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Characterization of the composition of fluid inclusions in minerals by 'H NMR
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ABSTRACT

Synthetic (sylvite) and natural (quartz) crystals rich in aqueous and oil fluid inclusions
have been studied by 'H NMR spectroscopy. Separate crystals of each sample were ana-
lyzed using the MAS (magic angle spinning) NMR technique with a 90-MHz Bruker CXP
spectrometer. The 'H NMR spectra from synthetic inclusions of toluene and isobutylben-
zene show H,O and hydrocarbon contributions in separated spectral regions. The inte-
grated intensities of each proton peak of the hydrocarbon fraction are in agreement with
theoretical values. The sylvite crystals synthesized with an aliphatic natural oil have a 'H
MAS NMR spectrum showing the presence of H,O, methyl, and methylene groups. For
the same line broadening, the spectra recorded on free oil and on inclusions are similar.
Ratios of 'H,,/'H,,,, CH,/CH,, and CH/ZC, can be calculated. Differences between the
ratios measured on free oil and inclusions are due to poor resolution and to peak overlap-
ping. The hydrocarbon-H,O volumetric ratio varies from 3 to 10 vol% and is close to the
measured value of 4 vol% of hydrocarbon. NMR has also been applied to natural inclu-
sions in quartz crystals from the North Sea basin. Methane and aliphatic peaks have been
detected, but no aromatic contribution has been observed. A methane concentration of
3.6 and 1.7 mol/L is estimated considering a pseudoaliphatic composition of n-nonane

deduced from infrared data.

INTRODUCTION

Oil, gas, and water-bearing fluids may be trapped in
intracrystalline microcavities (i.e., fluid inclusions) cre-
ated during crystal growth or the healing of fractures.
Various minerals can trap fluids; silicates (quartz, feld-
spar), sulfates (anhydrite), carbonates (calcite, dolomite),
and halides (halite, fluorite) are commonly studied using
optical methods. Oil-bearing minerals generally occur in
sedimentary environments (e.g., sandstone, limestone, salt
domes), although occurrences in metamorphic, hydro-
thermal, and igneous environments are known. Minerals
from these last environments are rich in water and gas-
bearing inclusions (CO,, N,, CH,). Oil inclusions are
ubiquitous in petroleum reservoirs and may be one phase
(liquid or vapor), two phases (vapor bubble in a liquid
phase), or three phases (vapor, liquid, and solid phases).
Their composition and phase equilibrium are related to
the PVTX conditions at the time of trapping. Compari-
sons can be made between the oil in the reservoir and the
oil in the inclusions to determine the biodegradation or
thermal degradation (or both) of the oil between the time
of trapping and the present.

The chemical composition of oil inclusions can be an-
alyzed by destructive bulk methods such as chromatog-
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raphy or mass spectrometry; the sample is crushed, heat-
ed, or leached to liberate the fluid (Murray, 1957; Bratus
et al., 1975; Horsfield and McLimans, 1984). These
methods have two main limitations: different generations
of fluids are simultaneously recorded, and contamination
of adsorbed fluids or solid organic matter can occur.
Infrared, Raman, and UV-fluorimetry microspectro-
scopic techniques have been used for in-situ analysis of
individual oil inclusions (Barrés et al., 1987; Pironon and
Barrés, 1990, 1992; Guilhaumou et al., 1990; Wopenka
et al., 1990; Pironon and Pradier, 1992). Spectra are re-
corded on polished thin sections of rocks or separated
natural and synthetic minerals. The major limitations of
FTIR microspectroscopy are the size of the inclusion
(which must be >15 um) and the nature of the host crys-
tal, as the spectra, recorded in the transmission mode,
contain information issuing from both the inclusion and
the crystal. The major limitation of conventional Raman
microspectroscopy (in the visible-light range) is due to
the intense level of fluorescence of the natural samples.
This phenomenon can be attenuated using a FT-Raman
microspectrometer with an excitation line in the near in-
frared range (Pironon et al., 1991). These spectroscopic
techniques offer important information about the major
molecular components of the oils trapped in the inclu-
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sions. UV microspectrofluorimetry analyzes the aromatic
fraction of the oils, which can be used as a biomarker and
for approximating density values (McLimans, 1987; Bod-
nar, 1990). Microthermometry is used to analyze tem-
perature phase modifications occurring inside the inclu-
sions (Poty et al., 1976; Roedder, 1984).

