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Abstract

Fluid dynamics in sedimentary basins is of tremendous interest, both from a scientific and an economic point of view.
Integration between fluid inclusion and present-day fluid data provides the time aspect necessary for reconstruction of fluid
flow paths, and can be used for mapping fluid dynamics both on a regional basin scale or on the more local scale of
petroleum reservoirs. This paper presents a review of analytical and modelling methods for petroleum in fluid inclusions.

Ž .Essentially, four types of data for petroleum inclusions can be established through analysis and modelling: 1 textures
Ž . Ž . Ž . Ž .which give indirect information of the time aspect , 2 fluid composition, 3 fluid properties and 4 pressure–temperature
of trapping. During the last decade, development of analytical methods for determination of inclusion fluid compositions has
taken place. Traditional correlation studies for characterisation of maturity and source facies may now therefore include fluid
inclusion data. The development has also been directed towards an improved understanding of the physical properties of
petroleum inclusions. Although these methods are in their early stages concerning precision and accuracy, data necessary for
fluid flow modelling, such as fluid densities, viscosities, pressure and temperature, can be estimated. q 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

In contrast to most magmatic and metamorphic
systems, fluid inclusions in sedimentary basins repre-
sent one of several available fluid sample types.
Trapping of fluid inclusions may occur at different
stages of basin development, but is most common in
the deeper parts. Integration between fluid inclusion
and present-day fluid data, for example, from drill

Ž .stem test DST samples, provides the time aspect
necessary for reconstructing fluid flow paths, and

) Tel.: q47-63-80-60-00; fax: q47-63-81-55-53.
Ž .E-mail address: ingridm@ife.no I.A. Munz .

can be used for mapping fluid dynamics on a re-
gional basin scale or on the more local scale of
petroleum reservoirs. Aqueous fluids are dominating
in sedimentary systems, and are actively participat-

Ž .ing in diagenetic processes Goldstein, 2001 . The
focus of this paper is the less abundant, but economi-
cally more important petroleum fluids. Essentially,
four main types of data for petroleum inclusions can
be established through fluid inclusion analysis and
modelling.

v Textures: The textures give important informa-
tion on the time aspect. The methodology is the same
as for fluid inclusion studies in other geological

Ž .environments Van den Kerkhof and Hein, 2001 ,
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and the objective is to establish the time relationship
Ž .between 1 diagenetic growth of minerals and trap-

Ž .ping of inclusions and 2 different populations of
inclusions.

v Composition: The composition of petroleum
fluids is complex, and emphasis will be given to the
characterisation of composition. Compositional in-
formation is fundamental both in geological interpre-
tation of fluid source and maturity and in modelling
of the fluid phase behaviour in the next two points.

v ( )Pressure–Õolume–temperature PVT proper-
ties: This relates to the physical properties of the
fluid and can be used for modelling the fluid phase
behaviour at any pressure and temperature condi-
tions.

v Pressure and temperature of trapping: Iso-
chores for petroleum inclusions can be calculated
when the PVT properties are known. Additional data
from coeval aqueous inclusions are necessary for
simultaneous determination of the pressure and tem-
perature conditions of trapping.

This paper describes the analytical methods, which
can be used to establish these four main types of
data. Analytical methods comprise non-destructive

techniques for characterisation of various properties
of single inclusions and destructive, bulk techniques
for characterisation of composition. The paper will
give an overview of these techniques, but will not
discuss specific details in equipment or instrumenta-
tion. Applications of the analytical data to fluid
correlation studies and PVT modelling will be shown.

2. The nature of petroleum fluids

Petroleum fluids are characterised by their ex-
treme complexity. A classification scheme can be
based on chemical or physical properties and de-
pends commonly on the application, whether it is in
geologyrgeochemistry or reservoir engineering. Ge-
netic characterisation of source and maturation of
petroleum fluids has been the focus of the research
in organic geochemistry for decades, and will not be
discussed here. The objective of this section is to
provide the necessary background on the relationship
between the chemical and physical nature of
petroleum fluids for interpretation of fluid inclusion
analysis data.

Fig. 1. Classification of petroleum reservoirs. The two-phase envelopes show the region where two petroleum phases may coexist for
various types of fluid compositions. Classification of the reservoirs is based on the fluid composition and the original pressure–temperature
conditions. In a gas reservoir pressure, depletion will never lead to intersection with the two-phase envelope. In a condensate reservoir,
pressure depletion will lead to intersection with a dew point curve, and in volatile and black oil reservoirs, to intersection with the bubble
point curve.
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The main components of petroleum are hydrocar-
Ž .bons, nitrogen–sulphur–oxygen bearing NSO com-

pounds and inorganic gases, such as N , CO and2 2

H S. The hydrocarbons in petroleum can be subdi-2
Ž .vided according to their structure into: 1 paraffins,

which consist of normal and branched alkanes. Alka-
nes are often called saturated hydrocarbons, since all

Ž .atoms are connected with single bonds; 2 naph-
thenes or cycloalkanes, which consist of compounds
with cyclic structures. The naphthenes are also satu-
rated compounds, which only contain single bonds;
Ž .3 aromatics are compounds which contain cyclic
structures with double bonds. The simplest aromatic
compound is benzene, C H , consisting of a ring6 6

structure with six carbon atoms.
The simplest hydrocarbon compound is methane,

CH . Methane has a critical point at low temperature4

and will only exist as a supercritical fluid or gas at
geological conditions. As the number of carbon atoms
in the molecule increases, the possible ways of com-
bining the atoms increase. Compounds which have
the same formula but different structures are called
isomers. The number of isomers increases rapidly
with increasing number of carbon atoms. Increase in
the number of carbon atoms in the molecule also
leads to increase in the critical temperature and
decrease in the critical pressure. At room tempera-
ture, pentane, for example, will exist as a liquid, and
compounds with a high number of carbon atoms
Ž .e.g. naphthalene, C H will be in the solid phase.10 8

The complexity in chemistry of petroleum fluids thus
results in an equally complex phase behaviour.

