P34-MO

USING ASPHALTENESTO RECONSTRUCT THE ORIGINAL CHARGE
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In many reservoirs the original composition of petroleum is subjected to post-filling
alteration processes such as cap rock leakage, evaporative fractionation, deasphalting, water
washing or biodegradation. These processes have strong economic consequences since they
lead to a decrease in oil quality and producibility. The am of “PARC”, our Industry-
Partnership-Program project started in October 2006, is the investigation of reservoir
asphaltenes in order to reconstruct the original composition of trapped oil in the different
reservoir levels and to estimate how much and what type of petroleum is lost due to the post-
filling alteration processes. The basic principle of using petroleum asphaltenes is the fact that
they seem to be resistant to physical, chemical and biological ateration. Work performed in a
related project by Lehne and Dieckmann (2007) has shown that these large highly
functionalized complex molecules are not affected by low temperature alteration processes
such as biodegradation or water washing. Even phase separation does not influence the
characteristics of asphaltenes, although it may lead to asphaltene precipitation from the bulk
oil in the reservoir. Asphaltenes remain in different compartments and can constitute
fingerprints of alteration and migration processes.

Reservoir core extracts are known to contain higher proportions of asphaltenes as
compared to produced oils, indicating the preferential retention of these polar constituents by
the mineral matrix. As asphaltenes bear close structural similarities to their parent kerogen
(Béhar & Pelet, 1985; di Primio et al., 2000) analysis of asphaltenes from reservoir core
extracts should allow the reconstruction of reservoir filling history. As an example of thistype
of approach Bhullar et al. (1999) illustrated that the enrichment and distribution of
asphaltenes in reservoir rocks can be a helpful marker of the oil water and especialy the
paleo-oil water contact in reservoir structures. On the other hand the less stable constituents of
produced oil contain asphaltene fingerprints of the bulk parent oil with which the asphaltenes
was generated.

Our main study areas are the Norwegian continental shelf, offshore Brazil and the
Gulf of Mexico. We aim to investigate and compare asphaltenes from reservoir cores which

range from below the present oil-water contact up to the top of the oil column as well as
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asphaltenes from the produced oil equivalents. By using reservoir core samples it will be
possible to identify small scale variations within the reservoir while produced oils represent
an average product of thick reservoir intervals.

As heterogeneities in reservoirs can be subtle, a reproducible asphatene separation
method is needed. Therefore we are establishing a method which can be applied to several
types of oils and asphaltenes whereas the focus lies on linearity and reproducibility. It is well
known that asphaltenes precipitate by adding an excess of short chain alkanes. The basis of
our asphaltene precipitation method is the dissolution of the oil in a minimum amount of
dichloromethane and the subsequent addition of an excess of short chain akanes. After a
settle down time of 48 hours the asphaltenes are separated by vacuum filtration and
afterwards washed from the filter. The purity is validated measuring S1 and S2 using Rock-
Eva pyrolysis. Currently we are testing different precipitants (n-Cs, n-Cg and n-C;) and
further components, which influence the asphaltene amount and properties, like precipitant/oil
ratio, solvent type and solvent/oil ratio, settle down time as well as separation and wash
technique, to obtain an applicable method.

It is further planned to investigate the asphaltenes using open and closed pyrolysis
coupled to GC-FID and GC-IRMS analysis in order to reconstruct the original molecular and
isotopic characteristic of the first oil in place and the filling history. Additionally we try to
reconstruct important primary compositional features of parent oils like aromaticity,
paraffinicity and density. The results will be used to delineate vertical and horizontal reservoir
scale heterogeneities concerning asphaltene composition as well as maturity differences or
gradients for the studied fields. Based on the obtained data, asphaltene kinetic models will be
defined to reconstruct petroleum formation and evolution of the petroleum phase charging the
reservoir structures. The results of this project should aid in deepening our understanding of
reservoir charging processes.
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Currently gas-filled structures sometimes received an earlier charge of liquid
hydrocarbons, and one area where this is common is the Browse Basin, NW Shelf of
Australia (Brincat et al., 2004). Giant gas resources in this basin are currently being appraised
for LNG development, and oil accumulations are yet to be found in more off-shore regions of
this basin. However, abundant oil-bearing fluid inclusions (FI) in present-day gas columns
give testimony to liquid petroleum systems that were active in the past. Although analytically
challenging, it is possible to analyse the molecular chemistry of these trapped oils, including
in cases where the FI oil yields are high, the carbon isotopic composition of individual n-
alkanes (George et al., 2006). These data provide information about palaeo oil charge
composition (e.g. source and thermal maturity at expulsion) and reservoir fill history.

In this study, seven Fl oils recovered from gas columns in the Browse Basin were
anaysed (Heywood-1, Crux-1, North Scott Reef-1, Argus-1, and Ichthysregion Fl oils
Brewster-1A, Dinichthys-1 and Titanichthys-1). Fl oil source and maturity characteristics
have been compared to those of condensates recovered in the region. Biomarker evidence
from Heywood-1 Fl oil suggests that Jurassic source rocks, similar to those that generated oils
in other fields on the NW Shelf, have aso generated oil in the Browse Basin. In contrast,
Ichthys-region and Crux-1 Fl oils contain relatively high abundances of 30-norhopanes and
2o-methylhopanes, indicating that a carbonate source containing significant amounts of algal
and/or bacterial organic matter has contributed to the hydrocarbon charge. North Scott Reef
and Argus FI oils have biomarker signatures intermediate between the “Jurassic’ and the
“calcareous’ biomarker signatures, while low-abundance biomarkers of the condensates may
be compromised by migration-contamination, a process that clearly lends extraneous
biomarkers to Gorgonichthys condensate. The oils from the more inboard Browse Basin oil
fields such as Cornea and Gwydion fields, that are believed to be derived from the Lower
Cretaceous Echuca Shoals Formation, are geochemically different, thus suggesting the

presence of at least three different effective oil source rocks in the region.
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Figure 1. Normal oil window and unusually high aromatic maturity parameters
for Heywood-1 and Brewster-1A Fl oils.

Unusually high aromatic maturity parameters for samples from the Ichthys-region (e.g.
DNR-1 ratios > 40 for Brewster and Gorgonichthys; Fig. 1) coupled with basin modelling
analysis constrained by homogenisation temperatures of oil-bearing and co-eval aqueous Fls
indicate post in-reservoir thermal ateration of hydrocarbons. Very high low-molecular-weight
hydrocarbon aromaticity values also suggest that some of the Fl oils and most of the
condensates experienced evaporative fractionation.

The distribution of oil inclusions may give hints as to where an early oil charge has
been displaced by a later gas charge, or how much of this oil may be dissolved in the gas
phase. In addition, the geochemistry of FI oils may also help to predict condensate contentsin
neighbouring plays. Most importantly, our data demonstrate that the first, often liquid
hydrocarbon charge in gas fields can be constrained by the distribution and composition of oil
inclusions, and such oil may be related to both known and hitherto unknown petroleum
systems.
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Since hydrocarbon-bearing fluid inclusions in reservoir rocks retain information on
hydrocarbon migration and charge history in a basin, characterizing fluid inclusions is an
important key to understand petroleum systems. In terms of hydrocarbon composition, it was
very difficult to analyze trapped hydrocarbon compounds in individual inclusions because
extraction method of trapped hydrocarbon was not established. We developed Laser
Micropyrolysis Gas Chromatograph/Mass Spectrometer (LMP-GC/MS) and applied the
device to extract and analyze hydrocarbons such as biomarkers preserved in each fluid
inclusion. Applying LMP-GC/MS coupled with conventional methods in a certain oil field,
we recognized that several charge events existed in the field and different types of
hydrocarbon were charged to the reservoir at each event.

