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Abstract

Calibration of the determination of CH4/H,O ratio using Raman spectroscopy is carried out using synthetic fluid inclusions
at different NaCl concentration (0, 0.05, 0.66, 0.98, 1.00, 1.60, 2.25 and 3.5 m NaCl). Spectra of the stretching bands of
methane and water in the aqueous phase were collected at variable temperatures up to a few degrees above the homogenisation
temperature. The composition of the aqueous phase for temperatures below the homogenisation temperature was calculated
with a computer program, using the model of Duan et al. [Geochim. Cosmochim. Acta 56 (1992) 1451]. Results show the
dependency of the estimate of the CH4 concentration on salinity: at constant CH4 concentration, the CH4/H,O area ratio of
Raman bands decreases with increasing salinity from 0 to 1.6 m and remains constant up to 3.5 m NaCl. The P—T projection of
the isopleth of a natural fluid inclusion is deduced from the homogenisation temperature, its composition obtained from
cryometry (mNaCl eq.) and Raman analysis (mCHy) ratio. This methodology was applied to a sample from the Cave-in-Rock
MVT deposit (fluorite—Pb—Zn district, southern Illinois, USA) presenting petroleum fluid inclusions associated with fluid
inclusions of the system H,O—NaCl—CHy. Hydrocarbon isochore intersects the isopleth of the H,O—NaCl-CHj, inclusions at
the homogenization temperature, which validates this procedure.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

P—T—t path reconstruction of a sedimentary basin
is a key parameter for the evaluation of oil potential of
sedimentary basins. Fluid inclusions that trap diage-
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netic fluids are a powerful tool for the reconstruction
of P—T conditions provided the composition is cor-
rectly determined. Natural crude oils are made of a
mixture of hydrocarbons. The solubility of individual
hydrocarbon components in water decreases rapidly
with increasing molecular weight. Methane is the
main hydrocarbon whose solubility in water is sig-
nificant in the P—T conditions of sedimentary basins
(Price, 1981).

The methane concentration in formation waters in
sedimentary basins is often low, below 0.3 m, and its
quantification using microthermometric measure-
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ments is not possible (Dubessy et al., 2001). How-
ever, neglecting small concentrations of methane
may result in the incorrect interpretation of fluid
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Fig. 1. Projection of the isopleth in the P—T plane of the H,O—
CH;—NaCl system calculated using the model of Duan et al.
(1992). (a) 0 m NaCl; (b) 1 m NaCl; (c) 4 m NaCl. Labels refer to
CH,4 concentration (molality scale), dashed lines: 0 m CHy.

inclusion observations because the pressure at the
homogenisation temperature along the L—V isopleth
curve is underestimated (Fig. 1). Bulk concentration
of methane in aqueous fluid inclusions can be
obtained a few degrees above the homogenisation
in the H,O—CH, system (Dubessy et al., 2001).
However, NaCl is always present in diagenetic
fluids. In a P—T diagram, the salting-out effect shifts
the L—V isopleth to a higher pressure (Fig. 1). CI™
ion is a hydrogen bond breaker that strongly modi-
fies the profile of the Raman band of the stretching
vibration of water (Dubessy et al., in press), and
prevents a priori of any extrapolation of the
calibration of the H,O-CH, ratio obtained from
H,O—-CH, fluids. Therefore, the analysis of meth-
ane dissolved in H;O—NaCl fluid requires specific
calibration as a function of the NaCl concentra-
tion. Such calibration is carried out using synthetic
fluid inclusions prepared in fluorite and quartz
crystals.

Petroleum fluids, which always contain significant
amounts of methane, often more than 30 mol%, coex-
ist with aqueous fluids during their migration in
sedimentary basins. Methane being the most soluble
hydrocarbon in aqueous phase, this gas component is
expected to be present in the aqueous solutions at
equilibrium with hydrocarbons. Therefore, P—T con-
ditions of trapping can be deduced from fluid inclu-
sions representative of hydrocarbons and methane
bearing aqueous solutions. This approach is applied
to a sample from the Cave-in-Rock MVT deposit (fluo-
rite—Pb—Zn district, southern Illinois, USA) with the
PIT modelling of the P—T projection of the bubble
curve and isochore of the petroleum inclusions (Thiéry
et al., 2000).

