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ABSTRACT

A recent advancement in petroleum geochemistry is to model fossil oil composition using microthermometric and
volumetric data acquired from individual fluid inclusion analysis. Fourier Transform Infrared (FT-IR) microspectroscopy
can record compositional information related to gas (CH4 and CO,) and alkane contents of petroleum inclusions. In
this study, a quantitative procedure for FT-IR microspectrometry has been developed to obtain, from individual fluid
inclusions, mol percentage concentrations of methane, alkanes and carbon dioxide as constraints to thermodynamic
modelling. A petroleum inclusion in a sample from the Québec City Promontory nappe area was used as a standard to
record a reference spectrum of methane. The analytical procedure is based on the measurement of CH,/alkane and
CH4/CO; band area ratios. CHa/alkane infrared band area ratio is obtained after spectral subtraction of the reference
methane spectrum. This area ratio, affected by absolute absorption intensities of methane, methyl and methylene,
provides a molar CH4/alkane ratio. Methyl/methylene ratio (CH,/CHs) ratio is obtained following procedures estab-
lished in previous work. CO,/CH,4 concentration ratio is estimated from relative absolute absorption intensities. Appli-
cation to natural inclusions from different environments shows good correlation between FT-IR quantification and PIT
(petroleum inclusion thermodynamic) modelling.
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INTRODUCTION

Petroleum inclusions are common in petroleum reservoirs
and may be considered as fossil oils, which have preserved
the original oil composition. Petroleum inclusion composi-
tion and phase equilibrium are related to the PVTX condi-
tions at the time of trapping. Phase equilibrium data, such
as homogenization temperature, obtained by microthermo-
metry, and volumetric estimate of the gas/oil ratio, obtained
by confocal scanning laser microscopy (CSLM), are the only
data currently required to constrain thermodynamic models
[VTFlinc, petroleum inclusion thermodynamic (PIT)]
applied to petroleum inclusions (Aplin ez al. 1999; Thiéry
et al. 2000). Bulk methods such as gas chromatography—mass
spectrometry (GC-MS) (Bratus et al. 1975; Horsfield &
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McLimans 1984; George et al. 1997), high-performance
liquid chromatography (HPLC) (Pang ez al 1998) and
nuclear magnetic resonance (NMR) (Dereppe et al. 1994)
can provide bulk compositions of petroleum inclusions.
However, these techniques may provide incorrect com-
positions if the sample contains multiple generations of oil
inclusions, trapped in a single diagenetic mineral.

Analysis of individual inclusions is possible using molecular
spectroscopies: visible Raman microspectroscopy can be
applied in the case of nonfluorescent inclusions (Pironon
1993). Near-infrared FT-Raman can be applied in the case
of weakly fluorescent inclusions but is still affected by fluor-
escence for most inclusions (Pironon ez al. 1991). Fourier
Transform Infrared (FT-IR) is the most powerful molecular
microspectroscopic technique for analysing oil inclusions



(Barres e al. 1987; Guilhaumou ez al. 1990; Wopenka et al.
1990; Pironon er al. 1991). Recent development of laser
micropyrolysis coupled with GC-MS also ofters the potential
for chemical characterization of individual inclusions (Green-
wood et al. 1998). All of these techniques, whilst useful in a
qualitative sense, have severe limitations that frequently pre-
vent a quantitative approach. Limitations in FT-IR spectro-
metry can be minimized using synchrotron excitation
(Guilhaumou ez al. 1999), but this cannot be considered a
routine technique applied to the characterization of petro-
leum inclusions. Synchrotron sources are not always avail-
able; analyses are time- and money-consuming.

The objective of this work is to decipher quantitative che-
mical information from conventional infrared spectra to con-
strain petroleum modelling. An analytical procedure will be
defined and applied to reference inclusions. Results from
FT-IR quantification will be compared with the results
obtained from compositional modelling of these same inclu-
sions. Quantification has been focused on methane, alkane
and CO, concentrations by the analysis of the CH and CO
stretching vibrations.