Nuclear magnetic resonance (NMR) spectroscopy is the
only nondestructive bulk technique of fluid inclusion
analysis. The first documented application of this method
was by Allégre (1961) who observed a weak signal cor-
responding to the protons of H,O molecules present in
inclusions of quartz veins from the Lodéve rhyolitic com-
plex (South Central Massif, France). More recently, var-
ious authors have studied inclusions by the NMR of dif-
ferent nuclei: 'H (Kalinichenko et al., 1985; Klemm, 1986;
Poty et al., 1987; Kohn et al., 1988), 22Na, 2Al, 2°Si, and
3CI (Sherriff et al., 1987; Kohn et al, 1988). It was ob-
served that the '"H NMR chemical shift in H,O varies
according to the H,O molecule’s environment and can
be used as marker of pH and salinity (Poty et al., 1987).

Because of magnetic susceptibility broadening, fluids
within porous media or inclusions might not give rise to
high-resolution NMR spectra. The measurement of ac-
curate chemical shifts normally used for chemical anal-
ysis is therefore difficult. This broadening effect can be
reduced by rapidly spinning the sample at the magic angle
(MAS). In order to avoid complications due to spinning
sidebands, it is preferable to work at spinning speeds
higher than the line width of the static sample, expressed
in Hertz (Doskocilova et al., 1975; Stoll and Majors, 1981;
Vanderhart et al., 1981; Garroway, 1982).

We report here the 'H NMR analyses of oil and aque-
ous fluid inclusions in synthetic and natural crystals. The
hydrocarbon functional groups can be characterized, and
the fluid content can be quantified.

EXPERIMENTAL METHODS
Samples

Following the procedure described by Pironon (1990),
synthetic inclusions of toluene, isobutylbenzene, natural
oil from west Africa and KCl-saturated water were trapped
at atmospheric pressure in laboratory-grown crystals of
sylvite. The temperature of entrapment was between 60
°C and room temperature. One cubic centimeter of crys-
tals rich in hydrocarbon inclusions were collected. The
size of the tabular crystals ranged from 1 to 2 mm. The
shape of the hydrocarbon inclusions was spherical,
whereas the aqueous inclusions had the form of a paral-
lelepiped (Fig. 1) (Pironon, 1990). If a film of brine sur-
rounded the spherical o1l droplet, the inclusion looked
like a cube. The volumetric ratio between hydrocarbon
and water-bearing inclusions was estimated by optical
measurements on 240 inclusions of six crystals. The wa-
ter/hydrocarbon volumetric ratio was calculated by mea-
suring the diameter of the spherical hydrocarbon inclu-
sions and the two edges of the parallelepipedic aqueous
inclusions. This ratio is approximately 96:4 vol%; the
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Fig. 1. Photomicrographs of fluid inclusions in a laboratory-
grown crystal of sylvite synthesized with a natural oil from the
western margin of Africa. Foreground: spherical oil inclusions;
background: parallelepipedic aqueous inclusions. (a) Colored oil
inclusions and colorless aqueous inclusions observed in trans-
mitted visible light. (b) The same area as a with fluorescent oil
inclusions and nonfluorescent aqueous inclusions observed un-
der UV illumination.

aqueous inclusions were more numerous and larger (av-
erage volume: 2 x 10-* L) than the hydrocarbon inclu-
sions (average volume: 8 x 10-¢ gL). The total fluid con-
tent occupied about 4% of the crystal volume.

Two natural samples from the sandstone reservoir of
the Brent Formation of the North Sea basin were also
analyzed. They were ground only slightly to prevent the
fluid inclusions from fracturing and opening. The sam-
ples were cleaned in an ultrasonic tank to eliminate im-
purities at the surface of grains. A magnetic separator was
used to eliminate any paramagnetic mineral fraction and
so to collect pure quartz crystals. Adsorbed fluids were
eliminated by heating them at 100 °C. Individual min-
erals, with sizes ranging from 0.5 to 2 mm, were collected.
The use of crystal assemblages avoids the anisotropic
effects induced by the shape of a monocrystal. In this
case, hydrocarbon/water volumetric ratios could not be
optically estimated because of the poor transparency of
the quartz grains.

