs usually to liquid, and rarely to vapour. The low 
temperature for the CO2 melting point, compared to 
the triple point of pure CO2 at - 56.6 °C, is due to the 
presence of CH4 (Dubessy et al., 1989). The phase 
behaviour during cooling and heating is shown in the 
schematic PT diagram for the binary C02-CH4 System 
(Fig. 2g), modified from Thiery et al. (1994). The 
cooling path of the inclusions moves through the 
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Fig. 3. Temperatures of the observed phase transitions during cooling and heating. The large temperature ranges of 10 °C, recorded for phase 
transitions on cooling, are due to the rapidity of the freezing process. The temperature variations for phase transitions during heating are about 5 
°C, but are much smaller near the triple point of CH4 at around - 182 to - 183 °C. Note the small standard deviation for the triple point 
transitions S2+ V+S1 -L+ V+S1. 
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critical curve and then enters the LG (liquid-vapour)- 
field where a vapour bubble nucleates. On reaching the 
SLG (solid-liquid-vapour)-line, solid CO2 is formed. 
The loop shown on the diagram marks the heat-cool 
cycling (between -110 and ca. - 85 °C), performed to 
obtain a single solid CO2 crystal (S1) during experi- 
mental runs. On cooling the inclusions further, the 
eutectic point is reached (at ca. - 195 °C) at which 
point S1, S2, and V co-exist. 

Upon heating, the inclusions pass the triple point of 
CH4 which is very close or co-incident with the 
eutectic point of the binary CH4-CO2 system. From 
here the heating path continues along the univariant 
SLG-line with the co-existence of solid, liquid and 
vapour. This phase assemblage develops along the 
SLG-curve until the solid CO2 disappears and the 
LG-field is entered. With the disappearance of the 
vapour bubble the heating path leaves the LG-field 
via the critical curve (L = G). 

A summary of all the relevant microthermometric 
measurements, together with standard deviations for 
each of the recognised phase transitions is shown in 
Fig. 3. The phase transitions during cooling are, due 
to the rapidity of cooling process, only approximate 
values in a range of 10 °C. Each phase transition that 
occurs during heating takes place usually within a5 
°C temperature range. The S2 phase change occurs 
over an extremely narrow temperature range (a= 0.4) 
between - 183 to -182°C (excluding one outlying 
value at - 184 °C). 

5. Observation and interpretation of combined 
LRM and microthermometric analyses 

5.1. Composition of fluid inclusions 

Microthermometric results and LRM data can be 

used to obtain relative molar proportions of CH4 and 
CO2 in fluid inclusions, provided no other compo- 
nents are present in significant amounts. 

To determine the relative molar proportions of the 

components based on LRM data the procedures 
described by Burke (2001) were used. The peak 
areas for CO2 and CH4 are proportional to the number 
of molecules present in the irradiated volume of the 

sample. Therefore, comparison of the relative peak 
areas of the species permits their relative proportions 

9 

to be determined (Seitz et at., 1996). Molar fractions 
can be derived using the following simplified formula, 
based on the ratio method of Placzek (1934): 

Xa = [Aa/(aaCa)]/ Y_ [A1/(a )], 

XQ, Aa, 5a and ýa represent the molar fraction, peak 
area, Raman cross-section and instrumental efficiency 
for species a, respectively. Index i represents the 
values for all species present in the inclusion and E 
is their sum (Burke, 2001). For a two-component 
system, such as CH4-CO2, this relationship reduces to 

XC02 = [AC02/(aCO2bC02)]/[ACH4/(oCH4cCH4) 

+A co2 / (6co2 ko2) 

XCH4 = 
[ACH4/(QCH4bCH4)]/LACH4/(oCH4bCH4) 

+Aco2/(QC02bco2)] 

To determine the peak area the GRAMS/32® soft- 
ware package was used which models an ideal value 
for a specific peak area using a maximum of 50 itera- 
tions. For CO2 the peak areas of both peaks in the 
Fermi diad (2v2 at about 1388 cm-1 and vl at 1285 
cm-1) were used on the assumption that the sum of the 
peak areas remains constant even if the density changes 
(Dubessy et al., 1989). Raman scattering cross-sections 
6 for the appropriate wavelengths are 7.5,1 and 1.5 for 
CH4, CO2 2v2 peak, and CO2 v1 peak, respectively 
(Burke, 2001). In theory, u values are only applicable 
for low density fluids at 1 atm pressure. However, 
Dubessy et al. (1989) have shown that the internal 
field effect at higher densities is negligible. Therefore, 

we consider equal u values for the calculation of molar 
proportions in solid liquid and vapour phase. 

For our Raman microprobe the instrumental effi- 
ciency coefficient C is determined as 0.65 using arti- 
ficial C02-N2 gas mixtures provided by Van den 
Kerkhof and calculated as outlined in Van den Ker- 
khof and Kisch (1993). 

To obtain mol% data, we normalized the values to 
the sum of XCH4 and XCO2 which is set to 100% and 
thus, 

mol% CH4 = XCH4/XCH4 + XC02 

mol% CO2 = XC02 /XCH4 + XC02 
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Following this method, we analysed some 80 fluid 
inclusions and calculated their composition in terms 
of molar proportions CH4-CO2. The average compo- 
sition of all analysed fluid inclusions is 84 mol% CH4 

and hence 16 mol% CO2. The majority of data fall 

within the range 78 to 88 mol% CH4 as illustrated in 
Fig. 4a. 

The compositions of the same fluid inclusions were 
also obtained using microthermometry. For this we 
determined homogenisation temperatures (Th) and 
CO2 melting temperatures (T,,, ). These data were 

plotted on the appropriate VX diagram (Fig. 4a) for 
the system C02-CH4 (Thiery et al., 1994) to deter- 
mine the relative mol% of CH4 and CO2 for the 
analysed inclusions. The estimated values for the 
inclusions range from 81 to 87 mol% with a mean 
composition of 85 mol% CH4 and 15 MOM C02. The 
microthermometry data also indicate a molar volume 
of approximately 65 cm3/mol for the fluid inclusions. 
As an example, data for a single fluid inclusion are 
shown in more detail. In the expanded diagram (Fig. 
4b) the VX properties of the single phases (L and V) 
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Fig. 4. (a) VX diagram for the C02-CI14 system (modified from Thiery et al., 1994). Dotted lines and italic numbers indicate isotherms of 
melting temperature (disappearance of S1). Dashed lines indicate isotherms of homogenisation temperature. The crosses show representative 
microthermometric results in the range of 81 to 87 mol%. The shaded, grey area marks the range of compositions calculated from the LRM peak 
areas of 78 to 88 mol%. (b) The expanded diagram with molar Volume (Vm) up to 300 cm3/mol shows the properties of L and Vat the final CO2 

melting for a single fluid inclusion. At the final melting point of CO2 at - 75 °C the compositions of the liquid and vapour are ca. 84 and 92 

mol% CH4, respectively. 
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Fig. 5. Comparison of mol% CH4 in mixed CH4-CO2 inclusions 
based on LRM and microthermometric (MT) data. Error bars of 
LRM analysis were obtained by 30 repeated analyses and calcula- 
tions per inclusion. 

at the final melting point of CO2 at - 75 °C can be 
estimated. Here, the compositions of the liquid and 
vapour are 84 and 92 mol% CH4, respectively; the 
corresponding molar volumes are 50 and 160 cm3/ 
mol. The overall composition of the fluid inclusion at 
L/V equilibrium is 83 mol% CH4 with a molar 
volume of about 85 cm3/mol (Fig. 4a). 

There is very good agreement between the molar 
ratios derived for the same inclusions by LRM analy- 
sis and microthermometric analysis (Fig. 5). 

For the LRM data, errors in the values of the CH4 

mol%, based upon 30 replicate analyses on the same 
fluid inclusions, are within ±2 mol%, which is 

equivalent to a possible range in peak area ratios for 
CH4 : C02 of between 95.5: 4.5 and 96.6: 3.4. 

Microthermometric data are reproducible to within 
less than ±1 mol% for repeated analyses on the same 
fluid inclusion. However, the high precision of micro- 
thennometry data may not apply to small inclusions 
(less than 10 µm) where observations of phase 
changes are usually less certain. 

5.2. Observations of partitioning of CH4 and CO2 
between liquid, vapour and solid during heat-cool 
cycling 

LRM analysis carried out on the phases developed 
during cooling and heating permits an evaluation of 
the partitioning of CH4 and CO2 between L, V, and S 
phases at various temperatures. The results are sum- 
marized in Table 1 and can be described for a typical 
fluid inclusion during heating as follows. 

At - 195 °C, two separate solid phases, S1 and S2 
are observed. In S2 only CH4 is detected and analy- 
sis of S1 reveals major peaks of CO2 (Fig. 6). It is 
therefore concluded that CH4 and CO2 are entirely 
partitioned into the two solid phases. This conclusion 
is supported by the fact that there is little or no solid 
solution known between CO2 and CH4 solids (Seitz 
et al., 1987). The small amount of CH4 detected in 
SI is assumed to be the result of scattering from the 
surrounding, larger S2 solid. No gases were identi- 
fied in the vapour phase. Between - 165 and - 135 
°C only CH4 is found within the liquid and CO2 
occurs in S1 only. With the disappearance of S1, at 
ca. - 75 °C, CO2 becomes detectable in the liquid. 
The CH4-CO2 ratio stays relatively constant during 

Table I 
Variation of the relative proportions of CH. 4 and CO2 (± 2 mol%) with temperature changes, obtained by combined LRM and microthermo- 

metric analysis for a single inclusion 

Temp. in °C Phases Present LVS, S2 

mol% CH4 mol% CO2 mol% CH4 mol% CO2 mol% CH4 mol% CO, mol% CH4 mol% CO2 

-195 S2+V+Si n. d. n. d. 2.4 97.6 100.0 n. d. 

-165 L+V+S1 100.0 n. d. n. d. n. d. 3.0 97.0 

- 135 L+V+S1 100.0 n. d. 100.0 n. d. 5.1 94.9 -- 
-105 L+V+S1 92.5 7.5 100.0 n. d. -- 
-75 L+V 84.5 15.5 100.0 ---- 
- 45 L 85.9 14.1 - ---- 
-15 L 85.0 15.0 - ---- 
25 L 86.3 13.7 - --- 
Note, methane detected in S1 is due to scattering from the surrounding liquid or solid methane. 
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Fig. 6. Raman spectra of solid phases at approximately -195 T. S1=solid C02; S2=solid CH4. 

further heating. The vapour bubble contains no 
detectable component up to - 145 T. Above this 
temperature it comprises virtually pure CH4 until it 
vanishes at approximately - 75 T. No CO2 was 
detected within the vapour. This preferential parti- 
tioning of CH4 into vapour is due to its higher 
volatility compared to CO2 (Seitz et al., 1987). 
Between - 45 °C and room temperature the fluid 
inclusion comprises a homogeneous fluid, containing 
86 mol% CH4 and 14 mol% CO2. 

5.3. Variations in CH4 and CO2 Raman peak positions 
for different phases 

The characteristics of the Raman peaks for CH4 
and CO2 are dependent on the rate of change of their 
molecular properties during vibrational motion and 
therefore, changes in Raman peak positions are inter- 

preted in terms of molecular interactions (Rosso and 
Bodnar, 1995). It has long been known that Raman 

peak frequencies decrease several wave numbers (up 
to 7 cm-1) with increasing pressure or density (Van 
den Kerkhof, 1988). However, the shift of the Raman 

-195°C -145°C 

cot 

S2 

Si 

peaks described here are also caused by changes in the 
state of aggregation. 

In the present study, the observed peak positions 
(in wave numbers) for S, L, and V show systematic 
variations. They are relatively low in the solid phase, 
intermediate in the liquid phase, and elevated within 
the vapour phase (Fig. 7). Systematic data for the shift 
in peak position are shown for one fluid inclusion as 
an example in Table 2. 

During heating, the peak position of CH4 in L 
increases continuously from 2907 to 2914 cm-'. 
Solid CH4 exhibits similar wave numbers to CH4 in 
L at very low temperatures. CH4 detected in the 
vapour shows much higher wave numbers compared 
to liquid and solid CH4. It is first detectable at - 145 
°C with wave numbers of 2919 cm- 1. In the course of 
heating the peak position of V decreases by about 5 
cm-' down to 2914 cm-' before the bubble disap- 

pears. CH4 detected in the solid CO2 phase (S1) shows 
peak positions similar to these observed in L and S2. 
Therefore it is most likely to be the result of scattering 
of the surrounding liquid or solid CH4 rather than a 
component of S1. The peak position of CO2 shows 

-85°C +25°C 

1277 C02 (S1 shift: 8 1285 C02 (L) 
1385 shift: 3 1387 

n. d. CH4 (V) ........ º 2919 CH4 (V)2914 shift: -5 
2914 CHa(L) 

2906 CH4 (S2)Shift 
2º 2908 CH4 (L) 2908 shift: 6 

CH4 

S2 

Si 

Fig. 7. Illustration of the shift in the Raman peak position with increasing temperature and change in state of aggregation; liquid (L), vapour (V) 

and solid (S) for a single fluid inclusion. For relevant data, see Table 2. 
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Table 2 
Variation in peak position of CO2 and CH4 during heating in liquid (L), vapour (V) and solid (S) for a single fluid inclusion 
Temp. in °C Phases present CO212,5 in S, CO2,3,, in S1 CH4 in Si CO21275 in L CO2,,, 

5 
in L CH4 in S21L CO2 in V 

-195 S2+SI+V 1277 1385 2906 n. d. n. d. 2906 
-185 S2+SI+V 1277 1385 2906 n. d. n. d. 2906 
-175 L+SI+V 1277 1386 2907 n. d. n. d. 2907 
-165 L +S1 +V 1276 1385 2907 n. d. n. d. 2908 
-155 L +S, +V 1277 1385 2908 n. d. n. d. 2908 
-145 L +Sl +V 1277 1385 2908 n. d. n. d. 2908 2919 
-135 L+S, +V 1277 1385 2909 n. d. n. d. 2909 2918 
-125 L +S1 +V 1277 1385 2909 n. d. n. d. 2909 2918 
-115 L+S, +V 1277 1385 2910 n. d. n. d. 2909 2917 
-105 L+S, +V 1278 1385 2910 n. d. n. d. 2910 2917 
- 95 L +S, +V 1278 1385 2911 n. d. n. d. 2911 2916 
-85 L+Si+V 1278 1385 2911 n. d. n. d. 2911 2914 
- 75 L+V - - - n. d. 1386 2912 2914 
- 65 L - - - 1282 1386 2913 - 
- 55 L - 1283 1387 2913 - 
- 45 L - - - 1284 1386 2913 - 
-35 L - - - 1285 1387 2913 - 
- 25 L - - - 1284 1387 2913 - 
-15 L - - - 1285 1387 2913 - 
-5 L - - - 1284 1387 2914 - 
5 L - 1284 1388 2914 - 
15 L - - - 1284 1386 2914 - 
25 L - - - 1285 1387 2914 - 
The data given are exemplarily for one fluid inclusion. 

only minor shifts in peak position during heating, 

provided there is no change in the state of aggrega- 
tion. The peaks are located relatively constant at about 
1277 and 1385 cm-1. With the conversion from S1 to 
L an immediate increase (surge) in peak position by 8 

and 3 cm-1, respectively occurs. 

5.4. Determination of the instrumental efficiency 
coefficient 

In general, the intensity of Raman signals is influ- 

enced by several optical and physical parameters. For 
the accurate interpretation of Raman data, in terms of 
relative mol proportions of components in fluid inclu- 

sions, it is necessary to use a reliable value for the 
instrumental efficiency coefficient C. Here, we have 
identified a simple and reliable standard material for 
determining the instrumental efficiency for an indivi- 
dual Raman microprobe. The compositions of fluid 
inclusions can be determined independently by micro- 
thermometry and Raman analysis. When there is dis- 

agreement between the two data sets an instrumental 

efficiency coefficient is needed as described in Van 

den Kerkhof and Kisch (1993). The following equa- 
tion enables this to be determined: 

b=ý1- XCH4)ACH4 / (I 
- XCH4)XCH4, 

where XCH4 indicates the mol fraction CH4 based 

on microthermometric results and X H4 represents 
values obtained by LRM. 

5.5. CH4 as a potential low temperature calibration 
standard 

As is evident from the frequency histogram (Fig. 3), 
the phase transition S2 + V+S1---*L +V +S1 occurs over 
an extremely small temperature interval. Repeated 
heat cool experiments show a reproducibility of the 
phase transition within ±1 °C (30 repetitions per inclu- 

sion). The transition from S2 to L (solid to liquid CH4) 
is remarkably clear and easy to observe. A faint menis- 
cus occurs and the sudden release of the vapour bubble, 
from a constricted shape within the solid to a well- 
rounded shape in the liquid, is a further indicator of this 
transition (Fig. 8). 
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(a) 
V 
( St 

(b) (c) 

20 pm 

Fig. 8. Observation of the triple point of CH4 at - 182.5 °C on slight heating. (a) Note the small triangular single crystal of solid CO2 (S1) and 
the large deformed vapour bubble (V). A faint "meniscus" (arrowed) separates CH4 solid (S2) from CH4 liquid (L) (b) as above, with continued 
melting of CH4 solid (c) final melting of CH4 solid results in the return of the large CH4 vapour bubble to its original shape. 

Due to the large size of the inclusions the distinct 
phase transition is readily observable. These samples 
thus make reliable and suitable calibration standards 
for low temperature microthermometric analyses. 

6. Conclusions 

This study focuses on coupled Raman microprobe 
spectrometry and microthermometry of individual 

mono-phase fluid inclusions in quartz crystals from 
the South Wales coalfield, UK. LRM analyses have 

revealed the presence of CH4 and CO2. Microthermo- 

metry shows a sequence of phase transitions that 
characterise the inclusions as H2-type, according to 
the classification of Van den Kerkhof (1988), which is 

typical for CH4-CO2 mixed inclusions. During cool- 
ing, the following phase transitions were observed: L/ 
V-L+ V- S1+L+V__ýS1+S2+V, and during heat- 
ing: S1+S2+V- Si +L+V-*L+V-L/V. 

In conjunction with peak area calculations, LRM 

analyses permit calculation of the relative chemical 
composition of the fluid. The data document an average 
composition of 86 mol% CH4 and 14 mol% CO2 (± 2 

mol%). Likewise, microthermometric results were 
used to derive the chemical composition of fluid inclu- 

sions and yield similar ratios: 85 mol% CH4 and 15 

mol% CO2 (± 1 mol%) Thus, either method can be 

used independently to define CH4 : CO2 ratios and to 

confirm the values derived from the other method. Due 

to their well-defined composition, the fluid inclusions 

serve as ideal standards for determining the instrumen- 
tal efficiency coefficient of Raman microprobes. The 
data also legitimise the use of LRM-based results of 
fluid composition as opposed to the more conventional 
microthermometric-based estimates. This is of particu- 
lar help when small fluid inclusions are being investi- 
gated and where phase transitions during heating and 
freezing are difficult to and observe. 

When combined, LRM and microthermometry can 
be used to analyse separate phases in fluid inclusions 
and hence, to predict shifts in the Raman peak position 
when the state of aggregate of the phase changes. Gen- 
erally, the wave number decreases from V )L-S. 

The identification of individual phases provides a 
means towards a better understanding of the processes 
taking place during heating-freezing. Here, it is used 
to document the purification of liquid and vapour CH4 
by extraction of CO2 entirely into a separate solid 
phase (S1). The partitioning causes the formation of 
a solid pure CH4 (S2) at - 195 T. Therefore, the rare 
observation of the triple point of CH4 during heating 

at - 182.5 °C is possible. The fact that the phase 
transition is exceptionally clear and reproducible 
makes these inclusions ideal as a low temperature 
calibration standard for heating-freezing studies. 
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3 An introduction to existing hypotheses of 

hydrocarbon origin in igneous rocks 

Despite much study, the origin of hydrocarbon gases in igneous rocks is still unclear. 

A simple flow chart (Fig. 3.1) illustrates how the principal hypotheses for hydrocarbon 

origin in igneous rocks can be divided into biogenic and abiogenic models. 

Due to the geological settings of igneous rocks it is clear that biogenic hydrocarbons can 

be incorporated into them from the surrounding organic-rich host rocks. This 

incorporation can be due to either interaction between magma and basement fluids 

during emplacement or movement of meteoric or basement fluids through fault systems 

in the cooled pluton. 

A number of workers have discussed the likelihood of hydrocarbon origin through 

abiogenic processes. There are three main models for abiogenic hydrocarbon generation 

in igneous rocks: a direct mantle origin; the respeciation of a C-O-H- magmatic fluid 

and generation at low temperature and pressure conditions by fluid-rock interaction. 

In theory, it should be possible to distinguish biogenic from abiogenic hydrocarbon on 

the basis of the isotopic and compositional characteristics of the fluid and the geological 

environment in which it occurs. However, as differences in chemical and isotopic 

signatures are often small, few studies have been able to define unambiguously the 

mechanism of hydrocarbon generation. As it is possible that both abiogenic and 

biogenic hydrocarbons may exist in the same pluton, there is ample scope for confusion. 

A number of different hypotheses for hydrocarbon origin are discussed in the following 

pages together with some important case studies. 
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Figure 3.1: Schematic illustration of possible hydrocarbon origins in igneous rocks. 
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3.1 Abiogenic origin 

The existence of hydrocarbons of abiogenic origin has received considerable attention 

since the Russian geologist Kudryavtsev (1951) first enunciated the theory of deep, 

abiotic petroleum origins. The most prominent western supporter of abiogenic methane 

production is Thomas Gold. He proposed the "mantle methane hypothesis" and rejected 

the largely biogenic origin of oil and gas from the decomposed remains of buried animal 

and plant material, a theory favoured by most geochemists (Gold, 1979). In general, the 

existence of abiogenic methane and short-chained hydrocarbons is widely accepted to 

occur in a variety of metamorphic and igneous settings. They have been shown to be 

present along the world's mid-ocean ridges (e. g. Welhan and Craig, 1983; Charlou et 

al., 1998; Frueh-Green, 2004), in the Canadian and Fennoscandian Shield (Sherwood- 

Lollar et al., 1993a), and in alkaline intrusions (e. g. Konnerup-Madsen et al., 1985; 

Ikorski, 1991; Salvi and Williams-Jones, 1997; Markl, 2001; Potter and Konnerup- 

Madsen, 2003). Different hypothesis have been proposed for their generation and origin. 

The three most important theories with regard to alkaline igneous rocks are mantle 

origin, C-O-H-respeciation and low P-T-fluid rock interaction. 

3.1.1 Mantle origin 

The potential for abiogenic hydrocarbon reservoir outgassing from the primeval mantle 

was argued by Gold (1979). He suggested that a large homogenous mantle source 

explains the very uniform 613C signature (-25 %c to -28 %o) found within igneous rocks. 

Similar observations were made by Sugisaki and Mimura (1994). They assumed three 

possible origins for mantle hydrocarbons: (a) inorganic synthesis by Fischer-Tropsch- 

type reactions in the mantle (b) delivery by meteorites to the early earth or (c) recycling 



through subduction. Magma, intrusive into the crust, might be a carrier of hydrocarbons 

which are consequently stored in igneous rock bodies after cooling. 

To prove his theory of mantle methane, Gold convinced the Swedish Government to 

study the region of a giant meteoritic impact crater, the 360 Ma old "Siljan Ring" in 

Central Sweden (Fig. 3.2). The impact left a circular structure, about 45 km in diameter, 

and is assumed to have fractured the rock to great depths. It was considered therefore to 

be a favourable location for finding upwelling mantle hydrocarbons. However, the 

project yielded only 80 barrels of oil with doubtful provenance (Glasby, 2006). Within 

the Gravberg 1 well, dolerite sills were found to intrude the granitic host rock (Laier, 

1988). Within the granite, gases are poor in methane whereas gases in the dolerite are 

1-1 abundant and rich in methane (200-1000 ppm) (Castano, 1988). The gases are 

compositionally and isotopically similar to hydrocarbons of abiogenic origin (Jeffrey 

and Kaplan, 1988) and could therefore be of magmatic origin or result from migration 

from a deep source. However, a low-temperature Fischer-Tropsch reaction has also 

been suggested as a possible generation mechanism (Jeffrey and Kaplan, 1988). Smith 

(1996) studied methane-bearing fluid inclusions which are particularly abundant in the 

mafic sills. However, he also found them in almost all granite samples below 1500 m 

depth. The upper boundary of the methane-bearing inclusions is a dolerite sill, which 

suggests that it may have acted as a seal to fluid migration. Samples below about 

4200 m depth were found to be particularly rich in methane. This suggests considerable 

mobility for the methane-rich gas phase. 

Other evidence, experimental and observable, also suggests a possible mantle origin for 

hydrocarbons in igneous rock. Scott et al. (2004) showed that methane may form 

inorganically at mantle conditions of >30 kbar and >1200°K from carbonate species, 

such as FeCO3 or MgCO3, in the presence of H2O at oxygen fugacities buffered by iron- 
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Figure 3.2: Satellite image of the Siljan crater in Central Sweden 
(http: //www. astrosurf. com/lombry/Documents/impact-siljan. jpg). 
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bearing phases near the wustite-magnetite fO2 buffer. Experimental data suggest that 

such conditions may be widespread in the mantle and that methane at pressures of up to 

1 GPa could be the dominant C-bearing fluid phase under reducing conditions in the 

mantle (Kenney et al., 2002). Ryabchikov et al. (1981) documented very low oxygen 

fugacities for rocks of mantle origin: olivines from tholeiite basalts and titanium garnets 

from alkali rocks. Strongly reduced conditions, compared with the crust (QFM), are also 

believed by Pasteris (1987) to exist in portions of the upper mantle and several studies 

by, amongst others, Ryabchikov et al. (1981), Eggler and Baker (1982) and Olafsson 

and Eggler (1983) imply that 102 variations in the mantle would permit different fluid 

speciation in different regions or materials in the upper mantle. Hydrocarbons traced 

back to their mantle source have also been found in garnets from the Mir kimberlite 

pipe (Knot et al., 1994). These data all suggest methane to be a primary gas phase in 

upper mantle rocks. 

On the basis of 613C values of -3.2 %o to -12.8 %o, Petersilie (1962) suggested a 

magmatic origin for hydrocarbons in the alkaline rocks of the Khibiny pluton. He 

interpreted the 13C data, similar to that in diamonds, carbonatites and CO2 of deep- 

seated origin, as implying a juvenile carbon source (Petersilie and Sorensen, 1970). As 

an incompatible compound, primary mantle CH4 could easily be incorporated into 

mantle derived magmas. 

Another example of probably mantle hydrocarbons was reported by Abrajano et al. 

(1988). They found isotopically anomalous methane-rich gas in the Zambales Ophiolite 

(Philippines) and inferred a direct origin from a reduced mantle source. However, the 

authors considered a hydrocarbon generation during low-temperature reduction of water 

and CO2 during serpentinisation of the ophiolite to be an equally valid model. 

Markt et al. (2001) presented new phase compositional data for the Ilimaussaq complex 

in order to evaluate the importance of various physico-chemical parameters during the 
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formation of agpaitic melts. They showed that the earliest augite syenite melt at 

Ilimaussaq was reduced (QFM -2) and contained methane as a stable fluid phase. This 

explains the presence of methane-dominated fluid inclusions in early augite syenites and 

later agpaitic rocks in the Ilimaussaq complex. Water-dominated fluid inclusions were 

found in the oxidised mineralogy that developed at late stages of magma evolution 

(Markt, 2005). In fact, the reduced redox-conditions are, according to Markt (2005), one 

of the fundamental requirements for the development of the special mineralogy of 

agpaitic rocks. Based on mineralogical observation, he also questions the hitherto 

established model of late magmatic fluid respeciation in the Ilimaussaq complex 

(Konnerup-Madsen et al., 1979). 

3.1.2 The respeciation of C-O-H fluids 

The preferred explanation for the presence of abiogenic hydrocarbons in many 

metamorphic and igneous rocks is that they were derived from a C-O-H-fluid which 

exsolved from the magma and evolved by cooling along a relatively reduced QFM rock 

buffered redox path (Gerlach, 1980, Konnerup- Madsen et al., 1985; Kogarko et al., 

1987; Cesare, 1995; Nivin et al., 1995; Andersen and Burke, 1996). 

Magmatic fluids are generally described by the three components carbon, oxygen and 

hydrogen and the resulting fluid species in this system are H2O, CO2, CH4, CO, H2 and 

02 (Huizenga, 2001). In the presence of graphite, four independent chemical equilibria 

describe the relationship of the main volatile species: 

CO + 1/202 H CO2 (R3.1) 

H2+1/ZO2HH2O (R3.2) 

CH4+202HCO2+2H20 (R 3.3) 

C+OZHC02 (R3.4) 
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The C-O-H system can be illustrated by a ternary isothermal and isobaric phase diagram 

(Fig. 3.3). The diagram can be subdivided into a two-phase field, where graphite and a 

C-O-H fluid coexist, and a single-phase field, where only a carbon undersaturated fluid 

occurs. Pressure, temperature, oxygen fugacity and graphite activity strongly influence 

the speciation of the fluid and changes cause changes in fluid composition. Figure 3.4 

shows schematically the C-O-H phase relationship at 600°C and 2 kbar and the 

development of the fluid composition with subsequently decreasing fi02 condition. 

Depending on the initial composition, the fluid re-equilibrates with or without 

associated graphite precipitation and forms a CH4-rich fluid (Konnerup-Madsen, 2001). 

A fluid of composition "a" changes its initial composition above the graphite saturation 

curve, with associated graphite precipitation, and develops to an essentially H20-CH4 

fluid. The more H20-rich fluid "b" evolves away from the oxygen apex only, until 

reaching point "b"' without graphite precipitation. Here, the final fluid consists of H2- 

H20-CH4. 

This model was applied to the peralkaline Ilimaussaq complex by Konnerup-Madsen 

(2001). He assumed the respeciation of an initial C02-H20-rich fluid below 500°C 

during the final solidification stage in the agpaitic melt. The low oxygen fugacity of 

QFM -2 indicated that fluid buffering caused the change in bulk fluid composition from 

an initial C02-H20-rich fluid to CH4-rich composition. The final oxygen fugacity was 

reached, according to the reaction: 

CO2+2H20 4 CH4+202. (R 3.5) 

Chlorides were very abundant in the Ilimaussaq magma (Larsen and Sorensen, 1987) 

and the high salinity of the exsolved fluid probably enhanced fluid immiscibility. The 

initial fluid is therefore thought to have developed not only a CH4-rich phase but also 

aqueous brine. The compositional changes of the hydrocarbon and aqueous fluid during 

buffering are shown in Figure 3.5. 
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The respeciation-model, however, does not explain the occurrence of higher 

hydrocarbons in the fluids of the Ilimaussaq complex. Konnerup-Madsen (2001) 

assumed that reaction with solid phases catalysed the formation of some of the higher 

hydrocarbons at lower temperatures. 

3.1.3 Hydrocarbon generation via a Fischer-Tropsch-type reaction 

The Fischer-Tropsch (F-T) reaction is a catalyzed chemical reaction in which carbon 

monoxide and hydrogen are converted into hydrocarbons of various forms. Typical 

catalysts are iron and cobalt (Anderson, 1984). This process has long been known and 

studied for industrial purposes. The principal function of the process is the production of 

a synthetic petroleum substitute for use as synthetic lubrication oil or as fuel (Fig. 3.6). 

The technique was developed by F. Fischer and H. Tropsch in the 1920s, and mainly 

used during the Second World War. However, the fuel obtained by this process is 

expensive both in terms of money and energy and therefore is not a practical 

replacement for conventional oil. 

The F-T synthesis has been proposed to be a driving mechanism for the generation of 

abiogenic methane in some natural geological environments. For instance, it is largely 

established that methane-rich gas, found in the oceanic crust, is the product of F-T 

reaction linked to serpentinisation of olivine in peridotites and dunites at the Mid Ocean 

Ridges (e. g. Abrajano et at., 1988,1990; Berndt et at., 1996; Kelley, 1996; Charlou et 

al, 1998). During serpentinisation, H2-rich fluids are produced due to H2O dissociation 

and oxidation of ferrous ions (Sherwood-Lollar et al., 1993a) according to the following 

pair of reactions. 
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Figure 3.6: Schematic illustration of a Fischer Tropsch unit (modified 
after Mike Zarochak 
(http: //www. netl. doe. gov/onsite_research/Facilities/IL. html) 
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5Mg2SiO4+Fe2SiO4+9H20 43 Mg3Si2O5(OH)4+Mg(OH)2+ 2Fe(OH)2 

Forstente fayalite 4 serpentine brucite 

3Fe(OH)2 4 Fe204 + H2 + 2H20 

Magnetite (R 3.6) 

The H2 produced is then consumed in the formation of methane and higher 

hydrocarbons through disequilibrium reactions with CO or CO2 with FeNi alloys and 

magnetite acting as catalysts (Yoshida et al., 1993; Berndt et al., 1996; Holm and 

Charlou, 2001): 

nCO + (2n+1)H2 - CnH2�+2 + nH2O (R 3.7) 

nC02 + (3n+1)H2 4 CnH2�+2+ 2nH2O (R 3.8) 

2nCO2 + (3n+4)H2 Cn+1H2n+4 +4nH2O (R 3.9) 

Experimental investigations of the reaction of seawater with ultramafic minerals 

confirm that CH4 and H2 as well as ethane and propane occur as reaction by-products 

(Berndt et al., 1996; Horita and Berndt, 1999). Other studies (McCollom and Seewald, 

2001), however, show that CH4 and higher hydrocarbons may also be derived from a 

reduced carbon source present in the minerals themselves rather than from reduction of 

CO2 in the fluid. Therefore, although an inferred link between serpentinisation and CH4 

generation via F-T reaction is shown by several studies, a mantle origin of methane or 

generation during respeciation of a magmatic C-O-H fluid cannot always be excluded 

(e. g. Abrajano et al., 1988; Früh-Green et al., 2004) as an alternative methane source in 

these environments. 

Salvi and Williams-Jones (1997) were able to determine the concentrations of alkanes 

up to C6 for inclusions in the peralkaline Strange Lake granite (Canada) and concluded 

that those for C2 to C6 alkanes are far too high to be explained by a simple respeciation 
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model. They point out that the proportions of the alkanes relative to methane are 

remarkably similar to those resulting from F-T synthesis and suggest a natural F-T 

synthesis occurring as a result of the reaction of orthomagmatic CO or C02 with H2 

generated during alteration of arfvedsonite to aegirine (Salvi and Williams-Jones, 

2006): 

3 Na3Fe5Si8O22(OH)2 +2 H20- 9 NaFeSi2O6 +2 Fe304 +6 SiO2 +2 H2. 

arfvedsonite aegirine magnetite quartz (R 3.10) 

Magnetite, which is a product of the alteration, is inferred to be the catalyst. This model 

of associated mineral alteration and hydrocarbon generation via F-T reaction has been 

extended to the Khibiny and Lovozero alkaline complexes of the Kola Peninsula by 

Potter et al. (1998,1999,2004). 

Sherwood-Lollar et al. (1993a) investigated hydrocarbon gases at several locations in 

the Fennoscandian and Canadian Shields. Based on carbon, hydrogen and helium 

isotopic data, they proposed an abiogenic, non-mantle origin for most of the gases 

found. Since graphite is a common mineral phase in both Shields it is assumed to be the 

most reasonable carbon source for methane production. At a number of sites the gas 

could be interpreted as the product of regional-scale mixing between bacterial gas and 

abiogenic endmembers, but the authors favour a scenario whereby the isotopic 

distinction of the CH4 gases in the Shields are due to variable isotopic compositions of 

the available carbon sources. They conclude that the F-T reaction at low temperatures, 

in conjunction with hydration of ultramafic rocks and serpentinisation reactions, are the 

key processes for inorganic CH4 production. It is worth noting, that Sherwood-Lollar et 

at. (1993b) conclude that the gas in half of the investigated samples from the Canadian 

and Fennoscandian Shield rocks is of bacterial origin. 
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The F-T reaction has also been suggested to explain the presence of abiogenic 

hydrocarbons in extraterrestrial bodies (Lancet and Anders, 1970; Zolotov and Shock, 

1999) and has even been proposed as the mechanism by which life originated (e. g. 

McCollom et al., 1999). 

3.2 Biogenic origin of hydrocarbons in igneous rocks 

From a petroleum exploration standpoint, the quantity of hydrocarbons formed by the 

inorganic processes discussed above is negligible. Economically valuable hydrocarbon 

accumulations are largely formed from organic matter. This material, consisting of dead 

plants and animals, is deposited over time, and further sediment accumulations bury and 

compress it (Hunt, 1995). At temperatures of up to 50°C diagenesis starts with the 

biological, chemical and physical alteration of the organic matter and the formation of 

kerogen. Deeper burial, along with increasing temperature and pressure, leads to the 

thermal decomposition of kerogen to form bitumen, oil and methane gas. This process is 

called catagenesis and occurs between 50°C and 200°C. In the metagenesis zone, at 

temperatures of 200°C to 250°C, methane formation continues and the remaining 

organic matter converts to graphite. The end of this phase coincides approximately with 

the beginning of metamorphism. 

Natural gas, the gaseous hydrocarbon phase of petroleum, is more widely distributed 

than oil because it migrates more easily and is generated from source rocks which are 

more widely distributed than those for oil (Hunt, 1995). The origin of hydrocarbon 

gases can be either bacterial (methanogenic bacteria) or thermogenic (from coal, 

kerogen and oil). Bacterial methane is formed by microbial fermentation or CO2 

reduction, whereby the latter is the dominant process. Although Sherwood-Lollar et al. 

(1993b) found evidence for active bacterial communities in deep hydrogeological 

environments in the Canadian and Fennoscandian Shields, it is largely confirmed that 
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bacterial methane generation usually ceases at temperatures above 70°C as bacterial 

populations decrease and nutrients for metabolism become less available (Hunt, 1995). 

At higher temperatures only thermogenic methane may form. With increasing 

temperature the amount of condensable liquid in the gas decreases and the gas develops 

from so-called wet-thermogenic (methane and larger amounts of higher hydrocarbons) 

to dry-thermogenic (methane-dominant) species. Igneous activity may cause maturation 

of organic matter to form dry thermogenic gas. As the country rocks to a pluton become 

subjected to high-temperature alteration (Schutter, 2003 and references therein) the 

formation of dry thermogenic gas and pyrobitumen from oil or kerogen can occur. 

Biogenic hydrocarbons cannot originate directly from igneous rocks, but can migrate 

from the source rocks into igneous rocks along fractures, faults and joints. This process 

is mainly temperature and pressure driven. Migration in solution or by diffusion can be 

important for the transport of large volumes of gas (Hunt, 1995). Late magmatic or 

hydrothermal fluids may therefore cause a leaching of hydrocarbons from the source 

rocks (Welhan and Lupton, 1987) and deposition in the igneous rock body. 

Alternatively, organic-rich material may also become assimilated and recycled into the 

magmatic system during its passage through sedimentary source rocks (Des Marais et 

al., 1981; Darling, 1998). A combination of both mechanisms can be envisaged. 

The extent of hydrocarbon accumulation in igneous rocks largely depends on the 

porosity of the rocks. In fact, some volcanic igneous rocks contain economically 

valuable amounts of petroleum (e. g. Chen et al., 1999; Luo et al, 1999). Plutonic rocks, 

however, are not considered as appropriate reservoir rocks. 
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3.3 The discrimination of hydrocarbon sources or generation 

mechanisms 

The discrimination of abiogenic versus biogenic sources of CH4 in the terrestrial 

subsurface is still controversial (Gold, 1979, Kenney et al., 2002, Sherwood-Lollar et 

al., 2006). 

Carbon isotope ratios of methane have been the most common method used to classify 

natural gases (e. g. Galimov, 1973; Whiticar, 1996). In conjunction with hydrogen 

isotope ratios of methane (Fig. 3.7) these data can characterise different sources 

(Schoell, 1988; Whiticar, 1999). The higher hydrocarbons provide additional 

information that can be used to detect multiple sources, mixtures or alteration effects. A 

carbon isotopic trend where isotopic 13C ratios become increasingly depleted with 

increasing molecular weight for methane-ethane-propane-butane is indicative of an 

abiogenic gas source. In contrast, an isotopic enrichment with decreasing molecular 

weight indicates a biogenic gas origin (Fig. 3.8). However, the "carbon isotopic reversal 

trend" alone is not sufficient to support an abiogenic origin (Horita and Berndt, 1999). 

An inverse correlation between 13C depletion and 2H enrichment between CH4 and 

ethane has found to be indicative of crustal abiogenic origin through water-rock 

interactions (Fig. 3.9; Sherwood-Lollar et al., 1993b, 2002,2006; Lippmann et al., 

2003). Based on a hypothesis of Des Marais et al. (1981), this pattern is thought to be 

caused by the synthesis of higher hydrocarbons from CH4 during polymerisation. Here, 

12CH4 reacts faster than 13CH4 to form chains so that 12C is likely to be incorporated in 

larger chains, whereas 1H will be preferentially eliminated during polymerisation due to 

the weaker 12C-1H bond in contrast to 12C-2H bond (Sherwood-Lollar et al., 2002). In 

contrast, the isotopic pattern of biogenic gas produced by thermal cracking of high 
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molecular weight organic precursors is marked by increasing 13C and 2H isotopes with 

increasing molecular weight from C1 to C4 chains (Schoell, 1988). 

A criterion used to confirm that gases are the product of abiogenic formation by 

Fischer-Tropsch reaction (e. g. Potter and Konnerup-Madsen, 2003) is the Anderson- 

Schulz-Flory (ASF) distribution. In the ASF model, the formation of hydrocarbon 

chains is assumed as a stepwise polymerisation procedure, and the chain growth 

probability to be independent of carbon number. The methodology is a thermodynamic 

approach where a constant probability of chain growth follows an exponential function 

(Vessia, 2005; Fig. 3.10). However, significant deviations from the ideal ASF 

distribution have been observed in many studies (Jun, 2004). This is due to the 

dependency of chain growth probability from pressure, temperature, initial gas 

composition and catalyst type (Pichler et al., 1967; Vessia, 2005). 

Mantle derived abiogenic fluids are typically identified based on a 613C value for CH4 

more enriched than -25 %c. A further common test used to measure the contribution of 

fluids of mantle origin employs the isotopic ratio of helium nuclei, 3He/4He, where a 

ratio indicative of mantle derived helium is R/Ra > 0.1 (Jenden et al., 1993). 
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Figure 3.7. Simplified diagram showing the combination of carbon and 
hydrogen isotope ratios of methane, relative to PDB and VSMOW 
respectively, to characterise various sources (after Whiticar, 1996). 
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Figure 3.8: A simplified plot showing the distribution of b13C values with 
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Potter and Konnerup-Madsen, 2003). 
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3.4 Summary 

Hydrocarbons in igneous rocks can be abiogenic or biogenic in origin. 

Three models exist for their abiogenic origin: 

- Direct mantle origin; 

- Respeciation from a magmatic C-O-H fluid; 

- Generation at low P-T via fluid rock interaction such as Fischer-Tropsch reaction. 

Biogenic hydrocarbon can only be incorporated into an igneous rock body by secondary 

mechanisms: 

- Assimilation of organic-rich material during emplacement; 

- Migration from an organic-rich host rock. 

The identification of the hydrocarbon source is difficult. The main tool to classify fluid 

sources and generation mechanisms is the combination of carbon and hydrogen isotope 

ratios. In addition, the general geochemistry of the fluids, textural observations and 

geological settings can be applied to narrow the interpretation. However, despite 

modern analytical techniques, there often remain ambiguities as to which mechanisms 

lead to hydrocarbon accumulation in igneous rocks. This is especially due to the fact 

that the discrimination of abiogenic as opposed to biogenic sources of hydrocarbons is 

still not robust. The combination of different generation mechanisms or mixing of fluids 

of different origin is often probable and will cause an imprecise isotopic and chemical 

signature in terms of fluid origin or generation mechanism. 
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4 Geology and petrology of the Khibiny intrusion 

and surrounding areas 

4.1 Location of the Khibiny pluton and a brief historical review of 

its discovery 

The Khibiny Mountains are located in the centre of the Kola Peninsula. They are over 

1000 m high and surrounded by hilly plains and the lakes Imandra and Umbozero. The 

highest peaks of up to 1200 m are found in the western area of the massif. Khibiny's 

vegetation consists of thick pine, fir and birch woods in the foothills. This changes 

uphill into forest tundra and tundra and, on the flat Khibiny tops, into arctic stone desert. 

Due to its location above the Arctic Circle, there is 24 hours day light during the short 

summer period between late June and September, whereas from mid-December till early 

January the sun does not rise. 