EQUIPMENT

The LEM laboratory (ENSG - Vandceuvre-lés-Nancy, France)
uses a Bruker IFS 55 Fourier transform spectrometer,
coupled with a Bruker microscope, which collects the infra-
red beam with cassegrain objectives (x 15 or x 36). Analysis
of petroleum inclusions in thin (i.e. less than 300 pm) doubly
polished sections is done by transmission, using a circular or a
knife-edge diaphragm with a variable diameter aperture
(> 8 um). Spectral resolution is 4 cm ™, and integration time
is longer than 2 min and increases as the inclusion size
decreases. Spectra are plotted in absorbance units in the
mid-infrared range. The analytical limit is 2000 cm ™' for
inclusions in quartz and 800 cm ™ for inclusions in fluorite
owing to absorption by the host mineral. Spectra of atmo-
spheric CO, and H,O vapours are subtracted. The atmo-
spheric CO, spectrum shows a band doublet at 2360 and
2339 cm ! clearly different from the single-band infrared
spectra of CO, under pressure or dissolved in oil. For each
measurement, a reference spectrum is recorded in air or in
an inclusion-free area of the host mineral. A Linkam micro-
thermometric stage is coupled to the infrared microscope
to record FT-IR spectra between — 180°C and + 600°C.
We use BaF, windows, which are transparent in the mid-
infrared range. Each spectrum is processed using the OPUS
program (®Bruker). Band areas of CH and CO stretching
bands are calculated. Bands with intensity higher than 1.3
are not taken into account because of mercury cadmium
telluride (MCT) detector saturation.

Microthermometric measurements (homogenization and
melting temperatures) have been acquired with a Chaix-meca
stage (Poty et al. 1976) on a conventional optical microscope.

© 2001 Blackwell Science Ltd, Geofluids, 1, 2—-10

FT-IR measurements of petroleum fluid inclusions 3

Gas/oil volumetric ratios have been measured with BioRad
1024 and Olympus Fluoview confocal scanning laser micro-
scopes following procedure determined by Pironon et al.
(1998). Volume of fluorescent liquid oil is measured at room
temperature by CSLM whereas the volume of the gas bubble
is approximated to a sphere and calculated from its diameter,
which is measured by conventional transmission optical
microscopy.

SAMPLES

Twelve different inclusions, taken from seven samples from
different settings, were selected for application of the
FT-IR quantitative analysis.

Two samples of petroleum inclusion-rich fluorite were ana-
lysed:

(1) An inclusion from the Cave-in-Rock fluorite-Pb-Zn
district, southern Illinois, USA, described by Roedder
(1984) and Pironon et al. (1998). It is a two-phase yellow
oil inclusion with a homogenization temperature to the
liquid phase at 112.6 (£ 0.1)°C. The gas volume percentage
at 25°C is 9(£ 0.5)%. This primary oil inclusion is associated
with aqueous inclusions rich in CO, and CHy, detected by
Raman microspectrometry (Dubessy ez al. 2000), homoge-
nizing to the liquid phase between 140 and 146°C.

(2) A spherical petroleum inclusion from Boujabeur (Jebel
Guebli-South of Tunis), described by Bouhlel ez al. (1988)
and Guilhaumou et a/. (1988). It is a multiphase inclusion,
with a gas volume of 9.5% at 25°C and a homogenization
temperature to the liquid phase of 110.1°C. The inclusions
contain several solid phases (i.e. anhydrite and ‘organic’
solids) attached to the inclusion wall in equal proportion
for all inclusions. These organic solids could originate from
post-trapping precipitation of aromatic fraction of the oil.
Consequently, they should not interfere with FT-IR proce-
dure and PIT modelling, which only take into account the ali-
phatic fraction of the oil. Associated aqueous inclusions have
Th ranging from 110 to 140°C and salinities between 15 and
17 wt % NaCl equivalent.

Five samples of petroleum inclusion-rich quartz were
selected:

(3) Eight inclusions from four different boreholes of the
North Sea basin have been analysed. Seven were collected
at a depth between 3400 and 3700 m in the Brent formation
for Alwyn area. They are located in healed microfractures
inside the detrital quartz grains. Inclusion 3a has a guitar-like
shape, is 45 um long, and homogenizes at 81.6°C to the
liquid phase. The gas phase volume is 21.8% at room tem-
perature. Inclusion 3b has an irregular shape with a length
of 80 pm. The gas volume is 25% at 25°C and it homogenizes
at a temperature of 94.7°C. Inclusion 3c has a simple paralle-
lepiped shape, a size of 25 pm along the main axis, a low gas
volume of 6.3% at 25°C and a homogenization temperature
0f' 86.1°C. Inclusion 3d has a triangular shape, 15 pm length
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size. It has a weak gas volume fraction at 25°C (3.1%) and a
low homogenization temperature (68.7°C). Inclusion 3e has
an ellipsoid shape, a length of 8 pm, a gas volume of 9% at
25°C and a homogenization temperature of 79.4°C. Inclu-
sion 3f has an irregular shape and a length of 40 pm. The
gas volume is 5.8% at room temperature and it homogenizes
at 74.6°C. Inclusion 3g has an irregular shape, a length of 25
pum, a gas volume of 5.8% at 25°C and a homogenization
temperature of 99.7°C. These petroleum inclusions are asso-
ciated with aqueous inclusions homogenizing between 105
and 115°C.

The inclusion from Haltenbanken area belongs to the
sandstones of the Garn formation cored at 3700 m. This
inclusion is located inside quartz overgrowth and has an irre-
gular shape with terminal thin channels. The gas volume is
80% at 25°C and it homogenizes at 121°C in gaseous phase.
L+ L+ G — L + G transition at low temperature occurs at
— 53°C. This inclusion is not associated with aqueous inclu-
sion but it contains a small amount of water wetting the
inclusion wall.

(4) Two negative crystal-shaped inclusions (Q21 and 5)
within euhedral quartz in quartz-calcite-bitumen fractures
from the Québec City Promontory nappe (Cambrian to
Ordovician). The homogenization of inclusion Q21 is to
the liquid phase near 54°C, and inclusion 5 is by critical beha-
viour at 33°C. The gas volume of Q21 and 5 at room tem-
perature is near 40%. Similar inclusions have been described
by Levine ez al. (1991). At low temperature,aL + L+ G —

il _. .

quartz

(A}

e
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L + G transition occurs at — 68.6°C for inclusion 5 and at
— 65°C for inclusion Q21. Rare associated aqueous inclu-
sions have salinities close to 10 wt % NaCl equivalent and
Th near 85°C.

ANALYTICAL PROCEDURE

The FT-IR analytical procedure involves three steps: record-
ing of a methane reference spectrum; methane, alkane and
CO, spectral area measurement in the unknown inclusion;
and calibration of the quantitative FT-IR approach.

Methane reference spectrum

A 200-pm long inclusion from Québec City area (Q21) was
chosen for FT-IR analysis focusing the infrared beam into the
vapour phase (Fig. 1). The vapour phase is in contact with the
inclusion wall, such that the FT-IR analysis does not take into
account the liquid phase of the inclusion. FT-IR measure-
ments were done at low temperatures before (Fig. 1A,B)
and after (Fig. ID)a(L+S)+ L+ V — (L +S) + V transi-
tion observed at — 65°C when liquid (L) and vapour (V)
phases homogenize at critical state (Fig. 1C). Such partial
miscibility at cryogenic state corresponds to a condensate
gas behaviour (methane dominant with alkanes) (Luks ez al.
1983). At — 167°C, the FT-IR spectrum of the gas phase
shows the presence of methane, with its P, Q and R narrow
branches, corresponding to gas at low pressure (near atmo-

A
i

-TIEC
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Fig. 1. Photomicrographs of inclusion Q21 from

the Québec Promontory nappe at different

temperatures, showing the (L +S) +L+V — L

+ V transition. L, liquid; S, solid; V, vapour; L(C),

*m liquid near critical state; V(C), vapour near critical

state.
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Fig. 2. FT-IR spectra of the gas phase of the Q21 inclusion from the Québec
City Promontory nappe, recorded at different temperatures.

spheric pressure) (Herzberg 1968). CO, has disappeared
from the vapour phase to be concentrated in the liquid
phases. With increasing temperature, the bands become
broader, indicating an increase of internal pressure (Fig. 2),
and CO, partially migrates from liquid phases to the vapour
phase. The full width at half maximum (FWHM) of the Q
branch of methane rapidly increases up to the L + L + V
— L + V transition at — 65°C, followed by a slow increase
up to 100°C (Figs 2,3A). The peak position decreases from
3018 to 3010 cm ™! and from — 167 to — 50°C and seems
to remain constant at high temperatures (Fig. 3B). Small
peak position oscillations between 3010 and 3012 cm ™! are
due probably to the 4 cm™" spectral resolution of the FT-IR
microspectroscope. It appears that methane spectrum is
affected by pressure only near atmospheric conditions, which
are attained in the inclusion at low temperature. At higher
pressure, the methane spectrum has constant FWHM and
peak position such that the Québec inclusion spectrum,
recorded at room conditions, can be used as a reference.