Petroleum accumulations are commonly classified
as gas, condensate, volatile oil or black oil reservoirs
Ž .Fig. 1 . In a gas reservoir, pressure depletion will
never lead to intersection with the two-phase enve-
lope. Pressure depletion in a condensate reservoir
will eventually lead to intersection with the dew
point curve, and in a volatile or black oil reservoir,
to intersection with the bubble point curve. Defini-
tions of dew point and bubble point curves have

Ž .been given by Van den Kerkhof and Hein 2001 .

3. Trapping of petroleum inclusions

The principles for secondary migration and filling
of reservoirs have been described in a series of

Ž .papers by England 1989 , England and Mackenzie
Ž . Ž .1989 and England et al. 1987, 1995 . The most
important mechanism for migration is bulk transport
driven by gradients in petroleum fluid potential. The
migration takes place in a series of stringers with
dendritic pattern. During filling of the reservoir, the
petroleum pore saturation increases, and the reservoir
fluids may start to redistribute by processes, such as
diffusion and density-driven convection. The models
of England et al. show that the time-scale of these
processes is substantial, and lateral variations in fluid
compositions reflecting the process of filling can be
preserved to the present-day.

Trapping of petroleum inclusions can occur along
migration pathways or in reservoirs. Due to concen-
trated exploration activity, most of the documented
occurrences of petroleum inclusions have, however,
been described from reservoirs. Trapping of
petroleum inclusions in reservoirs may occur from

Žthe onset of filling to the present-day or to the time
of drainage in case of wells, which are only aqueous

.at present . Due to the general inhibiting effect of
petroleum on cementation, it is, however, likely that
trapping mechanisms are most active during filling
of the reservoir than at an arbitrary later time, when

Žmost of the water has been displaced Munz et al.,
.1999a . The inclusions give important constraints on

petroleum migration and reservoir filling, and can be
used as calibration points for modelling of these
processes.

In clastic reservoirs, there is a correlation between
petroleum inclusion abundances and porosity and

Žpermeability Oxtoby et al., 1995; Munz et al.,
.1999a . Most of the petroleum inclusions occur as

Žsecondary inclusions within detrital grains e.g.
. Ž .quartz and feldspars . Oxtoby et al. 1995 find that

the distribution and abundance of petroleum inclu-
sions reflect the manner in which the petroleum
invades rocks of different permeability, including
migration routes below the present oil leg. According

Ž .to Oxtoby et al. 1995 , the correlation between
petroleum inclusion abundances and porosityrper-
meability results from a higher density of migrating
petroleum stringers in rocks of good reservoir quality
during filling of the reservoir. The inclusion data are
thus in agreement with the models of England et al.

Studies of the distribution and abundance of
petroleum inclusions in chalk and limestone reser-
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voirs have, to the author’s knowledge, not been
published. Petroleum inclusions in these reservoirs
may occur within cemented fractures, recrystallised
macrofossils or other types of coarse grained cement
Ž .Burruss et al., 1983; Jensenius and Burruss, 1990 .
The distribution of petroleum inclusions is therefore
more irregular than in clastic reservoirs. The local
abundance of petroleum inclusions in fracture ce-
ment samples can be 2–3 times higher than in

Ž .sandstones Munz et al., 1999b .
The timing of reservoir fillingrmigration relative

to the diagenetic sequence can be established by
examination of the textural relationship between the
host mineral and the petroleum inclusions. Case
studies from the North Sea have shown examples of

Žboth early Nedkvitne et al., 1993; Oxtoby et al.,
.1995; Munz et al., 1998 and recent reservoir filling

Ž .histories Munz et al., 1999a . Examples of a con-
temporaneous relationship between quartz cementa-
tion and trapping of petroleum inclusions can be
shown from primary petroleum inclusions within the

Ždust rim of quartz overgrowths e.g. Nedkvitne et al.,
.1993; Oxtoby et al., 1995 . Primary and pseudosec-

ondary petroleum inclusions in fracture cements may
give evidence for the presence of petroleum during

Žfracturing and subsequent cementation Munz et al.,
.1998 . Petroleum migration can be inferred from

compositional differences between inclusions in suc-
cessive growth zones of fracture cement samples
Ž .Bodnar, 1990 , or from the presence of different
populations of inclusions in different generations of

Ž .cements Burruss et al., 1983 . An example of recent
reservoir filling, which was post-dating most of the
quartz cementation in a clastic reservoir, was docu-
mented from subparallel trails of petroleum inclu-

Ž .sions Munz et al., 1999a . These subparallel trails
were continuous throughout the samples, and were
cutting across both the detrital and the authigenic
part of the quartz grains.

4. Non-destructive analytical methods

4.1. Petrography – identification of petroleum inclu-
sions

A petrographic recognition of petroleum inclu-
sions is typically based on fluorescence behaviour,

colour and the number of phases at room tempera-
ture and their relative proportions.

Petroleum inclusions can easily be mistaken with
aqueous inclusions. The most rapid and effective
way of distinguishing the two fluids is by fluores-

Ž .cence microscopy. When exposed to ultraviolet UV
light, petroleum emits light in the visible range,
whereas aqueous fluids are non-fluorescent. The flu-
orescence colour of petroleum inclusions reflects
compositional information, and the methodology of
fluorescence spectroscopy is discussed in more detail
below. During an initial petrographic screening, the
fluorescence colour easily reveals if the sample ma-
terial contains one or multiple generations of
petroleum inclusions.

Petroleum inclusions are often colourless, but may,
in some cases, have a brown colour. The colour is a
function of composition and size of the inclusion
Ž .Burruss, 1981 . Due to the small size of petroleum
inclusions, in sandstones typically 5–25 mm, the
colour, even in coloured oil can, however, be diffi-
cult to observe.