The first expedition to the remote area of the Khibiny tundra was conducted in 1887 by 

the Finish geologist W. Ramsey. He discovered and exploited the mineral resources of 

the Khibiny Mountains together with V. Hackman and A. Petrelius. In 1916 the first 

railway line was driven into Khibiny and A. E. Fersman started to assess the economical 

potential of the area. Apatite, the raw material in the production of phosphate fertilizer 

and explosives, was discovered in 1921 and has been mined since 1926. With the 

establishment of the "Apatit Trust" in 1929 the largely uninhabited land began to attract 

settlements and towns. The town of Kirovsk, south of Khibiny, became the centre of the 

new mining industry. In the 1960s the population was increased to 40,000 and 

settlements and villages developed. The group of villages was called "New Town" until 

it was united in 1966 and named Apatity. Meanwhile the mining industry was 
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expanding as the apatite deposit turned out to be the largest in the world. Maximum ore 

extraction was reached in 1985 with 54 million tons (Kamenev, 1987). On average the 

ore contains 16 % P205. Today, six mines are working; all located in the south of the 

Khibiny pluton, along the mountain ranges of Kukisvumchorr, Yuksporr, and 

Rasvumchorr where an apatite ore lens of 3 km length and 0.2 km width occurs. 

Besides the economically valuable mines and metallurgic plants, scientific centres have 

been developed. In 1932 the station "Tietta" (saami for science) was built as a base for 

multiple expeditions to the Khibiny Mountains. An Alpine Botanical Garden was also 

established. In 1951, the Geological Research Institute was opened in Apatity. Different 

scientific disciplines, covering environmental and economical problems in the Arctic 

and Subarctic, are still concentrated here. Researchers have discovered more than 350 

mineral types in the Khibiny complex. The most renowned are, apart from apatite, 

titanite, eudialyte and astrophyllite. 

4.2 Geology of the Khibiny pluton 

Intracontinental magmatism in the north-eastern Fennoscandian Shield occurred at the 

end of the Devonian between 380 - 360 Ma (Kramm et al., 1993). Along with minor 

carbonatite intrusions, dyke swarms, pipes and extrusives, 24 alkaline intrusions were 

emplaced into the Precambrian basement (Dudkin and Mitrofanov, 1994). Amongst 

them are the giant agpaitic centres of Khibiny and Lovozero (Fig. 4.1). Their location, 

near a triple junction, suggests that these plutons formed during the initial stage of 

continental rifting that did not go to completion. Other intrusions are also controlled by 

fault zones, such as the Kovdor, Afrikanda, Kurga, Kontozero and Ivanovka intrusions 

(Arzamastsev et al., 2000). All belong to the so-called Kola-Alkaline-Province that 

covers an area of about 100,000 km2 (Kramm and Kogarko, 1994). 
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Figure 4.1: A simplified geological map of the Kola Peninsula based on Sheglov et al. 
(1993). 
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The Khibiny massif is located in the central part of the Kola Peninsula between 

67'35'N/33'15T and 67°55'N/34°20TE. It covers an area of 1327 km2 and is one of the 

world's largest alkaline intrusions. According to geophysical data and drilling 

(Arzamastsev et al., 2000), the outer contacts of the massif are subvertical to a depth of 

3 km. At deeper levels the western and southern contacts plunge inward at an angle of 

50-60°. The eastern contact dips outwards at an angle of 80° indicating a possible link 

with the Lovozero complex. The pluton is horseshoe-shaped, opening to the east. It has 

the form of a layered intrusion, composed of eight main rock formations that succeed 

each other from the periphery to the centre in the eastern part of the intrusion. 

According to several authors (e. g. Galakhov, 1975; Kogarko, 1995; Arzamastesev et at., 

2000; Korobeinikov et al., 2000) the ring-shaped layering of different rock types in the 

Khibiny complex is due to emplacement in successive phases (Fig. 4.2). The first 

intrusions are alkaline and nepheline trachytes and porphyries of about 0.3 km 

thickness. These are followed by phase 2 and 3 intrusions of massive and trachytic 

khibinites of about 5.5 km thickness. During phase 4, a2-3 km thick rischorrite body 

was emplaced. It consists of ring-like intrusive bodies with poikilitic textures. In phase 

5 melteigites, ijolites and urtites were emplaced. This phase also includes the apatite ore 

deposits which are considered to be the result of either crystal fractionation (Kogarko 

and Romanchev, 1982; Khapayev and Kogarko, 1987) or convective accumulation 

(Frenkel and Khapayev, 1990). 

Phases 6 and 7 comprise the heterogeneous emplacement of nepheline syenites and 

foyaites before, during phase 8, carbonatite emplacement ended the magmatic layered 

sequence. Many radial dykes of tinguaite, alkaline trachyte, monchiquite and 

damkjernite crosscut the ring-like structure and are considered to have been emplaced 

before the carbonatite stock. Recently, alkaline syenites (pulaskites) have been 

described within the foyaites (Korobeinikov et al., 2000). 
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phase rocks rock-forming minerals accessories 

alkaline and nepheline 
1 trachytes and nepheline nepheline, K-fsp, aegirine-augite titanite, apatite, biotite 

porphyries 

2 massive khibinite microcline, nepheline, aegirine, eudialyte, titanite, 
arfvedsonite lamprophyllite 

3 trachytic khibinite microcline, nepheline, aegirine, eudialyte, titanite, 
arfvedsonite lamprophyllite 

microcline, orthoclase, eudialyte, titanite, 
4 rischorrite nepheline, aegirine, aegirine- astrophyllite, 

augite, arfvedsonite, biotite lamprophyllite, apatite 

5 melteigite, ijolite and urtite nepheline, aegirine-augite 
apatite, titanite, 
titanomagnetite 

6 aegirine-nephe line syenite 
microcline, nepheline, aegirine- eucolite, titanite, 

augite, arfvedsonite, biotite astrophyllite 

7 foyaite microcline, nepheline, aegirine- eucolite, titanite, 
augite, arfvedsonite, biotite astrophyllite 

8 carbonatites calcite, aegirine, biotite apatite 

Figure 4.2: Map shows the different sequences of intrusive stages of the Khibiny pluton 
according to Kogarko (1995). 
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Generally, the genesis of agpaitic rocks is explained by prolonged fractional 

crystallisation of alkali basaltic or nephelinitic mantle-derived magmas (Larsen and 

Sorensen, 1987; Kramm and Kogarko, 1994). Experimental results have demonstrated, 

that agpaitic rocks have an unusually long crystallisation interval, down to <400°C 

(Marks and Markl, 2003). The long crystallisation time is mainly explained by retention 

of volatiles and alkali metals in the melt. Therefore a continuous transition from 

peralkaline, volatile-rich silicate melts to hydrothermal Na-oversaturated solutions is 

predicted (Sorensen, 1997). 

Kramm and Kogarko (1994) concluded, based on Nd-Sr isotope data, that the magma 

source was a mixture of two end-members: a depleted upper mantle and an enriched 

source which is equal to Bulk Earth composition. Crustal material is assumed not to be 

involved in the genesis of the alkaline magmas of the Khibiny pluton. 

The Khibiny and Lovozero pluton are separated by a5 km wide zone of Precambrian 

rocks. They both consist predominantly of agpaitic nepheline syenite and have often 

been considered to have the same magma source. However, the massifs differ notably in 

their internal structure. Rock units in the Lovozero complex have subhorizontal dips, 

show traces of layering and a shallow intrusive contact against the host rock. The 

Khibiny massif is a concentrically zoned poly-phase intrusion with steeply dipping 

contacts with the host rocks. Shablinsky (1963) assumed that the Lovozero sheet-like 

intrusion was underlain by a concentrically zoned intrusion similar to the Khibiny 

massif. However, Arzamastsev et al. (2000) stated that no common magma conduits 

within the uppermost crustal levels have been found during geophysical investigations 

and three-dimensional modelling. Therefore the link between the two complexes is still 

unproven. 
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4.2.1 Geology of the surrounding host rocks 

It is possible that the hydrocarbons in the Khibiny pluton might have been derived from 

the surrounding host rocks and thus have a biogenic origin. Organic material could have 

been incorporated into the pluton either via convective fluid flow during emplacement 

or during subsequent percolation of meteoric waters and/or host rock related fluids 

along fracture systems. Due to the conical shape of the Khibiny pluton (Arzamastsev et 

al., 2000) it is possible that organic-rich cold fluids have flowed upwards from the 

underlying host rocks into the fractured and marginal sequences of the Khibiny pluton. 

The primary structures that could have served as pathways for a fluid flux into the 

pluton are joints, formed due to internal stresses related to cooling and crystallisation of 

the magma (Petford, 2003). Secondary fractures caused by weathering and tectonic 

events could also have acted as fluid pathways. 

The host rocks into which the Khibiny Complex was emplaced are Archaean granite 

gneisses and Proterozoic volcanic-sedimentary rocks (Sorensen, 1970; Kogarko et al., 

1995). In the north and south-east the pluton is intrusive into Archaean gneisses and in 

the south and west into the Early Proterozoic Imandra-Varzuga greenstone belt. The 

greenstone belt is comprised of an alternating sequence of sedimentary and extrusive 

volcanic rocks represented by mafic and silicic schists, quartzites, carbonaceous and 

graphitic schists and metamorphosed limestone and dolomites. Petersilie (1962) 

described bitumens and low methane contents from some of the schists in the 

greenstone belt. It is thus likely that the carbonate and graphitic schists contained 

primary organic material some of which could have been incorporated into the pluton 

either during convective fluid-flow during emplacement or during subsequent 

percolation of meteoric waters along fracture systems. The origin of hydrocarbons 

could, therefore, be explained by involvement of organic matter from the sedimentary 

rocks. KINGSTON UNIVERSITY LIBRARY 
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That the Imandra-Varzuga greenstone belt is likely to have held biogenic carbon in its 

sedimentary successions is also indicated by the presence of mature organic material in 

rocks of the same age from the nearby Lake Onega area (Karelia, NW Russia). Dated at 

2 Ga, this constitutes one of the most remarkable accumulations of organic carbon from 

the Palaeoproterozoic. The material occurs in the form of shungite, which is a black, 

non-crystalline, semi-metallic material that contains >98 % carbon (Melezhik et al., 

2004). It has been deposited in a 1000 m thick sedimentary volcanic succession. The 

total carbon reserve is estimated to exceed 25 x 1010 t and is assumed to have been 

accumulated within a volcanic continental rift setting, developed on the rifted eastern 

margin of the Archaean Baltic shield. That no shungite has been found from the 

Khibiny area might be due to erosion of a less voluminous sequence. 

4.2.2 Rock definitions 

The Khibiny pluton is for the most part an ultrabasic agpaitic intrusion. The term 

ultrabasic indicates that the rocks are silica undersaturated and contain less than 45 % 

Si02. The agpaicity of the rocks is defined by the molecular ratio 

(Na20+K20)/A1203 < 1. 

In general, the Khibiny massif consists of a variety of nepheline syenites (khibinite, 

rischorrite, lujavrite and foyaite), foidolites (ijolite and urtite) and minor alkali syenite 

(pulaskite) plus a small carbonatite stock. The unusual names of the rocks are mostly 

historical and relate to arbitrary textural criteria and moderate chemical variations. The 

rock definitions are based on the recommendation of the IUGS (International Union of 

Geological Science) subcommision on the systematic of igneous rocks by Le Maitre 

(2002) and are given in Table 4.1. 
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Nepheline syenites (QAPF 11) 

Khibinite eudialyte bearing nepheline syenite with aegirine, alkali amphibole, accessories containing Ti 
and Zr 

Rischorrite variety of biotite bearing nepheline syenite in which the nepheline crystals are poihlitically 
enclosed in microcline perthite, aegirine-augite, apatite, opaques often abundant. 

melanocratic agpaitic variety of nepheline syenite rich in eudialyte, arfvedsonite, aegirine with 

Lujavrite perthitic alkali feldspar or separate microcline and albite. A pronounced igneous lamination is 
characteristic as is the abundance in minerals rich in incompatible elements such as REE, U, 

Th Li. 

Foyaite hypersolvus nepheline syenite, with trachytic texture caused by platy alkali feldspar crystals. 

Foidolites (QAPF 15) 

Ijolite plutonic rock consisting of py7oxene with 30-70% nepheline. 

Unite plutonic rock consisting of >70% nepheline with some aegirine-augite, no feldspar, modally as 
a leucocratic variety of foidite. 

Alkali syenite (QAPF 7) 

Pulaskite variety of nepheline bearing alkali feldspar containing alkali feldspar and varying amounts of 
sodic pyroxene, amphibole, fayalite, biotite and minor nepheline 

Carbonatite 

Carbonatite collective term for an igneous rock in which the modal amount of primary carbonate minerals 
>50% is 

Q 

fold bearing 
alkali feldspar sye 
pulaskite 

fold syenite 
khibinite 
rischorrite 
foyaite 
lujavrite 

foidolite 

urtite 
ijolite 

F 

P 

Table 4.1: The definition of rock types found in the Khibiny pluton based on the 

recommendations of the IUGS (International Union of Geological Science) 

subcommision on the systematic of igneous rocks by Le Maitre (2002). 
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4.2.3 Fieldwork and hand-specimen description 

Fieldwork and sampling in different rock sequences of the Khibiny Mountains was 

carried out in summer 2003 (Fig. 4.3; Appendix A4.1) with the aim of investigating 

fluid inclusion characteristics in diverse areas of the complex in order to ascertain the 

spatial distribution of methane and possible interacting parameters. The sampling was 

focused around a fault zone to examine if microcracks and fluid inclusion planes, as the 

main carrier of free and occluded gas, are related to tectonic structures. Most samples 

were taken along traverses as oriented surface samples. The distance between sampling 

locations along a traverse varied between 50 m and 700 m, depending on outcrop 

abundance and the length of traverses. 

Massive khibinite (traverse Ll ) 

In the easternmost part of the Khibiny pluton, a traverse within massive khibinite was 

sampled. The traverse followed a mountain ridge and was cut by a valley where, 

according to published maps (e. g. Kogarko, 1995), the fault lies. The sampling was 

performed at altitudes between the mountain top and the zone where eroded gravel 

material has been deposited (Fig. 4.4). Eight samples were obtained along the 5 km long 

traverse. Khibinite is massive and mostly coarse to very coarse grained. Nepheline and 

alkali feldspar crystals are up to 3 cm in size and randomly distributed. Nepheline often 

appears as a euhedral mineral phase and feldspar weathering largely causes formation of 

typical nepheline gravel. Interstitial pyroxene and titanite have been identified. No 

eudialyte was recognized in hand-specimen. 
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6 

massive khibinite urtite, ijolite 
trachytoid khibinite massive foyaite 

Nis rischorrite trachytoid foyaite 

porphyritic nepheline syenite alkaline syenite 
lujavrite carbonatite 
apatite-nepheline ore 0 sampling traverses 

and locations 

Figure 4.3: A geological map of Khibiny based on Kogarko (1995) and Korobeinikov et 
al. (2000). Also shown are major faults and sample locations and traverses along which 
samples were collected. 
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Rischorrite (traverse L2) 

Along the traverse within rischorrite similar morphological features were observed to 

those in the massive khibinite. Sampling of 16 hand-specimens was performed along a 

mountain ridge (Fig. 4.5), depending on the outcrop situation, either between the top of 

the ridge and gravel zone or directly on top of the ridge. The rocks are medium- to 

coarse-grained and contain, based on hand-specimen observations, the same 

components as the khibinite. The main minerals are nepheline and alkali feldspar. 

Pyroxenes and titanites occur in interstices. Eudialyte occur as aggregates in centimetre- 

sized zones. Locally, foliated rock varieties were observed. Several tinguaite dykes (Fig. 

4.6) were found, particularly south of the fault zone. They all have the same strike and 

dip of 050/85S, radial relative to the ring-shaped pluton. Tinguaites are the equivalents 

of phonolites and are very common in the Khibiny pluton. They are usually massive, 

fine-grained and of greenish-grey colour. 

Trachytoidfoyaite (traverse L3) 

The overall texture of these rocks is similar to that described above. However, they are 

lighter in colour and nepheline is not as common as in the khibinites (Fig. 4.7). 

Pyroxene, titanite and biotite are the main mafic components. In the southern part of the 

traverse pegmatoid structures and coarsely orientated mineral assemblages were 

observed. In the northern part of the traverse some small felsic veins and a tinguaite 

dyke of about 5m width with a marginal pegmatoid zone were observed. 

Altogether 21 samples were obtained from this rock unit and seven representative 

samples used for this study. 
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Figure 4.4: Field photo of a mountain ridge in massive khibinite (traverse 
L 1). Sampling was performed in the upper part where the outcrop situation 
was best. 

Figure 4.5: Field photo of a mountain ridge in rischorrite with typical 
notches. The lower part of the ridge is covered with gravel. Sampling was 
performed on top of, or along, the upper part of the flanks (traverse L2). 



Figure 4.7: Field photo of the foyaite formation (traverse L3) near Lake 
Akademitcheskiy. 
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Figure 4.6: Field photo of tinguaite dyke with greenish colour on the top of the rischorrite mountain ridge (traverse L2). The dyke is massive, about 50 
cm wide and strikes E-W. 



Massive foyaite (traverse L4) 

Within this rock unit sampling of only five hand-specimens was possible. They are all 

from north of the fault zone where few irregular outcrops were found. The samples 

comprise a very coarse grained mineral assemblage of nepheline, alkali feldspar and 

pyroxene. Titanite, eudialyte and astrophyllite were identified as accessory minerals. 

Some outcrops exhibited an irregular mineral pattern and others a weak subhorizontal 

mineral foliation. 

Alkaline syenite (traverse L5) 

Outcrops of this rock unit were only found along a small gorge. Five relatively fresh 

samples were obtained from this location. Alkali feldspar was the overall dominant 

mineral and appeared as up to 2 cm large euhedral crystals in irregular patterns. Minor 

minerals, found in hand-specimens, are pyroxene and amphibole. Nepheline is rare. 

Lujavrite (location L6) 

Eight samples of lujavrite were collected from the southern area of the Khibiny pluton. 

The rocks appear massive and relatively light coloured. They contain occasional lens- 

shaped dark coloured xenolithic inclusions of unknown origin (Fig. 4.8). A7m wide 

shear zone, striking and dipping 040/80E, with sub parallel aligned aggregates of 

golden-brown astrophyllite and orientated mineral pattern, was observed. 

Ijolite (location L7) 

In the Yurkpach open pit (Fig. 4.9) 14 samples were obtained from the upper level of 

the mine. The rocks are massive and dark coloured. The dominant mineral species are 

nepheline and pyroxene with a ratio of about 1: 1. Nepheline is medium- to coarse- 

grained, approximately equigranular and subhedral with diameters of up to 0.5 cm. The 

pyroxenes surround the nephelines and are approximately 0.2 cm in size. 
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Figure 4.8: Field photo of lujavrite (location L6) containig a xenolith lens 
of unknown origin (pers. comm. A. Spaschenka) 

Figure. 4.9: Field photo of the Yurkpach open pit (location L7). Sampling 
was performed in the ijolite rock sequences in the upper part of the mine. 



Apatite nepheline ore (location L8) 

More than 30 samples of apatite nepheline ore and urtite were obtained in the Yuksporr 

underground mine (Fig. 4.10). The apatite ore appears in banded, lensed and blocky 

varieties (Fig. 4.11). Large brecciated zones (Balaganskaya and Pripachkin, 1994) were 

observed and sampled. The apatite minerals have a distinct light grey-greenish colour. 

They have grain sizes from fine-crystalline to large 0.5 cm crystals. The apatite layers 

are intertwined or alternate with darker nepheline minerals of similar grain size. Titanite 

is an abundant accessory phase. The apatite nepheline ore body is located within unite, 

a massive, dark coloured rock. It contains euhedral 0.5 cm sized nepheline crystals set 

in a fine-crystalline pyroxene-rich matrix. Unite is similar to ijolite in appearance but 

nepheline is the dominant mineral phase. 

Samples from the underground mine are largely omitted in this study. Previous fluid 

inclusion studies concentrated mostly on these rock units as they contain large amounts 

of fluid inclusions and the rocks are easy to access. The aim of this study, however, is to 

assess the fluid inclusion distribution and characteristics throughout the Khibiny pluton. 

Therefore, the well studied and restricted apatite deposits are excluded here. 
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Figure 4.11: Field photo of typical appearance of apatite-nepheline-ore 
mined in the Yuksporr mine. (a) blocky structure, (b) lens shaped structure 
and (c) banded ore. 

Figure 4.10: Field photo of the Yuksporr underground mine (location 1-8). 



4.3 Petrology and mineralogy of the samples used in this study 

This section focuses on the occurrence, textural relationship and composition of the 

minerals in the different rock types of the Khibiny pluton. A summary of modal 

composition (based on hand-specimen data) together with the observed minerals is 

listed in Table 4.2. Typical mineral occurrences and mineral assemblages are shown in 

photomicrographs (Fig. 4.12). Representative mineral compositions, obtained by 

microprobe analysis and laser Raman spectroscopy, are listed in Appendices A4.2 and 

A4.3. 

4.3.1 Methods 

Polished thin sections (30 µm) were prepared for petrographical investigation and 

microprobe analysis. Double polished thick sections (100 V m), which were primarily 

prepared for fluid inclusion studies, were additionally used to perform qualitative laser 

Raman analyses of the main minerals. 

Microscopy 

A conventional petrographic microscope was used to investigate the main minerals and 

their textual relationships. Magnifications of up to xlOO were employed to obtain 

important textural data. 

Microprobe Analysis 

Major-element mineral compositions were determined using an Oxford Instruments 

ISIS Energy Dispersive System (EDS) mounted on a JEOL 630 scanning electron 

microprobe (SEM) at Kingston University, and a Cameca SX50 Wavelength 
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Kh-03-1 80 15 5 x x x x x 
Kh-03-2 30 50 20 x 
Kh-03-3 40 40 20 x x x x x 
Kh-03-4 50 40 10 x x x x 
Kh-03-5 30 50 20 x x x x x x x 
Kh-03-6 60 20 20 x x x x x x x 
Kh-03-7 20 70 10 x x x x x 
Kh-03-8 40 40 20 x x x x x x x x 

Kh-03-9 30 50 20 x x x x x x 
Kh-03-10 45 45 10 x x x x x x x x 
Kh-03-11 45 45 10 x x x x x 
Kh-03-13 30 30 40 x x x x x 
Kh-03-14 30 60 10 x x x x x x x 
Kh-03-42 95 0 5 x x x x 
Kh-03-43 40 30 30 x x x x x 
Kh-03-44 25 25 10 x x x x x x x x x 
Kh-03-45 30 65 5 x x x x x x x x 
Kh-03-46 20 75 5 x x x x x x x 
Kh-03-50 20 75 5 x x x x x x 

Kh-03-35 40 50 10 x x x x x x x 
Kh-03-36 30 65 5 x x x x x x x 

"ý Kh-03-37 30 60 10 x x x x x x x x x 
° Kh-03-38a 25 60 15 x x x x x x x 

Kh-03-38b 10 70 20 x x x x x 
Kh-03-38c 20 65 15 x x x 

- - 
x x x 

Kh-03-39 40 50 10 x x x x x 
f' Kh-03-40 20 75 5 x x x x x 

Kh-03-41 45 50 5 x x x x x x 

Kh-03-51 25 60 15 x x x 
Kh-03-52 10 70 20 x x x x 

"ý Kh-03-53 15 70 15 x x x x x 
8° Kh-03-54 30 60 10 x x x x x x x x 

Kh-03-55 20 70 10 
1 ± i 

. =I 

Table 4.2: Estimates of modal composition and the observed minerals of rocks studied 
during the research. Modal macroscopic estimates are based on hand specimen 
observations and confirmed by optical microscopy. Minor phases have been identified 

using optical microscopy. 
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Kh-03-57 10 80 10 x x x 
Kh-03-58 10 85 5 x 
Kh-03-59 5 80 15 x 
Kh-03-60 5 90 5 x x x x x 

Kh-03-17 40 30 30 x x x 
Kh-03-18 50 30 20 x x x 
Kh-03-19 50 20 30 x x x 
Kh-03-20 40 40 20 x 

R 

x x 
Kh-03-21 40 40 20 x XI X 
Kh-03-22 40 40 20 x x 

Kh-03-61 45 5 50 x x x x x x x 
Kh-03-62 40 10 50 x x x x x x x x 
Kh-03-63 30 20 50 x x x x x x x x 
Kh-03-64 35 15 50 x x x x x x x x 
Kh-03-65 40 0 60 x x x x x x 
Kh-03-66 60 40 x x x x x x x 
Kh-03-74 60 20 20 x x x x x x 

Table 4.2 continued: Estimates of modal composition and the observed minerals of rocks 
studied during the research. Modal macroscopic estimates are based on hand specimen 
observations and confirmed by optical microscopy. Minor phases have been identified 

using optical microscopy. 
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Dispersive microprobe at the Natural History Museum, London. EDS microanalysis was 

carried out with an accelerating voltage of 15 keV. Calibrations were performed 

regularly through use of a Cobalt standard and internal standard material. 

Laser Raman Spectroscopy 

The main minerals have also been confirmed by laser Raman spectroscopy. This is an 

easy to apply method for several minerals if only qualitative data are required. It is also 

sensible in conjunction with fluid inclusion analysis to obtain the necessary information 

on host minerals and their background signal. 

4.3.2 Petrographic description 

Khibinite 

These felsic rocks are holocrystalline, coarse grained and have equigranular textures. 

Their modal composition comprises various proportions of nepheline and alkali feldspar 

and 5- 20 % mafic minerals. 

The majority of nepheline crystals have euhedral to subhedral shape and are up to 2 cm 

in size. Nepheline appears either in large separate clusters (Fig. 4.12a), or intergrown 

with alkali feldspar. Euhedral inclusions of nepheline are occasionally present within 

feldspar (Fig. 4.12h). Nepheline frequently contains inclusions (Fig. 4.12g) of 

colourless needles of aegirine or amphibole, astrophyllite in bundles, stubby prism of 

apatite and fluid inclusions. They are from about 1 mm to 1 cm in size. In some 

minerals an alignment of mineral inclusions and fluid inclusions is present. Some 

nepheline crystals show zoning caused by temporary accumulation of larger amounts of 

mineral and fluid inclusions. The majority of fluid inclusions, however, appear in 

microcracks or in separate clusters. Nepheline grain boundaries are often filled with 

secondary minerals such as cancrinite (Fig. 4.12v) and natrolite (Fig. 4.12t and u). 
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Alkali feldspar appears mostly as perthite and microperthite with stringy and lensoid 

shapes (Fig. 4.12d and e). They occur as subhedral, elongated crystal laths, up to 3 cm 

long. Short-prismatic or needle-shaped inclusions of about 10 pm to 1 mm sized 

apatite, pyroxene and amphiboles occur along boundaries between K-rich and Na-rich 

zones together with small (<10 µm) fluid inclusions. A second generation of lamellar, 

non-perthitic feldspar is present in small amounts, mostly along grain boundaries of 

perthite (Fig 4.12f). These are clear and inclusion-free and probably belong to a later 

stage of crystallisation. 

The remaining 5- 10 % of the rock matrix is made up by titanite, aegirine and aegirine- 

augite, arfvedsonite, aenigmatite, biotite and opaque minerals. They occur as distinct 

clusters of phenocrysts within the nepheline-feldspar groundmass and in interstices. 

Titanite and aegirine are also found as euhedral microlith among nepheline and alkali 

feldspars. Pyroxenes commonly show elongated, euhedral, stubby prismatic shapes and 

green colour of aegirine (Fig. 4.12n). Amphiboles typically occur in intergranular 

spaces (Fig. 4.12b) between nepheline crystals. A strongly blue-brown pleochroism is 

indicative of arfvedsonite. Other mafic minerals are subrounded opaque magnetite and 

titano-magnetite, euhedral to subhedral titanite and platy lorenzenite. They often occupy 

intergranular spaces where they develop micro-mineral assemblages. 

Rischorrite 

Rischorrite is a felsic rock with a holocrystalline texture. The samples consist of 

80 - 95 % perthitic alkali feldspar and nepheline. Both minerals occur in about the same 

proportions. The remaining 5- 20 % comprises mafic minerals. The overall appearance 

and the mafic mineral assemblages are similar to that of khibinite. 

Some samples show exceptional features. Sample Kh-03-42 is dominated by nepheline 

with about 95 % and only few mafic minerals are apparent. Cancrinite were found 
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within nepheline or at its margins. Nepheline occurs as centimetre-sized megacrysts. It 

is often altered to sericite (Fig. 4.12c) and frequently cut by cracks and zones along 

where aegirine needles and fluid inclusions are concentrated. Sample Kh-03-44 contains 

about 25 % cancrinite which is present in clusters with an extension of several mm up to 

1 cm in size. The crystals occur in association with either nepheline or opaques. This 

sample also contains very high amounts of methane (c. 100 cm3/kg). This is somewhat 

contradictory with the observation that cancrinite usually contains carbon in its oxidised 

form as C03 and no reports of CH4 trapped in its framework are found in the literature. 

The typical mafic minerals in all rischorrite samples are aegirine, aenigmatite, 

arfvedsonite, titanite and biotite. They mostly occur as assemblages in intergranular 

spaces (Fig. 4.12s). Aenigmatite is often surrounded by a rim of lorenzenite and aegirine 

(Fig. 4.12p). Aegirine is also present as small mm-sized mineral needles throughout 

nepheline and alkali feldspar crystals. 

Trachytoidfoyaite 

This is a holocrystalline rock with a modal content of 10 - 45 % nepheline, 50 - 75 % 

alkali feldspar and 5- 20 % mafic minerals. Nepheline and alkali feldspar are present in 

slightly separated clusters and are not as homogeneously distributed as in rischorrite and 

khibinite. Albite occurs interstitially between perthite laths (Fig. 4.120. 

Nepheline crystals occur in clusters, in intergranular spaces between perthite laths or as 

groups of large subhedral-euhedral minerals. They are rich in fluid inclusions; some of 

which are related to nepheline growth zones. 

The dominant mafic mineral is the green, elongated and often euhedral aegirine. Minor 

biotites with altered margins are present. Together with amphibole, they fill interstices 

between nepheline and alkali feldspar. Agglomerates of subhedral titanite are abundant 
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and eudialyte (Fig. 4.12j), strongly cracked and with irregular margins, occurs in some 

samples. Amphibole occurs both, interstitially and as euhedral phenocrysts (Fig. 4.12o). 

Massive foyaite 

These rocks comprise various proportions of alkali feldspar and nepheline together with 

about 10 % mafic components. They are felsic and have a granitic texture. Sample Kh- 

03-51 contains highly altered nepheline with sericitisation (Fig. 4.12c) along grain 

boundaries and microcracks. Nepheline is also partly altered to cancrinite which appears 

along grain boundaries (Fig. 4.12v). Alkali feldspar generally appears as laths of 

strongly perthitic twins (Fig. 4.12f). The average grain size of the crystals is 0.5 cm but 

the larger ones are up to 1 cm in size. Discrete grains of albite are occasionally present 

along their grain boundaries. This is assumed to be the product of perthite exsolution 

and diffusion of the albite component (Deer et al., 1992). Mafic minerals are titanite, 

pyroxene, amphibole biotite, magnetite and titano-magnetite. Titanite occurs as an 

intergranular phase or embedded in alkali feldspar mostly as euhedral to subhedral 

crystals (Fig. 4.121). Pyroxenes, amphiboles biotite and opaques are mostly present as 

anhedral interstitial filling (Fig. 4.12s). Analcite is present occasionally as separate 

grains up to 3 mm in size. 

Alkaline syenite 

This is a leucocratic, coarse grained rock. Its major minerals are alkali feldspar 

(80 - 90 %) and nepheline (5 -10 %) with average grain sizes of 0.5 cm. Nepheline 

often shows a euhedral shape, whereas feldspar perthites are subhedral to anhedral. 

Both, perthites and nephelines are strongly cracked and contain abundant fluid and 

mineral inclusions. The typical mafic minerals are biotite, pyroxene, amphibole and 

titanite which often occur as assemblage in separate clusters (Fig. 4.12s) or as euhedral 
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phenocrysts (Fig. 4.121). Biotite is the dominant mafic mineral and forms crystals of up 

to 0.5 cm in size. 

Lujavrite 

The lujavrites are greyish, medium to coarse grained felsic rocks. They are composed of 

40 - 50 % subhedral nepheline and about 30 % alkali feldspar, both with an average size 

of 0.5 cm. Nepheline is distinctly euhedral or subhedral and mostly smaller than the 

feldspar. It is clear and free of inclusions. The alkali feldspars occur typically as 

perthites that occupy patchy areas and are penetrated by small mm-sized mafic crystals. 

The majority of the mafic minerals are euhedral, prismatic to acicular aegirine, fibrous 

golden-brown astrophyllite and platy biotites. They are up to 1 cm in size and occur as 

isolated grains or aggregates (Fig. 4.12i and 4.12x). Arfvedsonite is present as anhedral 

plates with inclusions of euhedral aegirine. Albite occurs both interstitially and along 

grain boundaries of alkali feldspar and has irregular crystal shapes. Other accessory 

minerals are analcite, natrolite and cancrinite. Analcites occur as rounded crystals 

mostly next to nepheline. Natrolite and cancrinite fill intergranular spaces and exhibit an 

irregular shape. 

Ijolite 

This is a medium grained rock composed of nepheline and aegirine in approximately 

similar proportions. Alkali feldspar is observed only as an accessory phase. Nepheline is 

euhedral to subhedral and occurs as distinct crystals or separate crystal groups 

surrounded by areas of mafic minerals. It appears to be larger than the mafic minerals 

with grain sizes of about 0.5 cm. Nepheline hosts large amounts of primary fluid 

inclusions and mineral inclusions. The nepheline crystals are penetrated by microcracks 

where also mineral and fluid inclusions accumulated. The pyroxene crystals show the 

dark green colour of aegirine and are often aligned. They have a subhedral shape and 
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are about 0.2 cm in size. Occasionally they reach up to 0.5 cm in size. The pyroxenes 

often occur in association with biotite. Other accessories are titanite, magnetite and 

lorenzenite. The mineral association of opaques, surrounded by titanite, and associated 

with pyroxenes, amphiboles and biotite is also present (Fig. 4.12r). Cancrinite occurs as 

a vein filling (Fig. 4.12w). 

Mineral assemblages and typical mineral occurrence and their relation to fluid 

inclusions 

Previous studies by Salvi and Williams-Jones (1997) and Potter (2000) both indicated a 

likely relationship between the generation of methane-rich fluid inclusions and the 

alteration of mafic minerals. 

Their studies describe the following alteration reactions that might generate 

hydrocarbon gas via a Fischer-Tropsch-type reaction (see also Chapter 3): 

1. hydration of Na/K silicates; 

2. replacement of titano-magnetite and nepheline by magnetite, biotite, aegirine, 

natrolite and pectolite; 

3. replacement of arfvedsonite by aegirine. 

The petrography of the rocks from the Khibiny pluton reported here confirms the 

presence of the minerals and mineral assemblages mentioned above: 

1. Hydrated Na/K silicates are frequent and are likely to be associated with alteration 

processes (Figs. 4.12t-w). 

2. Mineral associations involving aegirine, arfvedsonite, biotite and magnetite and 

titano-magnetite are numerous. In most rock types the following mineral textures 

are observed: 

- magnetite and titano-magnetite surrounded by a corona of titanite 

_a core of magnetite surrounded by aegirine-augite and titanite 
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- the association of titanite, aenigmatite and opaques 

- titano-magnetite minerals with a rim of titanite, itself rimmed by lorenzenite and 

aegirine (Fig. 4.12r) 

- the mineral assemblage of titanite, aenigmatite, aegirine, surrounded by nepheline 

(Fig. 4.13) 

- the mineral assemblage of aegirine, biotite, titanite and aenigmatite surrounded by 

nepheline (Fig. 4.14) 

- aenigmatite with rims of aegirine-augite, lorenzenite and K-feldspar (Fig. 4.15) 

- aegirine-augite intergrown with amphibole 

- large inter-granular areas between nepheline filled with clusters comprising 

groups of biotite, titanite, opaques, arfvedsonite, aegirine augite as relatively 

equigranular intergrowths (Fig. 4.12s) 

3. The mineral association of arfvedsonite and aegirine is frequent. Evidence for 

replacement of arfvedsonite by aegirine, however, was not found. The analysed 

amphiboles often show a zonation (Fig. 4.12m) that indicates a change in the 

chemical composition of the mineral. The composition of the core is calcic-sodic 

and towards the rim it changes to alkaline amphibole (Figs. 4.16 and 4.17). Often 

a small rim of Na-feldspar surrounds the amphibole. This probably indicates that 

the magma composition changed and became more sodium-rich during 

crystallisation. 

The petrographic investigation of mineral assemblages documents either late stage 

alteration or replacement or are the result of changes in magma chemistry during 

cooling. Evidence for simultaneous hydrocarbon generation via a Fischer-Tropsch-type 

reaction, however, was not found. The surrounding cracks might well be the result of 

alteration and expansion of the mafic minerals, but there is no evidence of that the fluid 

inclusions trapped therein are the product of any alteration reaction. The fluid inclusion 
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population is neither exceptionally high nearby altered mineral assemblages nor is their 

composition different to that found elsewhere in the rocks. Mafic minerals and hydrated 

Na/K silicates are mostly fluid inclusion free. Fluid inclusions occur mainly as 

secondary inclusions along microcracks in nepheline. It is therefore likely that fluid 

inclusions, even if in close proximity to altered minerals, are the result of fluid 

migration and secondary entrapment, as is common everywhere in the complex. 
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Figure 4.12: Photomicrographs (xpl) of the main minerals and mineral 
assemblages in Khibiny. (a) Kh-03-11 (rischorrite), typical assemblage of 
nepheline (ne) in clusters. (b) Kh-03-9 (rischorrite), euhedral nepheline with 
mainly amphibole (amph) as interstitial filling. (c) Kh-03-38 (trachytoid foyaite), 
altered nepheline. (d) Kh-03-5 (khibinite), stringy perthite of alkali feldspar (alk fs). 
(e) Kh-03-3 (khibinite), alkali feldspar as typical replacement perthite (Deer et al., 
1992). (f) Kh-03-38 (trachytoid foyaite), twinned alkali feldspar (perthite) with 
small albite (ab) minerals along the grain boundary. (g) Kh-03-8 (khibinite), 
mineral inclusions in nepheline. (h) Kh-03-10 (rischorrite) nepheline inclusions in 
perthite. 
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Figure 4.12 continued: (i) Kh-03-20 (lujavrite), large euhedral biotite (bt) 
minerals next to nepheline (centre) and surrounded by albite. (j) Kh-03-39 
(trachytoid foyaite), slightly altered eudialyte (eud). (k) Kh-03-1 (khibinite), 
lorenzerite (lor). (1) Kh-03-56 (alkaline syenite), euhedral titanite (tit) surrounded 
by alkali feldspar. (m) Kh-3, apatite (ap) mineralisation (right) and altered 
nepheline (left). (n) Kh-03-2 (khibinite), accumulation of aegirine (aeg) needles in 
nepheline. (o) Kh-03-40 (trachytoid foyaite), zoned euhedral amphibole in patchy 
perthite. (p) Kh-03-10 (rischorrite), aenigmatite (aenig) surrounded by a rim of 
lorenzerite and aegirine needles. 
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Figure 4.12 continued: (q) Kh-03-10 (rischorrite), titano-magnetite (tit-mag) 
surrounded by titanite, lorenzenite and aegirine needles. (r) Kh-03-62 (ijolite), 
magnetite (mag) rimmed by titanite, aegirine and biotite. (s) Kh-03-53 (massive 
foyaite), typical mineral assemblage of magnetite, amphibole, aegirine, and 
titanite. (t) Kh-03-1 (khibinite), zeolite (zeo) along nepheline grain boundaries. 
(u) Kh-03-6 (khibinite), zeolite accumulation next to amphibole. (v) Kh-03-52 
(massive foyaite), cancrinite (canc) along nepheline rims. (w) Kh-03-74 (ijolite), 
cancrinite vein filling. (x) Kh-03-17 (lujavrite) biotite, aegirine and astrophyllite 
(astr) needles in a matrix of nepheline. 
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Kh-03-2 titanite aenigmatite aegirine nepheline K-feldspar 

Si02 30.06 40.67 51.70 47.24 63.70 
TiO, 39.69 9.91 1.32 0.02 0.00 
AI, 03 0.13 0.47 1.10 33.06 18.70 

Fe, 03 0.35 3.20 26.70 0.00 0.24 
FeO 0.00 33.66 3.42 1.35 0.00 
MnO 0.08 3.53 0.36 0.02 0.00 
m g0 0.00 1.17 0.63 0.02 0.00 
CaO 25.24 0.29 2.67 0.06 0.00 
Na20 1.54 7.49 12.28 16.27 1.24 
K, 0 0.00 0.00 0.01 2.00 15.50 

TOTAL 97.08 100.39 100.18 100.04 99.38 

Si 0.671 5.813 2.106 4.413 2.963 
Ti 0.999 1.065 0.061 0.002 0.000 
Al 0.003 0.079 0.053 3.640 1.025 

Fe3* 0.006 0.000 0.818 0.000 0.008 

Fee- 0.000 4.366 0.116 0.105 0.000 
Mn 0.001 0.427 0.012 0.002 0.000 
Mg 0.000 0.249 0.038 0.003 0.000 
Ca 0.603 0.045 0.117 0.006 0.000 
Na 0.067 2.075 0.970 2.946 0.112 
K 0.000 0.000 0.001 0.238 0.919 

TOTAL 2.351 14.120 4.291 11.355 5.028 
0 4.000 20.000 6.000 16.000 8.000 
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Figure 4.13: SEM analyses, BSE (backscattered 
electron) image and photomicrograph of titanite, 
aenigmatite, aegirine, surrounded by nepheline and K- 
feldspar in sample Kh-03-2. 
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Kh-03-58 nepheline aegirine biotite aenigmatite titanite 

SiOZ 44.24 51.79 34.91 39.38 29.85 
TiO, 0.02 0.63 3.52 9.72 34.82 
A1,03 31.87 1.14 9.87 1.27 0.50 
Fe203 0.00 22.39 9.20 0.00 2.19 
FeO 0.70 5.21 20.20 37,70 0.00 
MnO 0.00 0.87 2.31 3.42 0.13 
m g0 0.00 1.59 5.44 0.99 0.03 
CaO 0.01 6.78 0.04 0.23 25.66 
Na, 0 16.60 9.81 9.03 0.00 0.71 
K20 6.13 0.01 0.31 7.59 0.00 
BaO 0.00 0.03 0.00 0.00 0.27 

TOTAL 99.57 100.26 94.82 100.28 96.37 

Si 4.278 2.096 5.672 5.766 0.703 
Ti 0.002 0.029 0.430 1.070 0.926 
Al 3.632 0.054 1.891 0.219 0.014 

Fe3+ 0.000 0.682 0.000 0.000 0.039 

Fe2+ 0.056 0.176 3.864 4.617 0.000 
Mn 0.000 0.030 0.317 0.424 0.003 
M P, 1 0.000 0.096 1.317 0.215 0.001 
Ca 0.001 0.294 0.006 0.036 0.648 
Na 3.112 0.770 2.844 0.001 0.032 
K 0.756 0.001 0.065 1.417 0.000 
Ba 0.000 0.001 0.000 0.000 0.005 

TOTAL 11.839 4.241 16.407 13.764 2.395 
0 16.000 6.000 22.000 20.000 4.000 
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Fig. 4.14: SEM analyses and photomicrograph 
of a typical mineral assemblage in alkaline 
syenite (Kh-03-58). The assemblage comprises 
aegirine, biotite, aenigmatite and titanite 
surrounded by nepheline. 
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Kh-03-9 aenigmatite aegirine lorenzerite nepheline 
K- 

feldspar 
SiO, 41.16 51.53 35.09 41.18 64.02 
TiO2 9.69 1.48 46.45 0.01 0.03 

A1203 0.42 1.00 0.06 33.72 17.71 
Fe203 0.00 22.91 0.88 0.00 0.56 
FeO 36.48 0.61 0.00 0.75 0.00 
MnO 2.67 1.92 0.08 0.00 0.02 
MO 1.49 7.82 0.00 0.01 0.00 
CaO 0.07 0.79 0.08 0.00 0.00 
Na20 7.52 7.53 18.15 16.59 0.41 
K20 0.02 4.05 0.00 8.13 16.68 

TOTAL 99.52 99.64 100.79 100.38 99.43 

Si 5.588 2.062 2.069 4.019 2.996 
Ti 1.484 0.067 2.060 0.001 0.001 
Al 0.067 0.047 0.004 3.878 0.977 

Fe 3+ 0.000 0.690 0.043 0.000 0.020 

Fee' 4.458 0.021 0.000 0.061 0.000 
Mn 0.307 0.065 0.004 0.000 0.001 
Mg 0.302 0.466 0.000 0.001 0.000 
Ca 0.010 0.034 0.005 0.000 0.000 
Na 1.979 0.584 0.001 3.140 0.037 
K 0.003 0.207 1.365 1.012 0.996 

TOTAL 14.197 4.243 5.552 12.112 5.028 
0 20.000 6.000 9.000 16.000 8.000 

} 

-, 
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Figure 4.15: SEM images and analyses of 
aenigmatite which is surrounded by a rim of 
aegirine and lorenzenite. A small rim of K- 
feldspar is located between nepheline host 
mineral and mafic minerals. 
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Kh-03-9 K- K- K- K- K- K- K- K- Ti-K- Ti-K- 
arfvedsonite arfvedsonite arfvedsonite arfvedsonite richterite richterite ric hterite richterfite richterfite arfvedsonite SiO, 50.76 51.12 50.71 50.27 50.77 50.81 51.14 50.90 50.18 50 63 TiO, 1.52 1,65 1.65 1.84 2.14 2.10 2.20 2.20 2.38 

. 
2.45 

A1, O3 1.12 1.02 1.01 1.26 1.82 1.90 1.83 1.98 2.11 0 99 Fe203 1.61 2.51 1.05 1.10 0.00 0.00 0.14 0.21 0.30 
. 