FWHM (cm™") Peak position (cm )

40 3020~

30 3016~

20 3012

10 3008

0=— T T T T T T T T T T T
150 -100 -50 O 50 100 150 -100 -50 0 50 100

(A) Temperature (°C) (B) Temperature (°C)

Fig. 3. Evolution of the full width at half maximum (FWHM) and of the
position of the Q branch of methane for different temperatures. FT-IR spectra
are recorded on the vapour phase of the Q21 inclusion from the Québec City
Promontory nappe.
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Fig. 4. FT-IR spectrum of methane (B) obtained after decomposition of the
FT-IR spectrum of the gas phase (A) of the Q21 inclusion from the Québec
City Promontory nappe. Spectrum C corresponds to the presence of alkane.

Nevertheless, the FT-IR spectrum is affected by alkane absor-
bance. With increasing temperature, methane-alkane parti-
tioning between the gas and liquid phases in the L + V
domain varies. Alkane concentration increases in the gas
phase and its contribution must be subtracted from the
methane peak. The methane spectrum was decomposed in
seven main contributions using the Opus software: the three
P, Q, R branches of CHy, and four symmetric and asym-
metric CH, and CHj; bands (Fig. 4). The remaining methane
reference spectrum is similar to the FT-IR spectrum of pure
methane inclusion described by Barres ez /. (1987), and was
used for the quantitative studies.

This standard inclusion has been preferred to pure CHy
natural or synthetic inclusion to give a FT-IR spectrum as
similar as possible to the spectrum of methane in petroleum
basin conditions. Pure CHy inclusions are created in different
P, T, X conditions than oil inclusions. It is suspected that
such differences are marked on the FT-IR spectrum, by shift
of the wavenumber of the maximum of intensity and by mod-
ification of the relative intensity of the P, Q, R branches of the
stretching band of methane.

Methane, alkane and CO, spectral area measurement

Spectral procedure for the quantification of methane, alkane
and CO; in petroleum inclusions consists of:

(1) recording the whole inclusion FT-IR spectrum at 25°C;

(2) baseline subtraction, including removal of the water con-
tribution;

(3) atmospheric CO, infrared spectrum subtraction;

(4) integration of the methane + alkane contribution
between 3200 and 2800 cm ™! (Ay), and of CO, (Aco,);

(5) methane subtraction from the reference Q21 methane
spectrum;

(6) area calculation of the remaining 3200-2800 cm ! range
(Aak), and of the CH,/CHj; area ratio following
Pironon & Barres (1990); and
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Fig. 5. Spectral procedure for the quantification
of methane, alkane and CO, in petroleum inclu-
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(7) calculation of the methane area (Acp,) by (Ax — Aax)
subtraction.

Steps 47 are summarized Fig. 5.

Calibration of quantitative FT-IR

Different authors have measured infrared intensities of
methane, alkanes and CO,. Bode ez al. (1980) and Gussoni
(1982) have proposed absolute absorption intensities of 65.5
and 67 km mol ™! respectively for methane. Gribov (1964)
and Riley et al. (1982) give an absolute absorption intensity
for CO, of 610 km mol*. Kondo & Saéki (1973) give a
value of 178 km mol ! for ethane and 192 km mol " for pro-
pane. Jones & Sandorfy (1956) and Finkel (1966) show that
absolute absorption intensities of alkanes increase with car-
bon number. From their observations, absorption values of
89 km mol ™! for the methyl group and of 63 km mol ™" for
the methylene group can be used.

Beer-Lambert’s law can be applied to our quantitative
infrared measurement. The methane/alkane area ratio is
related to the methane/alkane molar ratio by the following
equation:

ACH4 _ 155 B [CH4] e
A ey - [alk] - e

(1)

where Acy, and A,y are the area of methane and alkane cal-
culated from FT-IR spectrum, & and &, are the absolute

T sions. (A) FT-IR spectrum of the bulk inclusion; (B)
2400 00 reference spectrum of methane; (C) (a-b) spec-
trum subtraction. 7 spectrum areas are calculated:

[Ad, [Aco,]s [Aa], TAcH; )i [Ach, J, [AcH; ], [AcH, -

absorption intensities of methane and alkane, respectively,
[CH,] and [alk] are the molar concentrations of methane
and alkane and ¢ is the thickness of the inclusion.

