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Résumé — Microanalyse par FTIR avec une sour ce synchrotron des inclusions d’hydrocar bures.
Application a la reconstitution des conditions de la diagenése et des circulations fluides dans les
réservoirs — Au cours de la diagenése des réservoirs, des gouttelettes d'hydrocarbures présentes dans
les fluides minéralisateurs sont piégées dans des lacunes de cristallisation sous forme dinclusions fluides
(F1). En combinant la composition de ces hydrocarbures a leur densité et leurs parameétres volumiques,
mesurés par microthermomeétrie, on peut modéliser leurs isochores spécifiques dans un champ de pres-
sion-température (P-T). Le piégeage de familles d'inclusions synchrones et de compositions différentes
permet de déterminer les conditions P-T de migration des fluides organiques ains que les conditions dela
diagenése au cours d'une évolution géologique. A partir de la composition de cesinclusions, on peut étu-
dier les mécanismes importants pour les qualités des réservoirs, tels que le craguage et la biodégradation
de lamatiére organique, lesinjections de gaz comme le CO, et le CH,.

La microspectrométrie infrarouge a fait des progres spectaculaires ces dernieres années grace a l'utilisa
tion des sources synchrotron, particulierement stables et a forte brillance dans le moyen et le proche infra-
rouge. La composition dinclusions d'hydrocarbures de tres petite dimension (quelques microns) piégées
dans des minéraux tels que le quartz, lafluorine et les carbonates peut étre obtenue individuellement et de
maniére non destructive par microscopie infrarouge a transformée de Fourier (SFTIR). Cette technique
utilise une source synchrotron comme radiation excitatrice. Nous présentons les potentiaités de cette
méthode de microanalyse avec des exemples de résultats significatifs dans le domaine des réservoirs
pétroliers, en contexte de bassins sédimentaires et de zones sous chevauchements.

Dans les surcroissances de quartz des réservoirs gréseux, la dimension des inclusions d’ hydrocarbures est
de I'ordre de 10 um ou inférieure. Nous avons pu analyser plusieurs générations dinclusions. Ces ana-
lyses ont été effectuées dans les grés de la mer du Nord (Brent, région de Dunbar), les bassins d'avant-
pays des régions subandines (Venezuela, Colombie) et les formations carbonatées du nord de la Tunisie
et du Pakistan oriental. Dans la plupart des cas, nous avons pu réaliser et étudier des images moléculaires
et procéder a l'analyse semi-quantitative in situ des composés organiques inclus (rapports CH4/CH,) et
des molécules associées telles que CO,, H,O, CH,,. Lafiabilité des résultats des rapports CH4/CH,, a é&é
vérifiée en effectuant une comparaison avec les compositions obtenues par chromatographie en phase
gazeuse apres extraction individuelle du contenu organique des inclusions de grande dimension (500 pum)
dans lafluorine. Les phases solides présentes comme minéraux fils (issus de la solution initiale) dans les
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phases hydrocarbonées ont pu également étre identifiées. Elles mettent en évidence I'importance des
mécanismes de transformation sulfates-carbonates (TSR) en présence de composés organiques dans les
s&diments riches en évaporites.

A partir des compositions obtenues par SFTIR, nous avons pu, dans ces exemples, calculer les conditions
P-T deladiagenése. L 'histoire de lamigration des fluides dans des environnements de réservoirs gréseux,
dans des zones de foothills comme les régions subandines du Venezuela et de la Colombie, ains que
I'historique de la circulation des fluides en relation avec les évolutions tectoniques, ont pu étre reconsti-
tués. Cetravall aétéréaisé al'ade dulogiciel Trustpack (IFP), par I'équipe du Département Géologie de
I'lFP dans les gites minéraux associés aux déformations le long de I’ accident de Zagouhan (Tunisie sep-
tentrionale) et du nord de la chaine de Kir Thar (Pakistan) ains que dans les réservoirs carbonatés de la
région de Chorgali (bassin du Nord Potwar, Pakistan).

Abstract — Synchrotron FTIR Hydrocarbon Fluid Inclusion Microanalysis Applied to Diagenetic
History and Fluid Flow Reconstruction in Reservoir Appraisal — In sandstones, siliceous diagenetic
overgrowths may commonly contain several generations of hydrocarbon fluid inclusions (FI's), generally
of size no more than 10 . We successfully analyzed such inclusions in North sea sandstones from the
Dunbar area, subthrusted reservoirs such as sub-Andean basins (Venezuelian and Colombian foothills)
and carbonaceous series in areas of Pakistan, using synchrotron infrared microscopy. We addressed, for
each case studied, molecular identification and mapping of the components, i.e. hydrocarbon content,
and additional molecules such as CO,, H,0O, in small volumesin their liquid and gas phase aswell asthe
solid phases often associated as products or mechanically entrapped minerals. Semi-quantitative analy-
sis leads to determination of the average composition of each inclusion, i.e equivalent aliphatic chain
length (CH,/CH; ratios), CO, and CH, content. The quantitative method for hydrocarbon chain length
measurements was tested first on some exceptionally large FI's (up to 500 pum) previously analyzed by
gas chromatography after individual extraction. Homogeneity and /or heterogeneity of trapping as well
association of oil with water or their separation is shown for each generation of FI corresponding to a
specific organic fluid migration in sandstones from the Brent formation of Dunbar (North sea), and in
siliceous reservoirs of subandin basins (Venezuelian and Colombian foothills). Microanalyses of solid
phases closely associated within il in such FI's indicate conditions of the dissolution-recrystallisation
processes. Results are particularly promising in carbonaceous reservoirs of Northern Pakistan (Chorgali
area, North Potwar basin) where first results pinpoint the effect of TSR mechanism in environments
where evaporites were first deposited.

PVT modeling of isochores using semi-quantitative SFTIR analyses leads to reconstruction of P-T
conditions of diagenesis. Therefore by combining these results with data from organic matter (Genex
modeling) and petrography, the onset of cementation was established in the Venezuelian and Colombian
Foothills. The path of fluid migration along geological history was then reconstructed with Thrustpack
2D thermal modeling (IFP software), in Tunisian and Pakistani ore deposits and in the carbonaceous
reservoir of Chorgali.