Except for dry gas compositions, petroleum inclu-
sions consist most commonly of two phases, liquid
Ž . Ž .L and vapour V , at room temperature. The pro-
portion of liquid and vapour at room temperature is
highly variable, as a function of both composition
and density. Inclusions of gas condensate composi-
tions will have large vapour bubbles at room temper-
ature and can fill most of the inclusion, whereas the
vapour bubble in volatile or black oil compositions
will be smaller and the liquid phase will be dominat-
ing. In addition, petroleum inclusions can contain a
black solid. An aqueous phase is only visible in
inclusions with heterogeneous trapping. An example
of the four phases is shown in Fig. 2.

ŽFig. 3 illustrates how the three properties i.e.
colour, fluorescence colour and the proportion be-

.tween liquid and vapour at room temperature can be
used as quick, qualitative indicators of composition
and density. The inclusion in Fig. 3A shows a rela-
tively small vapour bubble, no colour and a pale
bluish fluorescence. This gives an indication of a
relatively mature, volatile oil composition. The small
size of the vapour bubble leads to an expectation of
liquid homogenisation, which can be confirmed by
microthermometry. The characteristics of the inclu-
sion in Fig. 3B are very different, with a large
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ŽFig. 2. An example of an inclusion with four phases HCs
.petroleum, AQsaqueous .

vapour bubble and a deep blue fluorescence colour.
In this case, vapour homogenisation would be ex-
pected, which can also be confirmed by microther-
mometry. The fluid in this inclusion would classify

Ž .as a condensate. The third example Fig. 3C shows
a less mature, oil composition. The relatively imma-
ture nature of this inclusion is indicated by the more
yellowish fluorescence colour.

4.2. Petrography – relationship to the host mineral

The textural relationship between the petroleum
inclusions and the host mineral is essential, when the
relative timing between petroleum migration andror
reservoir filling and the diagenetic evolution is to be
established. Some ‘classical’ textural occurrences of
petroleum inclusions in sedimentary rocks are shown
in Figs. 4–6.

The most common occurrence of petroleum inclu-
sions in clastic reservoirs is in secondary trails within

Ž .detrital quartz Fig. 4A . As a textural time indicator,
these inclusions are often useless, since the trails are
mostly unoriented and seldom cut into the authigenic
part of the quartz grains. However, the inclusions are
commonly excellent for microthermometry analysis,
used as a supplement to the less abundant petroleum
inclusions in authigenic quartz. Petroleum inclusions
can also commonly be observed in detrital feldspars,
as they dissolve to form kaolinite or secondary

Ž .porosity Fig. 4A and B . These inclusions have a
qualitative value for the diagenetic time aspect, but
cannot be used for microthermometry due to poor
sealing. Texturally, poor sealing is shown by very
ragged shape of the inclusions and variations in both
fluorescence and the proportions between liquid and

Ž .vapour Fig. 4B . Quartz diagenesis is one of the
most effective mechanisms of reducing the reservoir
quality. Petroleum inclusions in authigenic quartz are
of particular interest for the relative timing between
petroleum reservoir filling and quartz diagenesis.
Fig. 5 shows contrasting examples of this, respec-
tively, early presence of petroleum shown as inclu-
sions in the dust rim of the quartz and recent reser-
voir filling with formation of quartz overgrowths
prior to entrapment of petroleum inclusions.

Fig. 3. The colour, fluorescence colour and the proportion be-
tween liquid and vapour at room temperature can be used for
identification of petroleum inclusions and for a quick qualitative

Ž .indication of fluid composition see text for further explanation .
ŽLeft sides transmittent light only, right sides transmittent and

.UV light .
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ŽFig. 4. Microphotos of petroleum inclusions in sandstones. both
. Ž .photossUV light only . A Petroleum inclusions occur both in

detrital quartz and feldspar. The feldspar shows alteration to
kaolinite. The abundance of petroleum inclusions in the feldspar is

Ž .very high. B An enlargement of the feldspar shows very ragged
shapes and variable fluorescence colours of the petroleum inclu-
sions. This indicates that the inclusions are not properly sealed
and cannot be recommended for microthermometry analysis.

Petroleum inclusions may also occur in mineralised
fractures both in chalk and in clastic reservoirs.
Examples of petroleum inclusions in primary growth

Ž .zones in fracture minerals Fig. 6 give evidence for
the presence of petroleum at the time of fracture
cementation, and suggest that the fractures were
conduits for petroleum migration.

4.3. Microthermometry

Microthermometry analysis of petroleum inclu-
sions follows the general procedure outlined by

Ž .Shepherd et al. 1985 . Selection of inclusions for
analysis should be based on a critical evaluation of
textures. Inclusions that show textural indications of
poor sealing or post-entrapment changes should be
avoided. Microthermometry of petroleum inclusions
in quartz, carbonates and barite usually gives repro-
ducible results. Petroleum inclusions trapped in partly
dissolved K-feldspars often show extreme variations
in size of the vapour bubble, very irregular shapes
and variable fluorescence, which indicate poor seal-
ing, and are not recommended for microthermome-
try. Leakage or decrepitation of inclusions may occur
during analysis, and need thorough attention of the
operator and checks on the reproducibility. The best
sequence in the laboratory is to measure the ho-
mogenisation before the low temperature phase tran-
sitions. It is important to start with the populations of
inclusions, which homogenise at lower temperatures
before proceeding to homogenisation measurements
at higher temperatures. This mostly means that all
measurements of homogenisation temperatures for
petroleum inclusions should be finished before mea-
surements of aqueous inclusions. Freezing of ice in
the aqueous inclusions very often creates micro-
cracks in diagenetic minerals like carbonates and
barite, and this may lead to severe leakage of inclu-
sions. Ice melting temperatures should therefore be
the last analysis in the sequence.