2. Experimental procedure
2.1. Starting materials

Synthetic fluid inclusions were produced in natural
Brazilian quartz and synthetic fluorite (®SOREM).
Water was taken from the distilled water supply of the
laboratory (Millipore MILLI-Q® Reagent water sys-
tem). CH, was supplied by Air Liquide® (99.9%
minimum purity) and NaCl by Aldrich® (98% mini-
mum purity).
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Table 1

Experimental conditions of synthesis of fluid inclusions in the H,O—CH4—NaCl system and microthermometric data

Exp. Tep (°C) P (bar) mCH, Tmye. (°C) Thy +v_r (°C) mNaCl

1 200+ 1 100 £5 0.102 £ 0.010 —39+0.1 200+ 1 1.00 £ 0.03
2 201 +1 200+ 5 0.195+0.019 —-62+0.1 201 £1 1.60 £ 0.03
3 200+ 2 100 £5 0.083 £+ 0.008 —-79+0.1 201 £1 2.25+0.03
4 200+ 2 120+5 0.074 + 0.007 —142+0.1 201 +1 3.50+0.03
5 150 £2 200 £5 0.130 £ 0.013 —33+0.1 150+ 1 0.98 £0.03
6 250 —200 205+5 0.298 +0.030 —2.2+10.05 234+ 1 0.66 £ 0.02
7 200 — 150 195£5 0.210 £ 0.021 —0.2+£0.05 186+ 1 0.05 £0.02
8 198 +2 205+5 0.240 + 0.024 0.0 + 0.05 197+ 1 0.00 £0.02

Exp.: experiments. Experiments 1—4: fluorite experiments, Experiments 5—8: quartz experiments. P (bar): total pressure measured at
experimental temperature 7' (°C); mCH,: CH4 molality calculated at Th (°C), for measured total pressure and NaCl concentration calculated
using the model of Duan et al. (1992). Tm;.. (°C): ice melting temperature. Thy ;v _, ¢ (°C): homogenisation temperature to the liquid phase.

2.2. Formation of fluid inclusions

In quartz crystals, fluid inclusions were formed
using preexisting inclusion cavities (20—40 pm)
which were previously decrepitated. In fluorite crys-
tals, cavities were made using the laser ablation
method (Dubessy et al., 2000). All experiments were
conducted in a gas-pressure autoclave. The major
advantage of this autoclave is to maintain the equi-
librium between liquid and vapour phase at run
conditions. Crystal samples with preformed cavities
were put inside the aqueous liquid phase of known
salinity inside the autoclave. Oxygen and nitrogen
gases of the air above the aqueous solution were
flushed out by methane bubbling at room temper-
ature before heating. Temperature and pressure were
controlled during the experiments (Table 1). For runs
6 and 7, a gentle cooling was applied to enhance
quartz cementation (5 °C/day during 10 days). In
fluorite crystals, two types of fluid inclusions were
produced: inclusions with cavities around 15 pm in
diameter (Fig. 2a) and smaller inclusions in the
sealed cracks around the cavities. Fig. 2b shows
the typical morphology of inclusions obtained in
quartz crystals. The methane concentration in the
aqueous phase is calculated using the thermodynamic
model of Duan et al. (1992).

2.3. Analytical techniques

Microthermometric measurements were obtained
using a Chaix Meca heating and freezing stage (Poty
et al., 1976). The Raman microprobe is a Labram
type (®Dilor) with a ®Notch filter and with a CCD

detector cooled at —30 °C. The exciting radiation at
514.532 nm is provided by an Ar' laser (type 2020,
®Spectraphysics). A grating of 1800 grooves/mm is

a. 20 um

Fig. 2. (a) Photomicrograph of inclusions obtained in sealed cavities
formed by laser ablation in fluorite crystal. (b) Photomicrograph of a
fluid inclusion obtained using preexisting decrepitated inclusion in
natural quartz crystal.
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chosen to combine good spectral resolution (around
2 cm™ ') and convenient spectral window. The
Raman spectra are collected between 2800 and
3900 cm™ ! to get simultaneously the symmetric
stretching vibration of methane at 2910 cm™ ' and
the broad band corresponding to the stretching
vibrations of water. Raman data were obtained below
and a few degrees above homogenisation temper-
ature using a Chaix Meca or Linkam stage fixed on
the microscope of the Raman microprobe.