Absolute absorption intensity of alkanes varies with carbon
number and can be expressed by equation 2, where
CH,/CHj; is the methylene/methyl ratio determined from
the FT-IR spectrum.

CH,

=178 + 126
€2 + CH;

(2)

Considering a binary system, composed of only methane
and alkanes, and an absolute absorption intensity of 67 km
mol~! for methane, equation 1 becomes:

ACH4 _ 67 - [CHA (3)
A (178 + 126%) (100 — [CHy])
3

After development, equation 3 leads to the methane mol
percentage of the petroleum inclusion by equation 4:

H.
100 - Acp, (178 + 126 12
CH;

CH, (4)

67. Ay + ACH4 (178 + 126 CHg)

[CHy] =

Figure 6 shows the influence of the CH,/CHj; ratio on
the methane mol percentage calculation for binary systems.
FT-IR methane quantification is very sensitive to CH,/
CHj; ratio for high methane concentration and to small
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CH,/alkane area ratio variations at low methane concentra-
tion.

Concentration of CO,, in mol percentage, will be calcu-
lated from the methane concentration, taking into account
their relative absolute absorption intensities (equations 5
and 6).

ACO2 _ €3 [COz] - e
ACH4 155 [CHA - e

(5)

[C0:] = 610 - Acp,

(6)

Concentrations of methane, alkanes and CO, are therefore
recalculated at 100 and given in mol percentage.

RESULTS AND DISCUSSION

Results of quantitative FT-IR analysis of six natural petro-
leum inclusions are summarized in Table 1. For each sample

band area and methane concentration for some
binary methane-alkane mixtures.

maximum and minimum values for CH,/CHjz, [CHy],
[CO,] and [Alk] parameters are reported because of the
uncertainties of the CH,/CHj3 measurement. The presence
of a brine film around the oil phase inside an inclusion can
create spectral deformations (pseudosaturation effect), mod-
ifying infrared intensities of the alkane contribution (Pironon
& Barres 1990, 1992). During routine FT-IR analysis of
liquids in cells, quantification is limited by the difference
between the refractive indices of the liquid and the window
of the cell. It is recommended to regard with caution the
results when refractive indices differ by more than 0.15 (Ber-
tie & Apelblat 1996). A fluid inclusion can be approximated
as a liquid in a cell. Effects of brine and of refractive index are
frequently more intense for oil trapped in NaCl or CaF, than
in quartz, because the refractive indices of quartz and natural
oils are more or less similar. The pseudosaturation effect on
FT-IR quantification decreases the alkane contribution in
most cases [ this effect could be observed on methane contri-
bution only if methane contribution was higher than alkane

Table 1 CH,/CHs, [CH,4], [CO,], [Alk] parameters acquired by FT-IR measurements for 11 inclusions trapped in fluorite (1, lllinois; 2, Tunisia) and
Quartz (3, Alwyn; 4, Haltenbanken; 5, Québec). Parameters with * are calculated from PIT software, using Th, gas vol. %, and CO, approximation.

No. inclusion 1 2 3a 3b 3c 3d 3e 3f 3g 4 5
CH,/CHs no. 1 2.4 3 1.7 1.9 23 1.8 1.8 2.1 1.7 2 2
CH,/CHsno. 2 43 6.1 2.1 2.6 3.8 23 2.4 3.2 2.1 2.9 3
[CH4] no. 1 (mol %) 263 15.1 48.6 443 13.2 23.8 29 24.7 17.3 62.7 60.9
[CH4] no. 2 (mol %) 339 21.6 51.6 49 17.5 26.4 32 30.4 19.1 68.2 66.7
[CO,] no. 1 (mol %) 5.3 11 1.9 1.3 4.1 0.6 - 0.2 0.7 4.3 1.2
[CO,I no. 2 (mol %) 6.8 15.7 2 15 5.4 0.7 - 0.3 0.8 4.7 1.3
[AIK] no. 1 (mol %) 68.4 73.9 49.6 54.4 82.7 75.6 71 75.3 82.7 37.3 379
[AIK] no. 2 (mol %) 59.3 62.7 46.5 49.5 771 72.9 68 69.6 80.9 31.8 32
[CH4] (mol %) PIT* 18+5 16+5 48+5 47 £5 14 £5 24 £5 36 £5 29+5 205 71+£5 71+ 5
p bulk (g/cm3)* 0.82 0.80 0.56 0.58 0.83 0.92 0.70 0.81 0.90 0.20 0.38
Th (°C) 112.6 110.1 81.6 94.7 86.1 68.7 79.4 74.6 99.7 121 33
Gas vol. % 9.0 9.5 21.8 25 6.3 3.1 9.0 5.8 5.8 80 40
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contribution (i.e. [CH4] > 80%)]. This effect is observed on
the spectra from the two fluorite samples from Illinois and
Tunisia, and therefore the highest alkane concentration is
considered accurate (Table 1). For quartz samples, no or
only a slight pseudosaturation effect is detected in the
FT-IR spectra, such that the lower alkane value is considered
accurate.