NMR studies

NMR spectra of the above specimens were obtained in
our laboratory (CPMC-Belgium) on a Bruker CXP90
multinuclear solid-state FT spectrometer equipped with
a MAS probe and an external field lock. The 'H spectra
were recorded at a frequency of 90.020 MHz, with the
sample set at an angle of 54.7° to the magnetic field and
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Fig. 2. The 'H MAS NMR spectrum of toluene and KCl
brine inclusions in synthetic sylvite (KCl) recorded with four K
data points using a spectral width of 2500 Hz and 30° pulses;
2500 scans were accumulated with a relaxation delay of 20 s.
The spectrum was Fourier transformed with 10-Hz line broad-
ening. Spinning sidebands do not appear here, as they are located
well outside the plotted region (at approximately + 16 ppm from
the base peaks). (a) The spectrum; (b) 20 x vertical expansion.
The integrated intensities (not shown here) for the various peaks
are proposed in Table 1.

spinning at a rate of 1500 Hz (which is much greater than
the static line widths of 500 Hz). The spectra were ana-
lyzed under nonsaturating conditions with 30° flip-angle
pulses and 20-s relaxation delays. The relaxation times
of the various fluids were not measured, but the quanti-
tative aspect of the measurement was checked by varying
the relaxation delay. Depending on the fluid investigated,
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the relative peak intensities remained, within experimen-
tal error, constant for any delay >3-5 s. The experimen-
tal spectral width was set at 2000 Hz; all spectra were
referenced to an external standard (TMS adsorbed on
Al O,) recorded under identical experimental conditions.
The spectral frequencies are given in terms of chemical
shift, which is a field-independent, dimensionless unit ex-
pressed in parts per million. All free induction decays
were multiplied by an exponential function equivalent to
a line broadening (LB); the values used are reported in
the figure captions. Base-line curvature correction was
used to improve the presentation of the spectra and to
facilitate the integration of the various signal areas. This
base-line correction was performed by manual adjust-
ment of the coefficients of a fourth-order polynomial to
match the shape of the base line. The value of the poly-
nomial was then subtracted from each point of the spec-
trum. The natural oil used here was analyzed in our lab-
oratory in the liquid form with a high-resolution Bruker
AM-500 spectrometer with a line broadening of 1 Hz. To
compare the spectrum with the one recorded on fluid
inclusions, this line broadening was increased to 80 Hz.

FTIR studies

Fourier transform infrared (FTIR) microspectroscopy
was applied to individual inclusions >15 pm using an
A-590 Bruker microscope linked to an FTIR Bruker IFS
88 spectrometer. A globar source produced the infrared
beam, and a MCT detector, cooled with liquid N,, al-
lowed the IR detection between 600 and 5000 cm~!
(Barrés et al., 1987). The spectra, presented in absorbance
units and wavenumbers (cm~'), were recorded in the
transmission mode with a spectral resolution of 4 cm~!
after 400 accumulations. A chain-length coefficient was
calculated by comparing the CH,-CH, ratio of the sample
to the same ratios measured on a standard r-alkane series
(Pironon and Barrés, 1990).

RESULTS

Well-defined spectra were obtained by the NMR MAS
technique, and their characteristics are summarized in
Table 1. A sample of sylvite containing toluene (C,H;-
CH,) and water (Fig. 2) shows a central peak attributed
to H,O (6 = 4.5 ppm). The resonances at 1.8 and 6.7 ppm

TasLE 1. The 'H NMR data for the synthetic and natural samples corresponding to the spectra presented in Figs. 2, 3, 4, and 6

Toluene . . .
Fluid Isobutylbenzene Natural oil (west Africa) Brent Formation (North Sea)
inclusions Fluid inclusions Free oil Fluid inclusions Fluid inclusions Fluid inclusions
Figure 2 3 4a 4c 6a 6b
Spectrometer CXP 90 CXP 90 AM500 CXP 90 CXP 90 CXP 90
LB (Hz) 10 10 1 80 80 80
Peaks (ppm) 1.8 45 67 09 18 24 45 71 1 142575 1 14 25 45 7-75 0 0.4-25 48 0 0.4-25 48
Assignment CH, H,0 CH; CH; CH CH, H,O0CH, CH,CH,CH H,, CH,CH, CH HO H,, CH, H, H, 0 CH, H, H,0
Integral 32 163 5 53 1.5 2.0 694 50 38.977.749 48 415735591000 5.3 27 210 1000 10 163 1000
HC/H,0 vol% 7 3 — 10 15 10
"Hal Haro 0.6 1.7 25.3 23.0 —
CH,/CH, 0 0.6 3.0 27 — -
CH/ZC,; 0 0.2 0.1 0.1 — —
CH, (mol/L) 0 0 0 0 3.6 1.7
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correspond, respectively, to the methyl and aromatic
groups of toluene. The line width of the central peak,
approximately 25 Hz, closely corresponds to the line width
of 20-22 Hz found for a static sample of pure H,O of
identical size and in the same orientation relative to the
magnetic field. The ratio of the integrals of the aliphatic
(1.2-3 ppm) and aromatic (5.9-7.3 ppm) regions was cal-
culated to be 0.6. The proportion of toluene and water
contained in the inclusions may be obtained from the
ratio of the integrals of the water and toluene peaks. The
following equation gives the volumetric percentage of the
organic phase in an oil-water binary mixture:

I,-m,

-100
ns-Dy

= vol%, ()]
I,-m,

na-Dy

Iy-my
ny Dy

where A is the organic phase, B the water phase, I the in-
tegral of the NMR peak, m the atomic mass, # the number
of protons, and D the density. Therefore, for a toluene den-
sity of 0.86 g/cm? at 20 °C (Weast and Astle, 1979) and a
toluene and water peak integral of 8.2 and 163, respectively,
a toluene content of 7 vol% was calculated.

The spectrum of a synthetic sample with inclusions
containing both KCl brine and isobutylbenzene [C,H,-
CH,-CH-(CH,),] is shown in Figure 3. Four organic pro-
ton peaks are observed corresponding, respectively, to
that of an aromatic ring at 7.1 ppm and to aliphatic chains
between 0 and 2.8 ppm. The aliphatic spectral range can
be decomposed into three clear regions: methyl protons
at 0.9 ppm, methyne protons between 1.4 and 2.1 ppm,
and methylene protons at 2.4 ppm. The integrals of the
proton groups C¢H;, CH,, CH, and (CH,), are 5.0, 2.0,
1.5, and 5.3, respectively. Intensity ratios can be calcu-
lated as 'H,;/'H,,, = 1.7, CH,/CH; = 0.6, and CH/=C,;
= 0.2. The CH,-CH, ratio corresponds to the methylene
to methyl group ratio and is calculated from the

I,

2

a

Hy

3

integral ratio. CH/ZC,; (close to the theoretical ratio of
0.25) corresponds to the contribution of branched C at-
oms of the aliphatic chain and is calculated from the fol-
lowing integral ratio:

H

Nr’)N

ICHJ 4+ cH

3 2

An intense water peak is also detected at 4.5 ppm. The
contribution of the isobutylbenzene fraction (D = 0.85
g/cm?: Weast and Astle, 1979) was estimated from Equa-
tion 1 to be 3 vol% of the fluid content.

Spectra of inclusions synthesized with natural oil from
the western margin of Africa were recorded and com-
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Fig. 3. The '"H MAS NMR spectrum of isobutylbenzene and
KC1 brine inclusions in synthetic sylvite. Experimental condi-
tions are as in Fig. 1. See Table 1 for integrated intensities in
the aliphatic range.

pared with those of the free oil. Two values of line broad-
ening, 1 and 80 Hz, were used (Fig. 4). For the fluid
inclusions, the water peak is found at 4.5 ppm, whereas
the aliphatic oil fingerprint is located between 1 and 2.5
ppm. A weak aromatic contribution is also visible near
7 ppm. This oil is essentially aliphatic, with methyl pro-
tons at 1 ppm and methylene protons at 1.4 ppm. The
small peak observed at 2.5 ppm could be assigned to
methyl groups in an « position on an aromatic ring or to
methyne protons of a saturated aliphatic chain. When
one considers the low aromatic fraction of the oil, the
second hypothesis is more likely.

We have tried to quantify the different integral ratios
and have found for the free oil and inclusions the follow-
ing values: 'H,;/'H,,, = 25.3 and 23.0, CH,/CH, = 3.0
and 2.7, respectively, and CH/ZC,;, = 0.1 for the two
samples. These data are complementary to the FTIR pa-
rameters determined for the same samples (see Fig. 5).
Infrared spectra confirm the low aromatic contribution
and aliphatic character of the oil. The difference between
the CH,-CH, ratios measured from the IR spectra of the
free oil and from those of the inclusions is due to the
presence of KCI brine (Pironon and Barrés, 1992). From
these data, an average chain-length coefficient (Pironon
and Barrés, 1990) can be established and an oil compo-
sition approximated to n-dodecane (D = 0.75 g/cm?:
Weast and Astle, 1979). Using Equation 1, the volume
of oil trapped in the inclusions related to the water vol-
ume can therefore be estimated from the NMR data to
be approximately 10 vol%.