1.31 
FeO 20.48 20.12 21.96 21,63 13.30 13.26 13.34 13.45 15.32 21 81 MnO 1.03 1,00 1.01 1.09 0.62 0.63 0.59 0.66 0.80 

. 
1 11 m20 7.47 7.47 6.82 6.86 13.89 13.78 14.10 13.88 12.35 
. 

6 82 CaO 1.37 1.34 1.48 1.76 6.03 6.07 6.11 5.97 5.34 
. 

1 59 Na, O 7.36 7.32 7.44 7.07 5.18 5.01 5.20 5.34 5.68 
. 

7 09 
K2O 3.94 3.73 3.69 3.85 3.14 3.12 3.09 3.09 3? 1 

. 
3 87 TOTAL 98.59 99.24 98.75 98.65 98.90 98.68 99.76 99.71 99.70 

. 
99.61 

Si 7.896 7.887 7.912 7.854 7.592 7.606 7.578 7.558 7.534 7 838 Ti 0.205 0.185 0.186 0.232 0.321 0.335 0.320 0.347 0.373 
. 

0 181 Al 0.178 0.191 0.194 0.216 0.241 0.236 0.245 0.246 0.269 
. 

0 285 
Fei 0.189 0.291 0.124 0.129 0.000 0.000 0.015 0.023 0.034 

. 
0.153 

Fe2+ 2.664 2.596 2.866 2.827 1.663 1.660 1.653 1.671 1.923 2.824 
Mn 0.136 0.131 0.133 0.144 0.079 0.080 0.074 0.083 0.102 0 146 Mg 1.732 1.718 1.586 1.598 3.096 3.075 3.115 3.073 2.764 

. 
1.574 Ca 0.228 0.221 0.247 0.295 0.966 0.973 0.970 0.950 0.859 0 264 

Na 2.220 2.190 2.251 2.142 1.502 1.454 1.494 1.537 1.654 
. 

2.128 
K 0.782 0.734 0.734 0.767 0.599 0.596 0.584 0.585 0.615 0.764 

TOTAL 16.230 16.145 16.232 16.204 16.058 16.015 16.048 16.073 16.127 16.156 
0 23.000 23.000 23.000 23.000 23.000 23.000 23.000 23.000 23.000 23.000 
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Figure 4.16: Change in amphibole composition from richterite 
in the core to arfvedsonite at the rim. (sample Kh-03-9). 
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Kh-03-2 
K-Mg- 

kata horite 
K-Mg- 

kataphorite 
K-Mg- 

kataphorite 
Ca-Mg- 

arfv edsonite 

Na- 
feldspar 

Na- 
feldspar 

K- 
feldspar 

K- 
feldspar 

SiO, 49.68 49.91 49.99 51.43 69.50 63.75 63.91 65.82 
TiO, 1.91 1.78 2.10 1.74 0.00 0.00 0.06 0.04 
A1203 3.75 3.56 3.88 2.33 18.94 20.75 17.47 18.71 
Fe, 03 1.47 1.07 1.76 1.38 0.35 0.24 0.50 0.49 
FeO 11.91 12.25 11.73 14.25 0.00 0.00 0.00 0.00 
MnO 1.00 0.96 0.95 1.23 0.03 0.01 0.02 0.00 
MO 14.01 13.91 13.60 12.10 0.00 0.00 0.00 0.00 
CaO 6.89 6.76 5.61 4.16 0.01 0.02 0.00 0.00 
Na, O 5.82 5.85 6.59 7.46 11.97 11.94 0.98 5.70 
K20 1.59 1.66 1.63 1.57 0.10 0.72 15.63 11.29 
BaO 0.08 0.01 0.03 0.00 0.04 0.03 0.26 0.19 

TOTAL 100.15 99.75 99.91 99.67 101.10 97.53 98.93 102.44 

Si 7.311 7.370 7.355 7.639 3.013 2.890 3.003 2.958 
Ti 0.650 0.620 0.673 0.408 0.000 0.000 0.003 0.002 
Al 0.211 0.198 0.232 0.194 0.968 1.109 0.967 0.991 

Fe 3+ 0.163 0.118 0.195 0.154 0.011 0.008 0.018 0.017 

Fez+ 1.466 1.513 1.444 1.770 0.000 0.000 0.000 0.000 
Mn 0.125 0.120 0.118 0.155 0.001 0.000 0.001 0.000 
Mg 3.074 3.062 2.983 2.679 0.000 0.000 0.000 0.000 
Ca 1.086 1.069 0.884 0.662 0.001 0.001 0.000 0.000 
Na 1.661 1.675 1.880 2.149 1.006 1.050 0.089 0.496 
K 0.299 0.313 0.306 0.298 0.006 0.042 0.937 0.647 
Ba 0.005 0.001 0.002 0.000 0.001 0.001 0.010 0.007 

TOTAL 16.050 16.058 16.072 16.108 5.011 5.103 5.029 5.121 
0 23.000 23.000 23.000 23.000 8.000 8.000 8.000 8.000 

r 

ýý 

4r 

Figure 4.17: SEM analyses of amphibole in khibinite documenting the change in 

composition from kataphorite in the core to arfvedsonite in the rim. It is surrounded by 
Na-feldspar rim in K-feldspar (sample Kh-03-2). 
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4.3.3 Composition of the rock-forming minerals 

The chemical composition of the main rock-forming minerals is similar across all the 

rock types and is therefore not discussed by rock type. Representative microprobe 

results are presented in Appendix A4.2. The calculation of Fee+/Fe3' ratios is based on 

Droop (1987). Additionally, major minerals were confirmed using laser Raman 

spectroscopy. The specific spectra are shown in Appendix A4.3. 

Felsic minerals 

Nepheline and alkali feldspar are the most abundant felsic minerals in the Khibiny 

rocks. 

Nepheline show little chemical variation with rock type. The Na: K ratio ranges from 

63: 37 to 77: 23 (Fig. 4.18). Nepheline in rischorrite has a high K: Na ratio and in 

khibinite a low K/Na ratio. Those in foyaite, lujavrite and alkali syenite have a 

intermediate Na: K ratio between these two (between 70: 30 and 75: 25). 

Alteration and secondary mineralisation is apparent in nepheline. Cancrinite is 

frequently found along grain boundaries but also within the minerals. Zeolites have 

been precipitated as secondary minerals in veins (Fig. 4.12w). 

Alkali feldspar is typically perthitic with separate potassium- and sodium-rich 

endmembers. There is rarely any solid solution. The albite component is essentially 

potassium-free whereas orthoclase often contains minor sodium (Fig. 4.19). Discrete 

grains of albite are present, especially in trachytoid foyaite. They are smaller in size 

than the perthite laths and tend to occupy marginal areas of the perthitic phases. This 

phenomenon may be due to perthite exsolution accompanied by diffusion of the albite 

component to the crystal boundaries (Deer et al., 1992). 
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Figure 4.18: Plot of XNa versus XK in nepheline in different rock types of the 
Khibiny pluton. 
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Figure 4.19: Plot of Na2O versus K, O in alkali feldspar from in different rock 
types of the Khibiny pluton. 
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Mafic minerals 

Clinopyroxenes are the most common mafic phases in all the rock types investigated. 

The pyroxenes analysed have mainly aegirine augite composition (Fig. 4.20). The 

titanium-rich pyroxene aenigmatite is abundant in khibinites and rischorrites and 

commonly observed together with nepheline. 

The classification of Leake (1978) was used to classify the amphiboles. Microprobe 

data show that alkalic and sodic-calcic amphibole compositions are present in the 

Khibiny rocks (Fig. 4.21). Amongst the alkali amphiboles, arfvedsonite is most 

common, but some alkali amphiboles of ferro-eckermannite composition have been 

identified. Also plotted in Figure 4.21 are microprobe data from Yakovenchuk et al. 

(2001) which, with one exception, are all of arfvedsonite composition. 

The sodic-calcic amphiboles represent the intermediate position between the calcic and 

alkali amphiboles. Of the sodic-calcic amphiboles, katoporite is identified in khibinite 

rocks. The amphiboles analysed in rischorrite rocks show a wide variety of 

compositions from contains ferro-richterite to magnesio-taramite. Both alkali and sodic- 

calcic amphibole compositions occur often in the same mineral. A detailed study of 

individual crystals show that the amphibole composition changes from core to rim. In 

many cases amphiboles are zoned with sodic-calcic composition in the core and alkali 

composition in the rim (Fig. 4.16 and 4.17). This suggests that the magma composition 

changed during amphibole crystallisation; Mg, Ca depletion coincided with Na, K 

enrichment. 
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(Na, Fe)Si, O, (Na, AI)Si, O, 

Figure 4.20: Triangular plot showing the compositional range of 
pyroxenes in the analysed samples of the Khibiny complex. 
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Figure 4.21: Amphibole compositions for different rock types plotted according to the 

scheme of Leake (1978). Published data are from Yakovenchuk et al. (2001). 
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4.4 Summary 

The largest alkaline intrusion of the Kola Alkaline Province is the Devonian Khibiny 

pluton. Its emplacement into Archaean gneisses and Proterozoic volcano-sedimentary 

rocks was predominantly controlled by the rifting of the Kontozero-Khibiny and 

Kandalashka-Kontozero fault. 

The pluton was emplaced in several phases and exhibits a horseshoe-shaped structure. It 

comprises mainly nepheline syenites and minor occurrences of foidolite, alkali syenite 

and carbonatite. 

Typical felsic minerals in all investigated rocks are nepheline and alkali feldspar. The 

main mafic minerals are aegirine, arfvedsonite, aenigmatite, titanite and biotite. They 

often occur together interlocked as mineral assemblages. 

The previously reported association between alteration and replacement reactions and 

hydrocarbon generation could not be proved on the basis of the samples studied here. 

Textural data show that the development of mafic mineral assemblages is the result of 

changes in magma chemistry during cooling and the product of late-stage alteration or 

replacement reactions. Hydrocarbon generation during these stages, however, could not 

be confirmed. Cracks, cleavages and intercrystal spaces of mafic minerals and hydrated 

Na/K silicates, were mostly fluid inclusion free and there is also no notably higher fluid 

inclusion concentration in the surrounding areas. Primary fluid inclusions occur mainly 

in nepheline whereas secondary fluid inclusions occur in microcracks that penetrate 

through nepheline and alkali feldspar. Although alteration processes cannot be excluded 
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as a mechanism for hydrocarbon generation, this study finds no clear petrographical 

evidence for it. This is discussed in more detail in Chapter 10. 
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5 Carbon occurrence in the Khibiny intrusion 

5.1 Introduction 

Carbon is present within the Khibiny alkaline complex not just in the form of 

hydrocarbon gases, but also as dispersed bitumens, solid organic matter, graphite and 

carbonatite (Nivin et al., 2005). The characteristics of hydrocarbon gases are described 

elsewhere in this thesis. In this chapter data are summarised that pertain to the origin of 

the solid organic matter in the Khibiny complex. This includes a literature review on 

solid carbon data from the Khibiny complex and the presentation of a preliminary data 

set of carbon contents from Khibiny rocks. These data possibly indicate a relationship 

between carbon and hydrocarbon occurrence and help in developing a model for 

hydrocarbon generation in the alkaline igneous rocks of the Khibiny pluton. 

5.2 Literature review 

5.2.1 Bitumen, organic matter and graphite in the Khibiny pluton 

Bituminous matter and organic carbon are present in all intrusive rocks of the Kola 

Peninsula (Petersilie, 1964). Nivin et al. (2005) published the following data on carbon 

content for the Khibiny complex. The total content of reduced carbon in the rocks 

averages 0.04 wt% but concentrations as high as 0.1 wt% are present in hydrated ijolite- 

urtites. Minerals in pegmatites and hydrothermal veins contain up to 2.1 wt% carbon. 

Carbon in the form of dispersed bitumens has been found in concentrations between 

0.0001 and 0.001 wt% by Pripachkin et al., (1985) and Sokolov and Chukanov 

(unpublished). According to Petersilie (1964) their compositions do not differ from the 
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disseminated bitumens of sedimentary rocks in petroleum- and gas-bearing provinces. 

They contain paraffins, naphtalenes and aromatic hydrocarbons and are therefore 

regarded as bitumens of naphtoid type (Petersilie and Sorensen, 1970). This indicates 

that their cycle of formation probably spanned the temperature range of 100 to 600°C, 

from the thermally stable oxygen compounds to the least stable paraffinic hydrocarbons. 

Petersilie (1962) described the dispersed bitumens as being relatively evenly distributed 

but that rocks that contain larger amounts of gas are also rich in bitumens. He therefore 

concluded a definite relationship between hydrocarbon gases and bituminous matter. 

Electron fraction studies and spectroscopic studies of bitumens from the igneous 

complexes of the Kola Peninsula reveal that they contain esters of carboxylic acids and 

other organic substances, that indicate two possible origins for them (Petersilie, 1962). 

They were either introduced by distillation of organic matter from the sedimentary rocks 

of the Imandra-Varzuga series or formed during emplacement of alkaline melts. 

Petersilie (1962) suggested that they are most likely to be formed syngenetically along 

with the hydrocarbon gases and the host minerals. 

Pure graphite has been described by Nivin et al. (2005) as occurring as dispersed matter 

or as large radial aggregates in albitised nepheline syenites, pegmatites and 

hydrothermal veins. There is no information on their possible origin in the literature. 

5.2.2 Carbonatites in the Khibiny pluton 

The carbonatite stock that crops out in the eastern part of the complex is about 1 km in 

diameter and extends to a depth of >1600 m. It is cut by several dykes and veins (Nivin 

et al., 2005). The carbonatite contains calcite in association with albite, biotite and 

aegirine. Detailed information can be found in Dudkin (2001). Geochemical and 

isotopic data suggest a synchronous extraction of the parental carbonatite and nepheline 

syenite magmas but different mantle sources (Kramm and Kogarko, 1994). The rocks 
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also show some degree of crustal contamination (Zaitsev et al., 1997). Fluid inclusions 

in the carbonatite are rich in CO2 and H2O (Potter, 2000). 

5.3 Solid carbon data of this study 

5.3.1 Methods 

Three methods have been employed to characterise the solid carbon content in rock 

samples of the Khibiny pluton: 

- total, organic and carbonate carbon content were analysed by elemental analysis 

using a Vario EL III instrument (CHNOS-Elementaranalysator); 

- total carbon were thermogravimetically analysed using a Mettler TG analyser; 

- identification of carbon in the form of graphite was done by laser Raman 

spectroscopy. 

Elemental carbon analysis 

The CHNOS-Elementaranalysator Vario EL III (Fa. Elementar) at the Alfred-Wegener- 

Institute in Potsdam was used to determine the partial content of carbon in powdered 

rock samples. A nominal of 5 mg sample material was placed into a tin capsule; the 

capsule was closed by folding and then injected into a combustion chamber. At 1300°C 

the sample was evaporated in an oxygen-rich environment by catalytic tube combustion. 

Using a He-carrier gas, the oxidized gas mixture was transported through the system to 

separate different oxidised gas species. C was separated and measured in the form of 

C02 by a thermal conductivity detector cell. 

The organic carbon content was measured by the same technique but previous removal 

of carbonate. For this purpose, the sample was placed into a silver capsule, moistened 
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with concentrated ethanol and spiked with hydrochloric acid (HCJ, 10 %). This caused 

the removal of all carbonate in the sample by the reaction: 

XC03+2HC1->C02+H2O+X2++2C1- (R5.1) 

which was visible through the CO2 gas release (gas bubbles). Spiking with HCl was 

continued until gas release ceased. Samples were then placed onto a heating plate for 12 

hours to dry at about 70°C and after closing of the capsules analysed. The calculated 

difference of total and organic carbon content results in carbonic carbon content. 

Standard reference material and internal laboratory standards were analysed using the 

same preparation procedure as the investigated samples and the absolute error was 

estimated to be less than 10 %. 

Thermogravimetry 

The loss of in situ moisture (typically up to 200°C) and volatile organic matter (up to 

600°C) was measured thermo-gravimetrically. Measurements were performed in a 

Mettler TG analyser in the School of Pharmacy and Chemistry at Kingston University. 

Powdered samples of approximately 20 mg weight were dried at 110°C to remove 

adhesive water that might distort the results. The sample was then placed onto a scale 

and heated at a rate of 20°C per minute to 700°C in a closed system. The resulting 

weight loss of the sample was simultaneously detected and plotted against temperature. 

Laser Raman spectroscopy 

Solid carbon in the form of graphite was also detected in fluid inclusion wafers using 

the laser Raman microprobe. A detailed description of the method can be found in 

Chapter 6. 
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5.3.2 Results 

Carbon content analysed by elemental analyses 

Results of elemental carbon analyses from a number of rock samples are shown in Table 

5.1. and illustrated in Fig. 5.1. Values of total carbon content range from 0.209 wt% to 

0.058 wt% and their average is 0.113 wt%. These are similar to values obtained for 

organic carbon which ranges from 0.205 to 0.064 wt%. The content of carbonate 

carbon, calculated as the difference between total and organic carbon, is therefore in the 

range from 0.026 to 0.003 wt%. These results show that most of the solid carbon in the 

rocks is contained as organic material in the form of bitumen and solid organic matter or 

as graphite. 

There are very few data available in the literature on carbon contents in the Khibiny 

alkaline complex. Petersilie (1962) quotes an organic carbon content of 0.14 wt%. This 

value is in good agreement with the data produced by this study. 
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Figure 5.1: Content of total carbon, organic carbon and carbonate carbon in selected 
samples of the Khibiny complex. Different rock types are indicated by colour (grey - 
khibinite; green - rischorrite; blue - lujavrite; yellow - trachytoid foyaite; red - massive 
foyaite; dark blue - alkaline syenite) and arranged from margin to core. 
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Carbon content analysed by thermogravimetry 

Thermogravimetry is an easily applied method to obtain information on total carbon 

content in powdered rock samples. 

The results from this study all show similar patterns and a typical thermograph is shown 

in Figure 5.2. In the course of heating, the samples show different phases where weight 

loss varies from slow to rapid and reverse. The first period of mass decrease of about 

1 wt% corresponds to moisture loss. This step was registered up to 200°C where weight 

loss of moisture and volatile components almost overlaps with incipient pyrolysis. 

Between 200 and 400°C a rapid weight loss of about 1 wt% occurs and up to 700°C a 

further slow and gentle weight loss was observed. 

The total weight loss recorded for all analysed samples is about 4 wt%. This value 

comprises the loss of all thermally instable components that decompose at up to 700°C. 

Although parts of this result from breakdown of organic and inorganic carbon, the high 

values, compared to the carbon content obtained by element analysis, indicate that 

other, carbon-free components such as water, fluorine and hydroxyl groups of the 

minerals were released during heating. This method can therefore not be regarded as a 

reliable tool for analysis of carbon content and these data will not be considered in 

further discussion. 

Laser Raman analysis of graphite 

Graphite-like material (Fig. 5.3. ) has been identified in several samples using laser 

Raman spectroscopy. The black substance is occluded in albite and nepheline minerals 

and appears to be primary, which means, included during crystal growth. Small carbon 
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Figure 5.3: Graphite occurrence in the Khibiny pluton. Image a and b show secondary 
trapped graphite along filled veins in sample Kh-03-50. Graphite is also found as 
individual aggregation, shown in images c (Kh-03-40), d (Kh-03-46), e and f (both Kh-03- 
44) or as dispersed accretions within minerals, exemplarily shown in images g and h of 
sample Kh-03-35. The association to fluid inclusions is often (as seen in b and d), but not 
always apparent. 
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particles were also found along healed microcracks. These are of secondary nature and 

were emplaced after crystallisation and cooling of the Khibiny pluton. 

The Raman spectral profiles show bands typical for graphite crystals at or near 

1356 cm-t, 1585 cm-', 2448 cm-', 2711 cm-1,2963 cm 1,3248 cm-1 and 4303 cm-' (Fig. 

5.4). The peaks at 1585 cm-1 and 1350 cm-1 are commonly designated as the G and DI 

peaks, respectively. The G mode, which is described in the literature at 1582 cm-1, is 

assigned to "in plane" displacement of the carbons strongly coupled in the hexagonal 

sheets of the graphite structure (Jawhari et al., 1995). When disorder is introduced into 

the entire graphite structure, additional lines appear at 1357,2450 and 3250 cm-1 

(Guedes, 2005; Jawhari et al., 1995; Pasteris and Wopenka, 1991). The Si mode at 

about 2700 cm-1 has been attributed to overtone or scattering related to three 

dimensional ordering (Lespade et al., 1984). The broad Raman peak detected in some 

samples at about 4300 cm-1 is not described in the literature and its cause remains 

unknown. 
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5.3.3 Discussion 

Spatial distribution of solid carbon 

The spatial distribution of total carbon from margin to core is inhomogeneous but shows 

a slight tendency to decreasing values towards the core (Fig. 5.5). This pattern is similar 

to that observed for the hydrocarbon gas content in the Khibiny pluton (Chapter 7) and 

confirms the relationship between solid carbon and gaseous hydrocarbon occurrence 

reported by Petersilie (1962). There are two possible explanations for it: 

I. The distribution implies influence from host rock-originated organic matter, 

which, in the course of magma emplacement, was thermogenically transformed to 

bitumen or kerogen and methane (Hunt, 1995) and incorporated into the magma 

body. 

2. The solid carbon is a product of respeciation of gaseous hydrocarbon in a late- or 

post-magmatic state that caused precipitation of solid carbon. A high 

concentration of gaseous hydrocarbons should be accompanied by abundant 

precipitated solid carbon. 

Graphite origin 

Graphitisation of organic matter is a function of temperature and pressure. Well-ordered 

graphite develops in nature from about 350 to 700°C at 0.2 to 0.6 GPa (Tagari and Oba, 

1986). This might be prevailed during pluton emplacement where host-rock material 

was heated and partly incorporated into the plutonic material. This explanation is 

consistent with the spatial distribution of total carbon as shown in Fig. 5.5. 
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Figure 5.5: Comparison of total carbon content and bulk gas content on selected 
samples. Both data sets show the similar trend of decreasing values from margin to core. 
Different rock types are indicated by colour (grey - khibinite; green - rischorrite; blue - 
lujavrite; yellow - trachytoid foyaite; red - massive foyaite; dark blue - alkaline syenite) 
and arranged from margin to core. 
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However, another possibility for graphite generation is the post-entrapment respeciation 

of a C-H-O fluid, a theory supported by graphite occurrence in association with fluid 

inclusions (Fig. 5.3). Several mechanisms of compositional change have been discussed 

in the literature. Cesare (1995) suggested that if a fluid inclusion contains small amounts 

of CO2 and significant amounts of CH4 it will re-equilibrate and precipitate graphite 

during cooling according to the following reaction: 

CO2+CH4-2C+2H2O (R 5.2) 

This closed system change requires high activation energy (Ziegenbein and Johannes, 

1980) and results in the evolution of graphite-bearing CH4-H20 fluid inclusions. 

Another potential trigger of graphite precipitation is water leakage (Huizenga, 2001) 

which can be strain induced (Bakker and Jansen, 1994) or initiated by an fH2o gradient 

(Sterner et al., 1995). Assuming a C02-CH4-H20 fluid, water leakage would trigger 

reaction 5.2, because one of the starting materials (H20) is removed. The remaining 

fluid becomes increasingly rich in CH4 (Huizenga, 2001) and graphite will precipitate. 

Fluid inclusions may also behave as open system with respect to hydrogen (Hall et al., 

1991). In high density fluids, graphite and water will be formed according to the 

reaction: 

C02+2H24C+2H20. (R 5.3) 

In the course of this study, fluid inclusion compositions and bulk gas compositions have 

generally been found to be C02-free. This could mean that reaction 5.3 may have 

caused total CO2 removal. However, graphite occurrence is not sufficiently widespread 

and abundant to support this theory. 

Therefore, simple hydrogen diffusion out of CH4-dominant inclusions, as shown in 

experiments of Morgan et al. (1993): 

CH 4 C+2H2 (R 5.4) 
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is the most likely respeciation-reaction to cause graphite precipitation in the Khibiny 

pluton. 
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5.4 Summary 

It is already known from the literature that carbon-bearing species, other than gaseous 

hydrocarbons, occur in the Khibiny pluton. These are the carbonatite stock in the core of 

the pluton and dispersed organic matter such as bitumen and graphite in the entire rock 

formation. This study confirms the occurrence of solid carbon in rocks other than 

carbonates. 

Elemental analyses were performed to obtain the total carbon contents in different rock 

types of the Khibiny pluton which range from 0.209 to 0.058 wt%. The largest part is 

organic carbon (0.205 to 0.064 wt%) with only a small proportion (0.026 to 0.003 wt%) 

contributed from carbonates. 

The thermogravimetric results confirm the occurrence of solid carbon. However, the 

results are not in agreement with the elemental analyses. The deviation may be due to 

the evaporation of other volatile species in the sample and the method is therefore 

regarded as unsuitable for the analyses of carbon content in the studied samples. 

Laser Raman studies identify graphite as fine dispersed species within mineral grains 

and along filled microcracks. 

The spatial distribution of solid carbon is inhomogeneous, with higher concentrations in 

the marginal area and decreasing values towards the core. This is in compliance with the 

spatial distribution of gaseous hydrocarbons. 
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Based on these data, the origin of solid carbon can be explained in two ways: 

1. Organic matter, contained in the host rock, has been thermogenically transformed 

in the course of magma emplacement. The products of this transformation are 

kerogen-like substances and methane which became introduced into the magma 

body. This would also explain the higher concentration of both solid carbon and 

gaseous hydrocarbons in the marginal area. 

2. Solid carbon is the product of late- or post-magmatic respeciation of gaseous 

hydrocarbons that lead to precipitation of solid material. This is most likely to be 

caused by hydrogen leakage. 
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6 The identification, characterisation and 

interpretation of fluid and solid inclusions in the 

Khibiny pluton 

6.1 Introduction 

Fluid inclusions are fluid-filled vacuoles sealed within minerals (Roedder, 1984; 

Goldstein and Reynolds, 1994). They consist mostly of water (or brine), C02, CH4, N2 

and can store information about ancient temperatures, pressures, and fluid compositions 

in a variety of geological environments. 

The presence of fluid inclusions has been noticed and described since antiquity, but 

modern scientific studies and the applications to geology did not seriously begun until 

the work of Sorby (1858). He concluded that bubbles in fluid inclusions were caused by 

thermal contraction and that re-heating would cause the disappearance of the bubble, as 

the liquid expands to fill the cavity. The recorded temperature could then serve as an 

estimate for the temperature of mineral formation. In petrology textbooks from the end 

of the 19`h century there have been many descriptions of fluid inclusions (e. g. Zirkel, 

1873). However, they found little application during these early times due to the 

controversy between "magmatists" and "solidists" (Van den Kerkhof, 1988). 

In the middle of the 20th century fluids became an increasingly important research area 

in petrology and ore exploration (e. g. Ermakov, 1966). Accompanying the development 

and improvement of equipment for the analysis of fluid inclusions, a renewed interest 

for fluid inclusions was aroused. Early fluid inclusion research has been performed 

notably in the former Soviet Union (e. g. Lemmlein, 1929; Ermakov, 1944), Germany 
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(Correns, 1953; 1954) and France (e. g. Deicha, 1950). In the United States Edwin 

Roedder has been instrumental in taking a major leadership role in fluid inclusion 

research bringing together fluid inclusion studies from diverse backgrounds for the last 

half of the 20th century (e. g. Roedder, 1972,1984). 

The combined microscope heating-freezing-stage allows the observation of phase 

transitions at various controlled temperatures and the resulting data can be used to 

estimate fluid density and mineral-forming conditions (e. g. Touret, 2001). 

Microthermometry is therefore one of the most important methods for fluid inclusion 

studies in the 20th century. Since the early 1980s laser Raman spectroscopy has been 

successfully applied to fluid inclusion analyses (e. g. Rosasco and Roedder, 1975 and 

1979) and its non-destructive character soon made it an essential instrument in fluid 

inclusion studies. 

A more comprehensive review of the early history of fluid inclusion studies can be 

found in Roedder (1972). Nowadays, fluid inclusion studies are an important branch of 

petrology and the obtained data cover a wide field of applications (e. g. Fu et. al., 2002; 

Santosh et. al., 2006; Stasiuk et. al., 2006) 

6.2 A brief review of previous fluid inclusion studies on rocks from 

the Khibiny pluton 

It has been known from the Russian scientific literature for more than five decades, that 

large amounts of methane-rich fluids are trapped as inclusions within the minerals of the 

Khibiny pluton. Early investigations, however, have been mostly limited to descriptions 

of fluid inclusion population, their bulk composition and general characteristics (e. g. 

Ikorsky, 1965; Zakrzhevskaya, 1972; Kogarko. and Romanchev, 1982). This is 

probably due to the lack of suitable instrumentation for detailed single fluid inclusion 
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analyses. The gas compositions previously reported were mostly determined by bulk gas 

analysis using destructive methods (crushing of a small proportion of the rock sample, 

followed by gas chromatography). Non-destructive methods such as microthermometry 

and laser Raman spectroscopy were not applied to these fluid inclusions until Potter 

(2000). The results of Potters study can be summarized as follows: 

In the Khibiny complex five compositional fluid inclusion types were distinguished: 

I. CH4-rich fluid inclusions (most abundant) 

2. CH4-H20-mixed fluid inclusions (rare) 

3. H20-dominant fluid inclusions (fairly abundant) 

4. C02-dominant fluid inclusions (only found in one carbonatite sample) 

5. C02-H20-mixed fluid inclusions (only found in one carbonatite sample) 

According to Potter (2000), the fluid inclusions are closely associated with magnetite, 

forming trails extending out from the magnetite crystals into the nepheline hosts. They 

are also associated with secondary hydrous minerals such as biotite reaction rims around 

magnetite, natrolite, cancrinite and analcite. All of the fluid inclusions are thought to be 

secondary in origin. Based on isochore constructions they are assumed to be trapped at 

the CH4-H20 solvus at around 350°C, below 2 kbar (Potter, 2000). 

In the present study, similar techniques have been applied to analyse a new, 

comprehensive set of fluid inclusion samples from the common rock types of the 

Khibiny pluton. The above results of Potter (2000) are only partly confirmed. Hence 

some of the conclusions drawn differ from those presented by Potter (2000) 
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6.3 Methods 

6.3.1 Sample preparation 

For the fluid inclusion studies reported here, doubly polished wafers of c. 100 pm 

thicknesses were prepared according the following procedure (pers. comm. I. Gill). 

Representative areas of the samples were cut with a diamond-bladed trimming saw and 

air-dried before placed into 25 mm diameter sized plastic moulds and embedded in an 

epoxy resin. After about 24 hours, the resin was cured and the embedded blocks were 

removed from the moulds and mounted onto specimen holders that fit a Struerers 

Abramin pressure polisher/grinder. Here, the blocks were ground on silicon carbide 

with a grit size of 15 µm until flat. This was followed by cleaning the samples in an 

ultrasonic bath and rinsing with tap water. The final polishing was done using a PSU 

Kemet cloth drenched in slurry of tin oxide ("Superlite") and water on the Abramin 

polisher for about 4 minutes at a pressure of 200 N. The specimens were periodically 

checked under a reflected light microscope until the required finish was obtained. 

After cleaning in an ultrasonic bath, rinsing with water and 24 hours air drying, the 

polished face of the samples were bond to glass slides with "Loctite" (superglue) and 

dried for 2 hours. To obtain wafers of about 400 µm thickness, excess material was cut 

off on a CS-10 cut off saw. The wafers were then cleaned with isopropanol and lapped 

down to 150 pm using a Logitech LP30 machine. For the final polishing the samples 

were cleaned again with isopropanol and treated on the Abramin polisher as described 

above. Afterwards, the samples were placed into petri-dishes and covered with 

acetonitrile that dissolved the "Loctite" between wafer and glass slide. The sample 

slices were cleaned from remaining impurities with acetonitrile and a small artist's 

brush before ready to use on the heating- freezing stage and laser Raman microprobe. 
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For the present study, the largest fluid inclusions (10-20 µm) were chosen, in order to 

optimise observations of phase transitions and hence estimate fluid compositions. It has 

to be noted, that there may be some bias in this approach in that the lager inclusions 

may not be truly representative of the entire fluid inclusion population (Fig. 6.1). 

However, the results obtained here are in good agreement with bulk gas analyses 

(Chapter 7) and it is therefore assumed that the investigated large fluid inclusions are 

characteristic and representative of the overall fluid inclusion population in the samples 

studied. 

6.3.2 Laser Raman Spectroscopy 

A confocal, multichannel Renishaw laser Raman microprobe RM 1000 with a 514 nm 

argon laser and thermoelectrically cooled CCD detector system was used to determine 

the composition of fluid inclusions. The system was attached to an Olympus microscope 

with lens magnification of up to x100, enabling analysis of areas <4 µm2. To check or, 

if necessary, correct any drift of the instrument, a silicon standard and a diamond 

standard with peak positions at 521 cm-1 and 1331 cm-1, respectively were used for 

regular calibration. The peak positions obtained were reproducible to within ±1 cm-1. 
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Figure 6.1: Schematic chart showing the frequency distribution of fluid 
inclusions versus diameter. The investigated fluid inclusions have diameters 
between 10 µm and 20 µm. 
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6.3.3 Microthermometry 

Fluid inclusion microthermometric analyses were carried out using a Linkam THMS 

600 low-temperature heating-freezing stage attached to an Olympus microscope. 

Measurements were carried out between -196 and 600°C following the procedures 

described in Shepherd et at. (1985). The stage was regularly calibrated using the triple 

point of methane (-182.5°C) in natural fluid inclusions (Chapter 2; Beeskow et al., 

2005) and the melting point of CO2 (-56.6°C) in synthetic fluid inclusions. The 

reproducibility was within ±0.2°C over this range. 

6.4 Description of fluid inclusions, their occurrence and 

distribution 

The present investigation reveals the presence of both, primary and secondary fluid 

inclusions in the Khibiny rocks. The term "primary" indicates entrapment of fluid 

during time of mineral crystallisation (Roedder, 1984). The primary inclusions therefore 

contain any phase present at the time of crystal growth. Secondary fluid inclusions were 

incorporated later (after primary crystal growth has either ceased or interrupted) and 

usually contain phases that enter crystals along fractures. They are trapped as the 

fractures heal and are present now in so-called fluid inclusion planes (FIPs). 

The majority of fluid inclusions in the samples of the Khibiny pluton are hosted in 

nepheline, alkali feldspar and eudialyte. They are best observed in nepheline due to the 

clarity of the mineral and the fact that the contained fluid inclusions are large compared 

to their presence in other minerals. In alkali feldspar, the inclusions are relatively small 

(< 5-10 pm) and mostly aligned parallel to the cleavage plane or alteration zones of the 

mineral. The mafic minerals aegirine and arfvedsonite rarely contain any fluid 
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inclusions. Only a few sporadic fluid inclusions with primary characteristics have been 

identified in these minerals. Cleavage planes and microcracks of pyroxenes and 

amphiboles appear devoid of fluid inclusions. 

6.4.1 Primary fluid inclusions 

Based on textural observations, three different forms of primary fluid inclusions could 

be distinguished in the Khibiny rocks. 

1. Small fluid inclusions are found in arrays parallel to growth zones in nepheline 

(Fig. 6.2a). This is a typical criterion for fluid entrapment during crystallisation of 

the mineral and the inclusions are therefore regarded as being primary (Roedder, 

1984). They are well rounded with diameters of up to 5 µm. Due to their small 

sizes, their compositions could not be determined. 

2. Larger primary fluid inclusions, between 10 and 20 pm in diameter, are found in 

isolation or in small isolated clusters, mainly in nepheline. They show no 

relationship to microfractures and are therefore likely to be primary in origin. At 

room temperature these inclusion appear either mono-phase (CH4-rich) or two- 

phase (L+V); the latter being sub-divided into CH4-H20 and H20-rich types (Fig. 

6.2b). These inclusions show a wide variety of shapes. Usually they are rounded 

to sub-rounded but irregular shapes are also common, often with signs of necking 

down (Fig. 6.5). Hereafter, these primary types are referred to as "cluster- 

inclusions" and "single-inclusions". 

3. Another group of proposed primary fluid inclusions are attached to small aegirine 

needles in nepheline (Fig. 6.2c and d). As observed at room temperature, they are 

mono-phase CH4-dominated inclusions or two-phase (L+V) H20-CH4 mixed 

inclusions with diameters in the range of 5 to 10 pm. As there is no association 

between fluid inclusions and microcracks, these are regarded to be primary in 
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origin, entrapped, together with aegirine, during nepheline crystallisation. A 

similar association has been noted in the Ilimaussaq complex where fluid 

inclusions are also considered to be primary in origin (Konnerup-Madsen et al., 

1979; Krumrei and Markl, 2005). 

6.4.2 Secondary fluid inclusions 

The majority (approximately 90 %) of fluid inclusions observed in this study appears to 

be secondary in nature. The generally-accepted formation mechanism involves the 

fracturing of the rock after crystallisation through thermal or mechanical stress 

(Roedder, 1984). The resulting cracks are then used as fluid pathways until they are 

closed by these later fluids. During this process, so-called "secondary" fluid inclusions 

are entrapped within characteristically linear formed fluid inclusion planes (FIPs). In the 

observed samples these planes are especially abundant in nepheline and alkali feldspar 

minerals. 

Similar to primary fluid inclusions, FIPs are best to observe in the clear nepheline 

crystals (Fig. 6.2e to g). Small FIPs start and terminate within mineral grains and larger 

ones cross-cut several mineral grains. They are either randomly orientated or aligned 

sub-parallel to each other. Fluid inclusions in FIPs vary in size between 5 and 20 µm 

and have a well rounded or elongated or even tabular shape. 

In alkali feldspars, fluid inclusions are often concentrated in zones of albitisation that 

follow cleavage planes and microfractures (Fig. 6.2h). Here, migrating fluids lead to ion 

exchange in feldspar, accompanied by precipitation of micro-minerals and fluid 

entrapment. The fluid inclusions are usually very small with average diameters of 

2-5 pm. 

The high abundance of FIPs indicates a high level of post-magmatic fluid movement. A 

detailed description and interpretation of FIPs will follow in Chapter 9. 
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Figure 6.2: Photomicrographs of typical primary and secondary fluid inclusions. (a)-(d) 
show primary inclusions: (a) along growth zones of nepheline, (b) two-phase fluid 
inclusions in clusters, (c) and (d) two-phase inclusions attached to aegirine. (e)-(h) show 
secondary fluid inclusions: (e), (f) and (g) show fluid inclusion planes (FIPs) whereby in 
(g) the plane is very shallow to the thin section surface. (h) shows alteration zones in 
feldspar with subsequent fluid inclusion entrapment. 
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6.4.3 Compositional fluid inclusion types 

This study reveals two different compositional fluid inclusion types. 

I. The vast majority of fluid inclusions (c. 90 %) are methane-dominant and appear 

mono-phase at room temperature (Fig. 6.3). 

2. The remaining c. 10 % of the fluid inclusion population is water-dominant and 

consists of two phases; a mostly methane-rich vapour bubble and liquid water 

(Fig. 6.4). The ratio of liquid to vapour, estimated using the chart of Roedder 

(1972), is variable from 20: 80 to 80: 20. The majority of inclusions contain about 

50 vol% gas. Raman-inactive daughter minerals were present occasionally in two- 

phase inclusions. 

Methane-dominant and water-dominant compositions were found in both, primary and 

secondary fluid inclusions. 

There is evidence for necking down whereby two-phase CH4-H20 fluid inclusions 

separate into two mono-phase inclusions, one of them water-rich and one methane-rich 

(Fig 6.5). 
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different degree of filling (size of the gas bubble). (a) shows a primary, "single 
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Figure 6.5: Photomicrographs showing examples for post-entrapment changes to fluid 
inclusions. (a) and (b) shows necking of two phase inclusions whereby two mono-phase 
inclusions developed, one is methane-, the other water-dominant. (c) shows cracking 
which causes leaking of fluid and hence changes in fluid density. (d) shows necked down 
fluid inclusions with different degree of filling. 
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6.5 Results of laser Raman analysis 

The majority of mono-phase fluid inclusions analysed by laser Raman spectroscopy 

shows a typical single methane peak at between 2911 and 2915 cm-1 (Burke, 2001; Fig. 

6.6a). Ethane and propane have been identified in low concentrations as additional 

components with peak positions at 2954 and 2890 cm-1, respectively (Fig. 6.6b). In two- 

phase inclusions a broad water peak at c. 3400 cm-1 has been recorded in the liquid 

phase. Gaseous bubbles in two-phase inclusions produced methane peaks (Fig. 6.6c). 

No free hydrogen has been detected in the fluid inclusions as reported by Potter (2000). 

Fluorescence, produced by the host minerals or higher hydrocarbons in the fluid 

inclusions, caused a broad shoulder at higher wavelengths and may have swamped the 

hydrogen signal (Fig. 6.6d). Feldspar in particular interferes strongly with the Raman 

signal, probably as a result of its REE content (Burruss, 1992). 

6.6 Results of microthermometry 

A summary of microthermometric data is given in Table 6.1 and the entire data set is 

available in Appendix 6.1A. The typical microthermometric behaviour for the fluid 

inclusions found in the Khibiny rocks is schematically summarized in Fig. 6.7. 

Methane-dominant fluid inclusions 

The methane-dominant, mono-phase fluid inclusions display HI behaviour as defined 

by Van den Kerkhof (1988). This means, that homogenisation is the only phase 

transition that takes place in the course of heating (Fig. 6.7A and Fig. 6.8). 
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Figure 6.6: Typical laser Raman spectra found in fluid inclusions of the Khibiny pluton. 
(a) shows a well pronounced methane peak at 2915 cm"'. The peaks at lower frequencies 
are attributed to scattering from the host mineral. (b) shows the small peaks of propane at 
2894 cm' and ethane at 2949 cm' next to the large dominant methane peak at 2914 cm'. (c) 

shows the broad peak of water around 3430 cm' and (d) the often observed elevated 
background due to fluorescence. Also a small methane peak is visible at 2915 cm'. 
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Figure 6.7: Typical sequences of fluid inclusion behaviour during 
microthermometric runs. (A) Mono-phase methane-dominant inclusions 
separate into two phases (L+V) on cooling. During heating homogenisation in 
a range of -100°C to -65°C occurs. (B) Many mono-phase methane-dominant 
inclusions are unresponsive on cooling and heating. (C) In two-phase aqueous 
inclusions, the aqueous phase freezes and the gas bubble become distorted. 
First, hydrohalite becomes visible during heating, with its typical fine granular 
texture. On further heating hydrohalite disappears and large ice crystals 
develop. Final ice melting occurs in a range up to about 0°C. Homogenisation 

occurs in a wide range, between 300°C and 500°C. However, many inclusions 
decrepitate before homogenisation. (D) Two-phase water-rich inclusions in 

which no methane was detected behave similar to that of (C) and it is likely 
that methane exists in very small amounts. (E) Rarely L+V+S inclusion occur. 
The cool-heat behaviour is similar to (C). On heating, the solid phase 
(daughter mineral) dissolves in a range of 179°C to 265°C, before final 
homogenisation or decrepitation occurs. 



During cooling down to about -190°C the mono-phase fluid inclusions separate to form 

a liquid and vapour phase. The inclusions are very reluctant to freeze, even when held at 

-190°C for several minutes. In no case was solidification of the fluid inclusions 

observed. On heating, the two phases homogenise mostly critically by fading of 

meniscus. The majority of fluid inclusions homogenise between -80°C and -84°C which 

indicates a nearly pure CH4 composition, as it is close to methane's critical temperature 

of -82.6°C (Van den Kerkhof, 1988). Some fluid inclusions, however, show 

homogenisation temperatures up to -65°C and down to -98°C (Fig. 6.9). These 

divergences may indicate the presence of impurities. Laser Raman studies and bulk gas 

analyses identified higher hydrocarbons as additional components in the methane- 

dominated fluid inclusions. As these components have higher critical temperatures (e. g. 

TC(c2H6) = 32.2°C; Olds, 1953) they cause an increase in homogenisation temperatures. 

Volatiles such N2 and H2, with lower critical temperature of -146.95°C and -239.95°C, 

respectively, might have caused the lower homogenisation temperature (Dubessy, 

1994). 