INTRODUCTION

Hydrocarbon bearing fluid inclusions (FI’ s) can be systemati-
caly entrapped as small droplets of oil/gasin diagenetic min-
erals along migration paths of organic matter in numerous
reservoirs. A combination of information on trapping temper-
ature and molecular composition with isochoric Pressure
Volume Temperature (PVT) modeling of these FI's leads to
straightforward definition of the conditions of organic matter
migration and diagenetic processes in petroleum occurrences.
A knowledge of their individual composition is of key impor-
tance, because FI’s act as a sealed container of non-contami-
nated fluid. The molecular composition of each oil FI can be
assessed by in situ FTIR microanalysis, which is a non

destructive technique, and then may be correlated directly to
its density measured by microthermometry. These combined
data allow PVT modeling and calculation of the isochoric
path of a single generation of fluid inclusion. Entrapment of
coeva hydrocarbon and water in FI's alows one to specify
the Pressure-Temperature (PT) conditions of diagenesis
reconstructed during evolution of reservoir rocks. In situ
cracking of oil, biodegradation and CO, input into reservoirs
can aso be assessed.

During recent years, significant technological advances
have been made in Infrared microspectrometry, in particular
the source brightness has been improved by two orders of
magnitude using a synchrotron source (see related article of
F. Baudedlet et al., 2005 in thisissue). Thishasalowed in situ
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quantitative non destructive molecular analyses by synchro-
tron Fourier transform infrared (SFTIR) spectroscopy of par-
ticles a few microns in size. The successive generations of
hydrocarbon fluid inclusions entrapped in diagenetic miner-
als (quartz, fluorite, carbonates) formed in reservoirs are
identified and analysed. The potentiality of synchrotron
infrared microspectrometry was investigated to determine an
understanding of diagenesis and aids in Pressure Temperature
modeling of petroleum reservoirs and carrier beds in various
geological areas. Here we report and discuss some of the
most significant results.

As ail is alowed to migrate in reservoirs as a multiphase
mixture of liquid hydrocarbons, gas and water (Rudkiewicz
et al., 1994), this fluid is entrapped in diagenetic minerals as
hydrocarbon-bearing fluid inclusions if cementation is active.
The knowledge of individual FI composition is of key impor-
tance, because FI's acts as a sealed container of non-contami-
nated fluid. Since their first description by Murray (1957) in
fluorite, there have been many studies involving the compo-
sition and densities of these fluid inclusions (FI's) for the
understanding of Pressure-Temperature conditions of fluid
circulations in sedimentary basins and ore deposits (review in
Roedder, 1984; Mc. Limans, 1987; Karlsen et al., 1993;
Goldstein & Reynolds, 1994; Goldstein, 2001). A combina-
tion of trapping temperature and chemical composition of the
oil with isochoric PVT modeling of oil bearing fluid
inclusions lead directly to information on the Pressure-
Temperature (PT) conditions of the fluid circulations and the
associated mechanism of diagenesis occurring in the sedi-
ments during compaction and syntectonic deformation in
subthrusted petroleum reservoirs (Mc Limans, 1987;
Larroque et al., 1996, Guilhaumou et al., 2000).

Whilst the trapping temperature of FI’s is usualy mea-
sured by microthermometry (Roedder, 1984), the chemical
composition of entrapped oil has been obtained tentatively by
various destructive techniques involving decrepitation,
(Barker & Underwod, 1992; Macleod et al., 1994, 1995,
1996) or crushing and leachate analysis (George et al., 1998).
In exceptionally large fluid inclusions (Guilhaumou et al.,
2000), the composition and biomarkers data were obtained
by individual extraction under the microscope and GCMS
analysis, but the anadysis of the C1-C5 fraction was not pos-
sible. Jones and Macleod (1996) proposed a sophisticated
methodology to extract and clean the sample before crushing
and leachate analysis. However, this method is time consum-
ing. The main limitations remain a possible contamination
during the extraction and the mixing of the several genera-
tions of oil usually observed by microscopy in the same
minerals. Additionally oil-water fluid inclusions are fre-
quently encountered in heterogeneous trapping that precludes
linking the individual homogenization temperature with the
real composition for PVT modeling. This points towards the
necessary use of individual composition of FI’s representatives

of one of the several oil migrations. This could only be
obtained by analysis and mapping a a microscopic scae. In
the last decades, advances in molecular infrared microspec-
trometry (Guilhaumou et al., 1988; 1990 a b, 1998; Rankin et
al., 1990; Pironon et Bares, 1990, Pironon et al., 2001) alow
guantitative non destructive molecular analyses to be
performed in a single fluid inclusion under a microscope.
The size of the FI analyzed is currently restricted to the
wavelength of incident beam (20 pm) when using a conven-
tional source such as a Globar (Barres et al.,1987). The inter-
facing of a Synchrotron source to a microscope aims at
overcoming this limit and performing anayses and mapping
of the components at the scale of afew microns (Guilhaumou
et al., 1998 b, 2000, 2004). The origin of the poor lateral
resolution of conventional FT-IR microscopy is intrinsic,
depending upon the reduced photon flux reaching the detec-
tor when a conventional black body source is used and when
apertures are set to less than 40-50 um diameters. The advan-
tage of a Synchrotron source consists in high brightness and
high stability of the beam allowing the intrinsic wavelength
limit to be overcome (Reffner et al., 1995; Polack, 1999).

Semi-quantitative analysis can be performed based on the
change of the integrated intensities of each vibrator inside the
fluid inclusions. Using internal calibration, we may then link
directly individual composition to density. Over the same
period, progress in isochoric modeling using modified
Equations of State (Ungerer and Batut, 1997; Mougin, 1999;
Aplin et al., 1999; Guilhaumou et al., 2000; Thiery et al.,
2000) leads to the possibility to calculate thermodynamic
properties, i.e the phase envelopes and isochoric P-T path
from analytical data of petroleum FI's.

1 EXPERIMENTAL

First experiments to test the potentiality of the method were
carried out at the U2B line in Brookhaven (Guilhaumou et
al., 1998), Mot of the data presented below were acquired
subsequently at LURE (Orsay, France) on the Mirage beam
line (Superaco) in the mid infrared range.