3. Results
3.1. Calibration

Temperatures of ice-melting and bulk homogeni-
sation to the liquid phase were measured (Table 1).
NaCl concentration is determined from the ice-melt-
ing temperature of the inclusion and is in good
agreement with the salt concentration of the initial
aqueous solution introduced into the autoclave. Sam-
ples obtained at constant temperature display fluid
inclusion homogenisation temperatures equal to the
measured experimental temperatures within the exper-
imental errors (+ 1 or 2 °C, runs 1-5 and 8, Table 1).
This feature is in agreement with the trapping of a
liquid phase coexisting with a vapour phase (Ramboz
et al., 1982). Thus, the aqueous inclusions can be
considered to be representative of the liquid aqueous
phase at equilibrium with the methane-bearing vapour
phase. This finding is also confirmed by other experi-
ments. First, healing of fractures around the laser
ablation cavities occurs after 1 week (Dubessy et al.,
2000). Secondly, experiments of solubility of ethyl-
benzene in aqueous solutions (Sawamura et al., 1989;
Guillaume et al., 2001) have shown that the time to
reach equilibrium was less than 1 day. Finally, if
equilibrium was not achieved, the homogenisation
temperature should be smaller than the experimental
temperature. Therefore, the validation of the equili-
brium between the aqueous and vapour phases justi-
fies the calculation of the bulk methane concentration
with the model of Duan et al. (1992). For samples
prepared during cooling experiments, equilibrium
between vapour and liquid aqueous phases is assumed
to have occurred at a temperature equal to the homog-
enisation temperature. At temperatures lower than the

homogenisation temperature, the inclusion is in the
two-phase field and the methane concentration in the
liquid aqueous phase is calculated with the algorithm
of Dubessy et al. (2001).

Raman spectra obtained for different temperatures
and for a given salt concentration are plotted in Fig. 3.
They show the increase of the band intensity assigned
to the symmetric stretching vibration of methane (v;)
around 2910 cm™ ', indicating the progressive disso-
lution of methane in the aqueous solution. On the
other hand, it has been observed that its wave number
does not change with temperature and salt concen-
tration, indicating that the perturbation endeavoured
by the molecules of methane remains constant over
this range of density, composition and temperature.

Plot of mCH, versus the Raman band area ratio
[I(CH4)/I(H,0)] (Fig. 4) shows the following features:

CH,
stretching
vibration

(2910 cm™)

H.O
stretching
vibration

2600 2800 3000 3200 3400 3600 3800 m!

Fig. 3. Raman spectra obtained at several temperatures for a fluid
inclusion in quartz having the following composition: NaCl, 0.66 m;
CHy, 0.298 m.
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Fig. 4. Plot of the methane concentration (molality scale) versus the Raman band area ratio I(CH,4)/I(H,O). Labels indicate the salt concentration
(molality scale), the regression line equation calculated from experimental data and the R* values of the fitted lines.

first, for a given salt concentration, data plot along a
straight line although the temperatures are different
along each line. The effect of temperature over the
range of measurements (100—250 °C) is weak and
does not modify the CH4 molar estimate. Second, the
different iso-salinity lines have a slope that depends on
the salt concentration. A plot of this slope as a function
of salinity is given in Fig. 5. For increasing salinity, the
slope increases exponentially. The methane concen-
tration (mCH,) can be calculated with Eq. (1).

mCHy = [I[(CH,4)/I(H,0)]
x [72 — 35 exp(—1.1 mNaCl)] R* =0.99
(1)
where mNaCl is the salinity (molality scale) calculated

from ice-melting temperature of the inclusion and
[I[(CH4)/1(H,0)] is the Raman band area ratio.

slope
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Fig. 5. Plot of the slope obtained by regression along data (Fig. 4)
versus the corresponding NaCl concentration (molality scale).
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The accuracy varies with the signal/background
ratio. This ratio is dependent to the inclusion geometry
and location to the surface of the sample. However, for
the synthetic inclusions used for the calibration (up to
40 um in size and 10—60 um in depth), the accuracy
determined from the R? value is around 10%. Eq. (1)
integrates the apparatus function.