The spectra of quartz crystals from two drill holes in the
Brent Formation in the North Sea basin containing both
water and oil inclusions are given in Figure 6. Spectrum a
corresponds to inclusions from a gaseous reservoir, and
spectrum b to inclusions from an oil reservoir. The water
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Fig. 4. The 'H MAS NMR spectra of natural oil (west Af-
rica), free and trapped in KCl brine inclusions in synthetic syl-
vite. (a) The pure liquid, high-resolution spectrum: 500 MHz,
LB = | Hz; (b) the same but with LB = 80 Hz; (c) the spectrum
of inclusions recorded at 90 MHz; the experimental conditions
were as in Fig. 1 but with LB = 80 Hz. See Table 1 for integrated
intensities.

signal is between 3.5 and 5.5 ppm; those of the organic
fraction are observed between 0 and 3.0 ppm. Compared
with the water peak of the synthetic inclusion (KCl-saturat-
ed brine), the intense water peak is shifted toward higher
chemical shifts. Possibly this is because the salinity of the
brine (estimated from microthermometric measurements)
is lower here (5 wt% of the NaCl equivalent). The water
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Fig. 5. (a) FTIR spectrum of natural oil (west Africa) and

KCl brine inclusions in synthetic sylvite (KCl). (b) FTIR spec-
trum of free natural oil (west Africa) deposited on a CaF, slide,
recorded with the infrared microscope and with the same con-
figuration as spectrum a.

signal may be displaced according to (1) the concentration
and nature of dissolved ions and (2) the difference in sus-
ceptibility among oil, crystal, and water (the anisotropic part
is removed—not the isotropic part). The signal close to 0
ppm may be attributed to some methane gas dissolved in
the organic fraction and concentrated in the gas phase of
the inclusions. Signals between 0.5 and 2.5 ppm correspond
to the proton resonances of, respectively, methyl, methy-
lene, and methyne groups of the oil fraction. Because of the
complexity of the organic phase and of limited resolution,
no individual lines emerge clearly here. The oil contained
in this sample is certainly aliphatic, as no absorption in the
aromatic region was found. These results are in good agree-
ment with the FTIR microanalysis results, which indicate
an average aliphatic chain length of nine C atoms (n#-non-
ane) and the presence of gases (methane and carbon diox-
ide). The relative amount of protons contained in the aque-
ous and oil-rich inclusions as obtained from the integrated
intensities of the organic and water peaks allows us (using
Eq. 1) to determine a volume of oil between 10 and 15
vol%; the oil composition can be approximated to #-nonane
(D = 0.72 g/cm?*: Weast and Astle, 1979). From an average
n-nonane composition of the oil, it is also possible to de-
termine a molar concentration of methane (34,) with Equa-
tion 2. Values close to 3.6 (spectrum a, Fig. 6) and 1.7 mol/L
(spectrum b, Fig. 6) were obtained.

LON

=M,. 2)
Iy-my

ng- Dy

Equation 2 corresponds to a modified Equation 1, where
A is CH,, B is C,H,,, and D’ is the density expressed in
grams per liter.
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DiscussIioN

From an analysis of synthetic and natural fluid inclu-
sions, the results obtained above confirm that '"H NMR
is capable of detecting and analyzing aqueous inclusions.
The intensity of the H,O peak is usually high, with a
chemical shift value varying from 4.5 ppm for synthetic
inclusions to 4.8 ppm for natural inclusions; these differ-
ences are probably due to varying salt concentration or
composition or to pH. This study also shows that it is
possible to detect liquid or gaseous oil phases trapped in
minerals and to observe proton contributions (methane,
methyl, methylene, methyne, aromatic) issuing from the
organic molecules. The NMR MAS technique can there-
fore be used in a semiquantitative determination of the
relative amount of fluids contained in inclusions (Table
1). An oil to water volumetric ratio can also be estimated.
The relative amount found for water and hydrocarbon
(between 3 and 10 vol%) is in agreement with optical
estimations (approximately 4 vol% for the synthetic in-
clusions). In the case of natural oil mixtures, this ratio
can be calculated using a pseudocomposition of the oil
determined either by the NMR parameters of the oil or
by the infrared chain-length coefficient.