The most useful phase transition for petroleum
inclusions is the homogenisation. The homogenisa-
tion behaviour gives certain constraints on the two-
phase envelope. Liquid and vapour homogenisations
are both common, and critical homogenisation may
also occur. For vapour homogenisation, the ho-
mogenisation temperature represents an absolute
maximum for the critical point. Likewise, for liquid
homogenisation, the homogenisation temperature
represents an absolute minimum for the critical point.
In order to use the homogenisation temperature
quantitatively for calculation of isochores and esti-
mation of trapping conditions, additional information
on petroleum fluid composition and microthermome-
try from coexisting aqueous fluids are necessary. The
methodology of this will be discussed later.

If fluorescence microscopy is not available, the
low temperature behaviour can be used to distinguish
aqueous and petroleum inclusions. Aqueous inclu-
sions freeze into ice and hydrates, and consist only
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Ž .Fig. 5. A Textural relationships between petroleum inclusions and quartz in sandstones can be used as a dating tool. Occurrence of
Ž .petroleum inclusions in the dust rim of quartz overgrowths marked with P shows that petroleum was present at the time of quartz

Ž .diagenesis. Secondary trails of petroleum inclusions marked with S cutting both the detrital and the authigenic part of the quartz grains
indicate that trapping of these inclusions occurred after the main phase of quartz diagenesis. The two microphotos show examples of the

Ž .principles in the illustration. They present different reservoirs, which experienced respectively an early B; UV and transmittent light and a
Ž .recent reservoir filling C; UV light only .

of solids and a vapour phase at low temperature. The
liquid appears again at the eutectic point during

Žheating, typically around y508C assuming a pseu-
.doternary H O–NaCl–CaCl system . Although2 2

Ž .freezing of a solid wax may take place in petroleum

inclusions at low temperature depending on the com-
position, it will generally not be possible to freeze
the total amount of liquid into solids as can be done
for aqueous inclusions. The low temperature be-
haviour of petroleum inclusions has, however, been
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Fig. 6. Two examples of primary petroleum inclusions in fracture
Ž .fillings. A A fracture filling of barite in chalk from the North

Ž . Ž .Sea transmittent and UV light . B A carbonate fracture filling in
Ž .limestone from the Barents Sea UV light only .

little investigated. It is a very cumbersome method of
distinguishing aqueous and petroleum inclusions, and
is presently of little quantitative use.

Another phase transition that may occur in
petroleum inclusions is the melting of clathrate. This
phase transition will always be possible to observe if
an aqueous phase is visible in the inclusions, and
may also occasionally be observed in inclusions
without a visible aqueous phase. However, the
clathrate melting temperatures have so far found
little quantitative use.

4.4. Fluorescence spectroscopy

Excitation by UV light causes petroleum fluids to
Ž . Žemit light or fluoresce in the visible range 400–700

.nm . The fluorescence emission of organic molecules
is due to electronic transitions involving carbon–
carbon double bonds. The part of a molecule, which
can be excited by incident light, is called a chro-
mophore. The analytical set up of fluorescence mi-

croscopy has been described in detail by Burruss
Ž .1991 . A high-pressure mercury lamp is often used
as an excitation source. Monochromatic light can be
generated by use of bandpass filters, and the most
commonly used excitation wavelength for petroleum
is 365 nm. The monochromatic UV light is directed
onto the sample and the emitted light is transmitted
from the microscope into a spectrograph and detector
system. Different combinations of optical compo-

Ž .nents e.g. filters, lenses, beam splitters, fibre optics
Žmay be used Burruss, 1991; Guilhaumou et al.,

.1990; Kihle, 1995 . The efficiency of transmission
is highly dependent on these components, and ab-
sorption in the light path may lead to significantly
enhanced detection limits. This can especially be

Ž .problematic in the deep blue range 400–450 nm .
Optical components may also emit fluorescence,
leading to undesired contamination. The analysis
therefore requires thorough knowledge of the spe-
cific optical components used in the light path. The
method requires calibration both of wavelengths and
intensity. If only relative intensities are used, the
only intensity calibration necessary is a check of
linear response. Absolute intensities are not of major
interest for fluid inclusion studies, due to depen-
dency on factors, such as inclusion size and geome-
try and depth in the sample.

Various parameters have been used to quantita-
tively describe the fluorescence emission spectrum
Ž .Fig. 7 . l is the wavelength of maximum inten-max

sity. Different types of colourimetric quotients have
been used: a QF-535 factor was defined as the ratio

Žof the 535–750 nm flux to the 430–535 flux Pradier
.et al., 1990; Guilhaumou et al., 1990 , and a Q650r500

factor was defined as ratio of the intensity at 650 nm
Žto the intensity at 500 nm Hagemann and Holler-

.bach, 1986; Stasiuk and Snowdon, 1997 .
The relationship between fluorescence and chemi-

cal composition of the petroleum is highly complex.
The main fluorescing components in petroleum are

Žaromatic hydrocarbons Hagemann and Hollerbach,
.1986; Khavari Khorasani, 1987 . NSO compounds

show a less intensive fluorescence at higher wave-
lengths than the aromatic compounds in the red

Ž .range Khavari Khorasani, 1987 . Khavari Khorasani
Ž .1987 also showed fluorescence from the saturated
fraction of petroleum with intensity maxima at low
wavelengths in the blue–green range. The fluores-
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Ž .Fig. 7. Definitions of fluorescence emission parameters. A The
Ž .wavelength of maximum intensity, l . B The QF-535 factor.max

Ž .C The Q factor.650r500

cence of the saturated fraction is, however, most
probably caused by contamination of minute quanti-
ties of aromatic hydrocarbons. Interpretation of fluo-
rescence emission spectra is also complicated by

Žintra- and intermolecular interactions Bertrand et al.,
. Ž1986 . A number of processes may occur Bertrand

.et al., 1986 : high concentrations of chromophores
may lead to absorption of emitted fluorescence; other
matrix molecules may absorb both exciting and emit-
ting fluorescence and the emission spectra may be
displaced due to interactions. Thus, individual com-
pounds in petroleum cannot be identified by fluores-
cence spectroscopy. The fluorescence emission rep-
resents, however, a very important fingerprint on
composition. A correlation between fluorescence and
bulk fluid properties, such as API gravity has been

Ž .shown e.g. Stasiuk and Snowdon, 1997 . The API
Ž .gravity has been defined as 8APIs 141.5rS yo

131.5, where S is the stock tank oil specific gravity.o

The heavy oils show fluorescence emission at
higher wavelengths than lighter oils. Due to the
highly complex relationship between fluorescence
and fluid composition, empirical calibrations be-
tween fluorescence properties and API gravity prob-
ably work best for genetically related petroleum
fluids and should not be used as a universal valid
calibration. Fluorescence spectroscopy is especially a
valuable tool used to distinguish different genera-

Ž .tions of inclusions Guilhaumou et al., 1990 . Since
it is a microscopic technique, the results can be
correlated on a one-to-one basis with microthermom-
etry. This provides a possibility to check if a varia-
tion in homogenisation temperatures is related to
differences in composition or trapping conditions.