1.1 Analytical Conditions

The MIRAGE beamline, at LURE used a synchrotron
infrared source at SuperACO (Orsay, France; Reffner et al.,
1995; Polack, et al. 1999). The IR microspectroscopy beam-
line was equipped with a Nic-Plan IR microscope coupled to
aMagna 560 FTIR spectrometer. The microscope operatesin
confocal mode, where the focusing Schwarzschild objective
has a magnification of x32 (NA = 0.85) and the collection
Schwarzschild objective a magnification of x10 (NA = 0.71).
The area of illumination was determined with an adjustable
aperture placed at an intermediate focal point, and re-imaged
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onto the sample. The upper and lower apertures are manually
adjustable down to approximately 2 x 2 um?. This aperture
sets the probed area close to that obtained by Raman
microscopy (1 x 1um?). The beam interface provides a beam
that passes about 70% of its energy through a 12.5-um pin-
hole. Due to its reduced source size and high collimation
properties, a synchrotron IR source is more efficiently cou-
pled to the low acceptance of the confoca microscope, while
its higher spectral luminescence (brightness) allows us to
keep signa-to-noise ratios at diffraction-limited resolutions.
In the present study, spectra were collected in transmission
mode, at either 8 cm™* or 4 cm! resolution using the Atlus
software (Thermo Nicolet Instruments). Data collection was
performed using adual remote masking aperture to define the
sample area and minimize diffraction. The fina format of the
data was in absorbance units, calculated using the back-
ground collected through atmosphere. For each spectrum, a
minimum of 512 scans were accumulated. A Happ-Genzel
apodization function was applied for Fourier processing. Peak
positions were determined using the Nicolet Omnic software
(based on a polynomial least squares method) that allowed
positions to be determined to within 1 cm™. The microscope
was equipped with a computer-controlled x/y stage alowing
acquisition of profiles or maps in the sample. To prevent
absorption from the atmosphere (water and CO,), the system
was purged by dry nitrogen. Maps were scanned in steps of
3 um in both directions. The synchrotron beam was apertured
to produce a 3-um square pot .

1.2 Semi quantitative analysis

1.2.1 Molecular Mapping of the Components Inside Fluid
Inclusions

In IR spectroscopy, there is alinear relationship between the
integrated intensity of an absorption band (in units of absorp-
tion) and the product of concentration times thickness for a
given vibrator. The spectrarecorded by FTIR reflect the inte-
grated intensity of each component in the fluid inclusions and
obey the Beer Lambert law (Herzberg, 1951; Colthup, 1990).
Molecular mapping of each of the componentsinside asingle
fluid inclusion can be performed using the integrated intensi-
ties of each vibrator. The spectral cut off values were at 2000
cmt in quartz and calcite and at 800 cmt in fluorite. We
have performed such analysis on two distinct oil FI's coming
from MVT fluorite deposits in Pakistan and Tunisia and hav-
ing similar characteristics, as shown by optical observations
in transmitted light (Fig. 1). At room temperature the fluid is
separated into a liquid and a vapor phase in thermodynamic
equilibrium. Some brownish solid phases appear that may be
bitumens or asphaltens. In the inclusion from Pakistan, a
great deal of data could be extracted from the spectra, in the
range 2600 -1000cm ! (fluorite matrix cut off at 800 cml). A
typical infrared spectrum (Fig. 2a and 2b) shows the pres-

ence of CO, under pressure (single peak at 2338 cm?) linear
alkanes (peaks at 1475-1370cm'?, 2860-3000 cmt) aromatics
(peak at 1610 cml). A weak peak at 1300 cmt could corre-
spond to the C-O-C absorption of esters and ketones. Alkyl
NO, may be aso indicated by the shoulder at 1494 cm.
Water is not detected (no pesk at 1640 cml and in the range
3600-3200 cm) and CH, content is very low (weak pesk at
1304 cm'1). We then scanned the inclusion in araster fashion
(step size 3 um) in order to obtain the chemical map of the
inclusion (Fig. 2C to 2F). It is clearly seen that the CO, and
some aromatic C-H stretch modes are located mainly in the
vapor phase, and the adiphatics, akyls and other aromaticsin
theliquid phase.

The inclusion from Tunisia shows a different composition
(Fig. 3). The spectra A to C, taken respectively in the externa
part, vapor part and liquid part of the FI, show the presence of
CO, under pressure (single pesk a 2336 cmt), CH,, (peaks at
1310 and 3010 cmY aliphatic hydrocarbons (peaks at 2870,
2960, cmr and 2925-2850 cmrl) and water (pesks at 1640
and 3600-3200 cmrl) as main components. Note that aromatic
C-H stretching are not detected. Molecular mapping shows
that CH, is the main component of the vapor phase and that
CO, and aliphatics are the main components of the liquid
phase. Molecular water is associated in large amounts as an
immiscible phase (in current conditions) in the external part.

1.2.2 Calculation of Molecular Ratios

We calculated the CH,/CH, ratio, the CO, and the CH,
content (Guilhaumou et al., 1990a, Pironon et al., 2001) from
the relative intensities of the absorbance spectra in the range
4000-2000 cmrt (see details in appendix). Some uncertainties
may be due to diffraction effects in the mineral matrix and
associated components. Comparison of the measured CH./
CH, ratios with those measured in exceptionaly large fluid
inclusions of known composition analyzed individually after
extraction by GCMS, (Guilhaumou et al., 1990 a) alows us
to define for the aiphatic parts an equivaent akane chain
length which is relative to the molecular CH4/CH, rétio for a
given compound. We therefore use an internal calibration
curve integrating thus the corrections due to discrepancies
previously recognized between fluid inclusions and free ail
of same composition (Guilhaumou et al., 1990a; Pironon and
Barres., 1990). To account for the specificity of fluid inclu-
sions, thefollowing procedureis applied.

The spectra are recorded systematically in the liquid phase
and in some cases after homogenization of all phases at tem-
perature up to 150°C (Guilhaumou et al., 2004). The results
are given as an equivaent akane chain length with an error
of + 1 C (see details in appendix), a precision suitable to dis-
tinguish the main stage of organic matter as classified by
Behar et al., (1990) and to calculate isochores for thermody-
namic modeling (Mougin, 1999; Guilhaumou et al., 2000).
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Figure1

Typical large primary fluid inclusions in Baluchistan (A) and
Tunisia (B) from which the GCMS analyses were performed
after individual extraction.