Quantification of the organic phases trapped in inclu-
sions should be compared with theoretical values (tolu-
ene and isobutylbenzene in our case) or with references
obtained from free oil (here, natural oil from west Africa).
It was found that the peak position of each proton group
is close to the theoretical or reference chemical shift. Sev-
eral peak integral ratios have been compared: the 'H,;-
'H,,, ratios for toluene (0.6), isobutylbenzene (1.7), and
natural o1l (25.3) in inclusions are close to the theoretical
and reference values of 0.6, 1.8, and 23.0, respectively.

The experimental intensity ratios (5.0; 2.0; 1.5; 5.3)
found for isobutylbenzene [C,H,; CH,; CH; (CH,),] do
not compare as favorably as above with the theoretical
values (5; 2; 1; 6); this is probably because of overlapping
of peaks resulting from limited resolution. Errors are
therefore more important for the smaller peak, i.c., the
methyne group.

The CH,-CH, ratio for the isobutylbenzene inclusions
(0.6) is not too far from the theoretical value (0.5). This
error is similar for the natural west Africa oil, as seen
from the spectrum recorded on free oil at LB = 1 Hz (3.0)
and the spectrum recorded on the fluid inclusion at LB
= 80 Hz (2.7). The spectrum of the free oil recorded at
LB = 80 Hz is, in fact, similar to the spectrum recorded
for the inclusion; this tends to show that the difference
between the theoretical CH,-CH, ratios and those mea-
sured for the inclusions comes essentially from an over-
lapping of peaks. This difference could be reduced in
principle by either using a decomposition procedure of
the considered spectral range or increasing the sensitivity.
This CH,-CHj; ratio cannot, however, be compared with
the chain-length coefficient measured by FTIR spectros-
copy. By NMR, all the methyl contributions are taken
into account, whereas the IR coefficient only considers
the methyl groups that are on an end-position in the chain.
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Fig. 6. The 'H MAS NMR spectra of natural aqueous and
hydrocarbon inclusions in quartz grains from two drill holes of
the Brent sandstone reservoir of the North Sea basin. (a) A sam-
ple from a gas reservoir; (b) a sample from an oil reservoir. The
experimental conditions were as in Fig. 1 except LB = 4 Hz. See
Table 1 for integrated intensities.

Even if the volumetric concentration of oil in the nat-
ural quartz samples of the North Sea basin is higher (10—
15 vol%), the spectral resolution found for these samples
is poorer than for the synthetic sylvite crystals. This could
be caused by paramagnetic impurities (inside or on the
edges of the crystals) that were not totally eliminated dur-
ing sample preparation. Such poor resolution prevents
accurate quantitative estimations of the aliphatic fraction
and aromatic to aliphatic ratio of the oil.

CONCLUSIONS

The use of synthetic inclusions shows the analytical
ability of '"H MAS NMR in the study of fluid inclusions
trapped in minerals. The detection and differentiation of
the organic functions of oil simultaneously trapped with
a water phase are possible by in-situ analyses. Water and
oil 'H NMR peaks were clearly separated. The contri-
bution of solid organic matter in fractures or at the sur-
face of crystals was not taken into account by this ana-
Iytical procedure. The technique was nondestructive and
led to a quantification of volumetric ratios, such as water/
oil, aliphatic/aromatic, and CH,/CH,, of the branch rate
of the aliphatic chain, and of the methane content. With
good spectral resolution (i.e., no peak overlapping), the
aliphatic functions can be estimated. An increase in res-
olution and sensitivity should provide a better under-
standing of the complex oil mixture in natural inclusions,
i.e., its average aliphatic composition with a defined
branch rate and its aromatic and methane content. These



718

parameters can be used, therefore, in establishing a pseu-
docomposition of the oil mixture, which is of use for a
thermobarometric modeling of the history of petroleum
basins and for understanding oil evolution. Nevertheless,
the analysis of inclusions by 'H NMR has some limita-
tions: (1) The sample must be free of paramagnetic crys-
tals and impurities that decrease the spectral resolution
by a broadening of peaks. (2) One cubic centimeter of
crystals (with a grain size from 0.5 to 2 mm) must be
collected; bigger crystals increase the anisotropic effect
and therefore decrease the spectral resolution. (3) No in-
ternal reference can be used: the location of the peak is
approximate, resulting in indeterminate chemical shift
values. (4) Different generations of inclusions within the
same crystal cannot be directly separated in the NMR
spectrum. The study of inclusions by 'H NMR spectros-
copy can be improved by using higher magnetic fields or
more efficient probes.
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