Post-entrapment changes, such as leakage and necking down have been frequently noted 

amongst the fluid inclusion populations. This affects fluid density and composition and 

may also cause the spread of the recorded homogenisation temperatures. Low 

homogenisation temperature indicates high entrapment pressure and high 

homogenisation temperature indicates the entrapment at low pressure (Van den 

Kerkhof, 1988). 

Many mono-phase methane-dominant inclusions are unresponsive during cooling and 

heating. That means they do not separate on cooling and hence no homogenisation 
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Figure 6.8: Photomicrographs of a methane-dominant fluid inclusion that shows the 
typical behaviour on cooling: the separation into a large vapour phase and a small liquid 
rim. Homogenisation occurs usually critical or to vapour. (a) shows the inclusion at room 
temperature and (b) at about -100°C. 
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Figure 6.9: Frequency histogram showing the range of 
homogenisation temperatures of all analysed methane- 
dominant inclusions. The majority homogenise critically 
around the pure CH4 critical point at -82.6°C. Only minor 
proportions homogenise to vapour as shown by dark grey bars. 
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temperature data could be obtained (Fig. 6.8B). This might be just due to their small 

size that precludes observation of phase separations and homogenisations or it could be 

due to metastability effects (Roedder, 1984). 

Water-dominant f Zuid inclusions 

A typical microthermometric run of two-phase (L+V) fluid inclusions up to room 

temperature is illustrated in Figs. 6.8C and 6.10. The temperatures of first ice melting, 

hydrohalite melting, last ice melting and homogenisation are documented in histograms 

(Fig. 6.11 b and c). 

On cooling to below -100°C sudden freezing of the aqueous phase occurs. This is 

occasionally visible by the distortion of the vapour bubble. At this point, ice, 

hydrohalite (NaCl 
. 2H20) and possibly antarcticite (CaC12 

. 6H20) coexist. The solid is 

either colourless or has a brownish colour, indicative of the appearance of CaC12 

(Shepherd et al. 1985). 

On heating, the first melting is noted in the range of -58°C to -40°C by the appearance 

of fine granular crystals. These are assumed to represent hydrohalite, because of their 

speckled appearance and high relief, as described in Shepherd et al. (1985). Antarcticite 

could not be identified. On further heating, large ice crystals develop and the fine grains 

of hydrohalite disappear between -39 and -18°C. Final ice melting occurs in the range of 

-17°C to -1.5°C. Although methane was detected by laser Raman spectroscopy, no 

clathrate development was observed. The homogenisation of vapour and liquid phases 

occurs over a wide temperature range, between 290°C and >500°C. Many inclusions, 

however, decrepitate before homogenisation or become invisible due to degradation and 

cracking of the nepheline host mineral (Fig. 6.12). 
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Figure 6.10: Photomicrographs of the heating-freezing behaviour of a two-phase (V+L) 

water-dominant inclusion. (a) The fluid inclusion at room temperature. On cooling down no 
changes are visible. (b) On heating, the first melting is visible when granular hydrohalite 

appears. (c and d) In the course of heating, large ice crystals develop and hydrohalite 
disappears. (e) Only few crystals remain before final ice melting (f). The fluid inclusion 
decrepitated on heating, therefore, final homogenisation cannot be shown. The images (b), 
(c) and (d) are slightly blurred due to ice growth on the lens. 
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Figure 6.11a: Frequency histogram showing the differences of CH4 homogenisation 
temperatures in different entrapment mode; in clusters, FIPs or as single fluid 
inclusions. It shows, that most fluid inclusion investigated appear in clusters. Many 
appear also in FIPs and only few separate, single fluid inclusions have been 
investigated. All have relatively similar ranges of homogenisation temperatures. 
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Figure 6.11b: Frequency histogram showing the range of first ice melting, hydrohalite 
melting and final ice melting temperatures of aqueous incluisons in clusters, FIPs and 
as single inclusions. Only six fluid inclusions in FIPs and six separate single fluid 
incluisons have been investigated as they are very rare. There are no significant 
differences between them. 
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Figure 6.11c: Frequency histogram showing the range of homogenisation 

temperatures of aqueous incluisons in clusters, FIPs and as single inclusions. Most 
fluid inclusions homogenise above 500°C where no observation could be made due to 

either decrepitation or degradation of the host mineral. 
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Two-phase (L+V) aqueous inclusions in which no methane has been detected by laser 

Raman spectroscopy (Fig. 6.7D) behave similarly which indicates that the occurrence of 

methane has only a minor effect on the microthermometric results (Hanor, 1980). 

The observed daughter minerals dissolved between 179°C and 265°C (Fig. 6.7E) and 

did not re-crystallise upon cooling. The recorded first ice melting temperature between 

-58°C and -40°C is too low for a pure NaCl brine, which should be equal to the 

H2O-NaCI eutectic temperature of -21.8°C (±1 °C) (Bodnar and Vityk, 1994). The 

tendency towards lower values is diagnostic for additional salts in solution. The 

frequently observed brownish colour of the solid ice phase on cooling suggests the 

presence of CaC12 (Shepherd et al., 1985, Fig. 6.13). A NaCl-CaC12 solution has a 

eutectic temperature of -55°C, which is in agreement with the observed data (Oakes et 

al., 1990). Therefore, the aqueous fluid inclusions are regarded as CaC12-NaCl-bearing. 

Average microthermometry data of the three inclusion groups (single, FIPs and clusters) 

are plotted exemplarily on the ternary phase diagram H2O-NaCI-CaC12 (Fig. 6.14; 

modified after Shepherd et al. 1985; Oakes et al., 1990; Goldstein and Reynolds, 1994). 

By using temperature of hydrohalite melting and final ice melting, the weight-ratios are 

graphically estimated by extrapolation of the tie line between melting temperatures and 

the H2O apex. The results show a wide range of salt concentrations in the fluid 

inclusions and also varying NaC1: CaC12 ratios. On average, brine of "cluster-inclusions" 

contain 5.4 wt% NaCl and 3.6 wt% CaC12 (NaC1: CaC12 ratio 60: 40), whereas these 

occurring in FIPs and as single inclusions contain somewhat higher proportions of 

CaC12 with 2.4 wt% NaCl and 6.6 wt% CaC12 (NaC1: CaC12 ratio 30: 70) and 4.4 wt% 

NaCl and 6.6 wt% CaC12 (NaC1: CaCl2 ratio 40: 60), respectively. 
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Figure 6.12: Photomicrographs showing the degradation of the nepheline host mineral 
during microthermometry. It mostly starts around 400-500°C. The observation of final 
homogenisation of two-phase aqueous inclusions is therefore often impossible. 
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Figure6.13: Typical pale brown and speckled appearance that occurs in the initial phase of 
heating of a CaCl, containing aqueous fluid inclusion. 
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Figure 6.14: Ternary diagram of the H, O-NaCI-CaC12_system. Phase boundaries and 
isotherms are modified from Shepherd et al. (1985) and Oakes et al. (1989). The black 
arrow shows the ternary minima where melting of the solid antarcticite (AA) occurs (not 
observed). The melting path of the inclusions follows then the isopleth dividing 
hydrohalite (HH) + liquid field and ice + liquid field. On heating the fluid composition 
changes along the phase boundary until all HH is liquid (indicated by the blue dots). Then it 
follows the tie-line towards the HO-apex until all ice is molten (indicated by the red dots). 
Here, the composition of the brine can be graphically estimated. Exemplarily, the average 
composition of inclusions in clusters, FIPs and "single-inclusions" is shown. The wide 
range of microthermometric results of water-dominant inclusions is shown by the blue 

covered area. 
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Only four daughter- mineral-beari ng inclusions were microthermometri cally 

investigated. The crystals dissolved in a range from 179°C to 265 °C and did not re- 

appear on cooling. 

6.6.1 Microthermometric results with respect to rock type and fluid 

inclusion appearance 

In this section, microthermometric results will be assessed in two ways. Firstly, the data 

are evaluated with regard to the rock types in which they occur and secondly with 

respect to fluid inclusion appearance (whether they are secondary in FIPs or primary in 

isolated clusters and as "single inclusions"). These results can then be used to evaluate 

possible differences in generation mechanisms or the history of the fluids in different 

rock types of the Khibiny pluton and to assess differences between primary and 

secondary fluid inclusions. 

Methane-dominant fluid inclusions 

As stated above, methane-dominant fluid inclusions homogenise between -62°C and 

-99°C. Only small differences appear in the Th-histograms, when separated by rock type 

(Fig. 6.15). A maximum with Th = -74°C tends to be more dominant in the rocks from 

the inner complex (foyaites, alkaline syenite, ijolite, lujavrite) whereas the inclusions in 

the outer two rock formations (khibinite and rischorrite) show their Th-maximum at 

-83°C. This observation indicates differences in either fluid composition (see Section 

6.6.1) or entrapment conditions. The trapped fluids near the core of the complex may 

either contain a larger proportion of higher hydrocarbons whereas fluids from the outer 

rock sequences have relatively pure methane compositions or fluids from the outer rock 

sequences contain more impurities of H2 or N than these of the inner rock sequences. 
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However, higher hydrocarbons (ethane and propane) were detected by gas 

chromatography in samples throughout the complex and are not restricted to the inner 

rock sequences. Also, gas analyses did not reveal other impurities (Chapter 7). 

Therefore, the observed variations in Th are rather the result of different entrapment 

pressure. Lower Th values in the core-near samples indicate high entrapment pressure 

and higher Th in inclusions of the marginal rock sequences indicates the entrapment at 

somewhat lower pressure (Van den Kerkhof, 1988). 

The appearance of the fluid inclusions in clusters, FIPs and as separate single fluid 

inclusions indicates their primary or secondary origin. It is assumed, that fluid 

inclusions entrapped in FIPs are secondary, whereas the majority of inclusions in 

clusters and as "single-inclusion" within minerals are believed to be of primary origin. 

Therefore, different microthermometric results should be expected. For the methane- 

dominant fluid inclusions (Fig. 6.11 a) no strong differences are apparent in relation to 

their appearance. The "cluster-inclusions" show a wide spread of data and two, nearly 

equal, maxima at -74°C and -80°C. Inclusions that occur in FIPs show a similar 

distribution but a more pronounced maximum around the critical temperature of 

methane between -82 and -83°C. The second maximum at -74°C is less dominant. This 

indicates that most of the inclusions in FIPs are relatively pure methane. The "single- 

inclusions" show a smaller range of homogenisation temperatures of between -89 and 

-74°C which indicate smaller density variations and fewer impurities. 

The similarity in Th values and comparable Raman results of primary and secondary 

inclusions implies that both inclusions contain fluids of the same origin. The similarity 

of fluid characteristics (composition and pressure of the fluid) suggests that secondary 

fluid inclusions were entrapped shortly after primary inclusions and not far away from 

them. It is likely that minerals were cracked shortly after their solidification. This 

caused a release of primary fluids and small-scale, post-magmatic movement with fluid 
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entrapment in FIPs near by. Thereby, neither pressure nor composition of the fluids 

would have changed significantly. 

Water-dominant fluid inclusions 

The temperature range for first ice melting, hydrohalite melting and last ice melting 

appears to be similar for all inclusion types (Fig. 6.11 b and c). 

Although a large number of fluid inclusions decrepitate, or their host minerals degrade 

before homogenisation, some differences of Th are noticeable (Fig. 6.11 c). The fluid 

inclusions in FIPs and "cluster-inclusions" show a wide spread of homogenisation 

temperatures, whereby the majority of fluid inclusion homogenise between 375°C and 

440°C. Despite the scarcity of data for single inclusions, the trend to higher 

homogenisation temperatures, >455°C is visible. 

The comparisons of Th values with respect to rock type show no significant differences 

(Fig. 6.16). The widest range of Th is found in samples of khibinite and albitised foyaite, 

from 290°C to >500°C. Most inclusions show homogenisation above 380°C and a large 

number of inclusions even decrepitate before homogenisation. Also, due to the scarcity 

of data, a conclusion regarding fluid inclusion behaviour with respect to rock type can 

not be drawn. 
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6.7 Fluid entrapment and evolution 

6.7.1 Isochore projections 

Chemical systems with variable states of matter are determined by pressure, 

temperature, volume, mass and composition. For isochore projections, fluid inclusions, 

unless they have leaked or experience non-elastic stretching, are generally considered to 

represent a closed system where volume, mass and composition remain constant (Van 

den Kerkhof, 1988). Consequently, temperature and pressure are the only variables in 

an inclusion of given composition that change. If volume and mass are assumed to be 

constant, it also implies constant density (d=m/V). 

The correlation between PVTX for fluids is given by equations of state (EoSs). These 

are based on empirically-determined experimental data and used to extrapolate physical 

conditions. 

Based on fluid inclusion data of this study entrapment conditions of fluid inclusions 

were determined by using EoSs for isochore projections. For this purpose the computer 

programs "FLUIDS", designed by R. Bakker (download at http: //www. unileoben. ac. 

at/-. buero62/minpet/ Bakker/Programs/ Computer. html; Bakker, 2003) for analyses of 

fluid inclusion data were used. 

In both compositional types of inclusions the "cluster-inclusions" show similar Th 

values to those in FIPs. This makes their possible primary origin somewhat ambiguous. 

Therefore, "cluster-inclusions" were omitted in PVTX modelling. Fluid inclusions 

occurring as "single-inclusions" were used to obtain data on primary entrapment 
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condition and fluid inclusions in FIPs for calculation of secondary entrapment 

conditions. 

Methane-dominant fluid inclusions 

For methane-dominant fluid inclusions the EoS of Peng & Robinson (1976), applicable 

for any gas mixture, is employed in the BULK program by Bakker (2003). Exemplarily, 

the calculated isochore for pure methane inclusions is shown in Figure 6.17a. The 

isochore for this type of inclusion is very shallow with pressures between 25 and 

100 MPa in the temperature range from 100°C to 1000°C. For the methane-dominant 

inclusions of this study an average methane-ethane ratio of 0.95/0.05 is known from 

bulk gas analysis (Chapter 7) and also implied by laser Raman studies. If the ethane 

component is considered in the isochore calculation, the isochore slope increases 

slightly as well as the internal pressure to 80 MPa at 100°C and 275 MPa at 1000°C. 

It is known from the literature, that with decreasing mol% CH4 and increasing mol% of 

higher hydrocarbons the slope of the isochores would somewhat increase, as the fluid 

becomes less compressible (Burruss, 1992). However, the small amounts of propane 

and butane, occasionally detected in the fluid inclusions, are not considered for isochore 

projection, as their effect is judged to be negligible. 

The methane-dominant fluid inclusions were probably trapped by the growth of a 

mineral that precipitates from an aqueous phase and it is likely that an aqueous liquid 

phase wets the inclusion wall. Therefore, the calculations are repeated introducing an 

aqueous phase (1 %) which is assumed to have brine composition similar to that of the 

average water-dominant "single-inclusion". For the calculation of the of the aqueous 

phase behaviour a combination of EoSs for the system NaCl-KC1-CaCl2-MgC12 

(Bakker, 1999) is used. The projected isochors show a somewhat steeper slope 

compared to that of pure gaseous inclusions (Fig. 6.17a). 
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Isochores for primary (single) and secondary (these in FIPs) inclusions of this study are 

very similar (Fig. 6.17b). The differences are basically controlled by varying Th values. 

The isochore-range for primary inclusions is embraced by that of isochores from 

inclusions in FIPs. 

Water-dominant fluid inclusions 

The isochores of water-dominant inclusions are constructed in a similar way to these for 

methane-dominant inclusions, using bulk compositions calculated from 

microthermometric data in the BULK program (Bakker, 2003). For the methane-rich 

vapour phase a composition similar to that of the average methane-dominant primary 

inclusions is assumed (methane: ethane ratio of 0.95: 0.05). In the calculation, the 

average NaCI: CaCl2 ratio of 60: 40 for single inclusions and 30: 70 for inclusions in FIPs 

are used based on the graphical estimates (see Fig. 6.14). The upper and lower limits of 

isochore projection are set by the different homogenisation temperatures. The average 

degree of filling (size of the gas bubble at room temperature) of 50 % is used in the 

calculation. This is visually estimated using the chart of gas volumes in inclusions by 

Roedder (1972). 

The isochoric P-T-paths for entrapment conditions of aqueous fluid inclusions are 

calculated using the EoS proposed by Bowers & Helgeson (1983) and modified by 

Bakker (1999). To illustrate the changes of isochore positions depending on fluid 

compositions, isochores of a pure H2O inclusion, a H2O-NaCI, H2O-NaCI-CaC12 and 

H2O-NaCl-CaC12-CH4 mixed inclusion are shown in Fig. 6.17c. Compared to a pure 

H2O inclusion, salt causes a steepening of the isochore. The differences between H20- 

NaCl and H2O-NaCI-CaCl2 mixed brines, however, are fairly small. The addition of 

methane causes a shift of the isochore position to lower pressure that corresponds with 

high temperature. 
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Figure 6.17a: Isochoric projection constructed for different gas compositions with 
and without a rim of water. Pure methane isochores are very shallow. The addition of 
5% ethane causes an increase in isochore slope. A small rim of water does not change 
the isochoric projection considerably. 

500 

-9$? 

G 

400 

-89 
9G 

300 
C 0 

C .ý 

200 
V C 

. -. C 0 

U) 

100 
CO 

E 
a) a 
(n -75.2°C 
N -64.3°C 

°- 0 
0 200 400 600 800 1000 
temperature (°C) 

Figure 6.17b: Minimum and maximum isochoric projections constructed for 

primary (yellow) and secondary (blue) methane-dominant inclusions of the Khibiny 

pluton. Homogenisation temperatures are shown on the right. 
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Figure 6.17c: Isochoric projection for different types of water-dominant inclusions. 
Generally, the isochores are steeper than that of methane-dominant inclusions. The 
addition of salt causes an further increase in isochore slope. The occurrence of 
methane in water-dominant inclusions causes a shift of isochore position towards 
higher temperatures. 
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Figure 6.17d: Minimum and maximum isochoric projections constructed for 

primary (yellow) and secondary (blue) water-dominant fluid inclusions of the 
Khibiny pluton. Temperatures of final ice melting are shown. Degrees of filling (gas 
bubble) of 50 vol% were used for isochore calculations. Isochor projections for 
inclusions with 40 and 60 vol% degree of filling are shown to illustrate the strong 
influence of this parameter. 
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As for methane-dominant inclusions, the isochores of primary and secondary water- 

dominant fluid inclusions are similar (Fig. 6.17d). The strong influence of the amount of 

the gaseous methane-dominant phase is illustrated with isochores for fluid inclusions 

with 60 % and 40 % degrees of filling. It shows that even the subtraction of small 

portions of gas cause a considerable steepening of the isochore slope. On the other hand, 

a higher gaseous portion lowers the isochore slope and the isochore position eventually 

approaches that of methane-dominant inclusions. 

6.7.2 Interpretation of fluid inclusion observation and isochore projection 

Primary fluid inclusion entrapment 

Entrapment conditions of primary fluid inclusions can be estimated using inclusions 

which were certainly trapped during crystal growth, assuming that they did not suffer 

any changes in composition, pressure and density at a later stage. 

Microthermometry shows that homogenisation of aqueous inclusions mostly starts at 

450°C and exceeds 500°C. These temperatures are representative of minimum 

entrapment conditions. For the upper limit of primary inclusion entrapment, temperature 

values around the H20-saturated solidus for agpaitic nepheline syenite (Sorensen, 1970; 

Edgar and Parker, 1974) are likely. The intersection of the solidus with the isochore of 

the water-dominant inclusions encloses the relevant entrapment envelope around 600°C 

and 600 MPa (Fig. 6.17e). 

Based on isochore data, it is inferred that primary methane-dominant fluid inclusions 

were entrapped in a similar temperature range but at lower pressure (below 200 MPa), 

as entrapment is likely to have occurred near the solidus of the H20-saturated solidus 

for agpaitic nepheline syenite (Sorensen, 1970; Edgar and Parker, 1974). 
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The P-T conditions of primary fluid inclusion entrapment above the CH4-H2O-solvus 

(Zhang and Frantz, 1992) indicate that a homogeneous fluid was present at the time of 

trapping. The following two possibilities may explain the occurrence of two 

compositionally distinct primary fluid inclusion populations. 

1. Two fluids, one aqueous and another methane-dominant existed successively. 

First, a water-dominant fluid (with methane dissolved in it) was present in the 

magma and secondly, at approximately hydrostatic P-T conditions, a methane- 

dominant fluid existed. The relicts of the initially water-dominant fluid are found 

as primary inclusions, entrapped at high P-T conditions. In the course of magma 

cooling the aqueous fraction of the fluid was preferentially incorporated into 

hydrous mineral phases during crystallisation. This produced a virtually water- 

free, methane-dominant fluid which was trapped shortly afterwards. It is also 

possible that fluids from the host rocks intruded into the hot ascending pluton. 

This would explain the hydrostatic P-T conditions of primary methane- 

entrapment. 

2. Another possibility is that all primary inclusions were trapped from the same 

homogenous, CH4-H20-mixed fluid. In this case, the observation of apparently 

two fluid generations, one methane-dominant and another one water-dominant, 

would be due to post-entrapment changes. Water-dominant inclusions might 

represent the fluid at the time of entrapment whereas methane-dominant 

inclusions would be the result of preferential water loss during leakage or 

diffusion. Necking down might also have changed the initial fluid inclusions and 

produced two or more inclusions with varying portions of methane and water. 
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Secondary fluid inclusion entrapment 

The differences between isochores of primary and secondary fluid inclusions of both, 

water- and methane-dominant species are small. This indicates relatively similar 

compositions and entrapment conditions of primary and secondary inclusions. Cracking 

and healing presumably started immediately after mineral crystallisation. 

Generally, for the entrapment of secondary fluid inclusions, a wide range of entrapment 

conditions is likely (Fig. 6.170 as fluid movement, entrapment and release started 

shortly after mineral crystallisation and continued repeatedly. An aqueous fluid with 

dissolved gas can be trapped under any P-T conditions below the nepheline syenite 

solidus and above the CH4-H2O-solvus. The recorded homogenisation temperatures 

above 350°C of two-phase water-rich inclusions support this view. In a low-temperature 

two-phase system below the CH4-H2O-solvus (Zhang and Frantz, 1992), CH4-H20 

fluids are immiscible and entrapment with variable liquid to vapour ratios is likely. The 

variability in liquid to vapour ratios, however, could also result from necking down. The 

majority of secondary inclusions are found to be methane-dominant with no visible 

water phase. They might be trapped from the heterogeneous fluid in which they occur as 

isolated droplets in the water phase. This is expected when the bulk of the growth of the 

host crystal occurs from a water solution that contains dispersed bubbles (Roedder and 

Bodnar, 1980). Another possibility for the dominant entrapment of only methane- 

dominant inclusions is the general absence of large portions of the aqueous phase in the 

post-magmatic fluid history. 

The brine in secondary water-dominant inclusions has lower Na: Ca ratio (contains more 

Ca 2+ than Na+) than that in primary inclusions. This implies that sodium was 

incorporated into the crystal lattice of primary host minerals (e. g. nepheline) and crack 

fillings, and left behind somewhat Na-depleted brines. 
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Figure 6.17e: Minimum and maximum isochoric proiection for primary water- 
dominant (blue) and primary methane-dominant (red) inclusions of the Khibiny 
pluton. Also shown is the water-saturated nepheline syenite solidus (A) from 
Sorensen (1970) and the CHa-HO solvus (B) from Zhang and Frantz (1992). The 
shaded boxes represent possible P-T envelopes for trapping of primary water- and 
methane-dominant inclusions. Also shown are the typical lithostatic gradient of 30 
MPa/km and the hydrostatic gradient of 10 MPa/km. 

Figure 6.17f: Minimum and maximum isochoric projection tör secondary water- 
dominant (blue) and secondary methane-dominant (red) inclusions of the Khibiny 

pluton. Also shown is the water-saturated nepheline syenite solidus (A) from 
S6rensen (1970) and the CH4-H2O solvus (B) from Zhang and Frantz (1992). The 

shaded boxes represent possible P-T envelopes for trapping of secondary water- and 
methane-dominant inclusions. Also shown are the typical lithostatic gradient of 30 
MPa/km and the hydrostatic gradient of 10 MPa/km. 
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6.8 Melt inclusions 

Melt inclusions, which are formed at time of crystallisation, retain volatiles that 

normally escape from magmas during degassing (Sorby, 1858; Lowenstern, 1995; 

Sobolev, 1996). As such, they provide direct information on the volatile contents of the 

magmatic system. This, however, is based on the assumption that inclusions behave as 

closed systems after their formation. 

Roedder (1984) and Sobolev and Kostyuk (1975) list a variety of mechanisms by which 

melt inclusions may form. These include: (a) the skeletal growth due to non-uniform 

supply of nutrients to the crystal face or undercooling (lowering of the temperature of a 

liquid beyond the freezing temperature and still maintaining a liquid form); (b) the 

formation of re-entrants in the crystal during resorption events, followed by subsequent 

crystal growth; and (c) the wetting by a separate immiscible phase (e. g. a vapour 

bubble) that creates irregularities in crystal growth. 

Solid inclusions are present in samples from the Khibiny pluton (Fig. 6.18). These are 

interpreted as silicate melt inclusions in comparison to descriptions of melt inclusions 

found in the literature (e. g. Sorby, 1858 and Roedder, 1984). They appear glassy 

(optically isotropic) or crystalline, and are found within nepheline minerals. The 

inclusions contain variable proportions of arfvedsonite, titanite, aegirine and nepheline 

as determined by laser Raman spectroscopy together with unidentified, Raman-inactive 

phases. Some of them contain an up to 5 pm methane-dominant gas phase (confirmed 

by Raman spectroscopy), present as a bubble. Microthermometric observations were not 

possible due to the strong degradation, cracking and darkening of the nepheline host 

mineral at temperatures above 500°C. However, the qualitative detection of methane in 

melt inclusions is strong evidence in support of its primary, magmatic origin. 
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Figure 6.18: Photomicrographs of melt inclusions in rischorrite. The labelled crystalline 
components titanite (tit), arfvedsonite (arf), aegirine (aeg), nepheline (ne) and methane 
were identified by laser Raman spectroscopy. All other phases are unknown. Note, the 
inclusions are hosted in nepheline and the detected nepheline within the inclusion might be 
just the result of scattering from the host mineral. The melt inclusions shown in (a), (b) and 
(d) contain a small methane bubble. 
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6.9 Summary 

Primary fluid inclusions occur in clusters, as individual "single-inclusions", and 

attached to aegirine micro crystals. Secondary fluid inclusions are most common and 

occur within fluid inclusion planes. 

Two compositional types of fluid inclusions can be distinguished. The majority are 

mono-phase and methane-dominant; only about 10 % are two-phase (V+L) CH4-H20 

fluid inclusions. The latter rarely include daughter minerals. 

Laser Raman spectroscopy indicates methane with smaller amounts of ethane and 

propane in the methane-dominant inclusions. The two-phase aqueous inclusions show 

the typical broad peak of water associated with the liquid phase and the sharp peak for 

methane in the gas bubbles. The daughter minerals are Raman-inactive. 

Microthermometric studies of methane-dominant fluid inclusions reveal 

homogenisation temperatures between -99°C and -62°C (distribution maximum of 

-84°C), with mostly critical homogenisation. This indicates a wide range of entrapment 

conditions. Homogenisation above the critical temperature of pure methane is in accord 

with the presence of higher hydrocarbons; homogenisation below the critical 

temperature might be due to other impurities. Also, density differences could cause the 

spread of Th values. There are no significant differences in heating-freezing behaviour 

of primary and secondary fluid inclusions. 
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Based on temperatures of first ice melting, hydrohalite melting, last ice melting and 

total homogenisation the aqueous inclusions are found to contain variable amounts of 

NaCl and CaCl2. Homogenisation occurs over a wide temperature range from 290°C to 

>500°C. Primary fluid inclusions have somewhat higher homogenisation temperatures 

(490°C) and a higher Na: Ca ratio than secondary inclusions. 

The aqueous phase of the fluid is involved in magmatic and post-magmatic fluid-rock 

interactions, which causes ion exchange and incorporation of water in secondary crystal 

growth. This explains the different concentrations of NaCI and CaC12 in the brine in 

fluid inclusions. 

The relatively similar behaviour of secondary and primary fluid inclusions of both 

compositional types on heating and freezing implies continuous fluid entrapment from 

magma crystallisation until present. 

There are no significant differences in the microthermometric data between different 

rock types in the Khibiny complex. This indicates a similar fluid was present throughout 

the different stages of pluton formation. 

PVTX modelling suggests two possibilities for the generation of primary fluid 

inclusions. Primary fluid entrapment is assumed to have occurred in the region of the 

solidus of a H20-saturated agpaitic nepheline syenite. This is above the CH4-H20- 

solvus and therefore a homogenous, supercritical fluid must have existed at time of 

entrapment. This makes the existence of two different types of primary inclusions 

somewhat contradictory. The homogenous fluid might have changed its composition 

from water-dominant to methane-dominant in the course of magma crystallisation or 
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methane-dominant inclusions could have undergone post-magmatic changes, such as 

water-leakage. For water-dominant inclusions, the intersection of the projected isochore 

and the nepheline syenite solidus present the limits for the entrapment envelope around 

600 MPa and 600°C. The adjacent lithostatic gradient supports this conclusion. The 

intersection of isochores for methane-dominant inclusions with the solidus of nepheline 

syenite occurs at a similar temperature range but lower pressure indicating hydrostatic 

conditions. This might be due to either post-entrapment changes such as water loss that 

also caused a density decrease in the inclusions and hence a too low pressure 

calculations for the isochore projections or a change of fluid composition, for instance 

by the introduction of methane-rich fluids from the host rock. The latter assumption is 

in agreement with the hydrostatic P-T conditions calculated for primary methane- 

entrapment. 

Post-crystallisation fluid migration within the pluton, resulted in the formation of 

secondary fluid inclusions trapped along FIPs over a wide range of P-T conditions from 

an miscible (above CH4-H20 solvus) or immiscible (below CH4-H20 solvus) fluid. This 

process probably started shortly after crystallisation and might still be ongoing. It is 

therefore impossible to state a definite P-T envelope for secondary fluid entrapment. 

Various secondary effects on the fluid inclusions since trapping are a serious handicap 

to accurate geobarometry. Textural observations indicate post-entrapment changes of 

the inclusions, especially a loss of the aqueous phase which probably became 

incorporated in primary minerals during their growth and alteration but also in minerals 

precipitated at a later stage in microcracks and fractures. There is also evidence that 

necking down occurred but it is not clear to what extend. The conclusions drawn here 
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from microthermometric results and isochore projection can therefore only be regarded 

as a suggestion for a possible fluid history. 

Silicate melt inclusions have been observed in nepheline. They often contain a methane- 

dominant fluid phase which supports the hypothesis of the existence of an 

orthomagmatic hydrocarbon-rich fluid. 
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7 Bulk gas composition of the fluids trapped in the 

rocks of the Khibiny pluton 

7.1 Introduction 

Bulk gas analyses of whole-rock samples were performed to obtain a comprehensive 

data set on gas compositions and to corroborate the assumption that fluid inclusion 

compositions are representative of the composition of the main gas in the Khibiny 

pluton. The qualitative composition of the major volatiles stored in fluid inclusions of 

the Khibiny pluton was ascertained by Laser Raman spectroscopy and 

microthermometry (Chapter 6). The inclusions contain mainly methane but smaller 

proportions of ethane, propane and water were also detected. Bulk gas analysis, using 

gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS) 

techniques allows determining of gaseous species not only in fluid inclusions but also in 

pore space and along microcracks and grain boundaries. Furthermore, trace volatiles, 

which may not be detected using laser Raman spectroscopy, can also be determined. 

The key objectives of the bulk gas study are: 

- to identify the bulk gas compositions of rocks within the Khibiny pluton as an aid 

to determine their origin; 

- to investigate and discuss any spatial variations in gas distribution within the 

Khibiny complex in terms of volume and composition; 

- to compare the results of different analytical techniques used and to identify 

variations between them and the possible reasons for these. 

-140- 



7.2 A review of existing data 

Since the discovery of large amounts of gas in the Khibiny pluton, bulk gas analyses 

data have been reported in a number of publications as summarised in Table 7.1. 

According to the data of Petersilie et al. (1961), Petersilie (1962), Petersilie and 

Sorensen (1970), Kogarko et al. (1987) and Ikorsky et al. (1992) the main components 

of the gases in the alkaline rocks of the Khibiny pluton are CH4 and H2 which these 

authors suggested were of abiogenic origin. Other gases, occasionally detected in 

smaller proportions were N2, CO2, CO, He, 02 and Ar. 

The most recent study of bulk gas compositions is provided by Potter (2000), with a 

selection of these results published in Potter and Konnerup-Madsen (2003). These 

authors concluded that the hydrocarbon gases are the result of post-magmatic Fischer- 

Tropsch reaction (see Chapter 3 for details). 

Voitov (1992) published data on the composition of free flowing "gas jets" in 

underground workings. They were mainly located in mines and railroad tunnels and 

associated with tectonically weakened zones with strong jointing and also with zones 

where lateral pressure deforms the rock. The gas showed a mixture of mainly H2, N2 

and hydrocarbons in varying proportions. Voitov (1992) excluded atmospheric 

contamination in his analyses on the basis that the oxygen content was less than 1 vol% 

and he attributed nitrogen as a primary component of the original gas jet. The varying 

gas compositions reported were assumed to be related to geodynamic activities (seismic 

and acoustic emissions). According to Voitov (1992), these disrupted the subvertical gas 

flow from, presumably, several magma chambers and gas reservoirs in which 

hydrocarbon generation was considered as an ongoing process. Depending on the 

intensity and location of seismic and acoustic emissions, gases from varying reservoirs 
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(with different gas compositions) were released resulting in inhomogeneous gas jet 

compositions. 

Nivin et al. (2005) also published data on free gas-air mixtures from boreholes within 

the Central Arch zone of the Khibiny pluton where they observed the highest gas flows. 

The main component of the gas phase was CH4. Small amounts of H2 and higher 

hydrocarbons, together with minor components such as He and C02, also occurred. The 

volume of occluded gas (trapped in inclusions) varied from <0.1 to 150 ml/kg rock and 

for free gas (occurring in fractures and microcracks), gas discharge rates within single 

shot-holes with a depth of 2m and 4 cm diameter of up to 5 Umin were measured (Nivin 

et al., 2001). Occluded gas and free gas were found to contain the same components but 

in different proportions. 

All previous studies of gases from the Khibiny pluton show generally similar bulk 

compositions with a dominance of methane and strongly decreasing volumes of other 

detectable higher hydrocarbons up to butane. 

Similar hydrocarbon-rich gases have also been found in the peralkaline rocks of 

Lovozero, Ilimaussaq and the Strange Lake complexes (Tab. 7.2). 

According to Potter (2000), the gas composition of the Lovozero pluton is dominated by 

CH4, similar to that of the nearby Khibiny pluton. The highest gas concentrations were 

found in foyaite and lujavrite. Higher hydrocarbons and other gases such as He and N2 

were detected in lower concentrations (Potter et al., 2004). The authors assumed that N2 

was the result of atmospheric contamination, and suggested an abiogenic origin for the 

hydrocarbon gases via sub-solidus Fischer-Tropsch-type reactions. 

In the Ilimaussaq complex (South Greenland) methane is predominant in all analysed 

rock specimens (Konnerup-Madsen and Rose Hansen, 1982). The amount of the C2-C5 

species is relatively high and that of hydrogen fairly low. Also, the content of CO2 and 
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CO is insignificant. The highest gas content was found in the coarsest grained samples 

by Petersilie and Sorensen (1970). They also found a relatively high content of He as 

being a characteristic feature of the gas compositions. Due to their occurrence in 

"mineral cavities" [presumably primary fluid inclusions], a non-biogenic origin for 

these gases was assumed (Petersilie and Sorensen, 1970). Furthermore, as the 

Ilimaussaq rocks are intruded into strongly granitized Precambrian rocks (Sorensen, 

1965), it was thought highly unlikely that biogenic hydrocarbons had migrated from the 

adjacent host rocks (Konnerup-Madsen and Rose Hansen, 1982). The authors suggest 

an inorganic derivation for hydrocarbons from a pre-existing C02-dominant gas during 

crystallisation and cooling of the rocks (Petersilie and Sorensen, 1970; Konnerup- 

Madsen et al., 1979,1985,1988). However, more recent studies by Schwinn (1999), 

Sommer (1999), Mark! et al. (2001), Krumrei and Mark! (2005) and Markl (2005) 

suggest that methane may have originated directly from the magma and that no late- 

stage respeciation took place. 

Another example of CH4-rich fluid associated with alkaline intrusives is the Strange 

Lake complex of Canada studied by Salvi and Williams-Jones (1996,1997,2006). The 

authors identified a carbonic fluid which coexisted with an immiscible brine of 

presumably magmatic origin containing CH4, H2, C2H6, C02, N2 and higher 

hydrocarbons up to C6. A post-magmatic generation from orthomagmatic CO2 and CO 

fluid via Fischer-Tropsch reaction was- proposed to explain the origin of the 

hydrocarbons. 
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7.3 Methods 

In the present study the bulk gas compositions in different rock types of the Khibiny 

complex were analysed using gas chromatography at the Kola Science Centre in Apatity 

(Russia). In addition, selected samples were analysed using gas chromatography-mass 

spectrometry techniques at the Exxon Mobil Research Laboratories in Houston (USA). 

The Kola Science Centre has many years of experience and practice in the preparation 

and analysis of gases contained in the alkaline rocks of the Kola Peninsula. The 

following procedure has been applied to the samples (Ikorski, 1999; pers. comm. 

S. V. Ikorsky, 2006): 

Approximately 30-40 g of fresh rock sample was selected and crushed carefully by hand 

and sieved. An aliquot of 1g of the 0.25-0.63 mm grain size fraction was used for 

analysis. 

The sample was loaded into a vibrochamber [ball mill] together with three 5 mm 

diameter stainless steel balls. To clean the system from atmospheric contamination, the 

chamber was closed, placed onto the vibrator stage and connected to a continuous 

helium flow for 20 min. Then, the helium flow was stopped and the sample crushed for 

20 minutes. The vibration frequency was set at 100 oscillations per second. This high 

vibration frequency ensured homogenous grinding. After finishing crushing, the helium 

carrier-gas was directed through the vibrochamber and the extracted gas transported into 

the gas chromatograph. The content of each component of extracted gas separated by 

the gas-chromatograph column was calculated by chromatogram-peak-estimation. The 

concentration of each component is proportional to the height of their specific 

chromatogram peak multiplied by its analytical sensitivity and divided by sample 
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weight. Chromatograph calibration was carried out regularly, using certified gas 

standards. The accuracy is mostly >95 %. The reproducibility of the gas analyses were 

tested by repeated analyses of internal standard material. The resulting precision ranges 

from 96 % and 94 %. 

The active sample surface increases considerably during sample crushing resulting in a 

marked increase in contact between the sample surface and extracted gas. H2O and CO2 

especially have a high affinity to sample surfaces and are strongly adsorbed onto freshly 

exposed material during this process (pers. comm.. S. V. Ikorsky). Therefore, these 

components were not analysed by the above method. Non-polar gases such as CH4 and 

higher hydrocarbons, however, show only a small tendency to adsorb onto sample 

surfaces (Nelson, 2003). The recorded concentrations can thus be regarded as 

reasonable estimates of the true hydrocarbon composition. 

At Exxon Mobil a similar extraction technique was used (pers. comm. M. Pottdorf). 

About 5g sample material with grain sizes between 1 and 2 mm was placed in a ball 

mill and crushed at 105°C. Then, a representative aliquot of the liberated gas was 

injected into the gas chromatograph through a fixed volume sample loop whereby 

helium served as transport gas. Measurements were carried out on the coupled mass 

spectrometer. 
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7.4 Results and Discussion 

7.4.1 Bulk gas composition 

Results from the Kola Science Centre are shown in Table 7.3. The samples from 

different rock types contain a wide variety of gas volumes from 0.01 to 102.19 cm3/kg. 

On average 12.8 cm3/kg hydrocarbon gases were detected. A strong dominance of 

methane is characteristic in all samples. The highest concentration (98.5 cm3/kg) was 

detected in rischorrite sample Kh-03-44. Higher hydrocarbons (ethane, propane and 

butane) were generally detected in smaller concentrations. In total, their concentration 

ranges from 0 to 3.7 cm3/kg. The components of n-butane and i-butane were detected 

separately with n-butane occurring in higher concentration. Very small concentrations 

of higher hydrocarbons with double C-bonds, namely ethene, propene, a- and ß-butene 

were also detected. 

Hydrocarbons and other gaseous components contained in the Khibiny rocks were 

detected in selected samples at Exxon Mobil in Houston. The results on hydrocarbon 

content and distribution data are comparable with those measured at the Kola Science 

Centre (Table 7.4). The main components of the gas phase are methane with smaller 

proportions of higher hydrocarbons, up to pentane. CO2 occurs in only one sample and 

N2 was found in ijolite, rischorrite and massive foyaite. In the latter, an unusually high 

N2 content was detected (9.37 mol%) which might be due to atmospheric contamination 

or could be a product of the breakdown of NH4+ in a hydrated mineral structures (Potter, 

2000). The gases were also analysed for hexane, oxygen and H2S but none of these 

components were identified. 
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For sample Kh-03-44, analyses were performed repeatedly using material of different 

grain size (Table 7.5). The detected gas compositions are similar indicating that grain 

size differences in the investigated range (between 1 and 4 mm) have a minor influence 

on the bulk gas data. 
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7.4.2 The relevance of the Anderson-Schulz-Flory distribution for 

conclusions on hydrocarbon origin 

In previous works (e. g. Szatmari, 1989; Salvi and Williams-Jones, 1997; Potter and 

Konnerup-Madsen, 2003) the logarithmic linear trend of hydrocarbon concentrations up 

to C5 has been used as an indicator of gas origin (see also Chapter 3). A decrease in 

hydrocarbon concentration from 101 to 10-2 with increasing carbon number, the so- 

called Anderson-Schulz-Flory (ASF) distribution, is assumed to indicate an abiogenic 

origin. A shallow trend, however, with constant or only slightly decreasing hydrocarbon 

concentrations with increasing carbon number, is assumed to be indicative of biogenic 

gas. 

In Figure 7.1 bulk gas data from the present study are plotted as log-normalised 

concentrations (mol%) and compared to published results of bulk gas data of other 

peralkaline rock complexes and to gases of undoubted biogenic origin. 

Gases in khibinite, ijolite and lujavrite show a log-linear decrease in concentration from 

C1 to C4 concentrations. However, rischorrite, trachytoid and massive foyaite as well as 

alkaline syenites contain gases with similar concentrations of C2 and C3 components or 

even higher C3 concentrations than C2. The high C3 concentration is mostly followed by 

low C4 concentration, often below detection limit. This fluctuation can be interpreted 

differently depending on the generation mechanism responsible for the hydrocarbon 

gas. In case of an abiogenic origin, it might indicate that no further polymerisation 

towards higher hydrocarbons has occurred and therefore the C3 concentration remains 

relatively high. On the other hand, assuming a biogenic origin, it could indicate a strong 

decomposition of C4 or C3 hydrocarbons that lead to higher concentration of the next 

lower (C3 or C2) hydrocarbon. The varying gas compositions could also be caused by 
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fractionation processes during fluid migration in situ or during chromatographic gas 

separation in the laboratory. 

The hydrocarbon distributions in gases of other alkaline complexes are similar to those 

in the gases of the Khibiny complex with generally decreasing concentrations from CI 

to C5. In some samples of the Lovozero and Il maussaq complex there also exists an 

increasing or constant C3 concentration compared to C2. Only the gas distribution of the 

two samples from the peralkaline granite at Strange Lake show a regular and smooth 

log-linear decrease of concentration with increasing C-number. 

Figure 7.1 also shows examples of the C1-C5 distributions of biogenic hydrocarbon 

gases. Such gases exhibit a fairly similar pattern compared to those found in gases from 

peralkaline complexes. Only two samples of immature hydrocarbon gases dissolved in 

oil (Prinzhofer and Huc, 1995) show the expected C1-C5 distribution of biogenic gas: a 

very shallow hydrocarbon distribution with a relatively low methane content compared 

to higher hydrocarbons. All other biogenic gas samples show similar carbon distribution 

patterns to those from the intrusive alkaline complexes. A typical ASF distribution with 

decreasing hydrocarbon concentration with increasing carbon number is observed for 

dry gas, which is the dominant biogenic gas phase at depth > 5.5 km (Hunt, 1995). This 

clearly demonstrates that the ASF distribution is questionable proof for abiogenic origin 

of hydrocarbon gas. 
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Table 7.6 summarises the ratios of Cn+1: C� for all the data discussed here. The ratios 

increase towards higher hydrocarbons and in gases of Khibiny complex, Ilimaussaq 

complex and North Sea are occasionally above 1. In previous works (Szatmari, 1989; 

Salvi and Williams-Jones, 1997; Potter and Konnerup-Madsen, 2003) it was argued that 

the phenomenon of increasing Cn+I: C� ratios is a clear indication that hydrocarbons 

were generated by Fischer-Tropsch reaction (Anderson, 1984) and has been used to 

support a post-magmatic gas origin. However, all gas samples, including these of 

biogenic origin have low ethane : methane ratios and higher ratios for propane: ethane 

and butane: propane. The predominance of CH4 is therefore an unconvincing parameter 

for an abiogenic hydrocarbon gas origin. 