Our LMP-GC/MS system mainly consists of following 4 units; 1) CO, laser system
for micro-heating to extract hydrocarbons from inclusions, 2) sample chamber and absorbents
for extracted hydrocarbons, 3) cryogenic focusing system to concentrate absorbed
hydrocarbons for analysis, 4) GC/MS for hydrocarbon composition analysis. To avoid loss of
compounds such as biomarkers with high boiling temperature in a flow line, length of the
flow line was minimized in the LMP-GC/MS system. Consequently, detection limit for
compounds was improved from C8 up to C40 covering typical biomarker range such as
steranes and hopanes.

To make sure a mechanism of hydrocarbon extraction from inclusions, SEM
observation was carried out after irradiation of inclusion by laser beam. Inclusions with open
cleavages or cracks were observed, and it indicated that hydrocarbon trapped in inclusionsis
extracted through the cleavages and/or cracks originally formed in minerals. Since trapped
hydrocarbon is vaporized and expanded by laser irradiation, it can be thought that the
pressurized hydrocarbon inclusion promotes re-opening the cleavages and cracks in the host
minerals. Although it was reported that unsaturated normal akenes were formed during
hydrocarbon pyrolysis, normal alkenes has not been detected by our LMP-GC/MS analytical
method. It suggests that effect of thermal destruction by laser irradiation can be ignored and
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hence it is confirmed that LMP-GC/MS is suitable to analyze hydrocarbons essentially
trapped as fluid inclusion.

To evaluate validity of fluid inclusion analysis by LMP-GC/MS for petroleum
exploration, we applied our technique to carbonate reservoir samples selected from a certain
oil field. In this region, although several charge events were estimated according to
circumstantial evidences, composition of hydrocarbons corresponding to each event has been
kept unknown. In this study, microthermometry was carried out and hydrocarbon inclusions
were classified into three types with different homogeneous temperatures at around 80 degC
(Type 1), 120 degC (Type Il) and >140 degC (Type I11), respectively. Trapped hydrocarbon
compositions in each types of inclusion were analyzed by LMP-GC/MS. Consistently with
microthermometry, inclusions were sorted by hydrocarbon compositional profiles. C15 to
C20 normal akanes were obtained from Type | inclusions. Type Il inclusions were
characterized by relatively light hydrocarbons (C10-C20 normal akanes). Inclusions with the
highest homogeneous temperature (Type I11) include normal akanes ranging from C20 to
C30.

Combining conventiona method and LMP-GC/MS, it is interpreted that Type |
inclusions trapped hydrocarbons prior to Type Il inclusion formed. Hydrocarbons in Type |
inclusions have relatively lower maturity compared to Type Il inclusions and estimated
trapping temperature of Type | inclusions was near onset of oil window. On the other hand, it
is expected that the entrapment of Type Il inclusions occurred at middle of oil window.
Existence of these two types of inclusions reflects different timing of petroleum charge to the
reservoir.

For Type Il inclusions, judging from the geology in this region, obtained homogenous
temperature seemed to exceed estimated paleo-temperature. Homogeneous temperature tends
to become higher than formation temperature when inclusions are formed trapping two phase
fluids, liquid and gas. Although further investigation is required due to poor sample condition,
wide range of homogeneous temperature of Type |1l inclusions from 140 degC up to 320

degC suggested possibility of formation of inclusion under two phase fluid condition.
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Linda SCHULZ, Elin REIN, Vibeke HATL®@ and Marian VAGE

Norsk Hydro, Oil and Energy Research Centre, Sandsliveien 90 , N-5020 Bergen

Stable isotope measurements on mud gases have in recent years been successfully
used to characterize hydrocarbon type, evaluate fluid continuity, map oil-filling histories and
detect reservoir compartmentalisation (e.g. Wilhelms et a. 2001, Ellis et a., 2003,
Weissenburger and Borbas, 2004, Rein and Schulz, 2007). Here we present a case study from
the Grane field, offshore Norway. The Grane field is situated 185 km west of Stavanger and
was set in to production in September 2003. The results from the geochemica anayses
performed on samples from the exploration wells have shown that the Grane oil has been
extensively biodegraded and thereafter mixed with “fresh” oil that is currently dightly
affected by recent biodegradation. The present day reservoir temperature is around 70°C,
which suggests that biodegradation may still be an ongoing processin the reservoir (Wilhelms
et al., 2000).

Our study includes 540 mud gas samples from 18 horizontal well traces. The wells are
oil producers and cover the central, western, northern and southern part of the field (Figure 1).
The samples were analysed for §°C isotopes on methane, ethane and propane using a GC-IR-
MS instrument, with the objectives of detecting barriers to fluid flow and variation in the
degree of thermal maturity and biodegradation in the reservoir.

The dissolved gas in the Grane reservoir is characterized by light methane isotope
values (from 50 to —-56 %0) and heavy propane isotope values (-17 to —25 %o). The isotopic
signature of both methane and propane vary across the field and along many of the horizontal
well traces. The isotope variations seen imply that the degree of therma maturity and/or
bacterial carbon isotope fractionation is not consistent within the reservoir. The results have
given information on fluid migration in the Grane area, and have also made it possible to
detect diffusion barriers, and thereby possible fluid flow barriers in the reservoir. Zones that
may have poorer than average reservoir quality, have been identified. Altogether this

information is valuable to get an optimal reservoir management.
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Figure 1. Map of the Grane oil field showing the drilled well paths. Annotated wells are
vertical exploration wells.

REFERENCES

Ellis, L., A. Brown, M. Schoell, and S. Uchytil (2003). Mug gas isotope logging (MGIL)
assistsin oil and gas drilling operations: Oil & Gas Journal, 101, p. 32-41.

Rein E. & Schulz L.K. (2007). Reservoir geochemistry as an IOR tool. Accepted for
publication in Journal of Petroleum Science and Engineering

Weissenburger K.S. & Borbas T.(2004). Fluid properties, phase and compartmentalization:
Magnolia Field case study, Deepwater Gulf of Mexico, USA. Understanding petroleum
Reservoirs. towards an Integrated Reservoir Engineering and Geochemical Approach.
Geological Society, London, Specia Publications, 237, 231-255

Wilhelms, A., Rein, E., Zwach, C., and Steen, A. S. (2001) Application and implication of
horizontal well geochemistry. Petroleum Geoscience, 7, 75-79.

Wilhelms, A., Larter, SR., Head, I., Farrimond, P., di-Primio, R., Zwach, C., (2000).
Biodegradation of oil in uplifted basins prevented by deep-burial sterilisation., Nature 411,
1034-1037



P38-MO

QUANTITATIVE HYDROCARBON EXTRACTION FROM DRILLING MUD
ALLOWSACCURATE EVALUATION OF FORMATION FLUID COMPOSITION

Jerome BREVIERE?, Jacques LESSI*, Patrice JAULNEAU" Martin NIEMANN and Shell’s
FEAST Team*®

1. Geoservices, Le Blanc Mesnil, France, 2. Shell International E&P B.V, Rijswijk, The Netherlands; 3. Shell
International E&P Inc., Houston, USA

Since the earliest days of oil and gas exploration and production, the monitoring of
gas extracted from drilling mud has been used as a basic hydrocarbon indicator. Until
recently gas extraction and analytical equipment was not accurate or efficient enough to
provide either reliable phase identification or more importantly, prediction of fluid properties.
In order to significantly improve the quality of mud gas data and thereby provide more
powerful interpretational techniques the mud logging companies have made significant
efforts to improve well site mud gas technology. This talk will discuss the anaytical and
interpretation advances asscociated with the Geoservices FLAIR mud gas system.