Although no standard petroleum inclusions, with a well-
known composition, exist that can be used to validate
FT-IR quantitative analysis and to provide measurement
accuracy, PIT modelling provides good argument to support
the application of FT-IR quantitative analysis to petroleum
inclusions. Modelling is based on homogenization tempera-
tures measured by microthermometry and on gas volume
estimate at room temperature measured by CSLM. CO,
concentration, estimated from FT-IR spectra, is taken into
account for composition modelling. Data are given with
an accuracy of 5%. A good correlation between PIT and
FT-IR procedure is obtained (Fig. 7). The Illinois fluorite
inclusion shows a higher concentration using FT-IR
(Table 1, Fig. 7). This result confirms the limit of FT-IR
quantification for inclusions having FT-IR spectra affected
by intense pseudosaturation. Application of this procedure
is not recommended where evidence of FT-IR spectral
deformation is observed. The most important difference
between FT-IR analysis and PIT modelling is observed for
inclusion 3e in quartz. This is explained by the tiny size of
the inclusion (8 pm), corresponding to the size limit for
FT-IR spectroscopy. Such limitation causes the nondetection
of CO,.

A good correlation between gas volume at room condi-
tions and methane concentration is observed (Fig. 8A). Such
correlation is explained by preferential methane partition in
the gas phase. Inclusion bulk densities, computed with PIT
modelling (Table 1), display a good negative correlation with
methane concentrations (Fig. 8B). Comparisons with proton
NMR results can be made on Alwyn samples. Methane con-
centrations, varying from 24 to 41 mol %, have been deduced

{CH,] (PIT modelling)
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Fig. 7. Methane quantification (in mol percentage) by FT-IR and PIT
modelling for 11 petroleum inclusions trapped in quartz and fluorite. See
Table 1 for number correspondence.

[CH,] (mol.%)

80 80
L ® “® @
60 - (33)‘ 60 ‘(33)
© (3b) oﬂuorﬂ » (3b)
3 ®quartz 1 (3¢) (30
3 30)
(@087 %8¢
20 { @39 20 1 (30)0 [ ]
(30 @ @ &
0 T . . . 0 . . .
0 20 40 60 80 100 0 025 05 075 1
(A) Gas vol.% (20°C) B) Bulk density (g/cm?)

Fig. 8. Comparisons between methane concentration, determined by FT-IR
quantification, and gas vol. % of the inclusion measured by CSLM at room
temperature, and bulk density of the inclusion, determined by PIT modelling.
See Table 1 for number correspondence.

from NMR (Dereppe et al. 1994). Such variation is close to
the variations observed from FT-IR analysis, ranging from 17
to 50 mol %.

Limits of FT-IR quantification can be classified in two
groups: FT-IR intrinsic limitations; and limitations owing
to the inclusion itself.

FT-IR intrinsic limitations

(1) Mid-infrared wavelengths preclude applications to inclu-
sions smaller than 8 um.

Selection rules of molecular spectroscopy preclude the
FT-IR analysis of strictly symmetric molecules such as

(2

~

molecular nitrogen.

(3) Absolute absorption intensity of H,S is very low, such
that this minor gas in petroleum inclusions cannot be
detected.