4.5. Other spectroscopic methods

Several other spectroscopic methods have been
tested on petroleum inclusions, but so far, none of
these methods have found extensive use.

Synchronous fluorescence excitation-emission
spectroscopy represents a variety of the fluorescence
spectroscopy described above. Instead of monochro-
matic excitation at constant wavelength, a continuous

Ž .light source is used e.g. a xenon burner , and syn-
chronous scanning of excitation and emission wave-
lengths is done at a fixed difference between the

Ž .monochromators Kihle 1995; Musgrave et al., 1994 .
The method shows an ability of recognising differ-
ences between inclusions with similar fluorescence

Ž .characteristics at constant excitation Kihle, 1995 ,
and may thus be important as a fingerprinting tool in
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correlation studies. However, the relationship to
composition is still obscure.

Raman and Fourier-transform infrared spec-
troscopy detect transitions between vibrational en-

Žergy levels Pironon and Barres, 1990; Wopenka et
.al., 1990 . A monochromatic laser light source in the

Ž .visible range e.g. 514.5 nm is used for Raman
spectroscopy, and the measured spectrum results from

Ž .inelastic Raman scattering of the incident light. The
method has proven to be very useful for N –CO –2 2

CH fluids, and is described in more detail by Burke4
Ž .2001 . For petroleum inclusions, however, Raman
spectroscopy is severely hampered by fluorescence
emission, which is orders of magnitude higher than

Žthe Raman scattering Wopenka et al., 1990; Pironon
. Ž .et al., 1990 . Pironon et al. 1990 tried to avoid this

problem by using a laser source in the near-infrared
Ž .range i.e. 1064 nm , but most of the fluorescent

inclusions during visible Raman spectroscopy were
also fluorescent in the near-infrared range.

Fourier-transform infrared spectroscopy is based
on absorption of the incident light, and a polychro-
matic excitation source in the 1100–2000 nm range

Ž .is used Wopenka et al., 1990 . The method has
stringent requirements for the minimum size of the
inclusion, the type of host mineral and sample prepa-

Ž .ration Wopenka et al., 1990 . Functional groups
Ž .–CH , –CH can be identified from the infrared2 3

absorption frequencies. Quantitative estimates of the
–CH :–CH abundance based on peak areas may2 3

give an indication of the average alkane chain length
Ž .Pironon and Barres, 1990 . Calibration of the method
shows significant differences between mobile fluid
standards and synthetic fluid inclusions with the

Ž .same composition Pironon and Barres, 1990 . A
spectral deformation, involving the shape, but not the
peak position, of the synthetic fluid inclusions was
observed for pure n-alkane compositions. The method
is also sensitive to internal pressure in the inclusion
Ž .Barres et al., 1987 .

Ž1 .Nuclear magnetic resonance H NMR has also
Žbeen tested on petroleum inclusions Dereppe et al.,

.1994 . The technique is based on electron spin. It
can only be used for analysis of bulk samples.
Volumetric ratios between water and oil, paraffinic
and aromatic compounds, CH and CH of the2 3

Žparaffinic chain can be estimated Dereppe et al.,
.1994 .

4.6. Volumetric measurements

Confocal laser scanning microscopy has recently
been used for determination of the volumetric ratio
between liquid and vapour in petroleum inclusions at

Žroom temperature Pironon et al., 1998; Aplin et al.,
.1999 . The laser causes fluorescence in the liquid,

but not in the vapour of the inclusion. The two
phases can thus readily be distinguished. The analyti-
cal concept of the microscope is based on filtering of

Žemission light by a confocal pinhole Pironon et al.,
.1998 . This allows a very precise focussing within

the sample. The analysis is done by locating the top
and bottom of the inclusion by visual observation.
Scans are then made at approximately 1 mm steps

Ž .through the inclusion Aplin et al., 1999 . A series of
two-dimensional images is produced. A three-dimen-
sional model of the inclusion can be reconstructed
from the series of two-dimensional images by using

Ž .a visualisation tool Pironon et al., 1998 .
The capability of this analytical technique is the

determination of the total volume of the inclusion
and the volumetric ratio between liquid and vapour.
In order to determine the molar volume, however,
additional information on fluid composition and the
average molecular weight is necessary.

5. Destructive analytical methods

For comprehensive compositional data the sample
must be crushed. The methods used comprise gas

Ž .chromatography GC , gas chromatography-mass
Ž .spectrometry GC-MS and gas chromatography-ini-

Ž .tial ratio mass spectrometry GC-IRMS . There are
two main problems of destructive analytical meth-

Ž .ods, which have been of concern: 1 if more than
one generation of petroleum fluid inclusions are

Ž .present, the composition will represent a mixture; 2
the analyses can be contaminated by residues of the
present-day fluid adsorbed on the mineral surface. A
thorough purification procedure is therefore required.
The purification procedures can consist of: Soxhlet
extraction with a mixture of dichloromethane and
methanol; rinsing in chromic acid and rinsing in

Žhydrogen peroxide Karlsen et al., 1993; George et
.al, 1997 . This section deals with the general aspects

of destructive analyses of petroleum inclusion fluids,
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and discusses how the two problems above can be
reduced.