The Geoservices FLAIR mud gas system incorporates significant improvements to the
gas extractor, sample handling and analytical devices. Successfully tested in different
geologica environments since 2001, results have shown a dramatic improvement in mud gas
quality (Breviere et a., 2002). This new “gas chain” consists of an innovative compact
analyzer that uses gas-phase chromatography linked to a mass spectrometer (FLAIR detector)
fed via specialized, non-adsorbing gas sample lines connected to two heated volumetric gas
extractors (FLEX). These extractors not only provide vastly superior sample quality in
comparison to samples obtained from traditional gas traps, but also facilitate quantification of
gas recycling by obtaining samples from both mud IN and OUT lines. The FLEX extractors
provide consistent and reproducible sample quality for all drilling mud types over a range of
mud temperatures. Some of the most important features of the FLEX extractor include:

e A specific sampling device which can be placed close to the bell nipple to reduce gas
losses during surface circulation.

e Near total reduction of atmospheric gas contamination due to the full immersion of the
mud extractor probe in the flowing drilling mud.

e A volumetric pump ensures a continuous mud flow to the degassing chamber, thereby
avoiding variable sample quality related to fluctuating mud levels.

e A pre-extraction mud heating system is used to provide consistent extraction of heavy
components up to Cs.
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Controlled and reproducible gas extraction is one of the key factors that allow quantitative
interpretation of gas in mud. Constant mud and air flow rates, stabilized high temperature
and controlled agitation inside the degassing chamber ensure the extracted gas quantities for
each component are fully representative of mud content. Standardized gas extraction
efficiency calibrations performed at the well site with the actua mud system provide the
correction factors necessary to identify the true hydrocarbon-in-mud composition.

To be able to detect and analyse aliphatic and aromatic hydrocarbons as well as non-
hydrocarbon gas components at the ppm level a gas chromatographic-mass spectrometer is
utlised. Such adevice not only allows the differentiation of co-eluting peaks but also ensures
very short analyzer cycle times, for example 60 seconds for a full chromatographic analysis
to C7, including differentiation of several Cnisomers.

Linking these two technol ogies together, we are now able to provide an evaduation of
bottomhole fluid composition in the range of C1-C5 together with a qualitative appraisal of
heavier components up to C8. Results have aready been compared and found to be very
close to those obtained from downhole PVT quality reservoir fluid samples.

Such high quality mud gas data can be further interpreted using multidimensional
analysis, providing rapid recognition of the presence and distribution of different fluid types
(fluid facies) within the well. Each fluid facies is characterized by its average composition
and/or specific component ratios The resulting synthetic fluid log can greatly assist the
characterisation of petroleum systems by the identification of cap rock effectiveness,
reservoir characterization, fluid contact identification, determination of in-reservoir fluid
heterogeneities and presence of biodegradation. As the information provided is related to the
actua fluid and no longer dependant on any specific drilling context, it can also be
extensively used for correlation in the context of multi-well studies.

This paper focuses especialy on technology and extraction improvements which,
when linked with specific interpretation method based on clusterization, allow accurate fluid
identification and characterization. Application, including case examples, is covered in a
separate submission.
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Oil based mud additives are frequently used during drilling for various purposes. The
chemical compositions of these may interfere/overprint the chemical composition of
hydrocarbon shows in the well and thereby complicate geochemical interpretations. This is
likely to be an increasing problem the more subtle the hydrocarbon findings are.

In a study by Ohm et a. 2006 it was argued for an atypical facies of the Upper Jurassic
source rock being developed in the Block 35/1 area on the Norwegian Offshore Continental
Shelf (NOCS). The biomarkers of an oil show from well 35/1-1 were instrumental for their
arguments. It was later discovered that the mud-additive, Versatrol, had been used during
drilling of the well. Versatrol is reported to consist of 100% Gilsonite, which appears in a
mineral called Uintaite a solid bitumen that occurs in the Uinta Basin (Utah), in Colorado,
Canada and Mexico (Curiale, 1986, Davis et a. 2002). It is mainly composed of NSO
compounds and asphaltenes with minor saturated and aromatic hydrocarbons. In the Uinta
Basin, Gilsonite occurs like dikes with roots in the Eocene Green River Formation (Fm)
(Peters et al. 2005).

We managed to get a sample of both Versatrol and gilsonite, which we analysed. Figure
1 show the fragmentograms of the hopane and sterane fractions of the oil sample, Versatrol
and gilsonite. It is for both fractions clearly seen that the Versatrol and gilsonite samples are
mirror images of each other proving the genetic relationship between them.

It is aso seen that the hopane fraction of the oil show sample has a striking similarity
with the mud additive used. The hopanes of the oil show turned out to be completely
overprinted by the hopanes of the mud additive and therefore could not be used for any
geochemical interpretations. The sterane distribution of the oil sample is contrary to the
hopane fraction observed to be quite different from that of the analysed Versatrol and
gilsonite samples. When comparing various facies indicators from the m/z 217 and m/z 218
fragmentograms from the oil sample and the mud additive they were found to plot
significantly different strongly suggesting that the steranes of the oil sample carries oil

specific information and that it is not overprinted by the signature of the mud additive.
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Thus, one biomarker fraction from the mud-additive overprinting the one from the oil

does not preclude that other biomarker fractions of the oil sample may be oil specific and can

be used in geochemical interpretations.
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Figure 1. The triterpane and sterane fragmentograms of the analysed oil sample, the
mud additive, Versatrol and gilsonite. The colour coding reflects similar peaksin the
fragmentograms. There is a striking similarity between the three triterpane fragmentograms
suggesting that the oil show sample is completely overprinted by the mud additive. The
sterane fragmentogram of the oil sample show, however, clear differences from the mud
additive and could be used for geochemical interpretations reflecting the origin of the oil and
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the maturity of its source rock.
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Geochemical techniques have been employed to analyses a suite of samples from the
Libyan sector of the Ghadames basin. Samples consisted of source rock from the lower
Silurian Tanezzuft Hot shale have been selected of three wells, core material of Devonian to
Ordovician age stained with residual oil from one well and five produced oils from Devonian
reservoirs within the Ghadames basin. Maturity studies indicate considerable variation in the
maturity of the lower Silurian Tanezzuft Hot shale source rock. Samples analysed range from
early mature to late mature for oil generation. Source rock characterisation shows that the
lower Silurian Tanezzuft Hot shale is a good quality source rock which has aready generated
significant quantities of hydrocarbons. Correlative analysis shows there is a strong
compositional and source similarity between the residual oils extracted from core material
from A1-NC40 well and crude oils produced from the Ghadames basin. These oils appear to
have been produced from a middle mature source rock of lower Palaeozoic age. Gas
chromatography analyses of both the whole oil and the gasoline range fraction (Cs-C7) have
allowed the use of fingerprint analysis on the oils. Plotting of a number of compound ratios in
star plots and ribbon diagrams has allowed the discrimination of the oils into three distinct
groups: first group is distributed across a large geographic area and more than one reservoir
horizon and is thought to have been generated by a single kitchen. Second group has been
affected by significant biodegradation, but may have been generated by the same system as
the main group. The fina group is likely to have been generated by a dightly different
kitchen, or to have undergone post-generation alteration not experienced by the other ails.