The CO, and CH,, content and, in some cases, amolecu-
lar alkane content were calculated using their respective rela
tive IR absorption intensities following the procedure of
Pironon et al., 2001.

2 CASE STUDIES IN SANDSTONES RESERVOIRS:
CONSTRAINT FOR SILICEOUS DIAGENESIS

2.1 North Sea (Dunbar Area)

The Brent Province in the North Sea contains the largest
hydrocarbon reserves of north western Europe. The reser-
voirs occur in the Brent group sandstones deposited in the
middle Jurassic (Aplin et al., 2000). In some parts of the
field, the permeability and porosity have been drastically
reduced by intensive siliceous diagenesis associated with
clay mineral transformations. Both agueous and hydrocarbon
fluid inclusion are entrapped in significant siliceous over-
growth. The overall composition of the fluid phases during
these transformations can be derived from in situ individua
fluid inclusion analyses at the microscopic scae. Both types
of fluid inclusions (oil and aqueous) were previoudy studied
by UV microscopy and microthermometry in order to deter-
mine the trapping temperatures (Cordon and Guilhaumou
1995: Guilhaumou et al., 1998a). Two generations of organic
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FI’s were described, the first being at the boundary between
detrital grains and siliceous overgrowth, the second occuring
inside detrita grains. The SR FTIR isableto clearly discrim-
inate, from their typica vibrations (Fig. 4), the aqueous type
from hydrocarbon type as well as mixing in various propor-
tions. Figure 5 displays the spectra obtained for four inclu-
sions of thefirst generation (Fig. 5a to 5d, Guilhaumou et al.,
1998 b) and a spectrum of the quartz matrix for comparison
(Fig. 5€). The main band centred at around 3400 cm? is due
to molecular water trapped inside the FI, the massif at 2800-
3000 cm! is assigned to aliphatic stretching vibrations of
(CH,-CH,) hydrocarbons and the small band near 3030 cm'®
to aromatics. Results show that the content varies from inclu-
sion to inclusion. CO, and CH, are not detected. The calcu-
lated chain length using alkane references (Guilhaumou et
al., 1990a) isin the range C4-C,,. Figure 6 displays the spec-
traof three FI's of second generation (a, b, c) and the spectra
in the quartz matrix for comparison (d). Two types of FlI's
can be noticed: aliphatic oil containing FI’s with a significant
amount of dissolved CO, (band at 2338 cmt) where no water
is detected (a,b) and a mixed type with highly variable
amount in water and oil containing dissolved CO, (). In ail
FI’sthe equivalent chain length isin the range Cg-C,».

Two digtinct organic fluid inputs having different matura-
tion levels entered the sandstone reservoir during diageness.

The systematic coexistence of il and aqueous FI's in over-
growth (Guilhaumou et al., 1998b) confirms that basinal flu-
ids and light hydrocarbons depleted in CO, were both present
when silicification began. Thus hydrocarbon migration had
already started. The hydrocarbons were present as an immis-
cible phase at the time of entrapment. A second generation of
more evolved hydrocarbon (higher chain length) FI contain-
ing dissolved CO, and various amounts of water entered the
fracture after the main diagenetic episode. The heterogeneity
of trapping for the two generations of ail FI preclude cacula
tion of the precise P-T conditions using microthermometric
measurements of both aqueous and oil FI’s.

2.2 Sub Andean Basins (Eastern Venezuelq,
Colombian Foothills)

Over the last ten years, after the discoveries of the El Furria
and Cusiana fields, petroleum exploration has drastically
increased in the foothills areas of Venezuela and Colombia
In such complex zones major exploration risks include
damage to porosity and permeability by intense fluid circule-
tions during thrust loading and tectonic deformation. In
Venezuelan sandstones two onsets of hydrocarbon fluid
inclusions were again found in detrital grains and calcite
cements of the El Furria Oligocene reservoir.
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Organic fluid inclusions of the first population are
yellow-brown in colour and are included in quartz overgrowth.
Ten to twenty inclusions of each sample have been analysed in
the two formations. The characteristic stretching vibrations of
aliphatics and a very strong band corresponding to molecular
water are observed (Figure 7 @). A narrow small band at
2337 cm! is due to dissolved CO,. The relative intensity of
CH, and CHj stretch modes indicates a short chain length, in
the range C,-C,. Note that CH, is not detected (absence of the
characterigtic vibrational feature at 3010 cml). The second
population (Fig. 7 b) shows a strong absorption in the aromatic
stretching region with two peaks at 3040 and 3070 cmL.
Dissolved CO, is not detected. The intensity of the bands in
the 3000-2850 cm* range, corresponding to CH, aliphatic
stretching mode, is very weak and indicates that the chain
length should be shorter. These results alow two organic com-
ponents entrapped during oil migration to be differentiated,
indicating two very different stages of oil maturation. Thereis
a high variahility of fluid incluson content (water, liquid and
hydrocarbon). This could explain the large range of homogeni-
sation temperatures measured by microthermometry (95 to
150°C). We dso detect asignal characterigtic of aliphatic com-
pounds in some areas surrounding the precocious agueous
fluid inclusions in quartz. These results linked to petrographic
observations suggest that the ail refilled old cavities after the
quartz cementations.

The organic part of those fluid inclusions was affected by
high temperature during further tectonic evolution and
evolved towards a more aromatic structure. The present day
temperature in El Furrial (160°C) is higher that at the time of
cementation, occurring near 90°C (homogenisation tempera-
ture of agueous fluid inclusions in cements corresponding to
the main episode of sedimentary burial in the foredegp). Thus
it might be concluded that early cementation and hydrocarbon
input prevented new fluid entering the structure during burial
and further tectonic evolution (Roure et al., 2004, 2005).