It is reasonable to expect that the Raman scattering
cross-section of the symmetric stretching band of
methane remains quasi constant at a fixed temper-
ature and for different salinities and thus can be
considered as an internal standard. These new data
suggest that the Raman scattering cross-sections of
OH oscillators increase with increasing NaCl con-
centration. The slope (Fig. 5) increases with increas-
ing NaCl concentration, but this effect is weak above
1 m of NaCl and the absence of salinity effects above
1.6 m indicates that the structure of water is strongly
modified between 0 and 1.6 m of NaCl concentration.

3.2. Effect of host mineral nature and orientation

Calibration curves that have been calculated bet-
ween run 1 (200 °C, 1 m of NaCl, in isotropic fluorite
crystal) and run 5 (150 °C, 0.98 m of NaCl, in bi-
refringent quartz crystal) are consistent. This obser-
vation first confirms that there is no significant effect
of host mineral nature. It also illustrates that temper-
ature has no significant effect on mCH, estimate bet-
ween 150 and 200 °C.

Spectra have been collected in the liquid phase of a
single fluid inclusion (run 5) at 25 and 270 °C (above
the homogenisation temperature) for various orienta-
tions of the crystal. Results are presented in Fig. 6. It
appears that the orientation of birefringent mineral
(quartz) has no significant effect on the calculated
I(CH4)/1(H,0) ratio and, as a consequence, no influ-
ence on the calculation of the methane concentration.
Maximum deviation is below 5%.

3.3. Application to a case study

We studied inclusions trapped in fluorite from
the Cave-in-Rock MVT deposit, fluorite—Pb—Zn
district (Richardson and Pinckney, 1984; Roedder,
1984; Pironon et al., 1998). In a sample of fluorite,
we studied a particular plane of fluid inclusions
containing petroleum inclusions (5) together with

|(CH4)/I(H,0)
0.007
0.006 | [ )
0.005 |
0.004 |
0.003
0.002
°-°O1TOOOOOT
0.000 : : : : :

0 15 30 45 60 75 90
Orientation (°)

Fig. 6. I(CH4)/I(H,0) ratio of a single fluid inclusion (run 5) for
various orientation of birefringent host mineral (quartz). 0°=ex-
tinction. Spectra were collected in the liquid phase at 25 °C (open
circles) and above homogenisation temperature (170 °C, filled
circles). Maximum deviation is below 5%.

aqueous fluid inclusions (>20) (Fig. 7), this indi-
cating that these palaeofluids were contemporane-
ous. Therefore, the petroleum and aqueous fluid
inclusions are interpreted as the two immiscible
fluids at equilibrium. The bulk homogenisation of
fluid inclusions representative of the two end-mem-
bers should be the same and representative of the
temperature of trapping. The aqueous fluid inclu-
sions of this particular plane homogenise at 145 +
2 °C, whereas the petroleum inclusions homoge-
nise at 112+ 1 °C. Vapour filling of hydrocarbon
inclusion, measured with confocal scanning laser
microscope (Pironon et al., 1998), is 9+ 0.5% at
room temperature. The phase transition measured
for petroleum inclusions is the homogenisation
temperature of the petroleum phase and its signifi-
cance deserves to be discussed. The solubility of
water in petroleum is around 1 wt.% at 150 °C
(Tsonopoulos and Wilson, 1983; Heidman et al,
1985; Sawamura et al., 1989; Guillaume et al.,
2001). Such water concentration corresponds ap-
proximately to a coating of water with a thickness
smaller than 0.1 pm, a value much smaller than
the resolving power of the optical microscope.
Consequently, the true homogenisation temperature
of hydrocarbon fluid inclusions is expected to be
higher than the temperature of partial homogenisa-
tion of the hydrocarbon part that can never be
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Fig. 7. Photomicrograph of petroleum and aqueous contempora-
neous fluid inclusions in fluorite crystal from the Cave-in-Rock
MVT deposit, fluorite—Pb—Zn district, southern Illinois, USA.