The present investigation reveals no major differences between hydrocarbon ratios of 

biogenic gas samples and gases extracted from peralkaline rock complexes. The 

compositional distribution of hydrocarbons is therefore of little value in drawing 

conclusions about hydrocarbon gas origins. In compositional terms, the hydrocarbons of 

Khibiny and other peralkaline complexes could therefore have originated from organic 

material within the host rocks. These hydrocarbons could have been transformed to 

predominantly thermogenic methane gas and solid organic matter (such as kerogen) 

under the relatively high P-T conditions during pluton emplacement. 
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C2/C1 C3/CZ C4/C3 C5/C4 

Khibiny average khibinite 0.039 0.092 0.287 
Khibiny average rischorrite 0.038 0.246 0.233 
Khibiny average trachytoid foyaite 0.022 0.177 0.159 
Khibiny average massive foyaite 0.029 0.490 0.206 
Khibiny average alkaline syenite 0.101 0.703 0.000 
Khibiny average ijolite 0.038 0.084 0.307 
Khibiny average lujavrite 0.033 0.053 0.198 
Khibiny data Exxon 0.030 0.059 1.184 0.437 
range 0.022 to 0.101 0.053 to 0.703 0 to 1.184 0.437 

Lovozero 0.047 0.676 0.043 
Lovozero syenite 0.052 0.206 0.070 
Lovozero urtite 0.065 0.557 
Lovozero foyaite 0.030 0.467 0.186 
Lovozero eudialite lujavrite 0.033 
Lovozero loparitejuvite 0.070 
Lovozero lujavrite 0.106 
Lovozero lujavrite 0.124 
Lovozero foyaite 0.021 
Lovozero urtite 0.108 

range 0.030 to 0.124 0.206 to 0.676 0.043 to 0.186 

Ilimausaq augite syenite 0.030 0.094 0.347 
Ilimausaq naujaite 0.123 0.176 0.249 
Ilimausaq sodalite foyaite 0.104 0.182 0.110 
Ilimausaq arfvedsonite lujavite 0.129 0.063 0.163 
Ilimausaq olivine gabbro 0.010 1.286 
Ilimausaq average in sodalite and neph. 0.117 0.151 0.462 0.250 
Ilimausaq average in arfvedsonite 0.094 0.129 0.500 0.100 
range 0.030 to 0.123 0.063 to 1.286 0.110 to 0.500 0.250 to 1.000 

Strange Lake fresh pegmatite 0.084 0.180 0.337 0.343 
Strange Lake altered pegmatite 0.098 0.137 0.408 0.350 
range 0.084 to 0.098 0.137 to 0.180 0.337 to 0.408 0.343 to 0.350 

Angola thermogenic gas 0.070 0.502 0.553 0.470 
Angola thermogenic gas 0.123 0.494 0.482 0.359 
Angola thermogenic gas 0.512 1.492 0.653 0.391 
North Sea thermogenic gas 0.428 1.197 0.715 0.253 
North Sea thermogenic gas 0.189 0.418 0.278 0.247 
North Sea thermogenic gas 0.030 0.490 0.286 0.225 
North America dry gas 0.015 0.236 0.500 0.471 

range 0.015 to 0.512 0.236 to 1.492 0.278 to 0.715 0.253 to 0.471 

Table 7.6: The carbon number ratios calculated from bulk gas analysis (in mol%) 
from Khibiny, Lovozero, Ilimausaq, Strange Lake complex and biogenic samples 
from Angola, North Sea and North America. Values and references are shown in 
Table 7.2. 
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7.4.3 The spatial distribution of gases within the Khibiny complex 

There have been few studies of bulk gas distribution throughout the Khibiny complex. 

Ikorsky (1977) sampled short, inward-directed traverses and found high gas 

concentrations in the outer part of the pluton and especially in areas of strong 

albitisation. Other studies reveal highest total gas contents immediately above or below 

apatite-nepheline ore zones (Ikorsky et al., 1992). The presence of high post-magmatic 

fluid fluxes within the Central Arch, a petrologically diverse zone that hosts the 

REE-enriched apatite-nepheline ore deposits located between outer khibinite and inner 

foyaites of the Khibiny complex, has been reported by Nivin et al. (2001,2005). 

The reasons for the variable gas concentrations within the Khibiny pluton are still 

debatable. The controlling factors are assumed to be petrology (see Chapter 4) and 

distance to migration pathways and place of generation (Nivin et al., 2001; Ikorski, 

1991). 

In this present study, bulk gas contents were found to vary in different areas of the 

complex over several orders of magnitudes, between c. 100 cm3/kg and 0.01 cm3/kg. 

To investigate the relationship between petrology and gas content, the modal mineral 

composition of the three most abundant, optically-distinguishable mineral phases 

(nepheline, alkali feldspar and the sum of mafic minerals) in all hand-specimens were 

estimated and plotted versus the total gas content (Fig. 7.2a-c). There is a clear positive 

correlation between total gas content and nepheline content. However, there appears to 

be no relationship between gas content and the content of mafic minerals or of feldspar. 

Microscopic observations and laser Raman studies are in agreement with these findings 

(Chapter 6). Therefore, the presence of suitable host minerals, namely nephelines, 
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results in high fluid inclusion populations and hence the storage of high concentrations 

of hydrocarbons. 

A close textural relationship between altered mafic mineral assemblages and fluid 

inclusion accumulation on a microscopic scale was used as evidence for post-magmatic 

fluid generation via an F-T reaction (e. g. Potter, 2000). However, this link could not be 

confirmed regionally during the present study. The lack of a significant correlation 

between gas content and the modal content of mafic minerals (Fig. 7.2c) is supported by 

textural observations determined during the course of this study (Chapter 4), where no 

correlation of fluid inclusion populations and altered mineral assemblages has been 

observed. 

The present study shows that the regional distribution of hydrocarbon gases in the 

Khibiny complex is spatially controlled, with the highest gas contents occurring in the 

outer, marginal rocks, decreasing inwards to very low level in the core of the complex 

(Fig. 7.2d). It is likely that this trend is somewhat enhanced by inward-decreasing modal 

proportions of nepheline, which is the most suitable host for hydrocarbon-bearing fluid 

inclusions. The innermost rock type alkaline syenite, for example, is relatively poor in 

nepheline and therefore may simply not be able to host large methane-filled fluid 

inclusion populations. Another influence on the spatial gas distribution might be a 

variation in permeability permitting either the access of H2O required for potential in 

situ methane generation or methane migration itself. If the methane is not produced in 

situ, varying distance from the methane source could influence the gas distribution 

within the Khibiny complex. 

The spatial gas distribution shown here is broadly in agreement with the data of Ikorsky 

(1977). However, Nivin et al. (2005) reported highest hydrocarbon concentrations within 

the Central Arch. The authors argued that the high hydrocarbon concentration in this 

- 161 - 



area is caused by long-lived fluid migration facilitated by stress release during cooling 

and uplift of the Khibiny complex. The overall decrease in gas content towards the core 

might therefore be overprinted by late-stage gas fluxes through the Central Arch and 

further disturbed by lateral variations in rock porosity and permeability. 

However, the overall spatial distribution of hydrocarbons suggests that there was an, at 

least limited, influence from the Khibiny host rocks. It is likely that carbonate and 

graphitic schists that enclose the Khibiny pluton (see Chapter 4) contain primary 

organic material, some of which could have been incorporated into the pluton, either 

during convective fluid flow during emplacement or during subsequent percolation of 

meteoric waters along fracture systems. This suggestion is consistent with the 

decreasing trend of 6130 values toward the margin of the Khibiny complex (Chapter 8). 
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7.5 Summary 

New bulk gas data, obtained by two independent methods, are presented here. They are 

in agreement with the results of the fluid inclusion study. The gas is characterised by the 

strong dominance of methane and smaller content of higher hydrocarbons up to pentane. 

Small amounts of N2 and CO2 occur occasionally. 

A good agreement between the results of the gas chromatograph data of the Kola 

Science Centre in Apatity and the GC-MS data from the laboratory of Exxon Mobil in 

Houston confirm the accuracy of both methods. 

The gas compositions generally exhibit the so-called Anderson-Schulz-Flory 

distribution. They show a log-linear decrease in hydrocarbon concentrations with 

increasing carbon number, previously thought to be indicative of an abiogenic gas 

origin. However, the compositions of biogenically-derived gas show comparable 

patterns. In fact, the similarity of the gas derived from the Khibiny pluton and 

petroleum-related gas might suggest a comparable thermogenic origin. The 

compositional distribution of C1-C5 components, therefore, cannot be used as a reliable 

tool for distinguishing biogenic and abiogenic gas origins at moderate to high 

temperatures. 

The bulk gas content of the Khibiny rocks is dependent on the occurrence and 

proportions of a suitable host mineral, namely nepheline. Generally, the higher the 

nepheline content, the higher the overall gas content. No comparable correlation exists 

between the content of mafic minerals or feldspar. The lack of a regional association 
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between mafic mineral content and gas content does not support a post-magmatic gas 

generation via Fischer-Tropsch synthesis. 

The spatial gas distribution in the Khibiny pluton, with increasing gas concentration 

towards the marginal area of the pluton, implies an addition of hydrocarbon gases from 

a surrounding source. This is in agreement with the results of the isotope study 

presented in Chapter 8. Therefore, the inward migration of biogenically-derived 

hydrocarbons, generated from organic material contained in the country rocks, is likely. 
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8 The carbon and hydrogen isotopic composition of 

the fluids of the Khibiny pluton 

8.1 Introduction 

Isotopic data can be used to identify the origin and genesis of hydrocarbon gases. 

Carbon-bearing molecules such as CH4 are among the most abundant fluids in a variety 

of geological settings and stable carbon isotope ratios are commonly used to determine 

the source of such fluids, their formation and reaction pathways and as a 

geothermometer (Schoell, 1980; Galimov, 1988; Horita, 2001). Furthermore, the 

combination of hydrogen isotope ratios (ED) and carbon isotope ratios (b ' 3C) of 

methane-rich fluids is a powerful method of identifying a variety of source-regions for 

C-H-O fluids. 

There are a wide variety of potential methane sources. Methane can be produced by 

bacteria under anaerobic conditions in wet environments and in ruminant stomachs and 

termite guts, but may also originate from fossil carbon sources including biomass 

burning, coal mining, industrial exhaust, mantle and volcanic emissions (Breas et al., 

2001). The carbon isotope signatures of specific sources are distinctive (Table 8.1. ). 

Methane derived from animal sources shows the most depleted carbon isotopic 

signature with values between -31 %o and -93 %o and hydrogen isotope compositions of 

methane down to -332 %c (Breas et al., 2001). Fossil sources result in carbon and 

hydrogen isotope compositions of methane of -2 %c to -79 %c and -137 %c to -250 %o, 

respectively. Most fossil methane deposits are attributed to a biogenic origin. Methane 
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in igneous rocks, as studied here, can originate from two principal sources: the host rock 

and the magma itself. Host rock related methane is normally generated from organic 

material mostly contained in sedimentary rocks. However, the possibility that methane 

may be abiogenic in origin is a relatively recent concept, although specific reaction 

mechanisms and isotopic characteristics are poorly constrained (Horita and Berndt, 

1999; Horita, 2001). The methane can be incorporated into the igneous rock body either 

as primordial mantle CH4 or generated from late- or post-magmatic re-equilibrium of 

mantle-derived CO2 and H20/H2-bearing fluids. 

The isotopic compositions are expressed in classic delta notation (defined as 
613C = r( 13C / 12Csample) / (13C / 12CPDB) 

- 11 x 1000 for carbon and given in "permill", 

denoted by %c (1 part in 1,000, equally to 1g/1 liter). 

8.2 A review of previous isotope data published from the Khibiny 

pluton 

To date, reliable isotope data from hydrocarbon gases of the Khibiny alkaline rocks are 

sparse. Previously published data from hydrocarbon-bearing fluids in the Khibiny 

pluton (Table 8.2) include 613 Cb�lk data and 613 C data for CH4 and higher hydrocarbons 

from free gases (Galimov and Petersilie, 1967; Galimov, 1973; Khitarov et al., 1979; 

Voitov, 1992). A small set of corresponding SDCH4 and 613CCH4 data is available from 

Yerokhin (1978) and Voitev (1992). The most recent 613Cbulk data were published by 

Potter (2000). 613 CC02 were published by Galimov and Petersilie (1967) and Potter 

(2000). 

The first results of 6 13C analyses of gas in "mineral pores" were those of E. M. Galimov 

(Galimov and Petersilie, 1967; Galimov, 1973). The carbon within the sample was 

- 169- 



burned in a high vacuum system at 1000°C and converted to C02 in an oxygen current 

over CuO. The isotopic compositions of carbon were examined using a MI-1305 mass 

spectrometer (Petersilie and Sorensen, 1970). Values for 613Cbulk and 613Cmethane in a 

variety of rock types fell in a range from -19.3 % to -3.2 % (Galimov and Petersilie, 

1967; Galimov, 1973). 613 C data from higher hydrocarbons ranged from -26 'Icc to 

-3.2 %c and showed an increasing trend towards the higher homologues, indicative of 

generation via polymerisation from methane (Galimov, 1973). 613Cco2 values of -8.5 %c 

and +10.6 %c, were published by Galimov and Petersilie (1967). Petersilie and Sorensen 

(1970) noted that carbon isotope values in the Khibiny gases were generally similar to 

those of diamonds and carbonatites and therefore, characteristic of a magmatic origin. 

Voitov et al. (1990) and Voitov (1992) investigated free flowing gas ("gas jets") from 

the Rasvumchorr, Yuksporr and Kukisvumchorr mines in Khibiny pluton and published 

613CCH4 data and some 613 C data for ethane and propane. Unfortunately, no information 

on sampling and analysis techniques was given in their papers. The isotopic 

compositions of methane reported by the authors were in the range of -11.2 %c to 

-6.5 %o. Voitov (1992) argued that thermodynamic calculations demonstrate an 

inorganic, high-temperature generation in aqueous fluid during dewatering at 400 to 

500°C and 0.5 to 1 kbar (50 to 100 MPa) and suggested that the Fischer-Tropsch 

reaction, operating in several magma chambers, was a possible driver of hydrocarbon 

generation. This process was assumed to be accompanied by carbon isotope 

fractionation and therefore, 613CCH4 variations were due to different degrees of isotopic 

depletion of the initial gas. Voitov explained inhomogeneities in the gas compositions 

and isotopic ratios by ongoing formation of gases in several sites at depths of 25 to 

30 km and incomplete mixing of released gases at 10-12 km depth. "Seismic and 

acoustic emissions" within the massif cause an upward migration toward the surface and 
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eventual release to the atmosphere. Compared to CH4, the 613C values of higher 

homologues were as low as -23.9 %c. This may be due to fractionation during their 

generation via polymerisation (Voitov, 1992). 

Potter (2000) published two 613 Cbulk values and one 613 CC02 value of gas samples from 

the Khibiny pluton. The main hydrocarbon-bearing minerals apatite, nepheline and 

calcite were separated from hand-crushed rock samples. About 100-150 µg of the 

separated minerals were processed in a high vacuum line at temperatures up to 700°C. 

The released hydrocarbon gases were immediately transformed to C02 by exposure to 

excess oxygen, produced by heating a CuO coil, transferred to a sample finger and 

trapped in liquid nitrogen. The gas was analysed in a Prism II mass spectrometer. 

C02-dominant fluids in carbonatites have been released in a similar way, but no 

additional oxygen supply from CuO was necessary for oxidation. The 613Cbulk values for 

the different heating steps range from 25.33 %c to -3.28 %c and 6'3CC02 from -7.26 %c to 

-3.84 %o. 

Based on microthermometric fluid inclusion observations, Potter (2000) proposed that 

the majority of methane was released at 400°C by decrepitation. She concluded the 

carbon origin to be abiogenic but not mantle derived. Higher isotopic values were 

explained by mixing with primary magmatic C02- 
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8.3 Methodology 

8.3.1 Sample preparation 

The rock samples studied here were crushed and dry-sieved to separate grain sizes of 

2-2.8 mm and 2.8-4 mm. Both fractions were used for isotope analyses. To avoid 

contamination due to handling and organic surface contaminants, the samples were 

placed in an ultrasonic bath and washed in a mild NaOCI (3 %) solution for about 

30 min. This was followed by several wash cycles with doubly-distilled water. The 

samples were then dried overnight at 105°C. 

Isotope data were obtained at the stable isotope laboratory at the University of 

Lausanne. Two methods were used to release the fluids contained in fluid inclusions. 

3. Thermal decrepitation released hydrocarbons and water. The following four 

fractions were separated for analyses: 613CCH49 6DCH4,613 CC02and 6DH2o. 

4. Crushing released CO2 and hydrocarbon gases. They were separated using gas 

chromatography. 

Both methods are detailed in the following section and their advantage and 

disadvantages will be discussed. 

8.3.2 Thermal decrepitation 

The fluids hosted in fluid inclusions and other cavities were released thermally into a 

vacuum system (Fig. 8.1) using a method similar to that described in Kesler et al. 
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(1997). Approximately 4g of sample material with grain sizes between 2 and 2.8 mm 

was used. Mafic components were removed in advance, to avoid contamination with 

crystal lattice-bound water from amphibole, biotite or other hydrous phases. The sample 

was loaded into a silica glass vessel, attached to a vacuum line and degassed at 100°C 

until no further pressure rise was recorded. The gases were released via thermal 

decrepitation in three heating steps. At 500°C, 700°C and 900°C the temperature was 

held constant for 10 min. Gas release started at about 400°C as indicated by a rapid 

increase of pressure in the closed vacuum line. During this process, released gases were 

moved through a U-trap, cooled with liquid nitrogen. Here, all condensable gases (e. g. 

C02, higher hydrocarbons and H2O) were collected. All non-condensable gases (mainly 

CH4), were held free in the vacuum line. After complete decrepitation the non- 

condensable CH4 was transferred over CuO, which caused its oxidation to C02 and 

H2O. The CuO was initially heated to 450°C, subsequently increased to 750°C, to 

enhance the oxidation process. The resultant CO2 and H2O were trapped in a U-trap 

using liquid nitrogen. The oxidation was complete when the pressure in the vacuum line 

returned to background values or no further pressure changes occurred. Any remaining 

pressure was assumed to be caused by small amounts of nitrogen and pumped out of the 

system. The separation of CO2 and H20 in both traps was done cryogenically, using a 

slush trap (ethanol cooled to about -90°C by adding liquid nitrogen). This kept H2O 

condensed and released CO2. The amount of CO2 was measured with a manometer 

before it was isolated into a small glass tube and sealed. The H2O was released 

afterwards and also isolated and sealed in a small glass tube for analysis. 

The CO2 and H2O released directly during thermal decrepitation were kept at liquid 

nitrogen temperatures during CH4 oxidation. After that, they were cryogenically 

separated using the slush trap. The amount of CO2 was measured manometrically and 
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isolated and sealed into a glass tube. Finally, H2O was transferred and sealed into a 

glass tube. 

In this way the following four components were separated: CO2 and H2O directly from 

the fluid as well as CO2 and H2O, the oxidation product of CH4 from the fluid. Carbon 

isotopes were analysed using a ThermoFinnigan gas chromatography/mass 

spectrometer. bD were analysed on the TC-EA at 1350°C via reduction of water with 

graphite. Based on repetitive analyses of international standards, the standard deviation 

is < 5% (pers. comm. T. Vennemann). 

8.3.3 Crushing of rock samples 

In this method, the gas was released by off-line samples crushing in a high vacuum 

system (Fig. 8.2), using the "pepper-mill"- technique of Simon (2001). The mill and 

interior of the extraction system was made of stainless steal and the attached 

connections to the vacuum pump and the gas storage vessel were made of glass. The 

system was cleaned with a solution of ultrapure, distilled dichloromethane and 

subsequently dried at 110°C before usage. Depending on the expected gas release, 

sample aliquots of 6 to 9g with grain sizes between 2.8 and 4 mm were placed into the 

peppermill apparatus and the system closed and evacuated to a stable vacuum. At the 

same time, the "pepper-mill" was heated slightly to reduce possible surface 

contamination such as water adsorption on the sample and apparatus. The sample was 

crushed by hand for about 5 minutes until all rock pieces were pulverized. To avoid 

effects of fractionation (lighter isotopes "move" faster) during gas release and 

expansion, the system was held open for 5 minutes to reach equilibrium. The gas sample 

was then separated from the pepper mill and stored in a vacuum tight glass vessel. 
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Sampling was performed using a gas-tight syringe introduced via a rubber septum into 

the gas reservoir vessel, sampling 2.5 to 5 ml gas per analysis. Three analyses per 

crushed sample were performed. The carbon isotope compositions of CO2 and saturated 

hydrocarbons were measured using a Hewlett-Packard 6890 gas chromatograph (GC) 

coupled via a combustion-interface III (C) to a Thermoquest/Finnigan MAT Delta S 

isotope ratio mass spectrometer (IRMS) (pers. comm. J. Spangenberg, Freedman et al., 

1988; Hayes et al., 1990). The GC was operated with a CarboxenTM 1006 PLOT 

capillary column (30 mx0.53 mm internal diameter) for the analysis of CH4 and CO2 

isotope ratios and with a Paraplot Q-HT column for higher hydrocarbons. Helium was 

used as carrier gas with a linear flow velocity of 3 ml/s. After an initial period of 

5 minutes at 35°C, the column was heated to 100°C at 20°C/min followed by an 

isothermal period of 20 min, and later heated to 220°C at 20°C/min and held there for 

5 minutes. The samples were introduced at 230°C. The CuO/NiO/Pt combustion reactor 

was set at 960°C. The performance of the GC/C/IRMS system was evaluated every 

10 analyses by injection of methane and carbon dioxide of known 813C values. The 

analytical reproducibility, tested by daily replicate analysis of a laboratory standard gas 

mix is ±0.5 %c (pers. comm. J. Spangenberg). 

8.3.4 Comparison of the methods 

Comparison of isotope data 

There are significant differences between the data obtained by the two methods (Table 

8.3) which require a consideration of the advantages and disadvantages of both methods 

and possible sources of errors. Generally, gases released through rock crushing provide 

higher values of 613 CCH4 and lower values of 61 3 CC02 than the thermally released 

- 179- 



D 
,, ý 

N 
O 
U 

U 

eIC 

N 
1 

U 

U 
M 

cep 

0 
x 

U 

CIO 

Go s 
:. i 

U 
M 

ý10 

x 
N 
C.: 

l'f 

(10 

vý I 
U 

U 
1 

In, 
Q 
E 
ca 
U) 

4) 
Q. 
A 
v 

t) 
O 
I- 

C 
0 

CL 
4) 

E L 

iýl 

- M r-- 
LO 
T- 

00 
T- 

` 
T- N 

IC) 
O 
- 

I` 
(0 

d 
(0 

Op 

co Lq 
p-M 

I` MNN 00 IC-- t-_ o) (. 0 
CD x, O (6 t-- t- C14 
N 04 NNNN 

CO CO M It ON 'It 'It 
OOOO O- 'RT 11, LO 
MMMAMMMMA 
000000000 
ýLLLLLLLL 

YYYYYYYYY 

Q) (D 

LLLLt000 
C: c C: U) 

E 

Ö 

Ln O 
qr. *W ' 00 

ti 

a0 

LC) 
+ 

0 

to 
M 

c) 
t 
N 
L. 
V 

Co 
03 

09 0 

N 
N 

Cu 

Gi C 
L 

Lr 0) 00 q; fi 0) N- c0 N- CS, 
L4 CD In C) Cr) MM iC; 
r c- c- rr e- T- T- 

Q 

I- LO Il_ Nt N 
06 tý O) 6M 
rrrr c- 

OMN (3) CO 0 

f- Q) N LC) M 
cd N cd O P. ý lzý 

,, t CO It M I. O« 
N N'i M c6 ui c 

CO MON- CO iO 1` It aC 
OOOAA 

C7 M C1) AMC 
OOOOOOOOOOC 

YYYYYYYYYY 

CU 
NNN +r .ý +" +r pp >+ 

0Q 

C 
_C 

C_ 000 0"0-0 

YY. 
.ýNN LLÜÜm 

f"+ 4- 

i 

I. - 

' 1 

IR 

N. 
ti 
r 

q 

ti 
ti 

t0 , 

Clý 

Cý 
cß G7 

ä 

1i 

rA 

U 

O 
bA 

CC 

O 

(73 

I) 
U 
U 

GJ 

7L 

40-ý 

7d 

O 
cn 

OÖ 

F 

- 180- 



equivalents. This consistent pattern suggests a systematic error, either mechanical or 

theoretical. 

The most likely sources of this error are the high temperatures used during thermal 

decrepitation. The investigated samples frequently contain cancrinite, which is a 

potential carrier of CO3 in its framework. It serves as an additional CO2 source at high 

temperatures. Heating also causes the breakdown of carbon-bearing minerals such as 

zeolites, and other organic material such as graphite and bitumen contained in the 

sample material. The produced gases would mix with CO2 and CH4 derived from fluid 

inclusions and affect their isotopic compositions. 

Other sources of errors for both methods could be: (a) contamination with organic 

material from sample handling and, after gas release; (b) isotopic fractionation; or (c) 

adsorption of gas onto particle surfaces or apparatus. 

Comparison of gas compositions and volumes 

The CH4 and CO2 volumes obtained by crushing are not the same as those obtained by 

thermal decrepitation. In attempt to resolve this dichotomy, the bulk gas volumes 

determined at the Apatity Science Centre (Chapter 7), using online-milling-gas- 

chromatography, were used for comparison (Table 8.4). 

Thermal decrepitation yields the highest gas volumes of between 0.41 to 5.49 mmol 

CH4/g sample. Values of between 0.01 and 1.71 mmol CH4Jg sample were derived from 

crushing. Much lower volumes were derived from bulk gas analyses at the Kola Science 

Centre, with values ranging between 0.0002 to 0.0044 mmol CH4/g sample. 

The low values resulting from on-line-milling-GC used in the Kola Science Centre are 

most likely due to the very small sample grain size of 0.25 to 0.63 mm. There is 

probably an effect of considerable gas loss during the preparation process, as during 

pre-crushing many of the FIPs (the main locality of fluid inclusions) are opened and the 
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gas gets lost. This is because, as crystals preferentially split along the FIPs, large grain 

size should yield large gas volumes. Grain sizes used for thermal decrepitation and 

crushing were 2 to 2.8 mm and 2.8 to 4 mm, respectively. Therefore, the latter should 

contain most intact (closed) FIPs and yield the highest gas volume. However, the 

released gas volume is highest in thermally decrepitated samples and it is likely, that 

thermal decomposition of solid carbonic matter or breakdown of carbon-bearing phases 

caused an additional gas volume. This is in agreement with the above assumption, that 

the isotope ratios may be influenced by other phases than that contained in fluid 

inclusions. 

The CO2 volumes, released by thermal decrepitation, were very high. With values up to 

15.6 mmoll g sample it is often the dominant gas species (Table 8.4). This is an 

unexpected result, as CO2 was not detected during bulk gas analyses (Chapter 7) and 

laser Raman spectroscopy (Chapter 6). The high CO2 levels in gases released for isotope 

analyses must therefore be an artefact of the method. It can be produced either by 

decomposition of CH4 or the combustion of other carbonic matter such as graphite, 

bitumen or by thermal breakdown of C02-bearing phases such as calcite or cancrinite. 

This suggestion is supported by the detection of about 0.1 % native carbon in the rock 

samples of the Khibiny pluton (Chapter 3). A5g sample, as used for isotope analysis, 

therefore contains about 5 mg carbon. Depending on the availability of oxygen and on 

the completeness of carbon degradation up to 9.3 cm3 CO2 can be produced via 

combustion. In comparison, a5g sample that contains on average 30 cm3 CH4 from 

fluid inclusions per kg rock (based on bulk gas analyses) would be expected to yield 

0.2 cm3 CH4. Together, this would result in a C02: CH4 ratio of 93: 2. However, the 

C02: CH4 ratios obtained during this study are much lower, in a range of 2: 1 to 10: 1 for 

thermal decrepitation and between 2: 1 and 1: 34 for crushing (Tab. 8.4). Therefore, it is 
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likely that the volume of CO2 is a function of the incomplete degradation of carbonic 

matter. 

The higher yields of CH4 compared to C02 during crushing suggests that most of the 

gases were released from fluid inclusions and that only a small proportion of gases were 

the result of degradation of solid carbonic matter. 

The absence of CO2 in gas released from milling at the Kola Science Centre might be 

due to the low sample amount combined with intense contact of sample powder and gas 

that causes adsorption of CO2 to the particle surface. 

Concluding remarks on comparison of extraction methods 

Based on the above observations, gas extraction by crushing produced the most reliable 

data for this study because: 

1. Large amounts of sample material made the result most representative. 

2. The large grain size assured that the FIPs, as the storage place of most fluid 

inclusions, were kept largely intact. 

3. The design of the crushing apparatus avoided extensive contact between released 

gases and sample-powder limiting C02 adsorption. 

4. The operation at low temperatures reduced contaminations due to thermal 

decomposition or combustion of solid carbonic matter contained in the rock 

sample. 

8.4 Results 

As discussed above, the 6 13C values obtained in this study vary depending on the 

method used (Tab. 8.3). The 613C values of CH4 and CO2 for gases obtained by thermal 

decrepitation are in a range of -22.6 %c to -16.1 %o and -3.5 %c to +1.8 %c, respectively. 

In contrast, the 613C values obtained by crushing are higher for CH4, ranging between 
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-22.4 %c to -5.4 %c and lower for CO2 between -16.8 %c to -13.6 %c. The 613C values of 

higher hydrocarbons range between -19.7 %c to -13 % and show a tendency to decrease 

with increasing carbon number. The 6D values, obtained using thermal decrepitation, 

are between -209 % and -110.1 %c. 

The following discussion is largely based on the 613C data obtained by off-line 

crushing-GC-MS. Only bD data from thermal decrepitation were used in the discussion. 

All other values are presented here for completeness only (Table 8.3) but due to their 

unreliability they are not used to interpret the origin and generation of CH4. 

8.5 Discussion 

The carbon isotope values of CH4 in the Khibiny pluton range from -22.4 %c to -5.4 %c 

with a mean of 11.9 %c. The range of data obtained in this study can be attributed to 

different factors. Apart from analytical errors, different gas sources and generation 

mechanisms, fractionation and contamination affect the isotopic signature of the fluid. 

8.5.1 The origin of methane based on isotopic mass balance calculations 

Post-magmatic generation of CH4 via F-T reaction 

As previously discussed (Chapter 3), abiogenic CH4 can be formed post-magmatic ally 

from mantle CO2 via a Fischer-Tropsch (F-T) reaction. Significant amounts of CO2 

were measured during isotope analyses. In the previous section it was concluded that 

this is most likely an artefact of the analytical method. It is, however, also possible that 

the CO2 represents primary magmatic CO2 which survived the breakdown to CH4 

during a F-T reaction. 
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A mass balance calculation between detected CO2 and CH4 can be used to determine a 

hypothetical primordial carbon isotope value as well as to demonstrate different degrees 

of fractionation depending on the completeness of the supposed F-T reaction. 

The hypothesis to be tested is that primordial CO2 reacts either completely to CH4 or 

incompletely to a C02-CH4 mixture. The starting point is a 100 % CO2 fluid. During the 

(incomplete) F-T reaction the fluid composition can be described as M CO2 + (100 %- 

m) CH4, whereby the proportion of CO2 constantly decreases and that of CH4 equally 

increases. 

The following calculation can be used to model the extent of the reaction: 

FprimordialC02 = mC02 x Fc02 + mCH4 X FCH4 

where "F" indicates the calculated 13C atom fraction in the following phases: (a) 

primordial C02; (b) unconsumed C02; and (c) produced CH4 (as shown as indices in the 

formula). The measured molecular mass fraction is denoted by "m". 

The calculation results in values for the hypothetical primordial CO2 isotopic 

composition ranging from -17.6 % to -7.6%0 (Table 8.5). For the mantle, however, a 

ä13C value of about -5%c has been identified as a major isotopic composition signature 

(Deines, 2002). The deviation from the mantle carbon signature and the wide variety of 

calculated 613C values for the primordial CO2 starting material indicates that the isotope 

ratios for the present CO2 and CH4 in the fluid cannot be explained by fractionation 

processes due to different degree of CO2 reduction in the course of a F-T reaction. 

Lancet and Anders (1970) showed that during the early stage of a F-T reaction the 613C 

values of CO2 and CH4 are fractionated by up to 100 %o. With progressing F-T synthesis 

the CH4 becomes isotopically heavier and approaches the isotopic composition of the 

starting CO2. At the same time, the volume and isotopic composition of CO2 decreases. 

In the gases of the Khibiny pluton, however, the isotopic pairs do not follow such a 
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trend (Fig. 8.3). Therefore, it is likely that the CO2 extracted here is the result of 

degradation of carbonic matter during analysis and is not primordial CO2 and was not in 

equilibrium with CH4 during a F-T reaction. This is in agreement with the absence of 

CO2 in bulk gas aliquots and in fluid inclusions. 

Mixing of magmatic CH4 with biogenic host rock fluid 

Several characteristics of the fluid support the hypothesis of a magmatic origin for CH4. 

The spatial distribution of methane concentrations (Chapter 7) and 613C isotope values, 

however, indicates a possible interaction with biogenic host rock fluid. Methane 

concentrations are lowest in the inner parts of the Khibiny pluton and increase outward 

towards the margin (Chapter 7). Similarly, 613C values decrease from the central part of 

the complex towards the outer part of the complex (Fig. 8.4). Foyaite from the core of 

the pluton contain methane with a6 13C value of -5.4 %c. The marginal khibinite has a 

613 CCH4value of -22.4 %c. This might be explained by mixing of magmatically derived 

CH4 with biogenic methane from the host rock. As discussed in Chapter 4, the possible 

source of the host rock methane might be a shungite deposit similar to that found in 

Karelia (Melezhik et al., 1999). 
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Mass balance calculation can be used to determine the possible ratio of biogenic and 

mantle components from the analytical data. The equation governing the isotope ratio of 

the assumed mantle and shungite fraction can be expressed as: 

Fshumshu + Finantlemmantle =Fmeassured" 

Here, "F" is the designated 13C atom fraction of shungite and mantle and the measured 

13C value of CH4. "m" denotes the carbon molecular mass fraction of mantle and 

shungite, and is calculated iteratively. The calculation utilizes the average 6 13C 

composition of -32 % for shungite (Melezhik et al., 2004). The measured 6 13C value of 

the innermost sample Kh-03-54, at -5.4 %c, which is close to that of bulk mantle carbon 

(Table 8.1) is assumed to represent the uncontaminated mantle signature. 

Based on this calculation, the fractional contribution of biogenic material is highest in 

the marginal area and decreases inward towards the core of the Khibiny complex. The 

input of biogenic material is 64 % in khibinite, up to 30 % in rischorrite and up to 10 % 

in the trachytoid foyaite (Table 8.6). 

The effect of fluid migration on isotope values 

The widespread occurrence of fluid inclusion planes and microcracks in the Khibiny 

pluton indicates a high potential fluid migration within the complex. This may cause 

fractionation of carbon isotopes due to differences in molecular mobility of the 12CH4 

and 13CH4 entities. Some workers ascribe changes of up to 5 %c in 613C values to effects 

of migration (Prinzhofer and Huc, 1995; Prinzhofer and Pernaton, 1997). Galimov 

(1967) and Gunter (1971) suggested on the base of experimental data that methane 

could be enriched in either 12C or 13C to varying degrees because of their mass 

differences. The extent and direction of this fractionation depends upon the mechanism 

of migration and the properties of the medium through which the gas is moving. The 

diffused gas is consistently depleted in the heavier 13C and the diffusion-related isotope 
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effect under experimental conditions is, according to Zhang and Krooss (2001), up to 

-3.15 %c. Fuex (1980) indicated that fractionation of methane is also possible due to the 

different water-solubility of 12CH4 and 13CH4. 

As fluid migration has occurred in the Khibiny pluton in the past and continues in the 

present day (see Chapter 9), the varying isotope values found in this study might be 

partly attributed to mass fractionation of 12CH4 and 13CH4. The extent of this effect, 

however, is not known for fluids of the Khibiny pluton. 

8.5.2 The bD versus 613C signature of methane from the Khibiny pluton 

The stable isotope compositions of hydrogen and carbon are the most reliable properties 

to use in determining the origin of methane (Schoell, 1988; Whiticar, 1990). They were 

applied to methane from various geological settings. In Figure 8.5, biogenic methane 

(Schoell, 1983; Whiticar, 1999) and abiogenic methane from a variety of geological 

settings are plotted on a 6D versus 613 C diagram. Abiogenic methane shown here 

includes geothermal methane from the East Pacific Rise (Welhan and Craig, 1983), 

methane in fluid inclusions from alkaline igneous rocks in Greenland (Konnerup- 

Madsen, 1988) and the Kola Peninsula (Nivin et al., 1995) and methane from the 

Zambales Ophiolite, Philippines (Abrajano et al., 1988). New 8DCH4 and 613CCH4 data 

reported here and existing isotope data of methane from the Khibiny pluton (Yerokhin, 

1978; Voitov, 1992) are also plotted. 

The 6DCH4 values presented from the Khibiny pluton vary between -178 % and 

-110.1 %o. The 6DCH4 mean of -157.9 %o is close to those of methane from the Lovozero 

(Nivin et al., 1995) and Ilimaussaq complexes (Konnerup-Madsen, 1988). A large-scale 
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depletion of deuterium in methane, which has been interpreted as isotopic evidence of 

abiogenic methanogenesis (CO2 H20- CH4 +2 02) in rocks of the Canadian shield 

(Sherwood-Lollar et al., 1993a, b), is not observed in samples of this study. 

The isotopic data from methane of the Khibiny complex show a heavier 6CCH4 signature 

than the biogenic, thermogenic data and plot close to that of the magmatic, abiogenic 

origin, as defined by Whiticar (1999). They differ only slightly from the signatures of 

other alkaline igneous rocks, such as Lovozero and Ilimaussaq, where methane is 

interpreted as being abiogenic. That the isotope signature is positioned between the 

fields of abiogenic and biogenic generated methane suggests a possible mixing of 

methane from both sources. 

8.5.3 Isotope distribution of hydrocarbons as an indicator for abiogenic 

origin 

The distribution of isotope values of methane and higher hydrocarbons are indicative of 

their mechanisms of generation. The pattern of systematically higher 6 13C values for 

CH4 compared to those of the higher hydrocarbons in the same fluid samples is a 

universal feature that characterises high-temperature abiogenic hydrocarbons (Voitov, 

1992). It is caused by an inorganic polymerisation process whereby the heavier 

hydrocarbons are synthesised from methane (Des Marais, 1985). Samples from a natural 

(biogenic) gas source (Prinzhofer and Huc, 1995) show the opposite trend, with 6'3C 

values increasing toward the higher C numbers. This is because of their nature of 

generation by decomposition of organic material, whereby higher HC develop toward 

lower homologues with a preferential reaction of the bonds with 12C. 
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The analysed fluids show a significant decrease of 613C values from methane to ethane 

(Fig 8.6). The 613C values of higher hydrocarbons (ethane to pentane) are relatively 

similar with no decreasing tendency. The distribution is, however, significantly different 

from that of biogenic gas samples and is therefore regarded as being largely abiogenic. 

The mixing with biogenic methane, suggested in the above sections, might affect the 

isotope data of higher hydrocarbons and cause the flat-lined distribution. 
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8.6 Summary 

Two different extraction techniques - thermal decrepitation and crushing - have been 

used to obtain the isotopic signature of gases in the Khibiny pluton. Thermal 

decrepitation yields unreasonably high CO2 values, inconsistent with findings of bulk 

gas and fluid inclusion analyses. The CO2 is therefore attributed to degradation of 

carbonic material during sample heating or to release of C02 from the cancrinite 

framework, and the data must be viewed as unsound. Of the crushing techniques the 

most reliable are those that crush large amounts of large grained material. 

The 613CCH4 values of between -22.4 % and -5.4 %c indicate an abiogenic origin of the 

methane gas in Khibiny. However, large-scale migration of hydrocarbon gas within the 

complex is likely to cause fractionation and result in varying isotope values within the 

Khibiny complex. 

A decrease in 6 13C values from methane to the higher homologues of C supports an 

abiogenic origin for the hydrocarbon gases found in Khibiny. However, the hypothesis 

that CH4 is product of the post-magmatic F-T reaction and CO2 the unconsumed residue 

could not be proved by mass balance calculation between CO2 and CH 4. The detected 

C02 is therefore, as stated above, an artefact of the method. 

613 CCH4 values become lighter toward the pluton margin indicating a potential influence 

of biogenic CH4 from the host rock mixing with magmatically derived CH4. A mass 

balance calculation suggests that biogenic CH4 contributes up to 64 % of the total 

methane in the Khibiny pluton. 
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The 6DCH4 values range from -178 %c to -110.1 %o. On a bD versus 6' 3C plot, the 

isotopic data of fluids from the Khibiny pluton are close to that reported from other 

igneous geological settings and fall between methane signatures of biogenic origin and 

that of magmatic abiogenic methane. 

The latter two results support the hypothesis of mixing of methane from a biogenic 

source in the host rock with abiogenic, magmatically derived gas. 

Ir 
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9 Crack characteristic, density and orientation in 

the Khibiny pluton and the implication for fluid 

movement and storage 

9.1 Introduction 

Previous chapters document that the Khibiny pluton contains large amounts of 

hydrocarbon gas. The gas is hosted as either occluded gas or free gas and has 

experienced different stages of fluid migration. Occluded gas mainly occurs in 

secondary fluid inclusions within healed microfractures. It also occurs in primary fluid 

inclusions. Free gas is stored along open microcracks. Both types of gas are 

compositionally similar (Nivin et al., 2001) and are therefore considered as having the 

same origin. Large volumes of free-flowing methane have been recorded as being 

released when rocks are fractured as a result of drilling during underground mining 

(Nivin et al., 2001). This suggests the ease with which sealed microfractures and fluid 

inclusion planes are opened up and connected. It also indicates that the pluton may be a 

potential hydrocarbon source to the atmosphere as modem day reactivation of fault 

systems, by either natural or anthropogenic processes, causes the release of significant 

amounts of gas. 

9.2 Aims and Objectives 

Fluid movement and accumulation in geological environments is essentially dependent 

on permeability and porosity of the rock suite. In igneous rocks, these parameters are 
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largely defined by crack abundance and interconnectivity. Therefore, the research 

program reported here aimed to carry out an evaluation of fluid inclusion planes (FIPs) 

and open microcracks (MCs) in the Khibiny pluton as representatives of palaeo- and 

present-day fluid pathways, respectively. 

Crack appearance, distribution, length, width, orientation and interconnectivity on a 

microscopic scale were investigated in order to quantify rates and mechanisms of 

transport, entrapment and degassing of hydrocarbons in the Khibiny pluton. The crack 

characteristics were processed in a relatively simple statistical model to determine rock 

porosity and permeability. The calculated porosity values were used to estimate the gas 

volume of the Khibiny complex. The crack orientation data were analysed to reveal if 

and how microstructures may contribute to unravelling the rocks stress history. 

9.3 Definitions 

9.3.1 Microcracks 

A microcrack is defined by Simmons and Richter (1976) as an opening that occurs in a 

rock and has one or two dimensions smaller than the third. Generally, cracks in rocks 

are produced when the local stress exceeds the local strength (Simmons and Richter 

1976) whereby the stress is mechanically or thermally induced. Microcracks are 

considered to represent the most important small scale fluid vector of a rock (Lespinasse 

and Cathelineau, 1995). 

Cracks are subdivided into the following major groups: 

1, grain boundary cracks coinciding with grain boundaries 

2. intragranular cracks, which are located totally within a crystal grain 
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3. intergranular cracks, extending over more than one mineral grain 

4. cleavage cracks, which follow cleavage planes in minerals. 

There is a close relationship between the characteristics of a microcrack and the process 

of its formation. 

9.3.2 Fluid inclusion planes 

When microcracks close, fluid inclusions can easily be trapped within them. The 

resulting planar arrays within minerals are called fluid inclusion planes. As their 

generation post-dates mineral growth, the fluid inclusions trapped in these planes are, 

according to Roedders classification (1984), secondary in origin; i. e. they result from 

redistribution of fluids during dynamic recrystallisation (Hollister, 1990). Experimental 

results have shown that microfractures evolve into FIPs by two mechanisms (Smith and 

Evans, 1984): 

1. Crack healing, which occurs in many geological environments and results in the 

formation of secondary fluid inclusions. It involves the local transport of mineral 

material as it reforms a fractured lattice or grain boundary. 

2. Crack sealing involves material transport from some distance via the pore fluid. 

Subsequent precipitation on the fracture surface eventually seals the crack. 