Biomarker anaysis of the aromatic fraction alows the calculation of approximate
levels of maturity of the source rock from which the oil was generated, at the time of
generation. For three oils analysed, these ratios indicate the oils were generated from a source
rock of approximately middle maturity. Lower Silurian source rock in the wells analysed
could have been at this level of maturity, especialy the Tanezzuft Hot shale in well B1-
NC100, the maturity of the source rock in C1-NC100 well has not yet reached this level of
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maturity, it is possible that the wells analysed for source rock characteristics are outside, or
near the margin of, the main source kitchen for the produced oils analysed. Stable carbon
isotope for the alkane and aromatic fractions of the hydrocarbons of oils and extracted
samples from the source a rock are isotopically light, typical of oils sourced from lower

Palaeozoic rocks and shows areatively tight cluster indicating a similarity of source material.
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HORSFIELD
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Post-filling ateration through biotic and abiotic effects is a mgor risk in many
shallow petroleum prospects. Once petroleum is trapped in a structure, these processes (e.g.
biodegradation and —synthesis, water washing, gas stripping and gravity segregation)
generally have strong economic consequences since they lead to a decrease in oil quality and
reduce the total volume of petroleum in place. The overal goa of our new Industry-
Partnership-Program project “In Reservoir Alteration Dynamics (INRAD)”, which started in
December 2006, is to develop integrated models for predicting and quantifying the extent of
such post-filling alteration processes in shallow prospects. Therefore the vertical and latera
variability of petroleum composition within different reservoirs e.g. in the Norwegian Sea, the
Gulf of Mexico and offshore Brazil will be characterised, evaluated and interpreted at high
resolution. In this context the reservoir architecture, its compartmentalisation and filling
history through geological time as well as the timing, rate and extent of alteration processes
are important elements.

In the three-phase system rock-water-petroleum one of the basic controls on
compositional alteration during migration is the variable partitioning behaviour of various
petroleum constituents. The qualitative and quantitative deconvolution of physicochemical
processes influencing the compositional heterogeneity of petroleum on the reservoir scale is
one part of this project. To achieve this, a combination of advanced techniques will be
employed for the geochemical characterisation of crude oils and reservoir cores.

Currently we started with investigations of crude oil samples with regard to their
hydrocarbon and polar non-hydrocarbon content using whole-oil-GC and GC-MS-analysis.
Thereby specific attention is paid to the distribution of polar non-hydrocarbon constituents,
containing nitrogen, sulphur and oxygen, such as carbazoles, fluorenones and xanthones
which are expected to provide suitable insights into the role of partitioning processes on the
reservoir scale. Xanthones for example have been identified in a former study as a new class
of petroleum constituents and it has been shown that the physicochemica properties of
different isomers control their respective susceptibility to fractionation during migration and

to sequential biodegradation (Oldenburg et a., 2002). In this context, molecular modelling of
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physicochemical properties of selected oil constituents will be used to assist the interpretation
of geochemica analysis. Overadl, these investigations will provide new insights into the
distribution of different petroleum constituents on the reservoir scale. The underlying
transport processes will be better constrained yielding an improved understanding of
compound-specific bioavailability and the specific degradation rates of individual petroleum
constituents.

As a further tool to deconvolute various alteration processes we will use the
compound specific stable carbon and hydrogen isotopic signatures of selected petroleum
constituents. Biodegradation of light hydrocarbons is well-known to cause an enrichment of
3C and D in the residua fraction of the substrate. Thus, the use of carbon and hydrogen
isotope ratios of hydrocarbons and other organic compounds has become a sensitive tool in
identification and quantification of biodegradation processes in sedimentary systems (Vieth
and Wilkes, 2006). In this study carbon and hydrogen isotopic signatures of petroleum
hydrocarbons will be determined as quantitative tracers of ateration processes in the
investigated reservoirs. Using these results the individual compound losses will be calculated
via mass balance. Moreover, this data evaluation will result in a conceptual framework for
implementing secondary alteration processes into petroleum compositional modelling.
Preliminary findings from one of the three study areas will be presented.
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OILSFROM THE RECONCAVO BASIN, BRAZIL
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Viscosity is one of the main physical properties controlling fluid flow in oil-bearing
reservoirs (KANTI et a., 1989). The values of viscosities of oils from the Recbncavo Basin,
Brazil, show large variations even though all oils were generated from similar lacustrine
source rocks of Early Cretaceous age. These oils are paraffinic (percentages of saturates
between 48 to 84%), with low contents in resins and asphaltenes (7 to 34%), and API
gravities ranging from 17 to 40°. A set of crude oils from severa fields of the basin was
studied including samples with higher values of viscosity. These different values of dead-ail
viscosities (5.6 to0 92.0 cP) can be related to the chemical composition of the oils.

To verify how differences in the global chemical composition of oils can be related to
the differences in dynamic viscosity, a mixture law must be used to determine the role of the
viscosities of its chemical classesin the overal petroleum viscosity. The mixture law chosen
was proposed by GRUNBERG & NISSAN (1949) and modified by WERNER (1996). It
allows one to calculate the dynamic viscosity of a mixture represented by the gas (C1-Cs),
light oil (Ce-C20), heavy oil (Cxo+) and asphaltenes fractions, al at 373.15K and 350bar.

The gas phase (C,-Cs) was not taken into account in the mixture law because only
dead-oil viscosities have been used in this study. The percentages of the Cg-Cyy and Cyg.
fractions of the oils were obtained by integration of areas in whole-oil gas chromatography
traces. Viscosities of the light oil fraction (Ce-C,o) were considered constant for all the oils
(0.0646mPa.s) because the relatively restricted number and similar distribution of compounds
in this fraction can be shown to cause only dight variations of viscosities in comparable
distillation cuts. Likewise, a constant viscosity was attributed to the asphaltenes fraction
(8,5x10%mPa.s), which is present in very low amounts in these paraffinic oils (<2%). The
calculations of the viscosities of the Cxo+ fraction were done in three steps:

1) Extrapolation of the total oil dynamic viscosities at 48.8°C to 373.15K and 350bar, usi ng
the formula of KANTI et a. modified by WERNER (1996):

m _nPD =, [ 1| ,Em|D*P
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where: Py istheinitial pressure and P the final pressure (bar); Ty is the initial temperature and
T the final temperature (K); n is the dynamic viscosity (mPa.s); o is the parameter that
determine the variation of viscosity in function of temperature; D and E are parameters that
determine the variation of viscosity in function of pressure.

2) Estimation of the percentage of asphaltenes that are necessary to the mixture law equation,
through an exponential equation obtained from generic ails.

3) Estimation of the viscosity of the Cyo+ fraction using the mixture law of GRUNBERG &
NISSAN modified by WERNER (1996):

INMm =Wz N2 + W3 INnat Walnmg + Wy W3 Aoz + W WaAos + Wa Wa dag + Wo W3 Wy Aoaa,
where: n, is the mixture of four fractions viscosity; ni, M2, Mz and n,, are viscosities
associated with the four fractions; the A;; values are the binary components, the A;j, are ternary
components and the A values are quaternary components.

W1, W, W3, and w, are the mass percentage of the fractions.

Total dead-oil viscosity could be simulated by considering it as the interaction of
viscosities of three ail fractions (light oil, heavy oil and asphaltenes) through the numerical
simulation. The viscosity mixture law has been successfully used to model dead-oil viscosity.
The viscosity of the Cy. fraction plays a mgjor role in the overall oil viscosity and increases
with the increase of the total dynamic oil viscosity. The percentage of asphaltenes fraction
apparently does not have a considerable effect on the large discrepancies in tota oil
viscosities in paraffinic oils such as those from the Reconcavo Basin.