3 INTEGRATED APPROACH FOR BASIN MODELING:
VALIDATION ON TWO CASE STUDIES (TUNISIA
AND PAKISTAN)

Recongtructions of the burid and thermal history provide the
key to predict the timing of petroleum generation. However,
another critical parameter that needs to be better controlled for
an accurate reservoir appraisal is the paleo-pore fluid pressure.
A new approach based on FTIR in situ microanaysis of hydro-
carbon fluid inclusions, PVT modeling of the entrapped hydro-
carbon and microthermometry of the whole set of contempora-
neous fluid inclusions has been tested and is validated here,
based on two case studies in Koh-i-Maran (North Kirthar
range, Pakistan) and Hammam Zriba, (Zaghouan Province,
Tunisa).

In these two areas, fluorite ore deposits occur at or near a
regional unconformity that developed at the base of the
Cretaceous series, between a late Jurassic carbonate reservoir

and overlying late Cretaceous seals. Because of these particu-
lar stratigraphic relationships, previous authors proposed that
these ore deposits were coeval with subaerial karstification
developed during Cretaceous emersion of the Jurassic lime-
stones. However, such a scenario is unlikely as, in these fluo-
rite deposits, aqueous fluid inclusions always display quite
elevated trapping temperatures (Bouhlel et al., 1988;
Guilhaumou, 1989; Guilhaumou et al., 2000). The thermal-
barometric modeling presented here provides further evidence
for a Cenozoic age for hydrothermal karstification in both
aress, which indeed accounts for the observed mineralisation.

Microthermometric analyses were first carried out to
determine the overall composition (Guilhaumou, 1989) of
aqueous mineralising fluids and the homogenization temper-
aures of both aqueous and hydrocarbon fluid inclusions. The
origin and P-T conditions of reservoir cementation in both
Pakistan and Tunisiawere previously discussed in Bouhld et
al., 1988; Rankin et al., 1990; Guilhaumou et al., 2000).

3.1 Composition of the Hydrocarbon Fluid Inclusions

3.1.1 Koh-i-Maran ore Deposit

In fluorite samples, the primary hydrocarbon FI's range in
size between 100 um and 1 mm, are often associated with
aqueous fluids (Fig. 3A, Rankin et al., 1990; Guilhaumou et
al., 2000). Inclusions contain a vapor bubble and often
several brown and birefringent bituminous solid bodies,
products of the in situ evolution of the trapped organic matter
(Richardson and Pinckney, 1984). Microfluorometric mea-
surements have shown two hydrocarbon fluid generations
entrapped in fluorite minerals (Guilhaumou et al., 1990). The
first type of hydrocarbon fluid is luminescent in the pale blue
region, while the second type yields a brown-yellow fluores-
cence. Results here concern the first type which represents
the fluid occurring during main fluorite crystallization.

The equivalent chain length of n-alkanes calculated from
FTIR andyses (Fig. 2) is Cg to C;,. CO, is a major compo-
nent dissolved in the liquid phase and in the vapor phase, the
aliphatics and aromatics may coexist with akyl NO,?
(shoulder at 1494 cm?) in all parts. CH, is present at low
levels, while water is either absent or restricted to the
inclusonwalls.

The unusually large size of some hydrocarbon fluid inclu-
sions (up to Imm, Fig. 1A) in this sample makes it possible
to perform individua extraction of cil. The GC-MS andyses
reveal light oils, associated with aromatic and aliphatic
components with a distribution in length from Cg to Css. Cyy
is the most abundant component. An equivalent chain length
of Cyo (Guilhaumou et al., 1990a) is calculated. This value
agrees with that previously calculated from FTIR spec-
troscopy. The occurrence of bio-markers such as terpane in
the FI indicates a carbonated source-rock which was
deposited in hypersaline and/or anoxic confined environment
(Ellouz et al., 1995; Guilhaumou et al., 2000).
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3.1.2 Hammam Zriba Deposit

Large-sized primary fluid inclusions were analysed in the
geodic fluorite from Hammam Zriba (Tunisia, Bouhlel et
al.,1988; Guilhaumou et al., 1988; 1990b). FTIR spectra
indicate the presence of aliphatic components associated with
CO, and H,0 in the liquid and vapor phases. Some CH, was
also detected. FTIR microspectrometry mapping, performed
by Synchrotron FTIR (Fig. 3) confirms the presence of large
proportions of CH, mainly in the vapor phase and of CO,
associated mainly with aliphatic hydrocarbons. Aromatics
contents are low. Water is associated as a heterogeneous
phase in highly variable amounts. The GC-MS analysis of
extracts revealslight oilsin the Cg to Cy5 range, an equivalent
chain length of C, is calculated. This value agrees with the
value of C, previoudly calculated from FTIR spectroscopy,
considering that during extraction (see appendix) we loose a
part of the light fraction (Guilhaumou et al., 1990 a). Semi
quantitative measurements using the Beer-Lambert law and
an internal CH, calibration following the procedure of
Pironon et al., (2001) lead to 42 mole percent CH, and
5 mole percent CO, as additional components.

3.2 Pressure Temperatures of Trapping

Liquid vapor curves and isochors were calculated for the
compositions defined in these fluid inclusions by PVTX
modeling (details in Guilhaumou et al., 2000) using a modi-
fied Equation of State (EQS) with a software developed at
IFP by P. Mougin. (1999) using the hydrocarbon data base of
Montel (1993). We cdibrated the software from experimen-
tal data (Ellouz et al., 1995; Guilhaumou et al., 1990 a, 2000)
and optimized the three control parameters a, 3 and the CO,
mole fraction to derive the possible liquid-vapor phase
envelopes associated with their isochores in P-T diagram for
each set of samples.

For the fluorite from Koh-i-Maran, (Guilhaumou et al.,
2000; Benchilla 2003, et al., 2003) the a vaue of 0.88 calcu-
lated from composition measured by FTIR is close to the a
value of 0.9 deduced from gas chromatographic analysis,
which validates the results of the PVTX modeling. In the
monophasic domain the sope value (K,) of the hydrocarbon
isochore is 0.33°C.barl, the Sope value of the water isochore
(K,,) being 0.08°C bar?, The trapping pressure, obtained by
crosscutting isochores following the procedure shown in
Figure 8, has an average value of 200 bars, corresponding to a
maximum depth of 2000 m for a hydrostatic pressure gradient
of 0.1 barsm™. The trapping temperature is around
125-130°C.