Brantley et al., 1990 showed in laboratory experiments that microcracks have a wide 

range of lifetime. Healing rates are basically dependent on time, temperature, fluid 

pressure, chemistry and crack dimensions ( Smith and Evans, 1984; Brantley et al., 

1990). Healing occurs via diffusional material transport and is driven by the reduction 

of surface energy. The healing process takes place over a wide range of P-T conditions 

and is thermally activated. It is very effective at temperatures of 400 to 600°C and 

pressures of about 200 MPa. The microcrack lifetime is considerably shortened with 
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increasing depth even when hydrostatic and lithostatic pressures are equal (Brantley et 

al., 1990). 

9.3.3 Porosity and permeability in igneous rocks 

Porosity defines the open pore space in a rock and determines the capacity to 

accumulate and store material. Natural geological systems are characterized by various 

types of porosity: pores, vacuoles, joints between mineral grains, grain boundaries, 

microcracks and fractures. 

Plutonic rocks can develop primary and secondary porosity that contribute to transport 

and storage of fluids in the subsurface (Petford, 2003). The primary structures are 

formed due to internal stresses related to cooling and crystallisation of the magma 

(cooling joints). Secondary porosity results from weathering and hydrothermal 

alteration, tectonic stresses and mineral dissolution by percolating groundwater. 

Permeability is the capacity of porous rock to allow movement of a fluid through it. It is 

the key parameter in any model of fluid flow and transport in rocks (Lonergan et al., 

1999). As the matrix porosity in igneous rocks is poorly developed (Brace, 1984), the 

permeability is directly controlled by brittle discontinuities such as fractures and cracks. 

The maintenance of high permeability requires that the fractures remain open to fluid 

transport. However, permeability rates changes with time in a natural situation. They are 

governed by the competition of crack reducing and crack producing processes. Fracture 

reducing processes include healing, sealing and cementation, whilst enhancing 

processes include joint production, brittle failure, weathering and hydrofracturing. 

To date, there have been relatively few studies of porosity and permeability in granitoid 

rocks. Brace (1980,1984) obtained permeability data by in situ measurements of 
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crystalline rocks. The values of permeability measured in drill holes are in the range of 

10-18 m2 to 10-13 m2 (1 µD to 100 mD). Petford (2003) published a compilation of the 

general range of values for porosity and permeability. He showed that porosity ranges 

from 0.01 % to 1% for plutonic rocks but that it can increase up to 17 % due to 

hydrothermal alteration and weathering. The permeability of plutonic rocks ranges 

between 10-21 m2 and 10-8 m2 (1 nD to 10 kD). Sausse et at. (2001) calculated porosity 

and crack permeability in the Brezouard granite (Vosges, France) using a statistical 

model based on Gueguen and Dienes (1989). The porosity ranged from 4.5 % to 4.75 % 

and permeability from 0.18 mD to 0.215 mD (equals 1.8* 10-16 m2 to 2.15* 10-16 m2). 

Using a similar model, Lespinasse et al. (2005) presented a case study from a granitic 

core sample from the Nizhnekansky granitoid massif (southern part of the Yenisei 

Mountain Ridge, Russia). They revealed porosity and permeability data between 1.05 % 

to 5.5 % and 1.35 mD to 5.47 mD (1.35* 10-15 m2 to 5.47* 10-15 m2), respectively. 

9.4 Methods 

9.4.1 Sampling and sample preparation 

The sampling program, carried out for this study, was concentrated along an ENE- 

WSW major fault zone (Fig. 4.3). Oriented samples were taken from different rock 

suites along traverses that crosscut the fault. At least two samples of each rock type 

(khibinite, rischorrite, albitised foyaite, massive foyaite and alkaline syenite) were 

chosen for the study of microcracks and FIPs designed to constrain their distribution 

and orientation. To do so, vertical and horizontal thin sections were prepared (Fig. 9.1). 

For each section areas of about 1 cm2 were analysed. The chosen areas represent the 

average rock composition in terms of modal mineral proportions. They therefore contain 
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a high proportion of nepheline and feldspar and only minor mafic minerals (see Chapter 

4). 

9.4.2 Acquisition of crack parameters 

Crack analyses were performed at the University of Nancy, France. By using ANALYSIS 

software, coupled to a microscope, a mosaic consisting of up to nine images of an area 

of interest in the oriented thin section was recorded (Fig. 9.2a). A low magnification 

(x2 lens and an ocular of U O) was used to cover the largest possible area but still be 

able to distinguish between open cracks and FIPs and to record the entire crack lengths. 

Each mosaic was then processed using the Anima program (Desindes et al., 2003; 

Lespinasse et al., 2005). Here, orientation and length of FIPs and open cracks were 

obtained. The program enables the digitisation of microstructures to produce a map of 

the intersection between the planar features (e. g. cracks) and the thin section plane (Fig 

9.2b). From these lines the two extremities were determined as relative XY coordinates, 

to automatically calculate length and azimuth. This data set, together with information 

of type of microstructure, can be instantaneously used in an Excel file. In addition, the 

average widths of the cracks were visually estimated. This procedure was applied to 

record FIPs and MCs in the representative multi mineral area for porosity and 

permeability estimations. 

Crack orientation data were obtained by mapping three separate nepheline minerals per 

sample. This was done to avoid any errors resulting from cleavage planes in feldspars or 

mafic minerals that may overlay the true crack orientation or result in a second main 

orientation. 
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9.4.3 Quantification of porosity and permeability 

Besides laboratory tests and drill-hole experiments, crack porosity and permeability can 

be calculated using geometrical or statistical methods. Here, a modified version of the 

statistical model developed by Gueguen and Dienes (1989) and used by Sausse et al. 

(2001) and Lespinasse et al. (2005) is employed to calculate porosity and permeability 

of the investigated rocks from the Khibiny pluton. The determination requires a 

complete description of the three dimensional crack geometry and network. This 

includes orientation, width, extension, crack density and interconnectivity data. These 

parameters must be seen as estimates, as they evolve with time during fluid-rock 

interaction (Sausse et al., 2001). 

For the statistical calculation the cracks are described as discs and their diameter is 

assumed to be represented by the length of the intersection of crack and thin section 

surface recorded with Anlma. It is also thought that all FIPs or microcracks are 

connected, justified by the high crack density. Based on these assumptions the crack 

porosity can be quantified through the relationship: 

Lx)rxe 
S 

Here, cD is the porosity, L the cumulative length of the investigated crack family, e the 

mean width of the cracks and S the studied surface. 

The rock permeability Kf is estimated using the following equation: 

Kf = 
exlzxNf xc2xe3 

12 

E is the roughness of the crack planes and assumed to divide to permeability by 2, hence 

is 0.5 (Lespinasse et al., 2005). The radius c is calculated as 
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c= Zf= 
1E 1 

4Z f with 
NLf 

Nf is the volumic density and is calculated as 

Nf 
2NafZf 

f ir sin O 

with the surface density 

NAf. _N 
N 
S 

For a better understanding the calculation of modem porosity and permeability of 

sample Kh-03-lh (using data of MCs) is shown here. The following parameters are 

known: 

- Surface S= 12.64 x 106µm2, 

- Cumulative crack length L=0.12 x 106 µm, 

- Number of cracks N= 191, 

- Width e=2µm. 

Using this data, the porosity I is calculated with: 

(D = 
0.12x106pmx rx2, um 

=0.06=6% 12.64 x 106, um2 

The permeability Kf is calculated as follows: 

Z f= 
116=2.56x10-3, 

um-` 
191 0.12 x 10 , um 

C= 
_3 

= 306.8, um-1 
4x2.56x10 pm 

C2=94.13x103pm-2 
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Naf= 

Nf = 

Kf = 

191 
12.64 x 106, um2 

=1.51x10-5 , um-' 

2x1.51x10-S, um-2 x2.56x10-3, um-` 
1i = 2.46 x 10-''UM-3 

0.5pm-` xizx2.46x10-', um-3 x94.13x103pm2x8µm3 
12 = 0.002428, um2 = 2.428 xI 

K1 can also be expressed in Darcy, whereby 0.987 µm2 correspond to 1 Darcy, and 

hence: 

Kf=2.428 x 10-1s m2 = 2.452mD 

9.4.4 Determination of crack orientation 

Data sets of corresponding horizontal and vertical thin sections were obtained in order 

to reveal the 3-dimensional crack orientation in terms of strike and dip. Rose diagrams 

were produced for each data set to determine the main crack orientation. The crack 

orientation derived from the vertical and horizontal sections were then plotted on a 

lower hemisphere stereo net to derive a true dip and strike value for the major crack sets 

(Fig. 9.3). This method is valid for data sets with only one dominant crack orientation 

per observed surface. Therefore, the most pronounced vertical and horizontal crack 

orientation per sample were combined to achieve the main crack direction. 
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9.5 Results and discussion 

9.5.1 Characteristics of MCs and FIPs 

The main minerals in rocks of the Khibiny pluton are nepheline and alkali feldspar and 

to a minor extent aegirine and arfvedsonite. These are the minerals in which the 

microcracks and fluid inclusion planes were investigated. Due to their different physical 

properties, crack characteristics vary with mineral type. Nepheline behaves as an 

isotropic material and its poor cleavage allows cracks to form readily in any direction 

(Fig. 9.4a). By contrast, alkali feldspar exhibits perthitic structures, developed by 

exsolution. Far more pronounced however are structural features in feldspar crystals 

guided by cleavage planes and microfractures (Fig. 9.4b). These structures are caused 

by ion exchange reaction between a Na-rich fluid and alkaline feldspar. During the 

migration of Na-rich fluids along cleavages and cracks Na-rich feldspar rims along 

cleavages and microcracks developed. The structures are mostly accompanied by 

mineral precipitation and fluid inclusion entrapment. This observation is consistent with 

experimental findings showing that K-rich feldspar converts to Na-feldspar in the 

presence of Na-rich solutions at temperatures of 250 to 400°C (e. g. Orville, 1963). 

Similar observations were described in Brown and Parsons (1994) and seem to be 

common in a wide range of fluid-rich rocks. The entrapped fluid inclusions are small in 

size, but are very abundant and often lead to a general cloudiness of the feldspars. This 

may be an overlooked contribution to rock porosity. In mafic minerals FIPs are rare. 

Very pronounced, however, are open cracks and cleavage planes that may serve as fluid 

pathways. A continuous transition of MCs or FIPs in nepheline into cleavage planes of 

arfvedsonite is often observed (Fig. 9.4c). 
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Both, MCs and FIPs show the same general types of outline: planar, curvi-planar or 

sinusoidal. The similarity is not surprising, as FIPs are interpreted to be former 

microcracks. Three main groups, similar for microcracks and FIPs, can be 

distinguished: 

1. The most pronounced planes are intergranular cracks, that cross-cut several 

mineral grains with average widths between 2 µm and 5 µm. Some larger 

fractures, up to 20 pm width, filled by secondary minerals, were observed (Fig 

9.5a). 

2. The most abundant group of cracks are about 2 pm wide (Fig 9.4. a and 9.5b). 

They are often intragranular, propagating from grain boundaries and terminate 

within the mineral. Others are more dominant and cross-cut multiple grain 

boundaries. Both these groups can branch out into several planes. 

3. Often small planes are observed that nucleate on existing fractures and propagate 

perpendicular to them (Fig 9.5c). They are mostly very small in width (c. 1 µm) 

and length (about 50 µm). 

In rocks of the Khibiny pluton FIPs mostly consist of the same material as the 

surrounding minerals, which are mainly nepheline or feldspar. Only in large cracks, of 

about 100 to 2000 µm width, does the filling consists of materials other than that of the 

surrounding mineral. Often the filling is of calcite and natrolite. Therefore, for the 

majority of FIPs crack healing is the likely process of development whereas large cracks 

close by crack seal mechanism. 
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9.5.2 Porosity and permeability data and their implication 

At a microscopic scale, microcracks and FIPs record porosity and permeability in 

plutonic rocks (Roedder, 1984; Lespinasse and Cathelineau, 1990) and hence, can be 

used to estimate the intensity of past and present fluid migration. The results presented 

here are based on the analysis of nearly 10,000 FIPs and MCs in 12 samples (Table 9.1). 

The porosity and permeability were calculated, based on the statistical model described 

above, separately for FIN and microcracks. In this way it was possible to estimate fossil 

and modern fluid migration based on the assumption that sealed FIPs represent ancient 

fluid pathways and open cracks modern ones. The calculated average of palaeo porosity 

is 5.56 % and that of modern porosity is 4.80 %. The values vary from 1.65 % to 17.43 

% and 1.14 % to 12.41 %, respectively. For the calculation of average porosity and 

permeability values, the data recorded for sample Kh-03-8 and Kh-03-56 were 

excluded, as they are exceptionally high. It is likely that superficial chemical and 

physical alteration increased the crack density. Both FIPs and MCs are heterogeneously 

distributed, with some rocks containing more FIPs than MCs and some less. That means 

that porosity and permeability of the rocks in the Khibiny pluton and hence fluid 

accumulation and migration rates changed in time and space (Fig. 9.6). 

It is theoretically possible to estimate the gas content of a rock sample solely on 

porosity data. Combining palaeo and modern porosity values, the average gas volume in 

the Khibiny rock volume can be estimated as follows. 

The rock volume of the Khibiny Mountains down to a depth of 10 km below surface 

equals approximately 10,000 km3. Based on the average palaeo porosity of 5.56 % 

(obtained from FIP mapping, Tab. 9.1) a potential storage space for methane of 556 km3 

is available in the Khibiny pluton. However, only about 5% of the FIPs are now filled 
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with fluid inclusions and the remaining 95% constitutes the crack filling cement. 

Therefore, the methane volume stored in FIPs is at most 27.8 km3 (=5 % of 556 km3). 

Fluid inclusion studies show that the methane, which is the predominant fluid trapped in 

the inclusions, has densities between 0.1 and 0.01 g/cm3. As the methane density under 

standard-temperature-pressure (STP) condition is 0.00067 g/cm3, opening of the 

inclusions would cause a considerable expansion of the methane gas volume. A 

discharge of all the gas stored in FIPs (estimated at 27.8 km3) would generate an 

equivalent gas volume of between 4150 and 415 km3 methane at STP conditions. In a 

one kg rock sample (with a density of 2.7 g/cm3, hence a volume of about 370 cm3) a 

potential pore volume of about 1 cm3 is available (Fig. 9.7). If that is filled with 

methane of a density between 0.1 and 0.01 g/cm3 a methane gas discharge between 

154 and 15.4 cm3, respectively is expected from secondary fluid inclusions in FIPs. 

Additionally, free gas, stored in open cracks, contributes to methane gas discharge. 

Assuming STP conditions for the storage of this gas, a volume of 17.8 cm3 methane has 

to be added per kg rock. In the sum, the range of methane gas stored per kg rock is then 

between 15.4 cm-3 (minimum value = all fluid inclusion with density of 0.01 g/cm3 and 

no additional free gas in microcracks) and 172 cm3 (maximum value = all fluid 

inclusion trapped with density of 0.1 g/cm3 and all microcracks filled with methane) per 

kg rock. That is broadly in agreement with the data of Petersilie (1962) who estimated 

the average methane content to be 28.5 cm3/kg rock. In conclusion, the Khibiny pluton, 

down to a depth of 10 km below surface stores a methane-dominant gas volume of 

between 416 km3 and 7649 km3 (illustrated in Fig. 9.7). 
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Using porosity data the gas content of the individual samples can be estimated. Many 

parameters, such as fluid density in inclusions and the degree of filling of open cracks, 

influence the estimates. Therefore, only a range of gas content can be specified. The 

comparison with bulk gas contents obtained by conventional rock crushing and gas 

chromatography (Chapter 7) shows that calculated values tend to be higher than the 

measured gas content (Fig. 9.8). The calculated maximum values exceed the measured 

data by an order of a magnitude. Although the calculated minimum values of gas 

contents are in the same range as the bulk gas data there is no direct correlation between 

them. 

There may be several reasons for this: 

1. Parts of the cracks included in the porosity-calculation were developed at the 

surface during physical or chemical weathering. The porosity calculation based on 

crack data lead then to an overestimation of gas content. 

2. A part of the contained gas in surface samples is already released into the 

atmosphere. Hence, the analysed bulk gas volume is too low. 

3. During bulk gas analyses, some gas loss may occur during the pre-crush process 

(down to <lmm) especially from weak locations such as microcracks and FIPs. 

Therefore, bulk gas content may undervalues the real gas content. 

4. The analysed bulk gas content can also be underestimated when the gases are 

coevally adsorbed to the fine particle dust in the crushing chamber. 

5. A part of the pore space is taken up by fluids other than hydrocarbons which is not 

analysed by GC (e. g. water). Then, the bulk gas contents would be lower 

compared to calculated, porosity-based gas volume. 

6. The open cracks are not entirely filled with methane gas. This lead to an 

overestimation of calculated gas volume. 
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7. The gas density is varies, which lead to both, over- and under-estimation of 

calculated gas volumes in the rock samples. 

8. The degree of filling of the FIPs is lower than the assumed 5 %. In that case, 

calculated values exceed analysed bulk gas values. 

Sample Kh-03-10 contains high volumes of methane although its calculated porosity is 

relatively low. The sample is also characterised by strong zeolite weathering and it is 

thus likely that gas is stored within the zeolite. It shows that not all gas has to be stored 

in the visible form of fluid inclusions but that the occurrence of zeolite minerals, as a 

fluid accumulator, increases the gas content in the rocks of the Khibiny pluton. 

The calculated permeability values range between 0.91 mD and 4.29 mD for palaeo 

permeability (using FIP data) between 0.44 mD and 5.05 mD for modern permeability 

(using MC data). These values are consistent with the present-day gas release pattern 

(Nivin, 2001) that suggests high permeability enhanced by interconnected open cracks. 

The results are in agreement with values for crystalline rocks defined by Brace (1984) 

ranging between µD and D (Fig. 9.9). 

Porosity and permeability data in all samples correlate positively (Fig. 9.10). This 

indicates that cracks represent both pore space and fluid pathway. Unlike sedimentary 

rocks, where intergranular pore spaces contribute largely to porosity but not necessarily 

to permeability, in igneous rocks, such as these of the Khibiny pluton, the predominant 

part of available pore spaces consists of cracks. Therefore, with increasing crack density 

permeability and porosity increase similarly. 
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9.5.3 Differences with rock type 

Physical rock properties depend on rock type. However, because of the relatively 

similar modal composition, grain size and weathering state, the Khibiny rocks 

investigated in this study are similar in terms of porosity and permeability (Fig 9.11). 

Highest permeability and porosity values were recorded from the outer khibinite rock 

sequence and from the innermost samples of alkaline syenite. The enhanced 

permeability and porosity is caused by high crack abundance. This is, in the case of the 

outermost rock suite of khibinite, assumed to be due to a strong temperature gradient 

between pluton and host rock during emplacement, which caused the development of 

cooling joints. The innermost alkaline syenite contains a high amount of feldspar, 

strongly affected by weathering which increases crack density. Figure 9.11 shows that 

porosity does not correlate with gas content, as already discussed above (Table 9.2 and 

Fig. 9.8). The gas content in the outermost khibinite samples is high, whereas it is low 

in the innermost alkaline syenites. A high porosity and permeability, which is in igneous 

rocks caused by high crack abundance, may support a high gas flux but is not 

necessarily indicative for storage of large amounts of fluids. 
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9.5.4 Orientation of FIPs 

At a microscopic scale, microcracks and FIPs can provide reliable structural markers to 

reconstruct the geometry of past and present-day stress fields (Roedder, 1984; 

Lespinasse and Cathelineau, 1990). Several authors (e. g. Lespinasse and Pecher, 1986; 

Boullier et al, 1997; Boullier, 1999) demonstrated that FIPs are mode I microcracks 

which occur in the 61-a2 plane (orthogonal to (73) and therefore, their orientation may 

correlate to that of the stresses at the time of their creation. 

For this study, only the orientation of FIPs was investigated, because of the somewhat 

uncertain origin of the microcracks. Microcracks are not unambiguously the product of 

in situ processes but can also be induced by superficial weathering, sampling or thin 

section preparation. FIPs, however, are certainly a product of an early cracking system, 

related to either a deformation event or to cooling joints. 

Most of the investigated samples show a preferential orientation rather than a random 

orientation of FIPs. However, this seems to be very local phenomenon. As shown in the 

rose diagrams (Fig. 9.12) there is no uniform crack pattern throughout the complex or in 

a simple relationship (parallel alignment) to the major fault (Fig. 9.13). The FIPs strike 

NW-SE as well as SW-NE. Only four of the horizontally oriented thin sections show 

cracks striking sub-parallel to the major fault. However, the dip and dip directions differ 

indicating that they are not related to the tectonic event that caused the major fault. 

Analyses of the vertically orientated thin sections show both, sub-vertical and sub- 

horizontal FIPs. Fluid movement along these cracks might thus be dominated by the 

expected upward movement but would also include a component of sub-horizontal 

migration. The sub-horizontal cracks are most likely associated with decompression of 

the pluton during uplift and unroofing. The sub-vertical cracks relate probably to 
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cooling and contraction of the rocks. The influence of tectonic events could not be 

verified. 

FIPs and microcracks have a generally similar range of orientations. This can be due to 

several reasons or a combination of them. 

1. The microcracks developed at the same time as the FIPs but failed to seal and to 

contain fluid inclusions. 

2. Modern stresses partly re-open old fracture systems (FIPs) and created "new" 

open microcracks. 

3. A constant stress field caused the formation of microcracks with similar 

orientation as the early FIP-system at a later stage. This "later stage" comprises a 

regime of lower temperature and pressure which causes the inability to effectively 

close cracks. 
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9.6 Conclusions 

The study of microcrack (MC) and fluid inclusion plane (FIP) characteristics and 

occurrence in the Khibiny pluton provides information on their distribution. 

- FIPs represent palaeo fluid pathways and MCs modern ones. 

- The high abundance of both MCs and FIPs indicate a high past and present fluid 

movement due to largely interconnected cracks. 

- The inhomogeneous distribution of MCs and FIPs shows a spatial and temporal 

variability in fluid flow. 

Cracks in igneous rocks serve both, main fluid pathway and storage space. They can 

therefore be used to calculate porosity and permeability employing a relatively simple 

statistical model. 

- The average palaeo rock porosity, based on FIP observations, is 5.56 % and the 

modern porosity, based on MC abundance, is on average 4.80 %. The porosity 

values range between 1.14 % and 17.43 %. 

- The average palaeo and modern permeability is 2.38 mD and 1.95 mD, 

respectively. The data range between 0.44 mD and 7.49 mD. 

- Porosity and permeability are positively correlated to each other. This is due to the 

fact that cracks in igneous rocks serve both accumulation space and the migration 

pathway. 

- Porosity and permeability are independent of rock type in the Khibiny pluton but 

rather dictated by stress and weathering. The marginal khibinite is slightly more 

porous. This might be due to the fact that a stronger temperature gradient at the 
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margin caused a higher density of cooling cracks. The high porosity in the core- 

near alkaline syenites is related to alkali feldspar alteration. 

The calculated porosity values were used to estimate the methane content within the 

Khibiny pluton. 

- The average fluid density in the fluid inclusions was assumed to be in the range 

from 0.1 to 0.01 g/cm3. For free gas, atmospheric density was assumed. 

Additionally a fluid inclusion abundance of 5% in FIPs was assumed. The 

volume of methane was then calculated to range between 15.4 cm3 and 172 cm3 

per kg rock. This is broadly in agreement with the average methane content of 

28.5 cm3 per kg rock stated in an early publication by Petersilie (1962). 

- The direct comparison of methane content, determined by the above described 

method versus methane content obtained by bulk gas analyses shows some 

differences. Mostly, porosity-based estimates are higher than the analysed bulk 

gas content. This is either due to an overestimation of the porosity-based 

calculation or due to low yield during bulk gas analyses. 

- High porosity and permeability does not correlate directly to high gas content in 

the Khibiny pluton. This is especially apparent in the alkaline syenites where 

lowest gas content has been found despite high porosity. 

The crack orientations were investigated in three isotropic nepheline minerals per 

sample to assure that no cleavage planes or other mineral structures alter the results. 

- The orientation of MCs and FIPs is similar indicating either the same crack origin 

or a repetitive opening and closing of cracks. It may also be a sign for a stable 

stress field throughout time. 
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- The orientation of FIPs throughout the complex appears to be random. No 

preferred orientation in relation to the nearby major fault was observed. Therefore, 

it is likely that microcracks are mainly the result of cooling, uplifting and 

unroofing of the pluton. 
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10 A reassessment of models for hydrocarbon 

generation in the Khibiny nepheline syenite 

complex, Kola Peninsula, Russia 

B. Beeskow, P. J. Treloar, A. H. Rankin, T. W. Vennemann and J. Spangenberg 

This chapter focuses on an evaluation of the proposed mechanisms of hydrocarbon 

generation in alkaline rocks. The work was initially presented at the PERALK 

workshop 2005 in Tübingen and was published in a special issue of Lithos (Vol. 91, 

Issue l -4, page 1-18, Peralkaline Rocks -A special issue dedicated to Henning 

Sorensen). 

T. W. Vennemann and J. Spangenberg provided valuable assistance during laboratory 

isotope analysis at Lausanne. They introduced the author to methods and techniques of 

stable carbon and hydrogen isotope analysis and data interpretation. The questions 

addressed during that laboratory analysis had been identified during earlier discussion 

with P. J. Treloar and A. H. Rankin; the latter's main contribution to the paper was in 

discussing and interpreting fluid inclusion data. Most of the ideas presented were 

refined during discussion with P. J. Treloar. B. Beeskow and P. J. Treloar wrote the 

paper. 

This paper was published in the same issue of Lithos as one by Ryabchikov & Kogarko 

(2006), which also deals with the evolution of CH4 in the Khibiny paper. They propose 

a further refinement on the Fischer-Tropsch reaction in which the H2 that reacted with 

CO2 to form CH4 was not produced by dehydration reactions as suggested by Potter et 
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al. (2004). Instead, it was a primary component originally dissolved in the melt that 

reacted with CO2 as it exsolved from the crystallising melt. This paper was published 

too late for a detailed critique to be included in this thesis. However, the evidence for a 

magmatic CH4 origin provided here by melt inclusion observations remains persuasive. 
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Abstract 

Although hydrocarbon-bearing fluids have been known from the alkaline igneous rocks of the Khibiny intrusion for many 
years, their origin remains enigmatic. A recently proposed model of post-magmatic hydrocarbon (HC) generation through Fischer- 

Tropsch (FT) type reactions suggests the hydration of Fe-bearing phases and release of H2 which reacts with magmatically derived 

CO2 to form CH4 and higher HCs. However, new petrographic, microthermometric, laser Raman, bulk gas and isotope data are 

presented and discussed in the context of previously published work in order to reassess models of HC generation. The gas phase is 

dominated by CH4 with only minor proportions of higher hydrocarbons. No remnants of the proposed primary C02-rich fluid are 
found in the complex. The majority of the fluid inclusions are of secondary nature and trapped in healed microfractures. This 

indicates a high fluid flux after magma crystallisation. Entrapment conditions for fluid inclusions are 450-550 °C at 2.8-4.5 kbar. 

These temperatures are too high for hydrocarbon gas generation through the FT reaction. Chemical analyses of rims of Fe-rich 

phases suggest that they are not the result of alteration but instead represent changes in magma composition during crystallisation. 
Furthermore, there is no clear relationship between the presence of Fe-rich minerals and the abundance of fluid inclusion planes 
(FIPs) as reported elsewhere. 813C values for methane range from -22.4%o to - 5.4%o, confirming a largely abiogenic origin for the 

gas. The presence of primary CH4-dominated fluid inclusions and melt inclusions, which contain a methane-rich gas phase, 
indicates a magmatic origin of the HCs. An increase in methane content, together with a decrease in 813C isotope values towards 

the intrusion margin suggests that magmatically derived abiogenic hydrocarbons may have mixed with biogenic hydrocarbons 

derived from the surrounding country rocks. 
© 2006 Elsevier B. V. All rights reserved. 

Keywords: Hydrocarbons; Fischer-Tropsch synthesis; Alkaline igneous complex; Abiogenic; Khibiny 

1. Introduction 

The discovery of significant volumes (about 

28.5 cm3/kg) of hydrocarbon (HC) gas in the Khibiny 

alkaline complex in the late 1950s (Petersilie, 1960; 

* Corresponding author. 
E-mail address: B. Beeskow@kingston. ac. uk (B. Beeskow). 

Petersilie et al., 1961; Petersilie, 1962; Petersilie and 
Sorensen, 1970) generated much interest in the 

possibility of natural gas resources being stored in 

igneous rocks. As magmatic fluids are commonly C02- 

and H20-rich, the reduced composition of the gas phase 
led to a plethora of models for their origin or genesis 
(see review of Potter and Konnerup-Madsen, 2003). In 

principle, hydrocarbon gases in igneous rocks can have 

0024-4937/$ - see front matter © 2006 Elsevier B. V. All rights reserved. 
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either a biogenic or an abiogenic origin. Biogenic 
hydrocarbons in alkaline and other igneous rocks may 
simply be derived from an organic source in the sur- 
rounding country rocks (Whiticar, 1999). The organic 
matter would be thermally metamorphosed during plu- 
ton emplacement and incorporated as thermogenic me- 
thane into the magma system. Alternatively, it could 
have been flushed into the pluton by convective flow of 
meteoric fluids at a late stage of magmatism (Schutter, 
2003), or even later. Three main hypotheses have been 
proposed to account for the formation of abiogenic 
hydrocarbons: 

(1) Methane and higher hydrocarbons present in the 
mantle could be incorporated into magmas during 
mantle melting (Petersilie et al., 1961; Gold, 1979; 
Sugisaki and Mimura, 1994). These hydrocarbons 
may have been preserved in the mantle since the 
early accretion of the Earth or may have formed by 
reduction of CO and CO2 under mantle conditions. 

(2) Hydrocarbons in igneous rocks could be the result 
of late magmatic respeciation of a primary C02- 
H20-bearing fluid (Konnerup-Madsen et al., 
1985). 

(3) Post-magmatic mineral-fluid reactions involving 
the Fischer-Tropsch (FT) synthesis can cause the 
production of methane and higher hydrocarbons 
through reduction of magmatic CO2 during 

reaction with H2 produced by hydration of Fe- 

rich phases at 350 to 400 °C and 0.5 to 2 kbar 

pressure (Salvi and Williams-Jones, 1997; Potter 

et al., 2004). FT reactions have also been cited as 
driving mechanism for hydrocarbon generation at 
mid ocean ridges where H2 production results 
from serpentinisation (e. g. Charlou et al., 1998). 

A number of recent papers have highlighted the role 
of the FT reaction in generating methane and higher 
hydrocarbons in alkaline igneous rocks (e. g. Salvi and 
Williams-Jones, 1997; Potter et al., 2004). This model is 

an elegant one and explains many features of the rock- 
fluid system in alkaline igneous rocks. However, a 
number of ambiguities remains that need to be resolved. 
In this paper, fluid inclusion, petrographic and gas 
composition data from different rock types of the 
Khibiny intrusion are presented along with previously 
published data (e. g. Petersilie, 1962; Galimov, 1973; 
Voitov, 1992; Potter, 2000; Potter and Konnerup- 
Madsen, 2003). We highlight data which suggest that 

the FT reaction may not be as important as previously 

suggested and reassess existing models in the context of 

our new data. Earlier studies on the Khibiny pluton (e. g. 

Galimov, 1973; Voitov, 1992; Nivin et al., 2005) tended 
to concentrate on atypical parts of the complex, 
including the apatite ores and pegmatites of the Central 
Arch region and the carbonatite body in the eastern part 
of the complex. Here we concentrate on common rock 
types that make up most of the Khibiny complex. 

2. Geology and occurrence of hydrocarbons at 
Khibiny 

The Khibiny pluton was emplaced during the De- 
vonian (Kramm and Sindern, 2004) synchronously with 
subsidence of the NE-SW trending Khibiny-Konto- 
zero-Graben. It is the largest agpaitic, nepheline syenite 
body in the Kola Alkaline Province with an exposed 
area of about 1330 km2. It has a ring-shaped structure 
(Fig. 1) that comprises several phases of emplacement 
(Kogarko, 1995) and is divided into two, approximately 
equal, parts by a ring like structure known as the Central 
Arch. In general, Khibiny consists of a variety of ne- 
pheline syenites (khibinite, rischorrite, lujavrite and 
foyaite), foidolites (ijolite and urtite) and minor alkali 
syenite plus a small carbonatite stock. Their unusual 
names are mostly historical and related to arbitrary tex- 
tural criteria and moderate chemical variations. Khibiny 
is famous for hosting the World's largest apatite 
deposits, which are apatite-nepheline-ores concentrated 
around the central ring and also famous for its diverse 

minor and accessory minerals, which include eudialyte, 
titanite and astrophyllite (Yakovenchuk et al., 1999). 

Hydrocarbons are present in Khibiny as bitumen, as 
free gases and as occluded gases in fluid inclusions 
(Nivin et al., 2005 and references therein). The presence 
of bitumen in pore spaces and mineral inclusions within 
nepheline was first reported by Petersilie (1962). 
Sokolov and Chukanov (in press) describe solid organic 
substances as a common component of the peralkaline 
rocks and related pegmatites in Khibiny. The occurrence 
of free gas leads to continued seepage of methane into 

mine workings (Nivin et al., 2001). It is trapped in sealed 
fracture systems and can be released spontaneously by 

erosion or drilling. Nivin (2002) recorded gas discharge 

rates of up to 5 1/min from single 2m long and 40 mm 
diameter shot-holes. 

Most studies of hydrocarbons in the Khibiny pluton 
have been carried out on fluid inclusions as they present 
the best-preserved data source. They are mainly trapped 

as secondary inclusions along healed microcracks and 
are consistently described as being methane-dominated 
(e. g. Kogarko et al., 1987; Potter and Konnerup- 
Madsen, 2003). A more detailed description of these 
inclusions is given below. 
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3. Methods 

For this study, 60 samples of different rock types from 
surface outcrops throughout the pluton were collected 
and located by GPS. In earlier studies (e. g. Potter et al., 

3 

1998) archived material was used of which the exact 
sampling locations were unknown. 

Polished thin sections were prepared for petrological 
and microprobe analysis. Major element compositions 
were determined using Oxford Instruments ISIS EDS 
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Fig. 1. Simplified geological map of the Khibiny pluton. Samples described here were mostly collected along traverses (bold black lines) or at 

separate sampling locations (black squares). 
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mounted on a JEOL 6310 SEM at Kingston University, 

and a Cameca SX50 WDS microprobe at the Natural 
History Museum, London. 

Doubly polished wafers of 100-150 µm thickness 
were prepared for microthermometric and laser Raman 

microprobe analysis of fluid inclusions. A confocal, 
multichannel Renishaw laser Raman microprobe RM 
1000 with a 514 nm Argon laser and a thermoelectri- 
cally cooled CCD detector system was used to deter- 

mine the composition of the fluid inclusions. The system 
was attached to an Olympus microscope with lens mag- 
nification of x 100 and analytical spot size of 1-3 µm2. 
To correct instrumental drift, silicon and diamond stan- 
dards were used for regular calibration. The peak po- 
sitions obtained were reproducible within a range of 
±1cm'. Fluid inclusion microthermometric analyses 
were carried out using a Linkam THMS 600 low-tem- 

perature heating-freezing-stage attached to an Olympus 

microscope. Measurements were carried out between 

-196 and 600 °C following the procedure described in 
Shepherd et al. (1985). The stage was regularly ca- 
librated using the triple point of methane (- 182.5 °C) in 

natural fluid inclusions (Beeskow et al., 2005) and the 

melting point of CO2 (-56.6 °C) in synthetic fluid 
inclusions. The reproducibility was within ±0.2 °C. 

Gas chromatographic analyses of the hydrocarbons 

were carried out at the Kola Science Centre, Apatity, 
Russia based on the method described by Ikorsky 
(1999). 1g of handpicked sample material with the grain 
size range 0.63-0.25 mm was analysed. Prior to ana- 
lysis, the samples were flushed with helium and crushed 
on-line in a vibrating ball mill. The helium carrier gas 
was passed through the mill again after sample crushing 
and the gas mixture (extracted gas and helium) was sent 
to the gas chromatograph column for separation and 
measurements. The composition was calculated by 

chromatogram peak area estimation. 
Isotope data were obtained at the stable isotope labo- 

ratory at the University of Lausanne. To release the me- 
thane contained in fluid inclusions, the samples were 
crushed off-line in a vacuum system by hand, using the 
"pepper-mill" technique of Simon (2001). The mill and 
interior of the extraction system was previously cleaned 

with a solution of ultrapure, distilled dichloromethane and 

subsequently dried at 110 °C. Gas sampling was per- 
formed using a gas-tight syringe and the carbon isotope 

5 

composition of the saturated hydrocarbons was measured 
using a Hewlett-Packard 6890 gas chromatograph coupled 
to a Thermoquest/Finnigan MAT Delta S isotope ratio 
mass spectrometer via a combustion interface III under a 
continuous helium flow (Freedman et al., 1988; Hayes et 
al., 1990). The GC was operated with a CarboxenTM 1006 
PLOT capillary column (30 mx0.53 mm internal 
diameter) for the analysis of CH4 and CO2 and a Paraplot 
Q-HT column for the analysis of higher hydrocarbons, 
plus helium as carrier gas (linear flow velocity 3 ml/s). 
After an initial period of 5 min at 35 °C, the column was 
heated to 100 °C at 20 °C/min followed by an isothermal 

period of 20 min, and later heated to 220 °C at 20 °C/min 
and held there for 5 min. The samples were injected at 
230 °C. The CuO/NiO/Pt combustion reactor was set at 
960 °C. The performance of the GC/C/IRMS system, 
including the GC and combustion furnace, was evaluated 
every 10 analyses by injection of methane and carbon 
dioxide of known 613C values. The analytical reproduc- 
ibility, tested by daily replicate analysis of a laboratory 

standard gas mix is ±0.5%o. 

4. Analytical data 

4.1. Petrology and distribution of fluid inclusions in 

relationship to mineral assemblage and rock type 

A major aim of the present study is to test the 

potential relationships between fluid inclusion po- 
pulation and altered Fe-rich phase assemblages. The 

main reaction textures associated with the Fe-bearing 

phases are: fine-grained lorenzenite and aegirine aggre- 
gates around aenigmatite; intergrowths of K-rich feld- 

spar and nepheline around biotite; and titanite rimming 
ilmenite. None of the samples studied here shows evi- 
dence for development of fluid inclusion populations 
along with these mineral textures. There is no evidence 
of narrow reaction rims of biotite or/and aegirine around 

magnetite or of reaction rims between magnetite, 
titanomagnetite and nepheline (c. f. Potter, 2000). 

Alkali feldspar shows a perthitic structure, developed 

by exsolution processes that leave Na- and K-dominated 

zones. Far more pronounced, however, are zones of 

albitisation that follow cleavage planes and microfractures 
in alkali feldspar. These zones are caused by an ion ex- 

change reaction between a Na-rich fluid and alkali feldspar 

Fig. 2. Typical appearance of fluid inclusions. (a) Primary fluid inclusions (p) marking growth planes of a nepheline crystal which are cross-cut by 

secondary fluid inclusion planes (s); (b) isolated cluster of primary mono- and two-phase inclusions; (c) primary fluid inclusions attached to aegirine 

micro-crysts; (d) necked-down inclusion showing the separation of a water-rich and methane-rich phase; (e-h) melt inclusions in rischorrite. The 

crystalline components titanite (tit), arfvedsonite (arf), aegirine (aeg), nepheline (ne) and gaseous methane are identified by laser Raman spectroscopy 

and labelled. All other phases are unknown. Note, the inclusions are hosted in nepheline, therefore the detected nepheline phase within the inclusion 

might result from scattering of the host mineral. 



6 

FA 

x 
L 
cli 
w C) 

c) 
ýU 

xý 

Uý 
öv 

° on 
xý 
Uý 
"ý U 

xý 
Üý 

M 

Üo 

ÜIc 

bn 

Üo 

on 

Ü 

ä 

III 

I 

B. Beeskow et al. / Lithos 91 (2006) 1-18 

OM 00 l- 00 1.0 v1 It c It 00 d' 't M It 
O O. 0000-O 0 v1 O O 

0000000000O O 0 O 0 0000000000O 0 0 O O 
OOOöOOOöOOIO 1öI ö IöI IöI I1I 

O Oý OO 00 O t- OO 'O O NOO O NM v) ýt OrN Ir "o 00 M 00 O 00 v) I- N 'n _ V1 00 'IT O Oý -CO O0N O- ON-O OOO N O0 O0 OO OOOOOOOOOOOO OOO O O0 OO OCO 
CD 00000000000000010ö1öö1 c5 öd 

CD c CD (Z CD 
C> CD CD C> öö C-ß ö CD CD ö 

IIIö 11 11111IöIIöIIöiö1ö11 

OOMOnN-M [- OM\, O 't OO Vl k1 OMN 
�D NM N_ ttNM 00 ýO O 1,0 O- OU^ONOOO0 O 
OOOOOOOOOOOOOONOOOOOOOO 
OOOOOOOOOOOOOOOOOOOO0OO0 
OOOOOOOOOOOOOOOO1ÖO1OÖÖOOO 

vl OO I'D N 00 O O\ N It Vl \D OO-O vl ýD r- MN 
l- NM vl ýD W) It cl) . -- N-1,0 ONO 00 ONOMOOO 
OOOOOO-OOOOOONOOOOOOOOOO 
6O66O6OOOO6OO6OOOOOOOOOOOO 

l7 [ý NN V) ON N- NNVO 
OOOO00000000OOOOOOOOO 
OOOO00000000OOOOOOOOO 

I1OOOOIOOOOOOOOIOOOOOOOO1O 

OOOOOOOOOOOOOOOONO oo O --"O O l-- "O 
N M ýt OO kf) l- M \, D VN C*, 00 ONOOO tI -ON 00 ON kf) 

M ýt N 1ý0 tn l- G\ O- vl - 't ^MOMOO W) O Cl -. OO 

OO --+ OOOO O- O6O6OeOOOOOOO666 

C) 0000000 l- OOO 00 OOOO It ON q1t OS 

- oo In N O', r- - I- Cý ql- r1 Cý Cý It NO If) -O-NMSn 
-- O ýD OnN l- MN 110 O l- N v1 NMO v1 oO Cl 

NM--M- Cl) Oý -- 

M t1 NM "/ 00 CO O . - - 
00 C, 

-NM Vl \O S 00 C - . "-r . - 

MMMMMMMM Cl) 
OOO0OO0OO 

MMMMMMMMMMMM 
0O00000OOOOO 

Cl) 
O 

M 
O 

M 
O 

M 
0 

M 
O 

YNNN C) N ý-+ r-+ a. + a+ a-ý a. + a+ +-+ ý. -ý a+ 
'b 

.3 

ýýýrý_ 0000000000005>. c1 T CO >In >ed 
.O -R re .O re re .Cý. C S7 .C .ýT .Cý, TsTT 

r2 re fA Vi Vi Vý fA V] Vl to rn w VI w fd C. 
0 

CC Cý"' CO 0 ýo 
QW2C. 0 



B. Beeskow et al. / Lithos 91 (2006) 1-18 

NM 110 O t4 r) 'n N N O O O O OO "t Ilzr N v1 M 09 0O O O O O 000000000 OO O O O O 000000000 OO 
o Io 0 o III IIIOö6oOöOOo oIIoIIIIII 

N Oý N N kn O It OOOOOOO ON0 It O -- N W) _ O ýf O - W) 00 ON U1 N ýt -- MOOMOO_O --- O O O O O O 'IT It M 'I1 - OOOOoOOOCO O O O O 0 000000000 0000000000 
O IÖ 6 6 OII IIIÖO6606O0Ö OOO6Ö60O6O 

ÖOOOOOOOO0ÖÖÖ 

OOOOOOOOOOOOO 
OOOOOOOOOOOOO 

oIoO66IIIIIö6O1o0oIII6II C5 IIIIII 

N ýO N O,, 00 OOOO O- MN N- NMM 
OOOO Vn N ', O M kn 110 MNM0000000O 
OOOOOOONN --N NOO00000000 
OOOOO0000000000000 Cl 000O 
ÖIOOOÖIIIII060000000106ÖO06OOIO 

O oo O 00 Cl OO ID MOOOOO O> M IO "0 MONM [- \D -N 
0OOOONOOOO1,0 NM 00 N 00 00 NO O- 000000 
OOOOOOOOOOOON -- - -- OO0000000000 
ÖOOÖOOO11OOOOOOOOOOOOIOOOOOOOOOO 

M cV NN- --N 
OOOOOOOOOOOOOOO 
OOOOOOOOOOOOOOO 

OööööOOCIöööIII111111IöIööICIiI 

M -- OMO l- NNN000000000 (Z 0 v1 OOO c) OODO 
O Oý O 00 M-OOOO ýO ', O 00 00 'It M 1,0 - v') O \D I- ', D V-i 't NM 't \ýD 
OOO --O MOOOOO 00 MM ýD O O> 00 eO-O O- OO -- O- 

OOOOOOOO10OOO O- N-OÖOOOOOOOOOOO 

'IT ý7 M 
OOO 
OOO 
OOO 

OIIIIIIOOO111111111111111111 

-N --ý NOCOOOOOOOM 00 O 'n 110 It Wn Cý 00 m vi 
ýo C> Ný 

pip 
pÖOOOON Oý N Oý 00 N 1.0 cn O. N o0 Oý O tn v 00 OO 

ONO0 It --OOOOO Vn oo OMOOMO lt: r N- "t O-NMN Oý 
NMN Wl N- 

pc1ct NM ýt ýn ýO lý 00 Oý ONM vl �D [- 00 Oý O-NMe t- 00 O, O-N 

7i 
v1 V1 V1 Nvv ý1 ýD ýD ýO ýO Vr ýO ýD ýO tý NNNN --ý NNN 

MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM 
OOOOOOOOOOOOO9999O99O99999999999 

. 
1o d 

cä T cd 7 cý aS cd > cd > cd C. S". CO .J 

m 14- 0w w° "°m°° ?q`vv, - cd ca cd cs s 
Qöööööööö0ööö 

ö- 
7 , 

E" 

7 

7 



8 B. Beeskow et al. / Lithos 91 (2006) 1-18 

along cleavages or cracks (Orville, 1963; Brown and 
Parsons, 1994). This type of alteration is ubiquitous in the 
Central Arch (Nivin et al., 2005). 