Pressure (bar)

47

interpreted as the trapping temperature (Pironon et
al., 2000). Therefore, a good approximation of the
P—T conditions of trapping is the intersection of
the petroleum inclusion isochore with the isopleth
of the methane bearing aqueous inclusion.
Eutectic temperatures of aqueous inclusions near
— 27 °C confirm that sodium is the dominant cation.
The salinity, determined by ice-melting temperature, is
4 m equivalent NaCl. The P—T projection of the
possible bubble curves of the hydrocarbon part of the
inclusion was calculated with the PIT software pro-
gram (Thiéry et al. 2000) for a hydrocarbon homoge-
nisation temperature of 112+ 1 °C and a vapour
volume fraction of 0.09 £ 0.005 (Fig. 8). The homog-
enisation pressure is 98 bars and the isochores corre-
spond to the possible P—T couples of data for trapping
conditions. For coexisting petroleum and aqueous
inclusions, the trapping conditions should be located
at =145 £ 2 °C (aqueous inclusions Th) and then at
a pressure of P=230+ 15 bar. For such P-T con-
ditions and NaCl concentration of 4 m in aqueous
inclusions, the methane concentration at saturation
calculated from the model of Duan et al. (1992) is

Th domain for aqueous fluid inclusions
400 : { =145x2°C
aqueous isopleth : {
domain 11 T . g
300} mCH, = 0.069  0.007 i rapping conditions
I P =230+ 15 bar
------------------------------- T=145x2°C
200F T T
petroleum isochore
domain
Th=112+1°C ~—_
petroleum isopleth domain : {
gas volume fraction = 0.09 + 0.00. : :
0 L 1 L 1 ' L Il ]

0 50 100

150 200 250

Temperature (°C)

Fig. 8. P—T diagram showing isopleths and isochores plotted from data obtained on petroleum and aqueous inclusions from the Cave-in-Rock

fluorite deposit (Illinois).
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0.069 £ 0.007 m. This value is in good accordance
with the concentration of methane in the aqueous fluid
inclusion determined by Raman analysis which is
mCH,=0.071 £ 0.007 m. The Raman analysis of
CH,4 in water—salt inclusions is consistent with the
coexistence of aqueous and hydrocarbon fluids during
the trapping of inclusions in the Cave-in-Rock sample.

4. Conclusions

The analysis of methane in NaCl bearing aqueous-
rich fluid inclusions by Raman spectroscopy was
calibrated using synthetic fluid inclusions in fluorite
and quartz crystals between 100 and 200 °C and for
NaCl concentration from 0 to 3.5 m. The inclusions
were obtained between 150 and 250 °C in the liquid
aqueous solution coexisting with a methane-bearing
vapour phase in a gas-pressure autoclave. The con-
centration of methane in the aqueous solution was
calculated using a computer programme (developed in
Dubessy et al., 2001) incorporating the model of Duan
et al. (1992). The Raman data obtained below and just
above the homogenisation temperature were regressed
as a function of temperature and NaCl concentration.
This calibration allows the determination of the
homogenisation pressure of methane bearing aqueous
fluid inclusions provided their salinity and homoge-
nisation temperatures are known. If aqueous fluid
inclusions are coexisting with petroleum fluid inclu-
sions, the P—T conditions of hydrocarbon migration
can be accurately determined.

Further work is necessary to evaluate the effect of
temperature on the intensity of the water band for
different salinities. The effect of different salts (NaCl,
CaCl,,...) having different interactions with water
molecules should be explored for the analysis of
methane concentration in salt bearing aqueous solu-
tions. Finally, the effect of other gases, potentially
present in petroleum environments (CO,, H,S, N,)
could be checked and their concentration measure-
ment could be calibrated in the same way.
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