For the fluorite sample from Hammam Zriba, the o value
calculated from composition measured by FTIR is aso simi-
lar to the a value deduced from gas chromatograhic analyses
(a = 0.95), which again allows us to validate the PVTX
modeling. In the monophasic domain the sope vaue (K

of the hydrocarbon isochor is 0.29°C.bar, which is coherent
with the previous estimates obtained by Guilhaumou (1988).
The slope value of the salt water isochor (K,,) is 0.09 °C.
bar! (Roedder, 1981, 1984). The trapping pressure is
centered at 115 + 2 bars and at temperatures around 130° C.
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Figure 8

Determination of the pressure and temperature of trapping:
the liquid vapor curve and isochors are calculated from the in
situ composition of the hydrocarbon fluid inclusion analyzed
by FTIR. The crosscut of hydrocarbon Fl isochores and
aqueous FI isochoresinitiated at homogenization temperatures
on the liquid vapor curves lead to define the entrapped
temperature and pressure for the fluid circulation.

Integration in Geological Modeling

The THRUSTPACK 2D forward kinematic modeling soft-
ware (Sass and Rudkiewicz, 1996, 2000) has been used to
reconstruct the kinematic and thermal evolution of the
Zaghouan and Koh-i-Maran foothills. Burial curves and tem-
perature values computed for the host rocks have been com-
pared with PVTX data derived from fluid inclusions
entrapped within the fluorite cements, in order to determine
the true PT conditions of reservoir cementation. This helped
to determine whether the mineralising fluid was at thermal
equilibrium with the host-rock (the thermal transfers being
then essentially conductive), or if circulation of deep fluids
along fractures could have been fast enough to preserve a
thermal disequilibrium with the host-rock for a long time,
due to heat supply by advecting hot fluids. This integration of
fluid inclusion data into the regional geodynamic evolution
finaly allows dating of mineralisation at both Koh-i-Maran
and Hammam Zriba Guebli (Benchilla 2000, Benchillaet al.,
2003). In the Koh-i-Maran area (Fig. 9), the initid stage of
mineralization started during the lower Oligocene and
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involved deep fluids circulating horizontally along the
decollement and are in therma equilibrium with the Jurassic
host reservoir. In Hammam Zriba Guebli (Fig. 10) the miner-
adization is related to vertical migration of hot hydrothermal
fluids with hydrocarbons rising quickly from the underlying
Triassic series along border faults of horst and Grabens from
Tortonian times onward.

4 CONDITIONS OF CARBONACEOUS DIAGENESIS
IN EOCENE CHORGALI FORMATION
(POTWAR BASIN, NORTHERN PAKISTAN).

4.1 Summary of Diagenetic Events

Shallow-marine carbonate strata of the Eocene Chorgali
Formation form an important hydrocarbon producing horizon
in the northern part of the Potwar Basin (N-Pekistan, Mashin
et al.,1983). Based on alimited number of core samplesfrom
the Dakhni gas-condensate field and on data gathered from
an outcrop analogue located at Chorgali Pass, north of this

producing field, the sedimentary, early diagenetic and frac-
ture-related characteristics of this dual porosity reservoir
were studied and compared with fold-and-thrust belt evolu-
tion in Benchilla (2003).

The late diagenesis is mainly characterised by (hydro)
fracturation in which at least seven distinct fracturation
episodes were recognised. Based on luminescence character-
istics and stable isotope studies, late stage cements may
reflect TSR conditions. Authigenic quartz developed in these
hydroveins during the Mesogenesis. These quartz are surpris-
ingly rich in primary hydrocarbon fluid inclusions a so found
in associated calcite.

4.2 Fluid Inclusions Data

Two generations of fluid inclusions containing hydrocarbons
areidentified. First are primary exceptionally large sized cav-
itiesin the centre of the crystals, second are small sized elon-
gated shape cavities along crystal growth on the external
parts of the crystals (Fig. 11).
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Example of the reconstitution of the fluid circulationsin the foothills area of Koh-i-Maran, Baluchistan from Benchilla et al., 2003.
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Example of the reconstitution of the fluid circulations in the Hammam Zriba Guebli ore deposit. from Benchillaet al., 2003.
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Figure 11

Example of primary and pseudosecondary hydrocarbon
containing fluid inclusions in an authigenic quartz from the
Chorgali area.

4.2.1 Primary Oil Fl in Authigenic Quartz and Calcite

The absorbance spectra along profiles through primary oil FI
in diagenetic quartz (Fig. 12 part 2) show the characteristics
of the early petroleum generation. These FI's are mainly
composed of linear alkanes which are detected in the whole
cavity by their absorption at 3000-2800 cmt. They have a

773

high CO, content, now occurring as a phase dissolved in the
akane fraction (absorption at 2336 cmt), whereas aromatics
are not detected. Absorbance of molecular water is low
although OH groups were detected in the surrounding quartz
(typical absorbance at 3380 cml). Semi quantitative analy-
ses, using an internal CH, calibration and following the pro-
cedure of Pironon et al., (2001) have been performed on
several primary FI's, in five different quartz crystals. They
lead to the identification of atypica composition of aliphatic
light ail in the C,;—C,, range, with average content of 30%
CH,4, 1% CO, and very little molecular water. The micro-
analyses of more than twenty primary FI’s show that this ail
was entrapped homogeneoudly at the beginning of the crystal
growth (Table1) .

In some of these FI's, very small crystals, with sizes com-
prised between 1 and 6 um, are dispersed in oil (Fig.14).
These crystals show an additional absorption at 2520 cmt
which is unambiguoudly attributed to the CO;? bonds and
allows identification of these solid phases as carbonates
(Farmer, 1974, Sdisbury et al., 1992). The comparison with
some spectra recorded from calcite hosted in quartz show that
they are probably small seeds of calcite minerals. Experiments
were performed by hesting this type of FI using a microther-
mometic stage from room temperature to homogenization
temperature under the Synchrotron IR beam. Some spectra

2
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Distribution of OH in quartz matrix around a hydrocarbon fluid inclusion. Mapping shows that OH are distributed in quartz around the
Hydrocarbon inclusions (typical absorption at 3380 cml). This water was probably incorporated during quartz crystallization. It did not seem
to originate in the fluid inclusion by diffusion process or leakage. The composition calculated from FTIR spectrais: Alkane chain length in

the range Cq4-C,o, CH, 30 mol% , CO, 1 mol%.
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recorded on the same point show the slow decrease of the
CO4? - absorption until complete disappearance at homogeniza:
tion temperature (Fig. 13), and its subsequent resppearance on
decreasing the temperature. This allows these carbonates to be
identified as calcite daughter minerds.