The Cyy. viscosity is related with the oil maturation and the abundance of normal
paraffins  abundance. There is a tendency to increase the product
(nC15/nC,7)* (DiahopaneHso/Hopanesy), which represents the interaction between a maturation
parameter and the abundance of heavy paraffins, with the decrease of dynamic viscosity

values. The oils with lowest viscosities present higher mauration and abundance of light
paraffins than the oils with the highest viscosities.
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BIODEGRADATION AND ASSOCIATED PRODUCTION PROBLEMSIN SOKU
FIELD, EASTERN NIGERIA
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Production challenges in the Soku Field of eastern Nigeria operated by Shell
Development Company, Nigeria range from wax and emulsion to asphaltene formation.
These had often led to oil deferment and increasing OPEX spent on treatment to restore
production. Wax formation usually occurs in both subsurface and flow lines. To date several
drainage points have witnessed wax formation in their production life. At the moment 1500
bopd is deferred due to well closed in as aresult of wax problems. Well 59T with a potential
of 4500BOPD undergoes monthly pigging of flow line to prevent wax formation otherwise
the entire production could be lost. The oil quality ranges from sludge/emulsion in the
shallow reservoirs through waxy oils to light and pristine oils in the deeper and hotter zones.
The study seeks to establish compositiona differences among reservoirs that could lead to
preferential wax deposition, emulsion and asphaltene formation in certain wells Huang et al.,
2004.

The oils in the shallow reservoirs are extensively biodegraded. The concentration of
asphaltene, total acid number are significantly enhanced. The oils are produced as tough
emulsion. The asphaltene acts as stabilisation agents for the emulsion once formed. In the
middle reservoirs, only the lower molecules weight akanes (<nCz) have been removed due
to biodegradation. The predominance of the heavy molecular weight alkanes (Cx+) over the
lighter and solvent range homologues leads waxy oils Tocco and Alberdi, 2002. Oils in the
deeper and hotter reservoirs are pristine. Production from these reservoirs does not encounter
wax, emulsion and asphaltene deposition.

Biodegradation is the principal factor responsible for the variation in oil quality and
the associated production problems Seifert et al., 1984. Emulsion formation occurs in the
highly biodegraded shallow reservoirs. Oil produced from reservoirs with moderate degree of
biodegradation are waxy. Pristine and unaltered oil with little/no production problems are
encountered in the deep and hotter reservoirs
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Reservoir Well  3HT (F C17/PR C18/PHYPR/PHY C9/C19 C10/C20 C9/C29 Biod Rank. Remarks
Heavy biod. Level 4.
D6 11S 172 0.00 0.00 0.00 0.00 0.00 0.00 4 n- & iso- ak completely lost
21S 0.00 0.00 0.00 0.00 0.00 0.00 4 sludge,emulsion, not waxy
14S 0.00 0.00 0.00 0.00 0.00 0.00 4 Heavy biod. Level 4.
D6.4 31S 0.00 0.00 0.00 0.00 0.00 0.00 4 n- & iso- ak completely lost
48S 0.00 0.00 0.00 0.00 0.00 0.00 4 sludge, emulsion, not waxy
Moderate biod.level 3
D7 14L 0.00 0.00 2.29 0.00 0.00 0.00 3 All n-alk lost
221 0.07 0.23 2.09 0.00 0.00 0.00 3 pristane & phytane intact
48L 0.12 0.17 2.08 0.00 0.00 0.00 3 dudge,emulsion. not waxy
Low biod. Level 2.Loss of light n-¢
El 1T 1.13 2.00 2.00 0.13 0.17 0.50 2 C6-C14<<C17+. Waxy Oil

Low biod. Level 2

E2 12T 0.53 122 250 153 1.14 1.40 2 C6-C12 > C19-33, Likely waxy
E2.4 6L 0.83 2.33 2.67 0.29 0.32 0.35 2 Low biod. Level 2.

7S 0.83 2.33 2.67 0.29 0.29 0.40 2 Loss of light n-alk
9s 0.83 2.33 2.67 0.29 0.37 0.48 2 C6-C14<<C17+.
16S 0.79 2.33 2.80 0.29 0.40 0.45 2 Waxy Oil

E4 32T 179 1.28 2.63 2.25 0.60 0.60 0.71 1 Biod level. lightly biod.
31L 1.28 2.63 2.25 0.60 0.60 0.71 1 C6-C12 > C19-33,
18S 1.10 231 2.38 2.40 221 343 0 Pristine oil
30S 1.06 2.67 2.67 2.31 2.25 3.70 0 non waxy

E5 26T 179 1.10 2.50 2.50 1.07 1.07 1.52 1 C6-C15 lightly biod.
16L 0.94 233 2.67 0.85 1.07 1.61 1 C6-C12 > C19-33,
27L 1.10 2.50 2.50 1.07 1.07 1.52 1 pristine. Non waxy
40T 1.10 2.50 2.50 1.07 1.07 1.52 1
28L 1.20 2.48 2.42 2.50 2.25 4.00 1

E6 30L 179 1.20 2.48 2.42 2.50 2.25 4.00 0 Pristine, non degraded
10L 0 non waxy

Biodegradation Ranking 0 = Pistine/Negligible 1 Incipient 2. Low
3 Moderate 4. Heavy

Tablel. Summary of hydrocarbon characteristics in selected wells in Soku Field.
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Numerous forecasts suggest that contributions to the global portfolio from heavy and
otherwise challenged crudes will continualy increase. Optimal long-term production,
transport, and refining strategies require early, accurate characterization and prediction of
problematic components in such crudes;, organic and inorganic olids, organic acids, non-
hydrocarbon compounds, and numerous oil field additives may cause problems with flow
assurance, crude compatibility, tubing corrosion, crude de-watering/de-salting, and refinery
fouling, significantly impacting crude value and versatility. The development of effective
solutions to such problems is best accomplished through continued collaboration between
Upstream and Downstream researchers in industry and academia.

Flow assurance issues associated with organic solids are not new to the Upstream or
Downstream; formation of asphaltenes, waxes, diamondoids, and naphthenates under
different conditions, and remediation techniques have been studied for many years. Inorganic
solids in oils, however, are rarely investigated by the Upstream. Formation solids (clays,
silts), scales, corrosion by-products, etc. can cause plugging, fouling, erosion, and a
significant reduction in throughput. They may also trigger precipitation of organic solids by
providing initial nucleation sites. The characterization of inorganic solids is difficult, but their
removal is critical to both Upstream and Downstream operations.

Organic acids in reservoir fluids significantly impact production and refining
economics. Acids can be present in both oil and water phases. In crude oils, the presence of
low molecular weight acids leads to odor and corrosion issues. High molecular weight acids,
typically the naphthenic acid series, lead to refinery corrosion at high temperatures. In
addition, both low and high-molecular weight naphthenic acids likely contribute to ancillary
problems such as tight emulsions, which complicate separation techniques, and foaming,
which complicates production. Remediation techniques include dilution with low-TAN
crudes, adding corrosion inhibitors, and upgrading metallurgy. Charge geochemistry and
ateration processes play an important role in determining organic acid content; such
Upstream geohistory elements must be considered when evaluating potential crude stream

changes.
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Sulfur, nitrogen, and metal compounds in oils significantly reduce value and can have
various detrimental effects on production and refining. Effects and remediation depend on the
specific forms; reactive vs. non-reactive sulfur, basic nitrogen, organo-metallic complexes. In
some forms, e.g. pyrridinic nitrogen, they can even be advantageous with regard to wettability
and recovery. Upstream evaluations of petroleum systems and basin and reservoir history help
explain occurrence and speciation of non-hydrocarbon components, which in turn contributes
to optimized production and refinery strategies.

Characterization and remediation of problematic compounds in petroleum is further
complicated by drilling and production additives. Both oil and water-based mud systems and
completion fluids may contaminate wireline and drill-stem test fluids, and oil-field additives
that solve production problems (e.g., hydrate inhibitors, frac gellants) may lead to refining
complications and debits further downstream. An understanding of contaminants/additives
and their potential effectsis critical to accurate analyses and optimized flow.