4.2. Fluid and melt inclusion study 

The majority of fluid inclusions are hosted in nepheline, 
feldspar and eudialyte. Primary inclusions occur in arrays 
parallel to growth zones in nepheline and have diameters 

of up to 5 µm (Fig. 2a). Larger primary inclusions, between 
10 and 20 gm in diameter, are found in separate clusters, 
mainly in nepheline (Fig. 2b). These are mono-phase CH4- 
rich and two-phase CH4-H20-rich fluid inclusions. A 
third group of primary fluid inclusions is attached to small 
aegirine needles (Fig. 2c). They are mono-phase, CH4- 
dominated inclusions with a diameter of 5-15 gm. 

The majority of fluid inclusions in the Khibiny rocks are 
secondary. They were trapped after the rock body cooled 
and indicate a high level ofpost-magmatic fluid movement. 
They are mainly present in fluid inclusion planes (FIPs) and 
are most common in nepheline crystals but also occur along 
cleavage planes in feldspar. The FIPs represent healed 

microcracks and predominantly start and terminate at grain 
boundaries. Small FIPs start and terminate within mineral 
grains. Longer FIPs cross-cut several mineral grains and are 
often aligned sub-parallel to each other. Fluid inclusions in 
the FIPs vary in size between 5 and 20 gm with a well 
rounded, elongate or even tabular shape. The majority (c. 
90%) of inclusions are mono-phase and methane-do- 
minated. About 10% of the population are two-phase fluid 
inclusions and consist of a methane-rich gas bubble and 
brine. There is evidence for necking down with methane 
and water phase separated into disconnected mono-phase 
inclusions (Fig. 2d) or two-phase inclusions with different 
degrees of filling. The water-rich phase was probably 
commonly consumed during secondary mineral growth, 
leaving the pure methane phase behind. 

Multi-solid inclusions are present in some of the 

samples studied (Fig. 2e-h). They contain variable 
proportions of arfvedsonite, titanite, aegirine and 
nepheline as determined by laser Raman spectroscopy 
together with unidentified, Raman-inactive phases. We 
interpret these to be silicate melt inclusions. Some of 
them contain methane-dominated gas bubbles. Observa- 

tions of homogenisation temperature were not possible 
due to a strong degradation, cracking and darkening of 
the nepheline host at temperatures above 500 °C. 

4.3. Laser Raman spectroscopy and microthermometry 

Primary and secondary fluid inclusions are compo- 

sitionally similar in terms of microthermometric and 

laser Raman data. The majority of the mono-phase fluid 
inclusions analysed by laser Raman spectroscopy show 
a methane peak at between 2911 and 2915 cm- '. Low 
concentrations of ethane and propane have been iden- 
tified with peak positions of 2954 and 2890 cm-1, res- 
pectively. In two-phase inclusions, a broad water peak at 
c. 3400 cm-' was recorded in the liquid phase, the gas 
bubbles gave strong methane peaks. No free hydrogen 
was detected in the fluid inclusions using the laser 
Raman technique. A broad shoulder, the result of fluo- 
rescence produced by the host minerals, was present at 
higher wavelengths and might have swamped the 
hydrogen signal. 

The inclusions mostly display HI behaviour as 
defined by Van den Kerkhof (1988). Homogenisation 
temperatures of the mono-phase inclusions range from 

-98 to - 62 °C. This variation indicates the presence of 
impurities such as higher hydrocarbons. Most of the 
methane-dominated inclusions homogenise to vapour, 
indicating high molar volumes. The homogenisation 
temperatures of two-phase H20-CH4 inclusions range 
from 350 to >500 °C. Measurements at higher 
temperatures were not possible due to degradation of 
the host mineral. The approximate temperatures of first 
ice melting (-70 to -40 °C), hydrohalite melting (-38 
to - 17 °C) and last ice melting (- 17 to - 1.5 °C) 
indicate a wide salinity range. The aqueous inclusions 

contain brine with 5 to 20 wt. % salt. 

4.4. Bulk gas data 

Gas analyses were carried out at the Kola Science 
Centre, Apatity, Russia on samples of different rock 
types in order to identify the amount and composition of 
gases stored in the rocks of the Khibiny complex. CH4 is 
the dominant species with concentrations of up to 
100 cm3/kg rock. Higher hydrocarbons are recorded up 
to C4. Their concentrations decrease exponentially with 
increasing carbon number (Table 1). The results are 
consistent with laser Raman data where the majority of 
fluid inclusions contain CH4 and small proportions of 
ethane and propane and are similar to those reported in 

the literature. Other minor volatiles reported in the li- 

terature (e. g. Petersilie et al., 1961; Petersilie and 
Sorensen, 1970; Kogarko et al., 1987; Potter and 
Konnerup-Madsen, 2003) are C02, CO, H2 and N2- 

A comparison of bulk gas data with mineralogy 
reveals no strong relationship between Fe-rich mafic 
mineral content and gas content (Fig. 3a). However, 

there is a positive correlation between bulk gas content 
and nepheline content (Fig. 3b). This is because ne- 
pheline is the most suitable host for fluid inclusions. 
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Table 3 
Isotope data for the gases of the Khibiny pluton from this study 

Rock type Sample 613CCH4 813CC2H6 613CCHg 613Cc, H10 813CCH12 613CCo2 

Khibinite KH-03-03 -22.4 -15.5 
Khibinite KH-03-03 -14.9 
Khibinite KH-03-04 -18.7 -18.0 -18.7 
Rischorrite KH-03-10 -12.6 -16.8 
Rischorrite KH-03-42 -14.4 -17.1 -17.3 -17.5 -15.4 
Rischorrite KH-03-44 -18.9 -19.2 -19.7 
Rischorrite KH-03-46 -13.3 -19.2 -18.9 -19.4 -13.9 
Trachytoid foyaite KH-03-35 -7.4 -13.7 
Trachytoid foyaite KH-03-37 -8.0 -17.5 -19.6 -13.6 
Massive foyaite KH-03-54 -5.4 -14.3 -13.0 -13.2 -14.0 -13.7 
Ijolite KH-03-68 -10.8 -15.2 

Mean -11.9 -17.6 -17.7 -17.7 -14.0 -14.7 
Range -22.4 to - 5.2 -19.2 to 14.3 -19.6 to 13 -19.7 to -13.2 -14.0 -16.8 to -13.6 

The results are given in the standard 6-notation, expressed relative to VPDB in permil (%o). 

Therefore, it is likely that the presence of a suitable host 

mineral for fluid inclusions is more important than the 
presence of Fe-rich catalyst phases in controlling the 
bulk gas content in a sample. 

The methane content in the samples analysed in this 
study is highest in the outer, marginal rocks and decreases 
inwards to very low levels in the core of the complex (Fig. 
3c). This is broadly in agreement with the data of Ikorsky 
(1977) although not with that of Nivin et al. (2005) who 
report the presence of high post-magmatic fluid fluxes 

within the Central Arch complex. On the basis of our 
data, it is likely that a trend of decreasing methane content 
inward from the margin of the pluton is overprinted by 
late-stage gas fluxes through the Central Arch. As rock 
types change towards the core of the intrusion, a number 
of reasons may explain this observation. These include 

variations in the modal proportion of those phases most 

likely to host CH4 in fluid inclusions; variations in the 
modal proportions of Fe-rich phases that may catalyse the 
FT reaction; variations in permeability permitting access 
of H20; or, if the methane is not generated in situ, varying 
distance from the methane source. 

4.5. Isotope data 

To date, reliable isotopic data from hydrocarbon gases 
of the Khibiny alkaline rocks are sparse. Previous data 
from the hydrocarbon-bearing fluids in Khibiny including 
613 Cbulk data, 613 C and bD data for CH4 and higher HC 
from free and occluded gases are summarized in Table 2. 
Our new data from a preliminary study of different rock 
types show 613C values of -22.4%o and -5.4%o for CH4. 
In terms of their spatial distribution, an increase in 6'3C 

values from the outer towards the central part of the 

1 00.00 
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_- -ý - natural gis 

1.00 
V 
C_ 

0.10 

0.0 1 
CF-14 C21lo C. 11-Ix C4[1 10 C51112 

Fig. 4. Log normalised abundance (in mol%) of CH4 and higher hydrocarbons in the gas phase of the Khibiny complex plotted versus increasing 

carbon number. For comparison the distribution of a natural gas sample of biogenic origin is shown (from Prinzhofer and Huc, 1995). 
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Fig. 5. Isotope distribution of methane and higher hydrocarbons of gas extracted from the Khibiny pluton (Galimov, 1973; Voitov, 1992 and this 
study) compared with data from natural gas samples (Prinzhofer and Huc, 1995). 

complex has been observed (Fig. 3d). Khibinite from the 
outer part of the complex has a 613C value of - 22.4%0, 

whereas foyaite from the core of the pluton contains 
methane with much less negative values from -8%o to 

- 5.4%0. The analyses of higher hydrocarbons show a 
subsequent increase of 613C values with increasing 

carbon number (Table 3 and Fig. 5). 

5. Discussion-models for methane generation in 

alkaline igneous rocks 

Several models have been suggested for the accumu- 
lation of methane in igneous rocks. These can be grouped 
into biogenic and abiogenic models. Many workers (e. g. 
Gold, 1979; Larsen et al., 1992; Krot et al., 1994; Berndt et 
al., 1996; Salvi and Williams-Jones, 1997; Potter et al., 
1998; Konnerup-Madsen, 2001; Markl et al., 2001; 
Sherwood-Lollar et al., 2002) have stressed the potential 
likelihood of the abiogenic evolution of methane in 
igneous rocks, although there remains a debate as to 

whether this would occur at an early-, late- or post- 
magmatic stage of the crystallisation history. Here, we re- 
evaluate various models of methane generation and assess 
their applicability to the Khibiny pluton. 

I. Abiogenic origin 

Two critical chemical criteria support an abiogenic 
origin for the HC gases of the Khibiny pluton. Firstly, the 

carbon number distribution shows a log-linear relationship 
between the molar amount of the alkane and its carbon 

number. New bulk gas data presented in this paper confirm 
the log-linear trend from C1 to C4 with concentrations 

decreasing from 100 to 0.01 mol% (Fig. 4). This trend is 

close to that predicted by the Schulz-Flory distribution 
(Anderson, 1984) which is a simple statistical model that is 

a good indicator of an abiogenic origin of the hydro- 

carbons, as the higher HCs are formed via polymerisation. 
In contrast, biogenic alkanes have a shallower slope when 
plotted on the same diagram. Similar results have been 
found in other alkaline rock complexes such as Lovozero 
(Potter et al., 2004), Ilimaussaq (Konnerup-Madsen, 2001) 

and Strange Lake (Salvi and Williams-Jones, 1997). 
Secondly, the 613C data set for methane and the higher 

HC from the Khibiny pluton shows values that decrease 
from CH4 towards the higher homologues (Fig. 5). The 

systematically higher 613C values for CH4 compared to 
those of the higher hydrocarbons in the same fluid samples 
are consistent with an inorganic polymerisation process 
whereby the heavier hydrocarbons are synthesised from 

methane (Des Marais et al., 1981). This is common in 
high-temperature abiogenic hydrocarbons (Voitov, 1992) 

and supports an abiogenic origin for the gases in the 
Khibiny pluton. Gas samples from a natural (biogenic) gas 
source would show the opposite trend, with 613C values 
increasing towards the higher C numbers (Prinzhofer and 
Huc, 1995). 

5.1.1. Post-magmatic origin via Fischer-Tropsch synthesis 
Hydrocarbons in alkaline rocks including the Khibiny 

complex could be generated by Fischer-Tropsch synthesis 
according to the general chemical reaction: 

nCO2 + (3n + 1)H2-*CnH2n+2 + 2nH2O. 

CH4 is produced when n=1 and higher hydrocarbons 

when n>1. The H2 needed for the reaction is probably 
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released by hydrothermal alteration of Fe-rich minerals 
(Salvi and Williams-Jones, 1997; Potter et al., 1998, 
2004). However, a number of petrologic features 

suggest that the importance of the FT reaction in 

generating CH4 and higher hydrocarbons in Khibiny 

may be overstated. Here we highlight a number of 
criteria suggesting that methane occurrence may not be 
the result of a simple, closed system behaviour. 

5.1.1.1. The entrapment problem. It was suggested by 
Potter et al. (1998,2004) that trails of CH4-bearing fluid 
inclusions terminate at the margins of hydrated Fe-rich 

minerals as the result of hydration and associated FT 

reactions. This termination, or pinning, of FIPs is 
interpreted as the result of fracturing of the host minerals 
due to volume expansion of the Fe-phase. However, in the 
samples studied here, FIPs are a general feature of 
fractured rocks. They are most pronounced in nepheline 
and feldspar and no obvious relationship between their 
abundance and the presence or absence of altered Fe-rich 

phases has been observed. Hence, there is no strong 
reason to infer that they were produced during methane 
production by FT synthesis. 

Consequently, microthermometrically derived tem- 
peratures and pressures of fluid entrapment do record 
conditions of fluid migration and secondary trapping, 
rather than those of methane generation. 

5.1.1.2. The alteration problem. A number of hydro- 
thermal reactions (not always balanced) involving the 
breakdown of phases such as arfvedsonite, nepheline and 
augite have been cited as linked to FT synthesis (Salvi and 
Williams-Jones, 1997; Potter and Konnerup-Madsen, 
2003; Potter et al., 2004). The precise nature of the 

reaction chemistry is best determined by reaction textures. 
Although arfvedsonite breakdown is commonly cited, 

we see no textural evidence to suggest that the association 
of arfvedsonite with aegirine is related to hydration and 
excessive accumulation of fluid inclusions around the 

mineral assemblage. We do not find aegirine rims deve- 
loped around arfvedsonite, nor do we find other evidence 
of arfvedsonite alteration. The observed increase in Na and 
Fe and decrease in Mg and Ca from core to rim of arf- 
vedsonite crystals is very typical for igneous fractionation. 

Similarly, the augite breakdown reactions cited by 

other workers involve mineral assemblages which we 
have rarely found in the Khibiny massif The reaction 

may well generate small amounts of methane through an 
FT reaction. However, the rarity of the complete reac- 
tion assemblage means that it is unlikely to have been 

responsible for the production of large volumes of me- 
thane in the complex. Either the reaction has not oc- 

curred, or it has gone to completion almost everywhere 
which is unlikely. The hydration of nepheline to cancrinite 
(Potter et al., 1998; Potter and Konnerup-Madsen, 2003) is 
a potential CH4-producing reaction. Our new, whole rock 
bulk gas data confirm a positive correlation between 
cancrinite content and methane concentration. This is most 
pronounced in the cancrinite-rich rischomte sample Kh- 
03-44 which has a methane content of nearly 100 cm3/kg. 
However, there is no evidence for a large population of 
fluid inclusions in these samples. As basic cancrinite may 
be considered to be a member of the zeolite family (Hassan 
and Grundy, 1983) it offers a means of gas storage. 
Therefore, cancrinite can be considered to be a strong 
adsorbent that incorporates gases such as methane in their 
crystal structure but is not necessarily linked to CH4- 
production. 

In many samples methane-rich gas bubbles are attached 
to a small aegirine needle, mostly within a matrix of 
nepheline (Fig. 2c). Although this could be the result of an 
in situ FT reaction on aegirine, a more likely explanation 
for this texture is the "water glass" phenomenon where gas 
bubbles in an immiscible H20-CH4 fluid are preferentially 
attached onto the surface of a small aegirine needle within 
the late magma/crystal-mush. This would be consistent 
with the presence of a methane-rich fluid in a crystallising 
magma and a primary origin for these fluid inclusions. 

5.1.1.3. The CO2 problem. The heterogeneous distri- 
bution of methane in the Khibiny complex could be a 
function of a number of factors. The presence of suitable 
host minerals, such as nepheline and feldspar, is an 
obvious control. However, if the FT reaction is the 

critical driver of methane generation, the distribution of 
methane in the complex should be related to the avai- 
lability of Fe-rich minerals needed to catalyse the re- 
action, the supply of H2O to drive the hydration 

reactions and the availability of primary CO2 in the 

source rocks. The complex should thus include regions 
with high CH4 concentrations, where all the "reactants" 

needed for FT reactions were present, as well as regions 
with high CO2 concentrations where the FT reaction has 

not taken place, either due to the lack of anhydrous Fe- 

rich minerals or suitable amounts of late-stage H2O-rich 
fluids. However, gas analyses from the Khibiny com- 
plex reveal fluids dominated by CH4 with CO2 present 
only in altered samples (Potter and Konnerup-Madsen, 
2003) and no inverse relationship between CO2 and CH4 

content. In fact, no evidence for a primary C02-rich 

magmatic fluid has been found, all identified primary 
fluid inclusions are CH4-dominated. Finally, we stress 
that methane generation through the FT synthesis can 
only operate in an almost closed system. Too much H2O 
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flux will ultimately flush out not just the CO2 but also all 
the CH4 produced. The post-magmatic methane gener- 
ation from a primary C02-rich fluid seems therefore 
unlikely. 

5.1.2. Early-magmatic origin from a mantle source 
Methane may form inorganically at mantle condi- 

tions of > 30 kbar and > 1200 K from carbonate species, 
such as FeCO3 or MgCO3, in the presence of H2O at 
oxygen fugacities buffered by iron-bearing phases near 
the wuestite-magnetite f02 buffer (Scott et al., 2004). 
Experimental data suggest that such conditions may be 

widespread in the mantle and that methane at pressures 
of up to 1 GPa could be the dominant C-bearing fluid 

phase under reducing conditions in the mantle (Kenney 

et al., 2002). Ryabchikov et al. (1981) documented very 
low oxygen fugacities for rocks of mantle origin: 
olivines from tholeiite basalts and titanium garnets 
from alkali rocks. Strongly reduced conditions, com- 
pared with the crust (QFM), are also believed by Pasteris 
(1987) to exist in portions of the upper mantle and 
several studies by, amongst others, Ryabchikov et al. 
(1981), Eggler and Baker (1982), and Olafsson and 
Eggler (1983) imply that f02 variations in the mantle 
would permit different fluid speciation in different 

regions or materials in the upper mantle. Hydrocarbons 
traced back to their mantle source have also been found 
in garnets from the Mir kimberlite pipe (Krot et al., 
1994) and Markl et al. (2001) indicated that methane is 
the stable fluid phase in the low-fO2 asthenospheric 
mantle which appears to be the source of the Ilimaussaq 

parental melts. 
On the basis of 613C values of -3.2%o to - 12.8%o, 

Petersilie (1962) also suggested a magmatic origin for 
hydrocarbons in the alkaline rocks of the Khibiny 

pluton. He interpreted the 13C enrichment, similar to 
that in diamonds, carbonatites and CO2 of deep-seated 

origin, as implying a juvenile carbon source (Petersilie 

and Sorensen, 1970). As an incompatible compound, 
primary mantle CH4 could easily be incorporated into 

mantle derived magmas. 
Our observations of silicate melt inclusions which 

contain methane bubbles (Fig. 2e-h), the attachment of 
primary methane-rich gas bubbles to aegirine needles 
(Fig. 2c), and the presence of primary fluid inclusions 

along growth zones in nepheline (Fig. 2a) support the 
hypothesis of magmatic CH4-rich fluid. 

5.1.3. Late-magmatic origin via respeciation of a 
C-O-H fluid 

A late-magmatic origin was proposed to explain 

methane generation in the Ilimaussaq complex by Kon- 
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nerup-Madsen (2001) and in gabbroic pegmatites within 
the Skaergaard complex (Larsen et al., 1992). At 
temperatures <500 °C this involves the respeciation of 
a carbonic fluid in the C-O-H-graphite system 
(Huizenga, 2001) under magmatic conditions of QFM 
to QFM-3, consistent with a volatile-rich, agpaitic 
magma. These conditions of methane generation are 
restricted in terms of temperature and chemical 
composition of the magma. As the Khibiny intrusion 
contains, apart from the carbonatite, only pure hydro- 
carbons without any trace of C021 it is unlikely that C- 
O-H-respeciation can be solely responsible for HC 
production throughout the complex. A further limitation 
of the model is that, although there is a clear mechanism 
for CH4 production through respeciation, the production 
of the higher hydrocarbons cannot be readily explained. 
It is therefore unlikely to be a viable mechanism for HC 
generation in the Khibiny complex. 

5.2. Biogenic origin 

The host rocks into which the Khibiny complex was 
emplaced are Archaean granite gneisses and Proterozoic 

volcanic-sedimentary rocks (Sorensen, 1970; Kogarko, 
1995). In the North and South-East the pluton intrudes 
into Archaean gneisses and in the South and West into 
the Early Proterozoic Imandra-Varzuga greenstone belt. 
The greenstone belt comprises an alternating sequence 
of sedimentary and extrusive volcanic rocks represented 
by mafic and silicic schists, quartzites, carbonaceous 
and graphitic schists and metamorphosed limestone and 
dolomites. Petersilie (1962) described bitumens and low 

methane contents from some of the schists in the 
greenstone belt. Mature organic material is present in 

rocks of the same age in the nearby Lake Onega area 
(Karelia, NW Russia). Dated at 2 Ga, this constitutes 
one of the most remarkable accumulations of organic 
carbon from the Palaeo-Proterozoic. The carbon occurs 
in the form of shungite, which is a black, non-crystal- 
line, semi-metallic material that contains >98% C 
(Melezhik et al., 2004). The total carbon reservoir is 

estimated to exceed 25 x 1010 t. It was accumulated 
within a volcanic continental rift setting, developed on 
the rifted eastern margin of the Achaean Baltic shield. It 
is thus likely that the carbonate and graphitic schists that 

enclose the Khibiny pluton contain primary organic 
material some of which could have been incorporated 
into the pluton either during convective fluid flow 
during emplacement or during subsequent percolation 
of meteoric waters along fracture systems. The origin of 
hydrocarbons could thus be explained by involvement 

of organic matter from the sedimentary rocks. 
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Both, the spatial distribution of CH4 and its isotopic 

composition (Fig. 2c and d) suggest that there may have 
been an, at least limited, biogenic influence on HC 

origin within the Khibiny complex. The CH4 content 
increases towards the margin of the complex and 613C 

values decrease toward the margin of the complex. Both 
these trends are consistent with mixing of methane 
abiogenically produced within the complex with bio- 

genic methane introduced from the country rocks. 
A simple mass balance equation can be used to 

calculate the relative proportions of the biogenic and 
mantle components present in the methane gas phase. It 

uses the analysed isotopic composition of the gas phase 
itself together with estimates of the isotopic composi- 
tions of the two end member components. The equation, 
governing the isotopic composition of the total carbon in 
the rock, can be expressed as: 

Fshumshu + Fmantlemmantle = Fsample 

where F is the designated 613 C value of shungite, mantle 
and the sample and m denotes the molecular mass 
fraction of C from the two sources. The calculation is 
based on the overall average 613C value of -32%o of 
shungite (Melezhik et al., 1999) and the assumption that 
the measured 613C value of the innermost sample Kh- 
03-54 with -5.4%o represents the uncontaminated 
mantle composition. On the basis of these values, the 
biogenic contribution may be up to 10% in the 
trachytoid foyaite, up to 30% in the rischorrite and up 
to 64% in the khibinite. 

6. Conclusion-towards a model for CH4 

generation in alkaline rocks 

On the basis of the data presented here, together with 
those elsewhere in the literature, no single simple 

mechanism is responsible for methane generation within 
the alkaline rocks of the Khibiny complex. The presence of 

primary methane-dominated fluid inclusions, melt inclu- 

sions containing a methane-rich gas phase, bulk gas data, 

and the isotopic composition of CH4 are consistent with an 

early, abiogenic, magmatic origin. Hence, a reduced 

carbonic fluid present in the mantle could be a source for 

the abundant HC gases in the Khibiny complex. However, 

enhanced CH4 levels and low 613C values suggest that the 

outer rocks of the complex have a greater biogenic 

component than those further inwards. This implies the 

possibility of a marginal biogenic overprint on what is 

essentially an abiogenic signature. 
We find the model of widespread HC generation 

through a post-magmatic FT type reaction to be 

untenable. There is little doubt that such a reaction 

could have operated in some parts of the pluton. Given 
the correct phase assemblage, the presence of Fe-rich 
phases, a primary CO2 fluid, and incipient hydration, 
then CH4 and the higher hydrocarbons could have been 
formed in situ by an FT reaction. However, over the 
intrusion as a whole an FT type reaction is unlikely to 
have been important. In particular, there is no evidence 
for the widespread, strong alteration of mafic mineral 
assemblages required to produce the H2 needed to drive 
the FT reactions, nor is there evidence in the fluid 
inclusion population for the presence of a primary C02- 
rich magmatic fluid. Primary fluid inclusions are 
dominated by CH4. There is no correlation between the 
presence of Fe-rich phases and high methane contents as 
predicted for the FT reaction. 

In addition, FIPs are widespread throughout the 
complex and are not related to alteration of Fe-rich 

assemblages. They are interpreted as fluid pathways and 
hence, the fluid inclusion entrapment at low P and T 

corresponds to conditions of HC migration, but not to their 
generation. 

FIPs document a high post-crystallisation permeabil- 
ity that accommodates high fluid flow. It is possible to 
envisage a situation in which abiogenically derived 
fluids migrate through the fracture system upwards 
within the complex and mix with biogenic fluids from 

the surrounding country rocks that migrate inwards 

through the same fracture system. 
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11 Conclusions 

11.1 Aim of the study 

The discovery of significant volumes of hydrocarbon gas in the Khibiny alkaline 

complex (Petersilie, 1962) confirmed by many later studies (e. g. Ikorski, 1977; Kogarko 

et al., 1987; Ikorski et al., 1992; Potter, 2000; Nivin, 2001) has generated much interest 

in the possibility of natural gas resources being produced and subsequently stored in 

igneous rocks, especially alkaline ones. 

In this study, abundant new data from the Khibiny pluton are presented and discussed in 

the context of previously published data in order to reassess proposed models of 

hydrocarbon generation in alkaline igneous rocks. In the course of this work, a variety 

of conventional and innovative methods and techniques have been combined to 

constrain some primary characteristics of the hydrocarbon phases present in the Khibiny 

pluton. Of particular importance has been the use of widely spaced sampling locations 

to assess the spatial distribution of hydrocarbons in the Khibiny complex. The 

comprehensive nature of the collected data enables a re-evaluation of the processes 

influencing hydrocarbon generation, storage and movement in the Khibiny pluton. The 

new insights developed here might serve as a base for the future investigation of 

hydrocarbon occurrences in alkaline igneous rock complexes elsewhere in the world. 

The main aims of the work can be summarised as: 

- constraining the distribution and volume of hydrocarbons stored in the Khibiny 

pluton 

- testing models for hydrocarbon generation 

- modelling storage and migration of hydrocarbon gases within the pluton. 
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11.2 Brief summary of data 

There are two main models for hydrocarbon generation in alkaline plutons: 

- biogenic evolution largely through incorporation of methane from an organic-rich 

source in the country rocks and 

- abiogenic evolution, which can be mantle-derivation, late-magmatic C-O-H 

respeciation and post-magmatic Fischer-Tropsch synthesis. 

The data obtained for this thesis enable the models for hydrocarbon generation in 

alkaline igneous rocks to be tested for the Khibiny complex. The results can be 

summarised as follows. 

Petrography 

- typical felsic minerals are nepheline and alkali feldspar 

- the main mafic minerals are aegirine, arfvedsonite, aenigmatite and titanite 

- alteration of mafic minerals is limited and not related to fluid inclusion generation 

Fluid inclusion study 

- fluid inclusions appear as either primary or secondary fluid inclusions 

- c. 90% are methane-dominant and c. 10% water-dominant 

- primary inclusions were entrapped near the nepheline syenite solidus, at P-T 

conditions around 650 MPa and 600°C 

- secondary fluid inclusions were entrapped at wide-ranging post-magmatic P-T 

conditions as miscible or immiscible fluids 

- melt inclusions contain a methane-dominant fluid phase, supporting a primary 

magmatic origin of the fluids 
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Bulk gas data 

- the average bulk gas content is 12.8 cm3/kg rock 

- methane is the dominant gas species 

- lower concentrations of the higher hydrocarbons up to pentane were detected 

- bulk gas content correlates positively with nepheline content 

- the spatial gas distribution shows highest concentrations in the marginal area of 

the pluton, implying potential addition of hydrocarbons from the host rocks 

Solid carbon 

- solid carbon content ranges between 0.209 and 0.058 wt% and is highest near the 

pluton margins 

- it is the product of either late- to post-magmatic hydrocarbon respeciation or 

thermogenic alteration of organic matter derived from the host rocks 

Isotope data 

- 613 CCH4 values between -22.4 and -5.4 %c indicate a likely abiogenic methane 

origin 

- the spatial distribution, with decreasing 613C values towards the pluton margin, 

suggests a potential mixing of biogenic CH4 derived from the host rocks with 

abiogenic methane from within the pluton 

- mass balance calculations suggest that up to 64 % of the mixed CH4 may have a 

biogenic origin 

The role of microcracks and fluid inclusion planes 

- high abundance of fluid inclusion planes and microcracks indicates high fluid 

mobility in both the past and the present 

- microcracks serve as the main fluid pathways and storage spaces in igneous rocks 

and can be used to calculate porosity and permeability 
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- average palaeo and modern porosities are 5.56 % and 4.80 %, respectively 

- average palaeo and modern permeabilities are 2.38 mD and 1.95 mD, respectively 

- the methane content in the Khibiny pluton, based on porosity values, is estimated 

to be between 416 km3 and 7649 km3 

11.3 Towards a new model for hydrocarbon generation in the 

Khibiny Mountains 

Based on the above summarised data, the following conclusions can be drawn. 

A primary abiogenic origin for the hydrocarbons present in the Khibiny pluton is 

supported by the documented presence of primary methane-dominant fluid inclusions, 

melt inclusions that contain a methane-rich gas phase and the isotopic composition of 

CH4. There is little evidence for either a late- or post-magmatic hydrocarbon generation. 

There is no clear linkage between hydration reactions and the evolution of fluid 

inclusion planes nor are relicts of primary CO2 fluids preserved in the rocks as would be 

expected had such mechanisms failed to go to completion. 

A MANTLE-DERIVED, REDUCED CARBONIC FLUID IS THEREFORE LIKELY TO BE THE 

MAJOR SOURCE FOR HYDROCARBON GASES IN THE KHIBINY COMPLEX. 

The spatial distribution data document a high carbon content, high CH4 levels and low 

613C values in the outermost parts of the Khibiny complex. This is consistent with a 

high permeability permitting inward flow of fluids carrying biogenic carbon. 

4A MARGINAL BIOGENIC OVERPRINT CAUSED BY INWARDS MIGRATING FLUIDS FROM 

THE SURROUNDING COUNTRY ROCKS IS LIKELY. 

-240- 



11.4 The Khibiny pluton in the context of hydrocarbon occurrences 

in igneous rocks 

In many cases the exact origin of hydrocarbons in igneous rocks remains unclear. 

Methane and higher-order hydrocarbons have been reported from several igneous 

complexes. A comprehensive list of hydrocarbon occurrences associated with igneous 

rocks was given by Schutter (2003). 

Notable hydrocarbon occurrences explained using abiogenic models include those 

found in the Ilimaussaq igneous complex (South Greenland), in granite and dolerite 

intrusions at Siljan (Sweden), in the Zambales Ophiolite (Philippines), in pegmatitic 

quartz in granite at Strange Lake (Canada), in alkaline igneous intrusions of the Kola 

igneous province (Russia), in fractures in crystalline rocks of the Canadian shield and at 

Mid-Ocean Ridges (e. g. Konnerup-Madsen et al., 1979; Abrajano et al., 1988; Jeffrey and 

Kaplan, 1988; Salvi and Williams-Jones, 1997; Charlou et al., 1998; Potter et al., 1998; 

Sherwood Lollar et al., 2002; ). 

In contrast, numerous other hydrocarbon occurrences in igneous rocks have been 

interpreted as being biogenic in origin. Hydrocarbons in several granite plutons in the 

British Isles have been attributed to scavenging of thermally decomposed organic 

material held in overlying sedimentary source rocks (Parnell, 1988). Solid bitumens 

within a dolerite dyke at Oklo in Gabon (Mossman et al., 2001) were similarly 

interpreted as the products of oil migration from surrounding sedimentary rocks. 

Bitumens in basement rocks in Scandinavia, gas-condensate inclusions in the crystalline 

basement in South Norway and solid bitumens and oil-bearing fluid inclusions in a 

dolerite sill in the Roper Superbasin in Australia have also been interpreted as being 

biogenic in origin (Munz et al., 2002; Dutkiewicz, 2004). 
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Until now, there have been no reported instances of mixed-source hydrocarbons in 

igneous rocks. These are those in which biogenic fluids, derived from organic-rich host 

rocks, mix with primary magmatic abiogenic fluids. Although this scenario is a likely 

one, albeit dependant on geological setting, it is probably largely undescribed due to 

sampling strategies. To document such a mixing model it is necessary to sample, and 

analyse, fluids along a traverse from pluton core to rim as has been done during the 

course of this study. 

11.5 Economic potential and ecological significance 

Estimates on gas volume made here, based largely on porosity data, range from 416 km3 

to 7649 km3. What is known from degassing processes in working mines (Nivin et al. 

2001) suggests that opening of fracture systems indeed leads to significant gas escape. 

However, the hydrocarbon reservoir of the Khibiny pluton cannot be regarded today as 

an economically viable resource. Primarily this is because there are no currently known 

appropriate techniques for gas extraction and collection from the pluton. Secondly, there 

remains real uncertainty as to how much methane is present in the complex and the 

extent to which it is held in connected, or potentially connected, microcrack systems. 

Therefore it is necessary to enhance both extraction techniques and fracture modelling. 

From an environmental stand-point the knowledge of gas content and gas mobility 

potential is relevant for two reasons. Firstly, a detailed understanding on influencing 

parameters for hydrocarbon occurrence and distributions is important with respect to 

safety during underground mining. This knowledge might also be a useful tool during 

prospective risk assessments to minimize possible explosive failure caused by methane 

over-pressure. Secondly, degassing of hydrocarbons through the roof of the Khibiny 
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complex contribute to greenhouse gases. However, this contribution is rather small. The 

average bulk gas content in one kg rock of the Khibiny pluton is 12.8 cm3. To put this in 

to perspective a simple comparison may help: one sheep produces daily approximately 

20 litre (20,000 cm3) methane (Lockyer and Champion, 2001). There are more than a 

billion sheep kept in the world (http: //www. sheep101. info/farm. html) and other 

ruminants, including cows, similarly produce large daily methane outputs. These 

volumes must dwarf that released by upward migration through the pluton roof and thus 

the methane currently stored within the Khibiny pluton cannot be regarded as 

environmentally significant. 

11.6 Recommendation for further work 

1. The prime aim of this study was to test the hypothesis of hydrocarbons origin in 

the Khibiny complex. The textural, fluid inclusion and isotopic data presented 

here indicate that the methane present in the alkaline rocks at Khibiny are the 

result of mixing variable degrees of mantle-derived methane and organic methane 

introduced into the pluton from the host rocks. This new model needs to be 

rigorously tested. To do this, future work should aim to analyse material from a 

wide range of rock types collected from across the pluton. Further studies should 

include bulk-rock analysis, the examination of free gas and gas trapped in fluid 

inclusions as well as a rigorous isotopic study. The aim would be to develop a 

spatial map of hydrocarbon distribution and characteristics. As part of this work 

the distribution and isotope chemistry of biomarkers in bitumens contained within 

the pluton should be investigated. This work should enable modelling of mixing 

signatures across the pluton. 

2. As this study shows, the respective ratios of the various higher hydrocarbons 

cannot alone provide a clear indicator of gas origin - biogenic or abiogenic. In 
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order to verify the origin of the gas, or its mechanism of generation, a 

comprehensive isotope study is recommended. The present study provides a 

limited, yet valuable, carbon and hydrogen database. Future work should include 

the derivation not only of more carbon and hydrogen isotopic data but also of 

helium isotope data. Helium isotope signatures in particular would help define the 

extent to which the gas is of mantle origin. 

3. Gas extraction from igneous rocks is still very problematic. This affects both the 

quality of the bulk gas data and also the isotope data derived from the extracted 

gas. The methods of gas extraction tested here (crushing and thermal gas release) 

provide different quantitative data. The grain size of the prepared samples may 

also affect the analytical data. A comprehensive study of gas extraction techniques 

is required in order to verify if and how temperature affects the composition of the 

extracted gas as well as to determine how much gas gets lost during sample 

preparation or by adsorption to fine-grained particle surfaces during milling. 

4. A GIS-based, internet-accessible data-base should be compiled for gas 

distribution data of the Khibiny pluton. Simple access to all scientists working in 

the Khibiny pluton would save money and time and help resolve problems where 

different scientific, technological and engineering disciplines interact. 
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List of abbreviations mentioned in the text 

AA antarcticite 

ab albite 

aeg aegirine 

aenig aenigmatite 

alk fs alkali feldspar 

amph amphibole 

ap apatite 

arf arfvedsonite 

ASF Anderson-Schulz-Flory 

astr astrophyllite 

BSE back scattered electron 

bt biotite 

canc cancrinite 

EDS energy disperse system 

EoS Equation of State 

EPR East Pacific Rise 

eud eudialyte 

FG free gas 

FIP fluid inclusion plane 

Appendix A1.0: Alphabetical list of abbreviations 



F-T Fischer-Tropsch 

GC gas chromatography 

HC hydrocarbon 

HH hydrohalite 

hhc higher hydrocarbon 

for lorenzenite 

mag magmatite 

MC microcracks 

ne nepheline 

OG occluded gas 

P-T pressure-temperature 

PVTX pressure volume temperature composition 

STP standard temperature pressure 

Tails temperature of daughter mineral dissolution 

TG thermograph 

Th homogenisation temperature 

tit titanite 

tit-mag titano-magnetite 

xpl crossed polarised light 

zeo zeolite 

Appendix A1.0: Alphabetical list of abbreviations 



# rock type GPS location 
dip 

direction / 
dip 

Kh-03-1 khibinite 67 ° 42 ' 19.2 "N 33 ° 22 ' 53.6-E 260 / 10 
Kh-03-2 khibinite 67 ° 42 ' 22.6 "N 33 ° 22 ' 52.1 "E 270 / 30 
Kh-03-3 khibinite 67 ° 42 ' 25.8 "N 33 ° 22 ' 50.1 "E 325 / 30 
Kh-03-4 khibinite 67 ° 42 ' 50.0 "N 33 ° 22 ' 42.1 "E 250 / 30 
Kh-03-5 khibinite 67 ° 41 ' 14.6 "N 33 ° 23 " 33.7 "E 140 / 75 
Kh-03-6 khibinite 67 ° 41 ' 11.6 "N 33 ° 23 ' 53.8 "E 230 / 80 
Kh-03-7 khibinite 67 ° 40 ' 58.7 "N 33 ° 23 ' 54.2 "E 320 / 85 
Kh-03-8 khibinite 67 ° 40 ' 45.1 "N 33 ° 23 ' 55.5 "E 190 / 85 

Kh-03-9 rischorrite 67 ° 45 ' 6.7 "N 33 ° 35 ' 10.3 "E 98 / 85 
Kh-03-10 rischorrite 67 ° 44 ' 32.1 "N 33 ° 35 ' 16.1 "E 30 / 40 
Kh-03-11 rischorrite 67 ° 44 ' 17.8 "N 33 ° 35 ' 35.0 "E 340 / 80 
Kh-03-13 rischorrite 67 ° 43 ' 39.2 "N 33 ° 35 ' 38.3 "E 110 / 60 
Kh-03-14 rischorrite 67 ° 43 ' 22.3 "N 33 ° 35 ' 36.0 "E 340 / 80 
Kh-03-42 rischorrite 67 ° 42 ' 40.9 "N 33 ° 36 " 5.1 "E 230 / 30 
Kh-03-43 rischorrite 67 ° 42 ' 18.4 "N 33 ° 36 ' 27.0 "E 140 / 50 
Kh-03-44 rischorrite 67 ° 42 ' 18.4 "N 33 ° 36 ' 27.0 "E 340 / 90 
Kh-03-45 rischorrite 67 ° 42 ' 14.6 "N 33 ° 36 ' 27.2 "E 135 / 70 
Kh-03-46 rischorrite 67 ° 41 ' 57.1 "N 33 ° 36 ' 39.9 "E 0 / 80 
Kh-03-48 rischorrite 67 ° 41 ' 40.7 "N 33 ° 36 ' 54.5 "E 260 / 85 
Kh-03-49 rischorrite 67 ° 41 ' 26.7 "N 33 ° 37 ' 11.3 "E 230 / 85 

Kh-03-50 rischorrite 67 ° 41 ' 2.5 "N 33 ° 37 " 43.7 "E 180 / 80 

Kh-03-35 trachytoid foyaite 67 ° 44 7.9 N 33 ° 45 " 46.1 "E 340 / 85 

Kh-03-36 trachytoid foyaite 67 ° 44 ' 2.0 N 33 ° 46 " 0.3 "E 145 / 85 

Kh-03-37 trachytoid foyaite 67 ° 43 " 56.8 N 33 ° 46 " 11.4 "E 230 / 55 

Kh-03-38 trachytoid foyaite 67 ° 43 " 53.4 N 33 ° 46 " 15.1 "E 245 / 50 

Kh-03-39 trachytoid foyaite 67 ° 43 " 48.7 N 33 ° 46 ' 16.1 E 250 / 45 

Kh-03-40 trachytoid foyaite 67 ° 43 ' 35.2 "N 33 ° 46 " 11.4 E 60 / 80 

Kh-03-41 trachytoid foyaite 67 ° 43 " 23.8 "" N 33 ° 46 " 32.1 '" E 250 / 50 

Kh-03-51 massive foyaite 67 ° 45 " 14.1 N 33 ° 57 ' 6.6 E 280 / 25 

Kh-03-52 massive foyaite 67 ° 45 ' 12.7 N 33 ° 56 ' 20.5 E 150 / 50 

Kh-03-53 massive foyaite 67 ° 45 ' 15.6 "N 33 ° 56 " 16.2 E 330 / 70 

Kh-03-54 massive foyaite 67 ° 45 ' 23.8 "N 33 ° 56 ' 21.6 E 40 / 30 

Kh-03-55 massive foyaite 67 ° 45 " 30.9 "N 33 ° 56 ' 32.3 "" E 350 / 35 

Annendix A4.1a: Sampling list including sampling location and orientation of hand specimen. 



dip 
# rock type GPS location direction / 

dip 
Kh-03-56 alkaline syenite 67 ° 47 ' 39.2 "N 34 ° 3' 25.6 "E 150 / 80 
Kh-03-57 alkaline syenite 67 ° 47 ' 37.4 "N 34 ° 3' 31.7 "E 160 / 75 
Kh-03-58 alkaline syenite 67 ° 47 ' 35.7 "N 34 ° 3' 45.8 "E 190 / 70 
Kh-03-59 alkaline syenite 67 ° 47 ' 33.1 "N 34 ° 3' 6.6 "E 140 / 70 
Kh-03-60 alkaline syenite 67 ° 47 ' 31.8 "N 34 ° 3' 16.7 "E 140 / 75 

Kh-03-61 ijolite 67 0 40 ' 21.3 "N 34 0 8' 31.9 "E 120 / 45 
Kh-03-62 ijolite 67 0 40 ' 21.3 "N 34 ° 8' 31.9 "E 130 / 80 
Kh-03-63 ijolite 67 0 40 ' 21.3 "" N 34 0 8' 31.9 "E 200 / 40 
Kh-03-64 ijolite 67 0 40 ' 21.3 "N 34 0 8' 31.9 "E 290 / 45 
Kh-03-65 ijolite 67 0 40 ' 21.3 "N 34 0 8' 31.9 "E 320 / 45 
Kh-03-66 ijolite 67 0 40 ' 21.3 "N 34 0 8' 31.9 "E 260 / 85 
Kh-03-67 ijolite 67 0 40 ' 21.3 "N 34 0 8" 31.9 "E 240 / 65 
Kh-03-68 ijolite 67 ° 40 ' 21.3 "N 34 ° 8' 31.9 "E 90 / 50 
Kh-03-69 ijolite 67 0 40 ' 19.7 "N 34 0 8' 41.4 "E 90 / 45 
Kh-03-70 ijolite 67 0 40 ' 19.7 "N 34 0 8' 41.4 "E 90 / 45 
Kh-03-71 ijolite 67 0 40 ' 21.1 "N 34 0 8' 2.5 "E 130 / 60 
Kh-03-72 ijolite 67 0 40 ' 21.1 "N 34 0 8' 2.5 "E 170 / 80 
Kh-03-73 ijolite 67 ° 40 ' 21.1 "N 34 ° 8' 2.5 "E 30 / 80 
Kh-03-74 ijolite 67 0 35 " 48.0 "N 34 0 8' 9.3 "E 280 / 85 

Kh-03-17 lujavrite 67 ° 39 ' 21.6 -N 33 ° 56 " 5.5 "E 30 / 70 

Kh-03-18 lujavrite 67 0 40 ' 29.6 "N 33 0 55 " 32.2 "E 110 / 30 

Kh-03-19 lujavrite 67 ° 40 ' 21.2 "N 33 ° 56 " 11.6 "E 80 / 25 

Kh-03-20 lujavrite 67 ° 40 ' 31.0 "N 33 ° 55 ' 48.8 "E 45 / 90 

Kh-03-21 lujavrite 67 0 40 ' 31.0 "N 33 0 55 ' 48.8 "E 165 / 90 

Kh-03-22 lujavrite 67 0 40 ' 31.0 "N 33 0 55 " 48.8 "E 210 / 20 

. Appendix A4. la: Sampling list including sampling location and orientation of hand specimen. 
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Appendix A4.3: Laser Raman spectra of main minerals of the Khibiny pluton. 
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# rock type sample host appears 
in: Th 

homo- 
genise 

to 
1 khibinite Kh-03-1 nepheline FIP -84.9 L 
2 khibinite Kh-03-1 nepheline clusters -80.6 V 
3 khibinite Kh-03-1 ne heline single -74.8 V 
4 khibinite Kh-03-1 nepheline clusters -81.9 V 
5 khibinite Kh-03-1 nepheline clusters -82.9 V 
6 khibinite Kh-03-1 nepheline clusters -80.4 V 
7 khibinite Kh-03-1 nepheline clusters -87.6 V 
8 khibinite Kh-03-1 nepheline FIP -79.4 V 
9 khibinite Kh-03-1 nepheline FIP -84 V 
10 khibinite Kh-03-1 nepheline FIP -80.5 V 
11 khibinite Kh-03-1 ne heline FIP -82.5 V 
12 khibinite Kh-03-1 nepheline FIP -83.5 V 
13 khibinite Kh-03-1 nepheline FIP -81.1 V 
14 khibinite Kh-03-2 nepheline FIP 84.7 L 
15 khibinite Kh-03-2 nepheline FIP -83 L 
16 khibinite Kh-03-2 nepheline FIP -77.6 V 
17 khibinite Kh-03-2 nepheline FIP -82.1 V 
18 khibinite Kh-03-2 nepheline FIP -80.7 V 
19 khibinite Kh-03-2 nepheline FIP -87.8 V 
20 khibinite Kh-03-2 nepheline FIP -81.1 V 
21 khibinite Kh-03-2 nepheline clusters -82 V 
22 khibinite Kh-03-2 nepheline clusters -85.3 V 
23 khibinite Kh-03-2 ne heline clusters -88.2 V 
24 khibinite Kh-03-3 nepheline clusters -81.1 V 
25 khibinite Kh-03-3 nepheline clusters -75.6 V 
26 khibinite Kh-03-3 nepheline single -82.7 V 
27 khibinite Kh-03-4 nepheline clusters -80.2 L 
28 khibinite Kh-03-4 nepheline clusters -69.8 L 
29 khibinite Kh-03-4 nepheline clusters -77 V 

30 khibinite Kh-03-4 nepheline clusters -80.6 V 

31 khibinite Kh-03-4 nepheline clusters -84.5 V 

32 khibinite Kh-03-4 nepheline clusters -82.1 V 

33 khibinite Kh-03-4 nepheline clusters -77.6 V 

34 khibinite Kh-03-4 ne heline clusters -77.9 V 

35 khibinite Kh-03-5 nepheline clusters -76.3 L 

36 khibinite Kh-03-5 nepheline clusters -87.6 V 

37 khibinite Kh-03-5 nepheline clusters -81.5 V 

38 khibinite Kh-03-5 nepheline clusters -78 V 

39 khibinite Kh-03-5 nepheline clusters -83.1 V 

40 khibinite Kh-03-5 nepheline clusters 80.1 V 

41 khibinite Kh-03-5 nepheline clusters -77.6 V 

42 khibinite Kh-03-5 nepheline FIP -74.6 V 

43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

khibinite 
khibinite 
khibinite 
khibinite 
khibinite 
khibinite 
khibinite 
khibinite 
khibinite 
khibinite 
khibinite 
khibinite 

Kh-03-5 
Kh-03-5 
Kh-03-5 
Kh-03-7 
Kh-03-7 
Kh-03-7 
Kh-03-7 
Kh-03-7 
Kh-03-7 
Kh-03-7 
Kh-03-7 
Kh-03-7 

nepheline 
nepheline 
nepheline 
nepheline 
nepheline 
ne heline 
ne heline 
nepheline 
ne heline 
nepheline 
nepheline 
nepheline 

FIP 
FIP 

clusters 
FIP 
FIP 
FIP 
FIP 
FIP 
FIP 
FIP 
FIP 
FIP 

-82.1 
-83 

-83.1 
-78 

-81.3 
-83.5 
-79.9 
-82.6 
-75.1 
-81.3 
-82.8 
-81.1 

V 
V 
V 
L 
L 
V 
V 
V 
V 
V 
V 
V 

. __ ... a;., Al i. - microthermometrv results of methane-dominant fluid inclusions. Th-homogenisation temperature. 