The FTIR microanalysis of another large hydrocarbon Fl
(Fig. 14) reveals an exceptional assemblage of minerals
entrapped within oil as a key point for diagenesis recon-
struction. A rounded highly pleochroic sulfate crystal A
(polarized light) similar to some observed inside quartz,
occurs close to a small crystal B in the center of the FI.
Crystd A has a high absorption in the OH area with a main
band near 3620 cmL. This suggests that this mineral is a
partly dissolved crystal of hydrated sulfate that could be the
hemi hydrate calcium sulfate (Mandal and Mandal, 2002).
Crystal B shows an absorption near 2520 cmr! typical of car-
bonate micro crystals (Legodi et al., 2001). Some polarizing
minerals 5 to 20 W in size are also identified as carbonates,
they occur at the interface between quartz and ail in those Fl
types. This assemblage could represent the typical replace-
ment of hydrated calcium sulfates (as gypsum/anhydrite?) by
calcium carbonate as calcite, the reaction being fossilised due
to the formation of primary defects containing oil FI's in
authigenic quartz.

4.2.2 Pseudosecondary Oil Fl in Quartz

The SFTIR analyses of the ail FI of the second generation
(Fig. 15) indicate a water oil mixture depleted in CO, (not
detected). Molecular mapping shows that the trapping is
homogeneous between inclusions, along crystals growth
zones. In particular, the oil phase appears always associated
with a noticeable water phase. The high detection level of
FTIR suggests that the water is not the dominant phase but is
just wetting the walls of the cavities. Therefore such low
quantities allow water to be dissolved in oil at least partly
during the migration. Quantitative estimates lead to a more
mature hydrocarbon in the range C,5-C,; with a high CH,
content, reaching 60% (Table 1). These compositions would
indicate a more mature and /or partly degraded oil consistent
with the difference in color (shifted to the red region)
observed in the fluorescence emission under UV light
(Korashani, 1986; Guilhaumou et al., 1990D).

4.3 Interpretation

The most relevant result concerning this diagenetic evolution
is the in situ microanalysis of authigenic carbonates closely
associated with partly dissolved hydrated sulfates inside
hydrocarbon fluid inclusions in diagenetic quartz. This

CH aliph.

Absorbance

60 °C Th J

3000

2500

Wavenumber cm-1

Figure 13

Modification of the spectra during heating experiments: when focussing on the small solid phases inside oil containing fluid inclusion, the
carbonate (CO4? absorption 2520 cm™) dissapeared slowly on heating. It reappeared at the same point during cooling.
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TABLE1
Primary Pseudo secondary
Reference Al (6) A2(8) Q12 (6) Q6 (5) Q5P (5) IF3Ca5) | Q18(6) IF4 S1 IF5S2 IF6 S3
SH,0 0 0 0 0 0 0 0 ++ ++ ++
S1 CH4/CH, 0.65 0.57 0.69 0.70 0.70 0.81 0.58 0.61 0.61 0.63
S2 CH,/CH4 1.54 1.74 145 1.43 1.43 124 1.72 1.65 1.64 157
SCH,/Sak 0.11 0.07 0.09 0.08 0.09 0.14 0.09 0.29 0.31 0.32
chain length equ. C10 C10 C10-C12 C12 C12 C10 C12 C17-C19 | C17-C19 C17-C19
CH, mole%o 37.33 30.36 33.00 30.00 31.00 41.00 34.00 62.61 64.13 63.29
CO, mole% 0.09 1.29 0.00 3.10 5.00 0.50 2.22 0 0 0
S #X
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Figure 14

Primary oil fluid inclusion within typical association of entrapped solid phases. A, B, and C, microphotographs in transmitted light, polarized
light and UV fluorescence. D and E, punctual FTIR spectra of the solids S1 and S2 in oil phase. Absorptions are characteristic of a sulfate
hydrated mineral, like hemihydrate (Mandal et Mandal, 2002) for the solid S1, spectrum D, and of carbonates for the solid S2, spectrum E.
The 3000-2800 range show typical absorptions of alkanes which in the case of carbonates (spectrum E) is composed by the addition of CH,-

CH, and CO,? absorption.

identification by FTIR, a a micrometer scale, of the replace-
ment of sulfates by carbonates implies a mechanism of
sulfato-reduction such as BSR and/or TSR, whereby sulfates
are reduced by hydrocarbons with a concomitant oxydation
of the organic matter (discussed in Guilhaumou et al., 2004).

4.4 Modeling

These results combined with PVT modeling and microther-
mometry of aqueous coeval fluid inclusions lead us to

include the hydrofracturations and diagenetic veining during
the reduction of precocious sulfates and calcite precipitation
along an increase of temperature. The onset at 90°C- 200 bars
and final temperatures up to 150°C suggest a thermosulfa-
toreduction mechanism (TSR) instead of a BSR. However
the two mechanisms may have followed each other. The
reactants may be organic acids during afirst input of organic
matter rich in CO, and then a mixture of light (CH, rich)
hydrocarbons and waters coming from compaction and
meteoritic infiltration.
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Figure 15

Molecular mapping of small size (10 um) pseudosecondary fluid inclusions in quartz along externa crystal growth. Microphotographs in
transmittted light (A) and fluorescence (B) . The composition calculated from FTIR spectra (C) is: C;, equ. chain length for akanes,
60mol% CH,, CO, undetected. H,O is presently in heterogeneous phase (large absorption in 4000-3200 range). The mapping of the alkane
absorption (in the range 3000-2800 cm) confirms the relative homogeneity of the FI’s content (homogeneous trapping) and their

distribution along crystal growth.