Compositional analysis of petroleum inclusion
fluids presents a challenge both due to phase separa-
tion and to the small and somewhat unpredictable
amounts of fluid in the sample. Two different basic
approaches can be used.

5.1. Off-line crushing

Off-line crushing has been used in combination
Žwith GC and GC-MS Karlsen et al., 1993; Kihle et

.al., 1995; George et al., 1997 and GC-IRMS
Ž .Andresen et al., 1998 . The phase separation is a
serious problem for this approach. The gas and the
liquid fraction must be analysed separately on differ-
ent aliquots. The amount of sample needed for this
approach is typically of the order 10–20 g. Hand-
picking of these large amounts of sample is prac-
tically impossible. Some improvement of sample
material can, however, be achieved by separation
techniques, such as sieving. The fine-grained fraction
generally has low abundance of fluid inclusions and
large grain surface areas. Removal of the fine-grained

Ž .fraction will thus tend to 1 increase the amount of
Ž .fluid per gram of sample and 2 reduce contamina-

tion problems with surface coatings.
For analysis of the gas fraction, a crushing cell

that can be evacuated after insertion of the sample,

Žmust be used Karlsen et al., 1993; Kihle et al.,
.1995 . When the cell has been pumped down to

vacuum, the sample can be crushed, and the inclu-
sion gas can be withdrawn by a syringe through a
septum. In order to avoid adsorption on mineral
surfaces and chamber walls, the cell needs heating to
approximately 908C.

Analysis of the liquid fraction does not necessar-
ily require vacuum. Crushing can be done in a
mortar under a solvent, such as dichloromethane
Ž .Karlsen et al., 1993 . This will, however, result in a
loss of the light hydrocarbons, i.e. -C .15

Since the amounts of total fluid in the aliquots are
variable, due to different fluid inclusion abundances,
recombination of the two fractions becomes difficult.
Recombination can, however, be done, if both frac-
tions are analysed in the same aliquot of sample and
the total gas volume in the crushing cell is quantified

Ž .by use of a separation line Kihle et al., 1995 . The
method has, however, serious problems with high
detection limits of the liquid fraction.

5.2. On-line crushing

A method for on-line crushing and analysis using
a GC with a modified injector was described by

Ž .Burruss 1987 . This modification allows crushing of
the sample in the injector, and the fluid released
during crushing is swept into the GC with the carrier

Fig. 8. On-line gas chromatography results for petroleum inclusions in fracture cement from the North Sea. Identification of some n-alkanes
is shown by the numbers.
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gas. The requirement for sample is typically of the
order of 20–40 mg. Hand-picking of samples prior
to analysis, using a UV microscope, ensures a suffi-
cient fluid inclusion abundance, and as far as possi-
ble, separation of different fluid inclusion popula-
tions. The problems with mixing of different fluid
inclusion generations are therefore minimised.

The results show a compositional range from C1
Ž .to C , with no phase separation problems Fig. 8 .30

Separation between C and C can be obtained, and1 2

the majority of individual components up to C can7

be identified and quantified. The method shows
clearly best results for fracture cement samples. The
fluid content in fracture cements is generally 2–3

Ž .times higher than in sandstones Munz et al., 1999b ,
and the method is therefore best suited for fractured
reservoirs, such as chalk and limestone reservoirs.

6. Applications

6.1. Fluid correlation in space and time

Mapping of petroleum compositional character-
istics has been a commonly used tool for determina-
tion of fluid transport directions. Biomarkers and
maturity parameters in the range C –C have been19 35

central in fluid correlation studies. These compounds
have the advantage that their origin, in terms of the
biological link and thermal behaviour, has been the

Ž .focus of extensive research e.g. Mackenzie, 1984 .
They are therefore useful for correlation of oils with
each other and with their proposed source rocks and

Žfor assessment of their thermal maturity Mackenzie,
.1984 . Biomarkers and maturity parameters occur,

however, only as trace components in oils, and the
technique is therefore not suited when fluids of
condensate or wet gas composition are involved. The
samples used for such studies include DST samples
and core extracts. Core extracts are obtained by
extraction with organic solvents and may include
immobile phases, such as tar mats and adsorbed
reservoir surface coatings, extracts of indigenous
organic matter in addition to the remains of the

Ž .reservoir fluids Larter and Aplin, 1995 . The con-
tent of NSO compounds is commonly higher in core

Žextracts than in DST oils Leythaeuser and Ruckheim,¨
1989; Horstad et al., 1990; Stoddart et al., 1995;

.Larter and Aplin, 1995; Baylis, 1998 . Direct com-
parison between data from the two types of samples
is therefore problematic and needs specific consider-
ation.

A growing body of literature shows that gasoline
Ž .range C –C compounds can also be used for4 12

Žfluid correlation e.g. Ten Haven, 1996; Odden, 1999;
.Odden et al. 1998 . The origin of the gasoline range

Ž .compounds is less understood Mango, 1997 , and a
direct relationship to biological precursors cannot be
shown. The gasoline compounds have, however, the
advantage of being abundant in all types of petroleum
fluids. The method is especially useful for conden-
sate compositions or even wet gas. Only DST sam-
ples can be used for this type of study, since core

Ž .extracts show a loss of light hydrocarbons -C .15

Until recently, fluid correlation has been limited
to the spatial distribution of present-day petroleum.
The development of analytical methods of petroleum
in fluid inclusions opens for fluid correlation also in
time. Biomarkers and maturity parameters can be
obtained from methods using off-line crushing. Com-
parison between data from present-day fluids and
fluid inclusions may establish compositional differ-
ences in both time and space. This has led to the
recognition of early charge histories with both lower

Žmaturity and different sources involved Karlsen et
al., 1993; Lisk et al., 1996; George et al., 1996,

.1997, 1998 . On-line GC analysis of petroleum in-
clusion fluids is a suitable technique for determina-
tion of gasoline range compounds, but has so far not
been used in correlation studies. With the increasing
interest in gasoline range compounds in general, it is
likely that this technique will be a valuable tool in
the future.