(4) MCT detectors, used in FT-IR microscopy, have linear-
ity in the C-H stretching range (2800-3200 cm™") lim-
ited to 1 or 1.3 in absorbance units. Large inclusions
(more than 50 pm thick) will saturate the detector and
the most intense bands of the FT-IR spectrum will be
underestimated.

Limitations owing to the inclusions

(1) Absorption of the host mineral masks some infrared
bands of the included oil. For instance, quartz absorp-
tion masks the aromatic C=C contributions, C=0 and
C-O groups, and CH bending vibrations; carbonate
infrared absorption bands are superimposed on all bands
of oil.

(2) When the thickness of the preparation increases, the
signal/background ratio of the FT-IR spectrum
decreases.

(3) The shape of the inclusion can create diffraction and
refraction of the infrared beam, inducing interference
fringes or baseline deformations that can be difficult to
delete by spectral processing.

© 2001 Blackwell Science Ltd, Geofluids, 1, 2—-10
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(4) Careful spectral subtraction of reference methane should
avoid generation of negative absorbance values.

(5) Differences between refractive indices of host mineral
and oil should be less than 0.15.

(6) Inclusions with high salinity aqueous liquid are not
amenable to analysis because of interference between
water film and oil phase. Salinity of the brine inside pet-
roleum inclusion can be deduced from microthermome-
try of contemporaneous aqueous inclusions.

(7) The quantification procedure is not adapted for
branched-alkanes-rich oils. CH groups interfere with
CH; and CHj3; groups and perturb the CH,/CHj3; esti-
mate.

(8) Presence of CH aromatic groups can lead to the overes-
timate of methane.

FT-IR analysis of petroleum inclusions is the only analytical
technique to obtain individual quantitative analysis of oil
trapped in inclusions. Raman signal is masked by fluorescence,
and bulk analyses (GC-MS, NMR) produce an average com-
position that cannot reproduce the heterogeneity encoun-
tered in one sample. For instance, inclusions 3b and 3c
belong to the same fracture plane inside a detrital quartz
grain from Alwyn. FT-IR and CSLM confirm the strong dif-
ference in methane concentration correlated with strong var-
iations of volumetric properties. Such differences reveal
variations of the petroleum reservoir evolution and give
new insights about oil migration and trapping: loss of
methane after unmixing, pressure regime variations, input
of oils from different origins, and oil alteration.

FT-IR quantitative analysis is a useful tool to characterize
petroleum inclusions. It is the only technique that can yield a
CO, molar content. Quantitative FT-IR provides a good
estimate of methane concentration, which is the main para-
meter that influences isopleth reconstruction. Isopleths limit
the liquid and gas two-phase domain and provide the trap-
ping pressure at the homogenization temperature in the case
of methane-saturated oil. In addition, petroleum inclusion
PVTX data enable calculation of the methane concentration
of water phase in equilibrium with the oil. Difference or
agreement between these concentrations, issued from calcu-
lation and results from methane analysis by Raman on aqu-
eous inclusions (Dubessy et al. 2000), can help us to
determine chronology between hydrocarbon and water
inclusions.

CONCLUSIONS

PVTX characterization of petroleum inclusions is of strategic
interest in the understanding of fluid migration. FT-IR quan-
titative analysis of methane, alkanes and CO, is feasible for
individual inclusions, taking into account the limitations of
this technique. The analytical procedure is based firstly on
determination of a standard methane spectrum and secondly

© 2001 Blackwell Science Ltd, Geofluids, 1, 2—-10
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on quantification of the spectral area of methane, alkanes and
CO, by the absolute absorption intensities. Applications to
natural inclusions from a variety of environments show good
agreement with the results of composition modelling.
Coupled with microthermometry (homogenization tempera-
tures of petroleum inclusions), CSLM (gas vol. %), thermo-
dynamic modelling and Raman microscopy (methane
concentration in aqueous inclusion), FT-IR quantitative
analysis is well-adapted to determine methane and CO,
content of petroleum inclusions coexisting with aqueous
inclusions.

Results of FT-IR quantification of the oil in inclusions
should give new insights on pressure and temperature of fluid
migration and on petroleum evolution between genesis and
present time. Such quantification procedure is well-adapted
to ‘conventional oils and gases’ produced during oil and
gas windows, but is not adapted to the analysis of oils rich
in branched alkanes and /or aromatic rings. Fossil oil charac-
terization should be further enhanced by biomarker analysis,
such as aromatic and heteroatom compounds.
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