GENERAL CONCLUSION

The combination of in situ micro FTIR analyses using a
synchrotron source in the mid infrared range with PVT mod-
eling of included oil is very appropriate for collecting infor-
mative data from individual hydrocarbon fluid inclusions.
These inclusions are known to have fossilized the conditions
of fluid circulation linked to diagenesis and hydrocarbon
migrations in petroleum reservoirs. Information from local
microanalysis confirms that several generations of coeval
hydrocarbon and water FI's are usually entrapped in asingle
crystal and sometimes in heterogeneous trapping. For PVT
modeling and trapping Pressure and Temperature calculation,
the homogeni sation temperature of each hydrocarbon FI gen-
eration has to be linked to the specific FI composition.
Individual extraction of each FI content may be performed in
exceptionally large fluid inclusions but, in most of samples,
these destructive methods are not selective enough.
Sengitivity tests have shown that the main parameters con-
trolling both the liquid vapor curve and slope of the isochores
of entrapped oil are the hydrocarbon chain length and the

methane content. CO, has little effect, and mixing with water
may aso change these parameters depending of the hydro-
carbon/water volume ratio. Individual microanalyses were
successfully performed by FTIR using a synchrotron source
coupled to a confocal microscope, and using an internal cali-
bration, allowing the isochoric P-T path of each fluid inclu-
sion generation to be calculated. The method for semi-
guantitative microanalysis was first validated on two case
studies in exceptionally large-sized hydrocarbon FI's allow-
ing both synchrotron FTIR and GCM S analyses after individ-
ual extraction. Analysis and mapping a a micron scale of the
overall solid and liquid components in entrapped oil revea
some key aspects for the understanding of diagenetic mecha-
nisms such as porosity changes by thermosulfato reduction in
reservoirs where evaporites first deposited. Microanalysis at
various temperatures pinpoints the effect of CO, dissolved in
oil on the dissolution recristallisation process of carbonate
seeds. Consequently, the presence of CO, rich oil would
definitively not in this case preserve the reservoir from diage-
netic recristallisation of carbonates. The link to precise
petrography, sedimentology and maturation of organic matter
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(Genex , IFP software) and the find input of these datain 3D
geological kinetic modeling such as Thrustpack (IFP soft-
ware) helps to define the path and time scale of fluid circula-
tions and diagenetic evolutions during successive sedimen-
tary and tectonic events.

Important information for exploration has been deter-
mined in various geologica areas (Roure et al., 2004, 2005)
and particularly in the foothills areas such as the subandin
basins (Eastern Venezuela and Eastern Colombia), and
southwestern foothills of the Himalayas (North Quirtar
range, and Potwar basin, Pakistan) where exploration
is mainly focused at present. Without doubt, infrared
microscopy, using a synchrotron source, offers great poten-
tialities for understanding the mechanisms controlling the
diagenetic evolutions in relation to the tectonic events in
petroleum reservoirs.
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APPENDIX

Quantitative Infrared Analysis

Alkane Chain Length Estimation

In liquid hydrocarbons, aliphatics are characterized princi-
paly by the symmetric and antisymmetric stretching vibra-
tion of the —-CH; and the —CH,, groups. Theoretically the
absorption intensities of the bands at 2850 and 2920 cm'!
(vyand v, CH,) and 2873 and 2959 cm? (v, and v CH,) are
function respectively of the number of CH, and CH5 groups
in the structure (Herzberg 1951, Colthup et al., 1991). An
additional band of C-H at 2890 cm® (v-CH) and the band of
CH, (v-CH,, g and r branch) being superimposed in various
proportions. As the absorbance of n-CH is not known, we
chose to neglect it. For CH, a reference spectrum is recorded
in the same conditions and subtracted from the alkane massif.
We chose fluid inclusions from the Alps, containing pure
CH, under low pressure (checked by Raman analysis) con-
Sidered as areference. A cdibration curve is established from
Cs to Cy5 with pure akane standards by measuring the ratios
of the pseudo areasrelative to CH,, and CH..

Refering to this curve, some CH,/CH, ratios were calcu-
lated integrating the pseudoareas and compared with the
results obtained on a set of large fluid inclusions analysed by
GCMS (Guilhaumou et al., 2000) following the procedure
described hereafter. Results show that FTIR chain lengths so
determined are lower by about two carbon refering to the CG
alkane chain length so calculated.

Gas Chromatographic Analysis

The extraction of the liquid organic content of large
inclusions in fluorite (>100 um) was made under a Wild
macroscope (X 10 to 50) using a drilling tool controled by a
micromanipulator. The sample was set up in a capsule con-
taining pure dichloroethane (used as solvent for GCMS
analyses). Analyses were made on a HP 5890 A chromato-
graph, equipped with an FID detector and a 50m apolar
(Chromopack Cpsil 5CB) capillary column of 1mm diame-
ter. This extraction procedure may control the individual

fluid inclusion content, but cannot take into account the light
fraction (< Cg) which partly evaporates. Moreover, the dis-
tinction between solvent and C; peaks is not aways possible
in the chromatogram. As peak areas on the chromatogram are
proportional to the mass abundance of each alkane, we calcu-
lated amolecular CH4/ CH,, ratio with the following formula:

2A [ (14i+2
mCH stotal Z /G )

mCH,total Y (i- 2A; /(14 +2)
i

with m = molar, A, the pesk area of an akane with i carbon
atoms, thus containing 2 CH5 groups and (i-2) CH,, groups of
molecular abundance (A;/141 + 2).

We calculated a chain length proposed as an alkane
equivalent.

Isochoric Modeling

To estimate PVT information about the hydrocarbons
trapped in an inclusion, we need an approximation about the
composition of thisfluid. Generally, natural hydrocarbon dis-
tributions follow arelationship such as (Montel, 1993):

Xn :ugl_%%n—l

where x,, and x,,.; are the molar fractions of hydrocarbon with
respectively n and n-1 atoms of carbon. a and (3 are two
parameters relative to the composition. The parameters (a, 3,)
representative of hydrocarbon composition are optimized and
improved progressively (Ungerer and Batut, 1997; Mougin,
1999; Guilhaumou et al., 2000; Benchilla, 2003). We add a
third parameter which is the estimation of the CO, content.
The three parameters are fitted to the experimenta data such
as the composition measured by FTIR, the liquid vapor ratio
at room temperature and the homogenisation temperature
measured by microthermometry.

The simulator determines the phase envelopes and the
pressure-temperature by PVT iterative caculations series using
the Peng-Robinson’ s equation of state and the | FP database.
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