# rock type sample host appears 
in: Th 

homo- 
genise 

to 
55 khibinite Kh-03-7 nepheline RIP -82.1 V 
56 khibinite Kh-03-7 nepheline RIP -81.3 V 
57 khibinite Kh-03-7 nepheline RIP -88.2 V 
58 khibinite Kh-03-7 nepheline RIP -77 V 
59 khibinite Kh-03-7 nepheline RIP 77.6 V 
60 khibinite Kh-03-8 nepheline FIP -81.2 L 
61 
62 

khibinite 
khibinite 

Kh-03-8 
Kh-03-8 

nepheline 
nepheline 

RIP 
single 

-71.6 
-84.6 

L 
V 

63 khibinite Kh-03-8 nepheline RIP -80.5 V 
64 khibinite Kh-03-8 nepheline RIP -81.1 V 
65 khibinite Kh-03-8 nepheline clusters -84.5 V 
66 khibinite Kh-03-8 nepheline clusters -80.6 V 
67 khibinite Kh-03-8 nepheline clusters -74.6 V 
68 khibinite Kh-03-8 nepheline clusters -81.5 V 
69 rischorrite Kh-03-10 nepheline clusters -81.7 L 
70 rischorrite Kh-03-10 nepheline clusters -84 V 
71 rischorrite Kh-03-10 nepheline clusters -83 V 
72 rischorrite Kh-03-10 nepheline clusters -79 V 
73 rischorrite Kh-03-10 nepheline clusters -87.6 V 
74 rischorrite Kh-03-10 nepheline clusters -76 V 
75 rischorrite Kh-03-10 nepheline clusters -76.4 V 
76 rischorrite Kh-03-10 nepheline clusters -87.1 V 
77 rischorrite Kh-03-10 nepheline clusters -74 V 
78 rischorrite Kh-03-10 nepheline clusters -83.5 V 
79 rischorrite Kh-03-10 nepheline clusters -81.4 V 
80 rischorrite Kh-03-10 nepheline clusters -81.6 V 
81 rischorrite Kh-03-10 nepheline clusters -80.5 V 
82 rischorrite Kh-03-10 nepheline clusters -73.7 V 
83 rischorrite Kh-03-10 nepheline clusters 89.8 V 
84 rischorrite Kh-03-10 nepheline clusters -83.1 V 
85 rischorrite Kh-03-10 nepheline clusters -87.8 V 
86 rischorrite Kh-03-10 nepheline single -81.1 V 
87 rischorrite Kh-03-10 nepheline clusters -82.1 V 
88 rischorrite Kh-03-10 nepheline clusters -85.3 V 
89 rischorrite Kh-03-10 nepheline clusters -88.2 V 
90 rischorrite Kh-03-10 nepheline clusters -87.6 V 
91 rischorrite Kh-03-10 nepheline clusters -84.9 V 
92 rischorrite Kh-03-10 nepheline clusters -79.9 V 
93 rischorrite Kh-03-10 nepheline clusters -97.6 V 
94 rischorrite Kh-03-10 nepheline clusters -76.5 V 
95 rischorrite Kh-03-10 nepheline clusters -79.1 V 
96 rischorrite Kh-03-10 nepheline clusters -74 V 
97 rischorrite Kh-03-10 nepheline clusters -89.2 V 

98 rischorrite Kh-03-10 nepheline clusters -67.6 V 
99 rischorrite Kh-03-10 nepheline clusters -88.9 V 
100 rischorrite Kh-03-10 nepheline clusters -83.2 V 

101 rischorrite Kh-03-12 nepheline RIP -78.1 L 

102 rischorrite Kh-03-12 nepheline clusters -84.5 V 
103 rischorrite Kh-03-12 nepheline clusters -87.6 V 
104 rischorrite Kh-03-12 ne heline RIP -78.9 V 
105 rischorrite Kh-03-12 nepheline RIP -84.6 V 
106 rischorrite Kh-03-12 ne heline RIP -81 V 

rischorrite Kh-03-12 nepheline RIP -88.7 V E01 
rischorrite Kh-03-12 nepheline RIP -80.7 V 

A . ýrýnnrIiY A6.1 a: Microthermometry results of methane-dominant fluid inclusions. Th-homogenisation temperature. 



# rock type sample host appears 
in: Th 

homo- 
genise 

to 
109 rischorrite Kh-03-12 nepheline FIP -78.1 V 
110 rischorrite Kh-03-12 nepheline FIP -86 V 
111 rischorrite Kh-03-12 nepheline FIP -80.8 V 
112 rischorrite Kh-03-12 nepheline RIP -76 V 
113 rischorrite Kh-03-12 nepheline FIP -83.5 V 
114 rischorrite Kh-03-12 nepheline FIP -85.5 V 
115 rischorrite Kh-03-12 nepheline FIP -77.9 V 
116 rischorrite Kh-03-12 nepheline FIP -80 V 
117 rischorrite Kh-03-12 nepheline RIP -73 V 
118 rischorrite Kh-03-12 nepheline FIP -82.2 V 
119, rischorrite Kh-03-12 nepheline single -89 V 
120 rischorrite Kh-03-12 nepheline single -87.8 V 
121 rischorrite Kh-03-12 nepheline single -81.1 V 
122 rischorrite Kh-03-13 nepheline clusters -80.6 L 
123 rischorrite Kh-03-13 nepheline clusters -83.9 L 
124 rischorrite Kh-03-13 nepheline clusters -83.5 V 
125 rischorrite Kh-03-13 nepheline clusters -85.3 V 
126 rischorrite Kh-03-13 nepheline clusters -85.2 V 
127 rischorrite Kh-03-13 nepheline clusters -87.6 V 
128 rischorrite Kh-03-13 nepheline clusters -74.3 V 
129 rischorrite Kh-03-13 nepheline clusters -73.3 V 
130 rischorrite Kh-03-13 nepheline clusters -74.2 V 
131 rischorrite Kh-03-13 nepheline clusters -79 V 
132 rischorrite Kh-03-13 nepheline clusters -74.3 V 
133 rischorrite Kh-03-13 nepheline RIP -79 V 
134 rischorrite Kh-03-13 nepheline FIP -74.1 V 
135 rischorrite Kh-03-13 nepheline RIP -78.5 V 
136 rischorrite Kh-03-13 nepheline FIP -78.8 V 
137 rischorrite Kh-03-13 nepheline FIP -87.8 V 
138 rischorrite Kh-03-13 nepheline FIP -84 V 
139 rischorrite Kh-03-13 nepheline RIP -79 V 
140 rischorrite Kh-03-13 nepheline FIP -81.2 V 
141 rischorrite Kh-03-13 nepheline RIP -84.5 V 
142 rischorrite Kh-03-13 nepheline FIP -82.3 V 
143 rischorrite Kh-03-13 nepheline FIP -67.6 V 
144 rischorrite Kh-03-13 nepheline FIP -73.5 V 
145 rischorrite Kh-03-13 nepheline FIP -78.1 V 
146 rischorrite Kh-03-13 nepheline FIP -83 V 
147 rischorrite Kh-03-13 nepheline FIP -79 V 
148 rischorrite Kh-03-14 nepheline clusters -81.4 L 
149 rischorrite Kh-03-14 alk fsp clusters -85.3 L 
150 rischorrite Kh-03-14 alk fsp clusters -88.2 L 
151 rischorrite Kh-03-14 alk fsp clusters -69.6 L 

152 rischorrite Kh-03-14 alk fsp clusters -74 L 

153 rischorrite Kh-03-14 nepheline clusters -67.6 V 

154 rischorrite Kh-03-14 nepheline clusters -87.4 V 

155 rischorrite Kh-03-14 nepheline clusters -83 V 

156 rischorrite Kh-03-14 ne heline clusters -79 V 

157 rischorrite Kh-03-14 ne heline clusters -80.3 V 
158 rischorrite Kh-03-14 ne heline clusters -83.5 V 

159 rischorrite Kh-03-14 ne heline clusters -81.8 V 
160 rischorrite Kh-03-14 ne heline clusters -69.6 V 

161 rischorrite Kh-03-14 nepheline clusters -64.5 V 
162 rischorrite Kh-03-14 ne heline clusters -73 V 

A .... on, J;, t A 6-1.4- Microthermometry results of methane-dominant fluid inclusions. Th-homogenisation temperature. 



# rock type sample host appears Thh genise 
to 

163 rischorrite Kh-03-14 ne heline clusters -83 V 
164 rischorrite Kh-03-14 ne heline clusters -79 V 
165 rischorrite Kh-03-14 ne heline clusters -87.8 V 
166 rischorrite Kh-03-14 nepheline clusters -81.1 V 
167 rischorrite Kh-03-14 nepheline clusters -82 V 
168 rischorrite Kh-03-14 alk fsp clusters -79 V 
169 rischorrite Kh-03-14 alk fsp clusters -70.6 V 
170 rischorrite Kh-03-14 alk fsp clusters -74 V 
171 rischorrite Kh-03-14 alk fsp clusters -83 V 
172 rischorrite Kh-03-14 alk fsp clusters -84.8 V 
173 rischorrite Kh-03-14 alk fsp clusters -80.7 V 
174 rischorrite Kh-03-14 alk fsp clusters -68.6 V 
175 rischorrite Kh-03-14 alk fsp clusters -76.7 V 
176 rischorrite Kh-03-14 alk fsp clusters -78.1 V 
177 rischorrite Kh-03-14 alk fs clusters -77.6 V 
178 rischorrite Kh-03-14 alk fsp clusters -78.1 V 
179 rischorrite Kh-03-14 alk fsp clusters -75.6 V 
180 rischorrite Kh-03-14 alk fsp clusters -83 V 
181 rischorrite Kh-03-14 alk fsp clusters -84.8 V 
182 rischorrite Kh-03-14 alk fsp clusters -74 V 
183 rischorrite Kh-03-42 nepheline clusters -82.1 L 
184 rischorrite Kh-03-42 nepheline clusters -87.8 L 
185 rischorrite Kh-03-42 nepheline clusters -81.1 L 
186 rischorrite Kh-03-42 nepheline FIP -81.7 V 
187 rischorrite Kh-03-42 nepheline FIP -71.6 V 
188 rischorrite Kh-03-42 nepheline FIP -71.9 V 
189 rischorrite Kh-03-42 nepheline FIP -72.9 V 
190 rischorrite Kh-03-42 nepheline FIP -83 V 
191 rischorrite Kh-03-42 nepheline RIP -79 V 
192 rischorrite Kh-03-42 nepheline FIP -87.8 V 
193 rischorrite Kh-03-42 nepheline RIP -81.1 V 
194 rischorrite Kh-03-42 nepheline FIP -82 V 
195 rischorrite Kh-03-42 nepheline FIP -85.3 V 
196 rischorrite Kh-03-42 nepheline single -77.6 V 
197 rischorrite Kh-03-42 nepheline clusters -83 V 
198 rischorrite Kh-03-42 nepheline clusters -80.3 V 
199 rischorrite Kh-03-42 nepheline clusters -72.6 V 
200 rischorrite Kh-03-42 nepheline clusters -73.4 V 
201 rischorrite Kh-03-42 nepheline clusters -76.3 V 
202 rischorrite Kh-03-42 nepheline clusters -87.1 V 
203 rischorrite Kh-03-42 nepheline clusters -77.8 V 

204 rischorrite Kh-03-42 nepheline clusters -83.5 V 

205 rischorrite Kh-03-42 nepheline clusters -86.9 V 

206 rischorrite Kh-03-42 nepheline clusters -73.6 V 

207 rischorrite Kh-03-42 nepheline clusters -74.1 V 
208 rischorrite Kh-03-42 ne heline clusters -73.1 V 

209 rischorrite Kh-03-42 nepheline clusters -83 V 

210 rischorrite Kh-03-42 nepheline clusters -80.7 V 

211 rischorrite Kh-03-42 nepheline clusters -87.8 V 

212 rischorrite Kh-03-42 nepheline single -81.1 V 

213 rischorrite Kh-03-42 nepheline clusters -82 V 

214 rischorrite Kh-03-42 nepheline clusters -85.3 V 
! 

rischorrite Kh-03-42 ne heline clusters -88.2 V L21 

rischorrite Kh-03-42 nepheline clusters -79 V 

,t iv A6_ t a: Microthermometry results of methane-dominant fluid inclusions. Th-homogenisation temperature. 



# rock type sample host appears Thn genise 
to 

217 rischorrite Kh-03-42 nepheline clusters -78.6 V 
218 rischorrite Kh-03-42 nepheline clusters -82.2 V 
219 rischorrite Kh-03-42 nepheline clusters -80.9 V 
220 rischorrite Kh-03-42 nepheline clusters -81.5 V 
221 rischorrite Kh-03-42 nepheline clusters -80.4 V 
222 rischorrite Kh-03-42 nepheline clusters -69.6 V 
223 rischorrite Kh-03-42 nepheline clusters -71.1 V 
224 rischorrite Kh-03-42 nepheline clusters -80.3 V 
225 rischorrite Kh-03-42 nepheline clusters -82 V 
226 rischorrite Kh-03-42 nepheline clusters -85.3 V 
227 rischorrite Kh-03-42 nepheline clusters -88.2 V 
228 rischorrite Kh-03-42 nepheline clusters -84.5 V 
229 rischorrite Kh-03-43 nepheline FIP -83.5 L 
230 rischorrite Kh-03-43 nepheline clusters -67.6 V 
231 rischorrite Kh-03-43 nepheline FIP -70.7 V 
232 rischorrite Kh-03-43 nepheline FIP -71.2 V 
233 rischorrite Kh-03-43 nepheline FIP -83 V 
234 rischorrite Kh-03-43 nepheline FIP -80.7 V 
235 rischorrite Kh-03-43 nepheline FIP -68.6 V 
236 rischorrite Kh-03-43 nepheline FIP -77.8 V 
237 rischorrite Kh-03-43 nepheline FIP -75.9 V 
238 rischorrite Kh-03-43 nepheline FIP -83 V 
239 rischorrite Kh-03-43 nepheline FIP -80.7 V 
240 rischorrite Kh-03-43 ne heline FIP -79 V 
241 rischorrite Kh-03-43 nepheline FIP -80.3 V 
242 rischorrite Kh-03-43 nepheline FIP -71.7 V 
243 rischorrite Kh-03-43 nepheline FIP -81.4 V 
244 rischorrite Kh-03-43 nepheline FIP -73 V 
245 rischorrite Kh-03-43 nepheline FIP -83 V 
246 rischorrite Kh-03-43 ne heline single -80.3 V 
247 rischorrite Kh-03-43 nepheline single -87.8 V 
248 rischorrite Kh-03-43 nepheline single -81.1 V 
249 rischorrite Kh-03-43 nepheline clusters -82 V 
250 rischorrite Kh-03-43 nepheline clusters -85.3 V 
251 rischorrite Kh-03-43 nepheline clusters -88.2 V 
252 rischorrite Kh-03-43 nepheline clusters -87.8 V 
253 rischorrite Kh-03-43 nepheline clusters -81.1 V 
254 rischorrite Kh-03-43 nepheline clusters -82 V 
255 rischorrite Kh-03-44 nepheline clusters -85.3 V 
256 rischorrite Kh-03-44 nepheline clusters -88.2 V 

257 rischorrite Kh-03-44 nepheline clusters -82.1 V 

258 rischorrite Kh-03-44 nepheline clusters -73.8 V 

259 rischorrite Kh-03-44 nepheline clusters -80.6 V 

260 rischorrite Kh-03-45 ne heline FIP -72.6 V 

261 rischorrite Kh-03-45 nepheline FI P -77.9 V 

262 rischorrite Kh-03-45 nepheline FIP -80.5 V 

263 rischorrite Kh-03-45 ne heline FIP -81.9 V 

264 rischorrite Kh-03-45 nepheline FIP -77.8 V 

265 rischorrite Kh-03-45 nepheline FIP -84 V 

266 rischorrite Kh-03-45 nepheline FIP -83.6 V 

267 rischorrite Kh-03-45 ne heline FIP -81.2 V 

268 rischorrite Kh-03-45 ne heline FIP -84.5 V 

269 rischorrite Kh-03-45 nepheline FIP -82.3 V 

270 rischorrite Kh-03-45 ne heline FIP -87.6 V 

r. r n IiI A6.1 a: Microthermometry results of methane-dominant fluid inclusions. Th-homogenisation temperature. 



# rock type sample host appears 
in: Th 

homo- 
genise 

to 
271 rischorrite Kh-03-45 nepheline FIP -98.9 V 
272 rischorrite Kh-03-45 nepheline FIP -79.7 V 
273 rischorrite Kh-03-45 nepheline FIP -83 V 
274 rischorrite Kh-03-46 alk fsp clusters -85.3 L 
275 rischorrite Kh-03-46 alk fsp clusters -88.2 L 
276 rischorrite Kh-03-46 alk fsp clusters -77.6 L 
277 rischorrite Kh-03-46 alk fsp clusters -72.1 L 
278 rischorrite Kh-03-46 nepheline FIP -83.2 V 
279 rischorrite Kh-03-46 nepheline clusters -87.6 V 
280 rischorrite Kh-03-46 nepheline clusters -73.1 V 
281 rischorrite Kh-03-46 nepheline clusters -84 V 
282 rischorrite Kh-03-46 nepheline clusters -83.2 V 
283 rischorrite Kh-03-46 nepheline clusters -80.1 V 
284 rischorrite Kh-03-46 nepheline clusters -74.7 V 
285 rischorrite Kh-03-46 nepheline clusters -83.5 V 
286 rischorrite Kh-03-46 nepheline clusters -79.9 V 
287 rischorrite Kh-03-46 nepheline clusters -97.6 V 
288 rischorrite Kh-03-46 nepheline clusters -76.1 V 
289 rischorrite Kh-03-46 nepheline clusters -83.2 V 
290 rischorrite Kh-03-46 nepheline clusters -83 V 
291 rischorrite Kh-03-46 nepheline clusters -79.5 V 
292 rischorrite Kh-03-46 nepheline clusters -87.8 V 
293 rischorrite Kh-03-46 nepheline clusters -81.1 V 
294 rischorrite Kh-03-46 nepheline clusters -82 V 
295 rischorrite Kh-03-46 alk fsp clusters -78 V 
296 rischorrite Kh-03-46 alk fsp clusters -88.6 V 
297 rischorrite Kh-03-46 alk fsp clusters -84.4 V 
298 rischorrite Kh-03-46 alk fsp clusters -83.1 V 
299 rischorrite Kh-03-46 alk fsp clusters -74.8 V 
300 rischorrite Kh-03-46 alk fsp clusters -80.8 V 
301 rischorrite Kh-03-46 alk fsp clusters -87.6 V 
302 rischorrite Kh-03-46 alk fsp clusters -73.3 V 
303 rischorrite Kh-03-46 alk fs clusters -79.1 V 
304 rischorrite Kh-03-46 alk fsp clusters -66.6 V 
305 rischorrite Kh-03-46 alk fsp clusters -79.9 V 
306 rischorrite Kh-03-46 alk fsp clusters -64.3 V 
307 rischorrite Kh-03-46 alk fsp clusters -82.3 V 
308 rischorrite Kh-03-46 alk fsp clusters -84.8 V 
309 rischorrite Kh-03-46 alk fsp clusters -84.1 V 
310 rischorrite Kh-03-50 nepheline clusters -74.9 L 
311 rischorrite Kh-03-50 nepheline clusters 82.2 V 

312 rischorrite Kh-03-50 nepheline clusters -87.6 V 
313 rischorrite Kh-03-50 nepheline clusters -74.1 V 
314 rischorrite Kh-03-50 nepheline clusters -75.9 V 

315 rischorrite Kh-03-50 nepheline clusters -80.3 V 
316 rischorrite Kh-03-50 nepheline clusters -79.9 V 
317 rischorrite Kh-03-50 nepheline clusters -87.8 V 

318 rischorrite Kh-03-50 nepheline clusters -81.2 V 

319 rischorrite Kh-03-50 nepheline clusters -82.9 V 
320 rischorrite Kh-03-50 nepheline clusters -85.3 V 
321 albitised foyaite Kh-03-35 albite FIP -88.2 V 
322 albitised foyaite Kh-03-35 albite FIP -85.1 V 

323 albitised foyaite Kh-03-35 albite FIP -89.8 V 
324 albitised fo aite Kh-03-35 albite single -83.1 V 

A6.1a: Microthermometry results of methane-dominant fluid inclusions. Th-homogenisation temperature. 



# rock type sample host appears 
in: Th 

homo- 
genise 

to 
325 albitised fo aite Kh-03-35 albite single -88.9 V 
326 albitised foyaite Kh-03-35 albite sin le -85.6 V 
327 albitised fo aite Kh-03-35 albite clusters -81.5 V 
328 albitised fo aite Kh-03-35 albite clusters -76.9 V 
329 albitised foyaite Kh-03-35 albite clusters -80.2 V 
330 albitised foyaite Kh-03-36 nepheline FIP -88.2 V 
331 albitised foyaite Kh-03-36 ne heline FIP -81.7 V 
332 albitised foyaite Kh-03-37 nepheline FIP -77.8 V 
333 albitised foyaite Kh-03-37 albite clusters -74.9 V 
334 albitised foyaite Kh-03-37 albite sin le -85.9 V 
335 albitised foyaite Kh-03-37 albite clusters -79.6 V 
336 
337 

albitised foyaite 
albitised foyaite 

Kh-03-37 
Kh-03-37 

nepheline 
nepheline 

FIP 
FIP 

-84.2 
-80.5 

V 
V 

338 albitised foyaite Kh-03-37 nepheline FIP -84.8 V 
339 albitised foyaite Kh-03-37 nepheline clusters -79.9 V 
340 albitised fo aite Kh-03-37 nepheline FIP -87.9 V 
341 albitised foyaite Kh-03-37 albite clusters -84.2 V 
342 albitised foyaite Kh-03-37 nepheline FIP -80.5 V 
343 albitised foyaite Kh-03-37 nepheline FIP -78.3 V 
344 albitised foyaite Kh-03-37 nepheline FIP -74.8 V 
345 albitised foyaite Kh-03-37 nepheline FIP -83.8 V 
346 albitised foyaite Kh-03-37 nepheline FIP -78.9 V 
347 albitised foyaite Kh-03-37 nepheline FIP -74 V 
348 albitised foyaite Kh-03-37 nepheline FIP -81.5 V 
349 albitised foyaite Kh-03-37 albite FIP -88.3 V 
350 albitised foyaite Kh-03-37 albite FIP -74 V 
351 albitised foyaite Kh-03-37 albite FIP -83 V 
352 albitised foyaite Kh-03-37 albite FIP -79 V 
353 albitised foyaite Kh-03-37 albite FIP -82.6 V 
354 albitised foyaite Kh-03-37 albite FIP -76.9 V 
355 albitised foyaite Kh-03-37 albite FIP -83 V 
356 albitised foyaite Kh-03-37 albite FIP -84.8 V 
357 albitised foyaite Kh-03-37 eudialite single -78.5 V 
358 albitised foyaite Kh-03-37 eudialite single -76 V 
359 albitised foyaite Kh-03-37 eudialite sin le -79.8 V 
360 albitised foyaite Kh-03-37 eudialite clusters -66.5 V 
361 albitised foyaite Kh-03-37 eudialite clusters -78.9 V 
362 albitised foyaite Kh-03-37 eudialite clusters -73 V 
363 albitised foyaite Kh-03-37 nepheline FIP -79 V 
364 albitised foyaite Kh-03-37 nepheline FIP -87.8 V 
365 albitised fo aite Kh-03-37 nepheline FIP -81.1 V 
366 albitised foyaite Kh-03-37 albite clusters -82 V 
367 albitised foyaite Kh-03-37 albite single -74 V 

368 albitised foyaite Kh-03-39 albite clusters -83 V 
369 albitised foyaite Kh-03-39 nepheline FIP -79 V 
370 albitised foyaite Kh-03-40 nepheline FIP -67.6 V 

371 albitised foyaite Kh-03-40 nepheline FIP -74 V 

372 albitised foyaite Kh-03-40 nepheline clusters -74 V 
373 albitised foyaite Kh-03-40 nepheline FIP -83 V 
374 albitised foyaite Kh-03-40 albite clusters -79 V 
375 albitised foyaite Kh-03-40 nepheline FIP -74 V 
376 albitised foyaite Kh-03-41 nepheline FIP -83.5 V 

377 albitised foyaite Kh-03-41 nepheline FIP -79 V 
378 albitised foyaite Kh-03-41 nepheline FIP -67.6 V 

A .. r'nndiv A6_ I a: Microthermometry results of methane-dominant fluid inclusions. Th-homogenisation temperature. 



# rock type sample host appears Thn genise 
to 

379 albitised fo aite Kh-03-41 nepheline FIP -74 V 
380 albitised foyaite Kh-03-41 nepheline clusters -73 V 
381 albitised foyaite Kh-03-41 nepheline clusters -74 V 
382 albitised foyaite Kh-03-41 albite clusters -83 V 
383 albitised foyaite Kh-03-41 albite clusters -79 V 
384 albitised fo aite Kh-03-41 albite clusters -90.4 V 
385 albitised foyaite Kh-03-41 albite clusters -89.5 V 
386 albitised foyaite Kh-03-41 albite clusters -91 V 
387 massive foyaite Kh-03-51 alk fsp clusters -67.6 V 
388 massive foyaite Kh-03-51 alk fsp clusters -81.4 V 
389 massive foyaite Kh-03-51 alk fsp clusters -80.4 V 
390 massive foyaite Kh-03-51 alk fsp clusters -83.2 V 
391 massive foyaite Kh-03-51 alk fsp clusters -79.9 V 
392 massive foyaite Kh-03-51 alk fsp clusters -79.6 V 
393 massive foyaite Kh-03-51 alk fsp clusters -73.1 V 
394 massive foyaite Kh-03-51 alk fsp clusters -73.9 V 
395 massive fo aite Kh-03-51 alk fsp clusters -82.1 V 
396 massive foyaite Kh-03-51 nepheline FIP -78.5 V 
397 massive foyaite Kh-03-51 nepheline FIP -81.3 V 
398 massive foyaite Kh-03-51 nepheline FIP -82.2 V 
399 massive foyaite Kh-03-51 nepheline FIP -81.2 V 
400 massive foyaite Kh-03-51 nepheline FIP -79.6 V 
401 massive foyaite Kh-03-51 nepheline FIP -73.1 V 
402 massive foyaite Kh-03-51 nepheline FIP -73.9 V 
403 massive foyaite Kh-03-51 nepheline FIP -80.2 V 
404 massive foyaite Kh-03-51 nepheline FIP -78.9 V 
405 massive fo aite Kh-03-51 nepheline FIP -63.8 V 
406 massive foyaite Kh-03-51 nepheline FIP -81.8 V 
407 massive foyaite Kh-03-51 nepheline RIP -80.5 V 
408 massive foyaite Kh-03-51 nepheline FIP -84.3 V 
409 massive foyaite Kh-03-51 nepheline FIP -82.2 V 
410 massive foyaite Kh-03-51 nepheline FIP -82.2 V 
411 massive fo aite Kh-03-51 nepheline FIP -74 V 
412 massive foyaite Kh-03-51 nepheline FIP -79.2 V 
413 massive foyaite Kh-03-52 nepheline single -77.6 V 
414 massive foyaite Kh-03-52 nepheline single -74 V 
415 massive foyaite Kh-03-52 eudialite clusters -82.6 V 
416 massive foyaite Kh-03-52 eudialite clusters -74 V 
417 massive foyaite Kh-03-52 eudialite clusters -73.3 V 
418 massive foyaite Kh-03-52 eudialite clusters -74.1 V 
419 massive foyaite Kh-03-52 ne heline RIP -79.9 V 
420 massive foyaite Kh-03-52 nepheline FIP -67.6 V 
421 massive foyaite Kh-03-52 nepheline FIP -80.4 V 
422 massive foyaite Kh-03-52 nepheline FIP -80.6 V 

423 massive foyaite Kh-03-52 alk fsp clusters -74.1 V 

424 massive foyaite Kh-03-52 alk fsp clusters -79.9 V 
425 massive foyaite Kh-03-52 alk fsp clusters -77.6 V 

426 massive foyaite Kh-03-52 alk fsp clusters -74 V 

427 massive foyaite Kh-03-54 ne heline FIP -79.7 L 

428 massive foyaite Kh-03-54 nepheline FIP -87.6 L 

429 massive foyaite Kh-03-54 nepheline FIP -74.5 L 

430 massive foyaite Kh-03-54 alk fs clusters -67.6 V 

431 massive foyaite Kh-03-54 alk fs clusters -74 V 

432 massive fo aite Kh-03-54 alk fsp clusters -73 V 

. _ý,.... +: Y sA I a- Microthermometrv results of methane-dominant fluid inclusions. Th-homogenisation temperature. 



# rock type sample host appears 
in: Th 

homo- 
genise 

to 
433 massive foyaite Kh-03-54 nepheline FIP -83 V 
434 massive foyaite Kh-03-54 nepheline FIP -79 V 
435 massive foyaite Kh-03-54 nepheline FIP -67.6 V 
436 massive foyaite Kh-03-54 nepheline clusters -78.4 V 
437 massive fo aite Kh-03-54 nepheline clusters -79.4 V 
438 massive foyaite Kh-03-54 nepheline clusters -83.1 V 
439 massive foyaite Kh-03-54 nepheline clusters -79.9 V 
440 massive foyaite Kh-03-54 nepheline FIP -79.9 V 
441 massive fo aite Kh-03-54 nepheline FIP -82.9 V 
442 massive foyaite Kh-03-54 nepheline FIP -81.4 V 
443 massive foyaite Kh-03-54 nepheline FIP -83.2 V 
444 massive foyaite Kh-03-54 nepheline FIP -79.9 V 
445 massive foyaite Kh-03-54 nepheline FIP -77.8 V 
446 massive foyaite Kh-03-54 nepheline FIP -82.8 V 
447 massive foyaite Kh-03-54 nepheline FIP -81.5 V 
448 massive foyaite Kh-03-54 nepheline FIP -79.8 V 
449 massive foyaite Kh-03-54 nepheline FIP -74.9 V 
450 massive fo aite Kh-03-54 nepheline FIP -67.8 V 
451 massive foyaite Kh-03-54 nepheline FIP -80.7 V 
452 massive foyaite Kh-03-54 albite single -79.3 V 
453 massive foyaite Kh-03-54 albite single -87.6 V 
454 massive foyaite Kh-03-54 albite single -74.3 V 
455 massive foyaite Kh-03-54 alk fsp clusters -77.6 V 
456 massive foyaite Kh-03-54 alk fsp clusters -74.5 V 
457 massive foyaite Kh-03-54 alk fsp clusters -81.3 V 
458 massive foyaite Kh-03-54 alk fsp clusters -80.4 V 
459 massive foyaite Kh-03-54 alk fsp clusters -79.2 V 
460 massive foyaite Kh-03-55 nepheline FIP -77.7 V 
461 massive foyaite Kh-03-55 nepheline FIP -74 V 
462 massive foyaite Kh-03-55 nepheline FIP -79.3 V 
463 massive foyaite Kh-03-55 nepheline clusters -80.6 V 
464 massive foyaite Kh-03-55 nepheline clusters -74.2 V 
465 massive foyaite Kh-03-55 nepheline clusters -80.7 V 
466 massive foyaite Kh-03-55 nepheline clusters -82 V 
467 alkaline syenite Kh-03-57 alk fsp clusters -68.9 L 
468 alkaline syenite Kh-03-57 nepheline FIP -75.5 L 
469 alkaline syenite Kh-03-56 alk fs FIP -86.3 V 
470 alkaline s enite Kh-03-56 alk fs FIP -90.1 V 
471 alkaline s enite Kh-03-56 alk fs FIP -91.1 V 
472 alkaline syenite Kh-03-56 alk fsp FIP -85 V 
473 alkaline syenite Kh-03-56 alk fsp FIP -88.3 V 
474 alkaline syenite Kh-03-56 alk fsp FIP -98.7 V 
475 alkaline syenite Kh-03-56 alk fsp clusters -92.5 V 
476 alkaline syenite Kh-03-56 alk fsp clusters -87.4 V 

477, alkaline syenite Kh-03-56 alk fsp clusters -87.2 V 

478 alkaline syenite Kh-03-56 alk fsp clusters -89 V 

479 alkaline syenite Kh-03-56 nepheline clusters -90.8 V 
480 alkaline syenite Kh-03-56 nepheline clusters -75.3 V 

481 alkaline s enite Kh-03-56 nepheline clusters -84.3 V 
482 alkaline syenite Kh-03-56 nepheline clusters -86.1 V 

483 alkaline syenite Kh-03-56 nepheline clusters -75.3 V 

484 alkaline syenite Kh-03-56 nepheline clusters -85.1 V 

485 alkaline syenite Kh-03-57 alk fsp clusters -80.3 V 

486 alkaline syenite Kh-03-57 alk fsp clusters -75.3 V 

A ., r. un(iiy A6.1 a: Microthermometry results of methane-dominant fluid inclusions. Th-homogenisation temperature. 



# rock type sample host appears 
in: Th 

homo- 
genise 

to 
487 alkaline syenite Kh-03-57 alk fsp clusters -80.3 V 
488 alkaline syenite Kh-03-57 alk fsp clusters -68.9 V 
489 alkaline syenite Kh-03-57 alk fsp FIP -75.3 V 
490 alkaline syenite Kh-03-57 alk fsp FIP -74.3 V 
491 alkaline syenite Kh-03-57 alk fs FIP -92.4 V 
492 alkaline syenite Kh-03-57 alk fsp FIP -86.3 V 
493 alkaline syenite Kh-03-57 alk fsp FIP -89.6 V 
494 alkaline syenite Kh-03-57 alk fsp FIP -78 V 
495 alkaline s enite Kh-03-57 alk fsp clusters -93.8 V 
496 alkaline syenite Kh-03-57 alk fsp clusters -80.3 V 
497 alkaline syenite Kh-03-57 alk fs clusters -81.1 V 
498 alkaline syenite Kh-03-57 alk fs clusters -90.3 V 
499 alkaline syenite Kh-03-57 nepheline clusters -92.1 V 
500 alkaline syenite Kh-03-57 nepheline FIP -84.5 V 
501 alkaline s enite Kh-03-57 nepheline FIP -86.3 V 
502 alkaline syenite Kh-03-57 nepheline FIP -75.5 V 
503 alkaline syenite Kh-03-57 nepheline FIP -85.3 V 
504 alkaline syenite Kh-03-57 nepheline FIP -80.5 V 
505 alkaline syenite Kh-03-59 alk fsp clusters -69.1 V 
506 , alkaline syenite Kh-03-59 alk fsp clusters -75.5 V 
507 alkaline syenite Kh-03-59 alk fs clusters -80.4 V 
508 alkaline syenite Kh-03-59 alk fsp clusters -80.5 V 
509 alkaline syenite Kh-03-59 alk fsp clusters -69.1 V 
510 ijolite Kh-03-65 ne heline single -75.2 L 
511 ijolite Kh-03-65 nepheline single -78.7 L 
512 ijolite Kh-03-67 nepheline . single -87.5 L 
513 ijolite Kh-03-67 ne heline sin le -89.9 L 
514 ijolite Kh-03-61 ne heline clusters -75.5 V 
515 , ijolite Kh-03-61 nepheline clusters -74 V 
516 ijolite Kh-03-61 nepheline FIP -76.3 V 
517 ijolite Kh-03-61 nepheline FIP -85.3 V 
518 ijolite Kh-03-61 nepheline FIP -87.1 V 
519 ijolite Kh-03-61 ne heline FIP -76.3 V 
520 ijolite Kh-03-61 nepheline FIP -86.1 V 
521 ijolite Kh-03-62 nepheline FIP -81.3 V 
522 ijolite Kh-03-62 ne heline FIP -69.9 V 
523 ijolite Kh-03-62 nepheline clusters -75.1 V 
524 ijolite Kh-03-62 nepheline FIP -80.1 V 
525 ijolite Kh-03-62 ne heline FIP -68.7 V 
526 ijolite Kh-03-62 nepheline FIP -75.1 V 

527 ijolite Kh-03-62 nepheline FIP -68.7 V 

528 ijolite Kh-03-62 ne heline clusters -75.1 V 
529 ijolite Kh-03-62 nepheline clusters -74.1 V 

530 ijolite Kh-03-65 nepheline FIP -98.7 V 

531 ijolite Kh-03-65 ne heline FIP -81.2 V 

532 ijolite Kh-03-65 nepheline FIP -75.7 V 

533 ijolite Kh-03-65 nepheline FIP -78.9 V 

534 ijolite Kh-03-65 nepheline FIP -77.6 V 

535 ijolite Kh-03-65 nepheline FIP -75.4 V 

536 ijolite Kh-03-65 nepheline FIP -83.6 V 

537 ijolite Kh-03-65 ne heline FIP 79.4 V 

538 i"olite Kh-03-65 nepheline FIP -73 V 

539 ijolite Kh-03-66 nepheline FIP -62.5 V 

540, ijolite Kh-03-66 nepheline FIP -79 V 

A ., o�, c. v A &I a-M icrothermometry results of methane-dominant fluid inclusions. Th-homogenisation temperature. 



# rock type sample host appears 
in: Th 

homo- 
genise 

to 
541, ijolite Kh-03-66 nepheline FIP -67.6 V 
542 ijolite Kh-03-66 ne heline FIP -74 V 
543 ijolite Kh-03-66 nepheline FIP -67.6 V 
544 ijolite Kh-03-66 nepheline clusters -74 V 
545 ijolite Kh-03-66 nepheline clusters -73 V 
546 lujavrite Kh-03-18 nepheline clusters -80.7 V 
547 lujavrite Kh-03-18 nepheline single -83 V 
548 lujavrite Kh-03-18 nepheline FIP -79 V 
549 lujavrite Kh-03-18 nepheline FIP -77.6 V 
550 lu'avrite Kh-03-18 nepheline FIP -74 V 
551 lujavrite Kh-03-18 nepheline FIP -74.9 V 
552 lujavrite Kh-03-18 ne heline clusters -82.3 V 
553 lujavrite Kh-03-18 nepheline clusters -79.1 V 
554 lujavrite Kh-03-18 nepheline clusters -93.1 V 
555 lujavrite Kh-03-22 nepheline clusters -98.2 V 
556 lujavrite Kh-03-22 nepheline single -89.9 V 
557 lujavrite Kh-03-22 nepheline single -81.5 V 
558 lujavrite Kh-03-22 nepheline sin le -81.1 V 
559 luiavrite Kh-03-22 nepheline single -83 V 
560 lujavrite Kh-03-22 nepheline FIP -74 V 
561 lujavrite Kh-03-22 nepheline FIP -83.1 V 
562 lujavrite Kh-03-22 nepheline FIP -79 V 

1563 
, 

lujavrite Kh-03-22 nepheline FIP -83.1 V 

A nnPndix A6.1a: Microthermometry results of methane-dominant fluid inclusions. Th-homogenisation temperature. 
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