6.2. PVT characterisation

An important objective of most fluid inclusion
studies is to calculate fluid densities and isochores,
and to estimate the pressure and temperature condi-
tions of trapping, either by combining information
from solids or from coexisting fluid phases. For
petroleum inclusions, it may also be of great interest
to estimate fluid properties at pressure and tempera-
ture conditions other than the trapping conditions.
This may include saturation pressure at specified

Ž .temperature or the gas-to-oil ratio GOR at any
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specified pressure and temperature. These calcula-
tions are all done using an equation of state. The
most accurate results for complex petroleum fluids
can be obtained by two- or three-constant, cubic

Ž .equations Firoozabadi, 1988 . Among the most used
cubic equation of state are the Soave–Redlich–
Kwong and the Peng–Robinson equations of state
ŽSoave, 1972; Peng and Robinson, 1976; Robinson

.and Peng, 1978 . For accurate estimation of saturated
liquid volume, these equations may need some ad-

Ž .justment Peneloux et al., 1982 . Commercial soft-´
ware, which is used in reservoir engineering, may
also be applied to fluid inclusion studies, although
this usually involves some more effort from the user.
In Sections 6.2.1 and 6.2.2, calculation of two-phase
envelopes and pressure–temperature conditions of
trapping is addressed. For a more extensive review
of PVT modelling, the textbooks of Pedersen et al.
Ž . Ž .1989 and Danesh 1998 can be recommended.

6.2.1. Two-phase enÕelopes and isochores
The required input for calculation of two-phase

envelopes using an equation of state is the total fluid
composition in mole percent. In addition, the critical
properties of each component must be characterised,
and binary interaction coefficients between the dif-
ferent components must be known. For isochore
calculation, the homogenisation temperature is also
necessary.

The most problematic point of the PVT modelling
is characterisation of the fluid composition. Reser-
voir petroleum fluids normally contain hundreds of
different components. To treat all components sepa-
rately is impossible, from either an analytical or a
computational view. Components with similar physi-
cal characteristics are instead grouped together as
pseudocomponents. This is commonly done by treat-
ing N , CO and each hydrocarbon compound be-2 2

tween C and C individually, and dividing the C1 5 6q
components into boiling point fractions. The classi-
cal method for separation of oil into boiling point
fractions and a heavy molecular residue has been
distillation. Each fraction covers the range from 0.58C
above the previous n-paraffins to 0.58C above the

Žcarbon number used to identify the group Katz and
.Firoozabadi, 1978 . Boiling point fractions can also

Žbe called single-carbon-number groups Whitson,
. Ž1983 . Molecular weights and density usually at

.atmospheric pressure and 608Fr158C can be deter-
mined by analysis of each boiling point fraction and
the residue. A review of the analytical methods for
these determinations is given by Pedersen et al.
Ž .1989 . The distillation procedure may be replaced

Ž .by GC Osjord et al., 1985 . The procedure still
requires determination of molecular weight and den-
sity of the residue. Critical properties for the pseudo-

Žcomponents i.e. single-carbon-number groups and
.the residue can be derived from the molecular

weights and densities by various correlation schemes
Ž .e.g. Kesler and Lee, 1976; Riazi and Daubert, 1987 .

Although analysis of petroleum inclusions has
made enormous progress for the last decade, as
described in the previous sections, sufficient infor-
mation on the composition of petroleum inclusion
fluids for PVT modelling is still problematic to
obtain. Isochores have been calculated by combining
microthermometry data with compositional data of

Žpresent-day, mobile hydrocarbon fluids e.g. Narr
and Burruss, 1984; McLimans, 1987; Bodnar, 1990;

.Munz et al., 1999a . This is, however, only a valid
approach for cases with recent reservoir filling where
the composition of the inclusion fluid is approxi-
mately the same as the present-day reservoir fluid.

Problems arise with this method when the compo-
sition of the inclusion fluid is not identical to the
present-day reservoir fluid. This can partly be solved

Ž .by an iterative approach Aplin et al., 1999 . A
‘model’ composition of the inclusions is calculated
by using the present-day reservoir fluid composition
as a regression parameter. The necessary data from
fluid inclusion analyses are microthermometry and
the volumetric ratio between vapour and liquid at
room temperature, determined by confocal laser
scanning microscopy. The calculations are done as a

Ž .series of iterations, titrating gas components C –C1 5

into or out of the fluid composition, until a composi-
tion is found that matches the volumetric constraints

Ž .at room temperature experimental and at the ho-
Ž .mogenisation temperature calculated . The accuracy

of this method is dependent on the initial composi-
Ž .tion. Aplin et al. 1999 assume that the inclusion

fluid is most accurately modelled if the fluid, which
is used as input for the calculations, is genetically
related.

A procedure for compositional characterisation of
inclusion petroleum, based on on-line GC, was sug-
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Ž .gested by Munz et al. 1999b . It is similar to the
procedure used for present-day fluids in reservoir
engineering. Compounds in the range from C to C1 5

were treated as individual components. The range
from C to C was divided into pseudocompo-6 30q
nents, by integrating ranges instead of peaks. Pseu-
docomponents were defined as single-carbon-number
groups, and the average values from the literature for
the critical properties of these pseudocomponents
were used. The properties of the residue were esti-
mated by extrapolation of the distribution of compo-
nents in the range C –C .8 – 10 30

The compositional characterisation described by
Ž .Munz et al. 1999b could be used as input data to

Ž .the method of Aplin et al. 1999 . However, this may
need some adjustment of the software. The GC
analyses show high precision for the gas compo-
nents, but more problems for the heavy end. A more
accurate result may therefore be obtained by using
the properties of the heavy components as a tuning
parameter, rather than the gas content.