Current and future challenges related to heavy and poor quality crudes require
innovative and integrated solutions. Increased awareness and collaboration between the
Upstream and Downstream is essential for accurate characterization and prediction of

potential production and refining issues and crude value. Various examples will be shown that
demonstrate the importance and impact of such integration.
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The geochemical production alocation technique is an adaptation of oil fingerprinting
technology that has been used within the oil industry for the past 20 years (Kaufman et d.,
1990). Shell has developed a proprietary chromatographic fingerprinting technique called
Multi-Dimensional Gas Chromatography (MDGC), which is a quantitative measurement
(ppm) of aromatic compounds in the C8-C10 alkane range of oils (Ganz et al., 1999). The
MDGC methodology is now routinely used in Shell UK as atool for determining production
allocation of commingled fluids. In this paper we describe three different case studies where
geochemical production allocation has been successfully applied, including multiple reservoir
commingling within a single well, subsea flowline mixing of multiple fields and use as the
Fiscal Metering of production between two Fields.

A Central North Sea field well has been commingling oils from Tertiary, Jurassic and
Triassic reservoirs. MDGC fingerprints from the Triassic and Jurassic reservoirs are very
similar and significantly different from the tertiary fingerprints, making reservoir fluid
allocation possible between the Tertiary and Triassic/Jurassic fluids. The oil geochemical
results not only provide alocation of the stratigraphic horizons, but aso helps to identify
production related scaling issues in the well. Allocation determinations of both the produced
waters and hydrocarbons helped to identify the location of the scaling issues in the Tertiary
reservoir and the effectiveness of subsequent treatments.

Due to the very significant differences in absolute amount of the fingerprinting
components in biodegraded and non-biodegraded oils, the use of ratios for allocation studies
is not possible and therefore ppm concentrations are used. In this case study we show the
challenges that came up from the alocation of such fluids from a subsea tie-back operations
of two fields, e.g. emulsion tendency of the biodegraded crudes leading to inaccurate aromatic
compounds measurements.

Shell UK was able to win approval from the UK Government DTI and partners to use
geochemical production alocation as the primary production alocation technique for
commingled Field A-Field B production (Figure 1). Oil production from both fields is mixed

on the Field B production platform, with only one fisca metering point. The samples are
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obtained from the weekly flow proportional sampler and the geochemical results are used as
the primary determination and fiscal measurement for the oil production split. The UK
Government DTI has shown a very keen interest in following the results of this first use of
geochemical production allocation. They visualize its use in many of the commingled subsea

tiebacks where metering facilities are unavail able for proper alocation of production.

Field Aand B
Production Commingling
Geochemical Allocation

13-20 Oct-02 Sample
MDGC Starplot

—-Field A
—13-20 Oct-02 (Run 1)

13-20 Oct-02 (Run 2)

——13-20 Oct-02 (Run 3)

=O=Field B

Production Allocation
Calculation
64.6% +/-1.8%

4/4+5

Data are normalized peak concentration ratios

77+9

Figure 1. MDGC Starplots for the triplicate analyses of the commingled sample and
the end-member oils. Theratiosthat are circled were identified in a calibration exercise to be
the 8 mixing lines for calculating the % Field B in the 2 end-member commingled samples.

These three case studies show the variety of applications of the geochemical
production allocation technology, which is becoming increasingly recognised as a cheap and
reliable method for de-convolving commingled fluids. These successes essentially rely on (i)
the quality of both the samples and the analytical data and (ii) the user understanding of the
limitations of this technology, such as subsurface variability, contaminations from chemicals

or the effects from multiphase flow systems.
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During the last few years a second generation Multi-Dimensional Gas-Chromatography
machine (MDGC) for geochemical fingerprinting was successfully installed in SPDC's
Production Chemistry laboratories in Warri/Nigeria. The technology, which was originally
developed in Shell Research in the early nineties, had never before been implemented in an
operational environment. Fingerprinting technology is probably best known for its capability
to alocate and monitor co-mingled production. However, the Nigerian government now also
legally requires fingerprinting field wide to build a national oil fingerprint database mainly
for environmental reasons. With thousands of stacked reservoirsin SPDC’s portfolio and an
ambitious government policy to encourage companies in Nigeria to preferentialy use local
expertise, getting geochemical fingerprinting technology into Nigeria was an essential
prerequisite to exploit the full potentia of this technology. Since then, MDGC fingerprinting

has been applied on alarge number of field studies on hundreds of samples to:

» Identify connectivity/compartmentalisation in the field

Y

|dentify corrosion problems

» |dentify which formations are actively producing and where we may be inadvertently
co-mingling without knowing due to mechanical problems

> ldentify potential candidates for co-mingled production (surface and subsurface co-
mingling)

» Support solving alocation problems

» Provide abetter understanding/improve the current reservoir model

» Determine amount of mud-contamination in PVT samples to derive more accurate
PVT data

» ldentify oils which have similar fingerprints and whose PVT data could therefore be

used to substitute oils where such PV T/compositional data are not available
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» ldentify origin of oilsin litigation cases. environmental claims and comply with DPR
requirements to provide fingerprints on a field wide base to be part of a national oil
fingerprint database

» Reconstruct field-filling history and predict hydrocarbon type in near field prospects

In this paper we report about the technological and logistical challenges to install and
maintain complex geochemical technology in a difficult environment. We also present the
results of three case histories describing the application of geochemical fingerprinting

technology to connectivity, corrosion, alocation and co-mingling problems.
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Reservoir surveillance is a key activity during production of oil and gas from
reservoirs. The main objective of reservoir surveillance is to understand petroleum fluid
behavior (e.g., phase changes) and movements within a reservoir during production.
Surveillance data and interpretations are applied mainly to validate and update pre-production
reservoir models, understand compartmentalization, predict and optimize reservoir
performance, manage well placement and interventions, and locate un-swept portions of
reservoirs. Petroleum industry deploys a variety of technologies for reservoir surveillance.
The most commonly used technologies include interpretations of individual well production
histories, pressure and transient analysis, temperature logging, production logging,
interference testing, tracer analysis, and, in more recent years, 4D (time-lapse) seismic.

Time-lapse geochemistry (TLG) is a novel technology that helps to visualize fluid
flow during oil and gas production by monitoring changes in fluid compositions across a
reservoir. The general idea has been known in petroleum industry for many years, but few
published case studies exist. McKinney and Bland (2003) outlined a general TLG approach
and an application at the Ursafield (Gulf of Mexico) in a poster. In the TLG technology, pre-
production and “first oil” fluid samples are analyzed to define and map fluid types across a
static reservoir. The differences in fluid compositions or/and fingerprints are explained by
involving fluid flow barriers and baffles, charge model, insufficient mixing time, and/or post-
accumulation processes (e.g., biodegradation). Then, a surveillance program in which fluids
are sampled from producing wells at regular time intervals is designed and executed.
Geochemical compositions or/and fingerprints of obtained production samples are analyzed
and compared with pre-production fluids from the same wells and surrounding wells.

Interpretation of TLG data helps to visualize dynamic fluid flow pathways, determine
reservoir areas that do or do not contribute to the production, and recognize broken or
continuously sealing fluid flow barriers and baffles. Information derived from TLG alows a
subsurface team to sustain production by placing new wells into un-swept portions of the field,
avoid drilling new wells in areas which aready have been swept, optimize producer/injector
pairing etc. The TLG results should be integrated with results from engineering models, 4D
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(time-lapse) seismic, tracers and other approaches in reservoir surveillance to reduce the
uncertainties associated with each individua method.