6.2.2. Interpretation of coexisting aqueous and
petroleum fluid systems

Petroleum always coexists with an aqueous fluid
phase in sedimentary basins. Even in reservoirs with
high petroleum saturation, the formation water can-
not be entirely displaced. Fluid immiscibility rela-
tionships must therefore be considered.

In the methods described above, solubility of
water in petroleum has been disregarded. Two argu-

Ž . Ž .ments may justify this Munz et al., 1999b : 1 the
Ž .solubility of water in petroleum is very small; 2 the

properties of water would not be significantly differ-
ent from the more polar compounds of petroleum.
Given the problems of describing the heavy end of
petroleum, omission of the very small amounts of
dissolved water will not significantly affect the re-
sults. The solubility of petroleum compounds in
water is also low, but cannot be disregarded. The
highest solubilities are found for methane and the
light aromatics. The properties of methane are signif-
icantly different from water. Dissolved methane in
water may therefore change the PVT properties of

Ž .the aqueous fluid Hanor, 1980 , and needs to be
considered in estimation of trapping pressure and
temperature conditions.

The pressure and temperature conditions for trap-
ping of two coexisting fluid phases with no mutual
solubility can be estimated by the intersecting iso-

Ž .chore principle Roedder and Bodnar, 1980 . For two
fluids with a mutual solubility, however, the criterion
for immiscibility is equal homogenisation tempera-
ture, where the low density fluid homogenises to the
vapour phase and the high density fluid to the liquid

Ž .phase Roedder, 1984; p. 256 . Ideally, coexisting
petroleum and aqueous inclusions should therefore
show the same homogenisation temperature. Numer-
ous examples show that petroleum inclusions typi-
cally homogenise at lower temperature than the co-

Žexisting aqueous inclusions e.g. Nedkvitne et al.,
.1993; Munz et al., 1998, 1999a . The reason for this

is that the mutual solubility is too small to be
observed by microthermometry. The analysed ho-
mogenisation of aqueous inclusions represents the

Žfinal homogenisation. Phase transitions e.g. partial
.homogenisation, clathrate melting related to dis-

solved methane should take place at low tempera-
ture, but are commonly difficult to observe. The
homogenisation of petroleum inclusions, however,
represents only a partial homogenisation. The final
homogenisation would have been dissolution of the
aqueous phase into the then single-phase petroleum.
But again, due to the extremely small amounts of
water, this phase transition has not been reported.
Observations of an aqueous fluid within the
petroleum inclusions generally relate to heteroge-
neous trapping. Final homogenisation temperature
does, therefore, not have any relevance and cannot,
in most cases, be measured without decrepitation.
Immiscibility is therefore difficult to show from the
microthermometry, and recognition of equilibrated,
coexisting petroleum and aqueous inclusions must
rely on textural criteria only. If textural criteria
indicate contemporaneous trapping of petroleum and
aqueous inclusions, methane saturation of the aque-
ous inclusions can be assumed, and the aqueous
homogenisation temperature represents the trapping

Žtemperature for both types of inclusions Nedkvitne
.et al., 1993 . The trapping pressure may then be

found by intersection between the petroleum inclu-
Ž .sion isochore and the trapping temperature Fig. 9 .

Petroleum fluids may also experience phase sepa-
ration at geological conditions. A situation with three

Ž .immiscible fluid phases gas, oil, water will be the
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Ž . Ž . Ž . Ž .Fig. 9. Coexisiting aqueous AQ and petroleum HC inclusions. A Microthermometry results. B On-line gas chromatography results
Ž .not shown can be used for constructing the two-phase envelope. The trapping conditions for both types of inclusions can be estimated by

Žcombining GC results and the microthermometry results in A. The homogenisation temperature of the aqueous inclusions approximately
.1158C represents the trapping temperature of both fluids. The pressure can be found from the intersection with the isochore for the

petroleum inclusions.

consequence of phase separation, and again, this
should be recognised by equal homogenisation tem-

Ž .peratures. Munz et al. 1999a showed that the dif-
ference in homogenisation temperature between
cogenetic aqueous and petroleum inclusions is an

important qualitative indicator for the degree of un-
Ž .dersaturation of the petroleum inclusions oil or gas .

In a situation where an undersaturated oil gets satu-
rated with gas, the homogenisation temperature will
approach the homogenisation temperature of the co-
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existing aqueous inclusions. A case study from the
Frøy and Rind fields in the North Sea showed that
the difference in homogenisation temperatures be-
tween recently trapped aqueous and petroleum inclu-
sions corresponded to differences in PVT results for
the DST fluid samples, and could be used for detec-

Ž .tion of compartmentalisation Munz et al., 1999a .
This can be a very useful tool in evaluation of fault
properties.

7. Conclusion

Analysis of petroleum inclusions and the applica-
tion to exploration and reservoir appraisal have expe-
rienced rapid development during the last decade.

The traditional correlation studies may now also
include fluid inclusion data. The analytical develop-
ment enables characterisation of maturity and source
facies of petroleum inclusion fluids, which can be
used together with data on DST fluid samples and
core extracts. This has led to recognition of early
charge histories with both lower maturity and differ-

Žent sources involved Karlsen et al., 1993; Lisk et
.al., 1996; George et al., 1996, 1997, 1998 .

The development has also been directed towards
an improved understanding of the physical properties
of petroleum inclusion fluids by including microther-
mometry, volumetric measurements by confocal laser
scanning microscopy and chemical data in PVT

Ž .modelling Aplin et al., 1999; Munz et al., 1999b .
Although these methods are in their early stages
concerning precision and accuracy, data necessary
for fluid flow modelling, such as fluid densities,
viscosities, pressure and temperature, can be esti-
mated. Numerical modelling of reservoir filling his-

Ž .tories, such as the models of England 1989 , Eng-
Ž . Žland and Mackenzie 1989 and England et al. 1987,

.1995 , can therefore be constrained by analytical
data from fluid inclusions.

Integration of fluid inclusion data and present-day
fluid samples can thus give a significantly improved
resolution on fluid distributions and properties in
time and space.
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