Application of TLG for surveillance of severa reservoirs in the Gulf of Mexico
showed that this technology has many advantages relative to other conventiona reservoir
surveillance approaches. TLG is safe because it does not involve much operations and man
power. TLG does not interfere with production and geochemica analyses are inexpensive,
which makes this technology highly cost-effective. In contrast to proxy-based approaches
such as 4D (time-lapse) seismic surveillance, TLG is a direct approach of monitoring fluids
movement across the reservoir by investigating compositional changes in these fluids. TLG
may be globally applicable because fluids commonly vary in composition across oil and gas
reservoirs as a result of complex charge history, post-accumulation processes and
compartmentalization. Finally, TLG can be performed for reservoirs with various and most
complicated well/completion designs because fluids can be collected from well-heads and
separators at the surface.

The main limitation of TLG is that fluids in the reservoir under surveillance must be
measurably different. Pre-production feasibility studies utilizing fluids from down-hole tools
(e.g., MDT) and production tests (e.g., Drill-Stem Tests, flow tests) aim to establish fluid
variability within reservoirs and identify geochemical compounds (natural tracers) that can be
used for surveillance. Modern high-resolution gas chromatography can help to distinguish
even minor changes in oil compositions based on fingerprinting of inter-paraffin peaks.
However, it is possible that in some reservoirs (e.g., small well-mixed oil fields, pure
microbial gas fields) fluid differences would be smaller than the reproducibility of
geochemical analyses, and TLG would not be applicable to such reservoirs. Geochemical
surveillance also may be more complicated or not feasible when production samples are
obtained from commingling wells. Finaly, application of TLG allows to “see” fluids that
already arrived to the point of measurements (i.e., producing well), but not the ones that are
moving towards it. Thorough integration of various surveillance approaches reduces
uncertainties associated with each individual technology and provides the most reliable

picture of fluid movements across areservoir during production.
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One aspect of reservoir geochemistry involves the monitoring of dlight differences in
the chemical composition of oils produced from one reservoir to interpret reservoir
compartmentalisation (flow barriers over geological timescales), charging and reservoir filling
histories, as well as flow barriers on production timescales (England, 1989). The periodical
analysis of compositional variations in produced oilsistermed 4D reservoir geochemistry and
allows monitoring production dynamics and rapidly detecting irregularities in production
(Daviset al., 2005).

We will present results from the temporal monitoring of oils from three reservoirs,
located in the 1) Dampier Basin, offshore Western Australia, 2) Cooper Basin, central
Australia, and 3) North Sea. Oil 1 is a 46° API low viscosity oil, and both oils 2 and 3 are
condensates. The fields were sampled over intervals of four times in three years, three times
in five years, and eight times in one year respectively. Oil samples were separated into
saturated hydrocarbons, aromatic hydrocarbons and fractions enriched in carbazoles and
phenols, respectively carboxylic acids. All fractions were characterised using gas-
chromatography and mass-spectrometry. The in-house developed small-scale separation
methods that were employed allowed the recovery of fractions without losing low-molecular
weight compounds and analyses included volatile species including nC8, toluene, phenol and
acetic acid. Analyses were performed in duplicate to ensure quantitative reproducibility.

Preliminary results show that in Field 1, a breakthrough of gas that was injected in a
nearby field could be monitored, leading to a rapid increase in gas to oil ratio (GOR). A
subsequent decrease in water-cut suggested the forming of a gas cap by the injected gas
(Davis et a., 2005). Field 2 showed no differences in composition of the saturated and
aromatic hydrocarbon fractions over a period of 3 years.

This presentation will focus on the compositional changes of more polar and
hydrophilic species such as phenols and volatile fatty acids (VFA) that parallel a decrease in
API gravity throughout the monitored production periods. The results support 4D reservoir

geochemistry as a rapid and inexpensive tool for screening production dynamics.



P48-MO

REFERENCES

Davis, R., Leischner, K., Murray, A., and Ryles, P. 2005. 4D Reservoir geochemistry as an
aid to interpreting production dynamics, Legendre Field, Eastern Dampier Sub-Basin.
APPEA Journal 45 (1), 117-130.

England, W. 1989. The organic geochemistry of petroleum reservoirs. Organic geochemistry
16, 415-425.



P49-MO

PRELIMINARY RESULTSON THE INFLUENCE OF STEAM INJECTION
PROCESS ON ORGANOSUL FUR COMPOUNDSIN SULFATES-RICH
PETROLEUM RESERVOIRS

|sabelle KOWALEWSKIY, Teddy PARRA?, Pierre ADAM? and Pierre ALBRECHT 2

1. Geology-Geochemistry Division, IFP, BP311, 92506 Rueil-Malmaison, France
2. Bioorganic Geochemistry Laboratory, CNRS UMR 7509, ECPM, 25 rue Becquerel, 67200 Strasbourg,
France

Among natural post-accumulation phenomena known to result on significant
compositional changes of oils and on an increase of H>S production (sour toxic and corrosive
gas), we find biological phenomena such as Bacterial Sulfates Reduction (BSR) occurring at
shallow depth (T < 100°C). Deeper thermal phenomena (T > 100°C), such as secondary
cracking of oils as well as Thermal Reduction of Sulfates (TSR) in evaporitic or carbonated
reservoirs, are the main processes.

TSR can aso artificially be induced by the injection of hot water during Enhanced Qil

Recovery (EOR) operations in shallow reservoirs containing heavy oils. Due to the high
temperatures (150°C<T<300°C) reached in the reservoirs during hot water flooding, chemical
reactions involving oil, water and sulfates-rich minerals can lead to a significant increase of
H,S production and neoformation of organo-sulfur compounds (OSC), pyrobitumen in
addition to CO» and carbonates by oxidation of the in-situ oil.
In order to better understand induced TSR mechanisms and to tentatively estimate the sulfur
risk in terms of H,S and OSC occurrence during hot water stimulated enhanced recovery
operations, experimental pyrolyses were undertaken under conditions as close as possible to
those prevailing in reservoirs during hot water injection. The purpose of this set of
experiments was first to develop an experimental approach able to ssmulate induced TSR and
second to determine the total sulfur balance including H2S, soluble and insoluble OSC
production rates at various temperatures. Based on the hypothesis that the three primary
processes involved in natural TSR are similar to the one involved in induced TSR, i.e. (1)
oxidation of organic matter (vulcanisation), (2) sulfates reduction and (3) thermal cracking,
they were independently simulated in laboratory conditions and the results compared to those
obtained from experiments simulating the complete TSR phenomena.

Artificial simulation using model compounds (nNCg-nCia mixture or n-
hexadecanethiol), labelled or not elemental sulfur (used here as reaction initiator), deionised

water and mineral (MgSO,) were conducted at variable temperature and pressure (320°C-100
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bars, 280°C-130 bars) for different residence times (for 3 to 30 days) using an inert closed
system pyrolysis. The mineral/hydrocarbons/water volume ratio was initially set at 70/24/6
and then increased to 70/15/15.

Gases were quantified by gas chromatography using an external standard after separation in a
vacuum line. C¢-C44 fractions were quantified by gas chromatography after recovering the Ce.
effluents with n-pentane. The Cu4- fraction was recovered by extraction in dichloromethane,
fractionated by liquid chromatography into saturates, aromatics and NSO compounds.
Saturates and aromatics were analyzed by GC/FID and GC/MS. Finally, insoluble organic and
mineral residues recovered by filtration were analyzed by Rock-Eva (carbon and sulfur),

microscopy and X-Ray diffraction.

The preliminary results are as follows:

- The oxidation of organic matter, one of the elementary reaction of TSR, was reproduced
under laboratory conditions as confirmed by the presence of organic sulfur in the soluble and
insoluble residue, detected by GC/FID, GC/M S and RE-sulfur analysis. The sulfur-containing
matter % in the residue increases as a function of pyrolysisresidence time (i.e. up to 20% of
sulfur incorporated within organic carbon). In presence of sulfates, higher amount of H>S,
NSO compounds and organic residue is produced compared to vulcanisation. The aromatic
fractions are enriched in condensed aromatics (sulfur-containing and non-sulfur-containing
aromatics) for induced TSR simulations compared to the vul canisation one.

- The mass sulfur balance was calculated by comparison of H,S amount which could be
generated from Sy with the experimental quantified H,S. Subsequently, the sulfates reduction
ranges from 3 to 5%. Although the presence of secondary MgCOs seems to be detected by
RES, its presence was not confirmed by DRX. No TSR is observed in absence of initiator (Sy
or OSC: used to generate the real initiator in reservoirs. H,S) as well as in absence of
hydrocarbons. TSR and vulcanisation seem to be kinetically controlled in our experimental
conditions. However the rate of vulcanisation is very high compared to that of TSR. Therefore
the ateration of hydrocarbons and formation of H,S are kinetically controlled by the rate of
sulfates reduction. The evolution of our experimental system in terms of gas-water-minerals

composition using 0D fluid-rock interactions numerical model will be discussed.
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Oil sands are loose sand reservoirs impregnated by heavy oils or bitumen. Due to the
high viscosity and the high density of these fluids, oil sands are often produced by steam
assisted recovery methods. Steam is injected at a temperature in the range from 180°C to
300°C; the time of steam-crude contact in the reservoir can reach months or years. In these
conditions, physicochemical interactions between crude, steam and mineral matrix lead
significantly to chemical modifications of the crude and to gas generation. As bitumen and
heavy oils are generally sulphur-rich, there is a risk that H,S is formed within the reservoir
during the production time, as a result of the aquathermolysis of organo-sulphur compounds.
In order to evaluate this risk, steam treatment of an oil sand was carried out in laboratory
conditions and a kinetic model for H2S generation was derived from the experimental data
thus gathered. This paper reports the experimental conditions, the results and the kinetic
model obtained with an oil sand core sample coming from the Fisher Field in Athabasca-
Canada.

Steam treatment was undertaken at |aboratory-scale, despite no fluid displacement was
taken into account, by means of static closed hydrous pyrolysis experiments. Experiments
were conducted in batch reactors, in an inert atmosphere under 10MPa of pressure, at five
temperatures from 240°C to 320°C and at two residence times: 24 hours and 203 hours. For
each condition, the most relevant pyrolysis products were recovered and quantified in order to
set up a mass balance: the gas phase, the C14~ SARA fractions and the insoluble residue in
nCs and CH2Cl; (organic + mineral). In afirst approximation, the light organic fraction Ce-C14
was not recovered, since it was not present in the native bitumen and was estimated to
represent less than 3wt% after laboratory-treatment. Finally, H>S and the sulphur content of
each fraction were quantified in order to set up the sulphur mass balance.

Results showed that the laboratory steam treatment induced a lightening of the
bitumen: resins and asphaltenes decreased with time and temperature, giving rise to saturates,
aromatics, an organic insoluble residue and gas. Sulphur contents in different fractions
reveal ed that resins and asphaltenes were depleted in sulphur, while aromatics, residue and

gas were enriched in sulphur. The sulphur mass balance showed that, while this element was
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initially mainly concentrated in resins and in asphaltenes, part of this "resinic" and
"asphaltenic" sulphur was progressively resettled into the insoluble residue, the aromatics and
H.S, as the temperature increased (Cf. Figure 1). This suggested that organo-sulphur
compounds (OSC) in resins and in asphaltenes were converted into lighter aromatic sulphur
compounds, into heavier insoluble OSC and into H,S. The OSC that were transformed might
correspond to mercaptans, sulphides and di-sulphides, as these latter compounds are the most

labile OSC under such aquathermal stress conditions.
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Figure 1. Sulphur distribution over asphaltenes, resins, aromatics Cy4", insoluble residue and
generated H,S, as afunction of steam treatment temperature, after 203h under 10MPa, on an
oil sand core sample for the Fisher Field, Athabasca

Experimental data were used to derive a first-order kinetic model. Four parallel
reactions describe the conversion of sulphur contained in the asphaltenes and the resins into

sulphur contained in aromatics, insoluble residue and gas:

Asphaltenes a1, Ka1(T) Insoluble
S —— 0435S

SAsphaItenes ap ka2(T) Insoluble

HoS Aromatics
0S4+ a5, S + 0y3S

SF\’esmes by, Kpa(T) BllSHZS"‘ Blzslnsoluble+ BlgsAromatlcs

i b2, kb2(T
SResma 2, kb2(T) B21SHZS

, Vt>0.

Consistently, an equation describing the H2S yield as a function of time, temperature
and sulphur distribution in oil sand was calibrated. This equation can be used at temperatures
and contact times prevailing during steam assisted recovery processes in order to evaluate

H>S generation in the reservoir.
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Significant heavy oil resources available in the industry may not be candidates for
conventional thermal recovery application such as cyclic steam (huff-and-puff) or
continuous steam drive due to issues associated with depth, reservoir pressure, or remote
locations. In-situ combustion (fireflood) offers an alternative recovery process for heavy
oils. The in-situ combustion process tends to induce oil cracking in reservoirs, which not
only yields light oil and hydrocarbon gases for improved oil recovery but also generated
undesirable products such as H2S, CO2, organic sulfur species, and possibly coke. These
products will undoubtedly impact the oil recovery, facility design, and environmenta
considerations. The degree of oil cracking and the distribution of the products are most
likely dependent on many variables such as temperature of the process, the type of heavy ail
involved, and rocks in the reservoir. A good understanding of oil cracking associated with
the therma recovery processes, particularly fire flood, is therefore crucial in predicting
chemical and physical properties of produced fluids, which can help optimize the designs of

the recovery process and production facilities.

Chemistry and kinetics of oil cracking associated with fire flood are the focus of the
study as the in-situ combustion is likely to involve more severe oil cracking than steam
assisted recovery processes. Combustion and pyrolysis are two essential chemical reactions
involved in the fireflood recovery process. Combustion generates the heat that not only
mobilizes the heavy, viscous oil in the reservoir but aso cracks the oil reservoired in the
zones near the combustion zone yielding lighter oil, hydrocarbon gases, and some non-

desirable products such as CO2, H2S, and other sulfur spices.

Extensive laboratory pyrolysis of heavy crude (9.7 API gravity) from Cymric Field in
San Joaquin Valey, CA, has been conducted with and without the presence of the reservoir
rock. Based on the results, a detailed reaction network scheme for hydrocarbons and sulfur
compounds was proposed and kinetics parameters were derived. The proposed kinetics

scheme is expected to facilitate the prediction of the changes in the composition of Cymric
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heavy oil, gas generation (H,S, CO, and hydrocarbon gases), organic sulfur formation, and
coke formation under the fireflood conditions. The catalytic effect of the reservoir rock on
oil cracking and sulfur compounds generation was aso evaluated. Oil cracking and yields of
some early formed products such as methane, CO2, and sulfur compounds are significantly
increased with the presence of the reservoir rock. The other fractions, such as C,-Cs (LPG),
Ce-Cua (light oil), Ci4" (intermediate oil) and coke, are generated in similar amounts with or
without the reservoir rock. The kinetics scheme can be readily integrated into reservoir
simulation for production forecast and planning. The distribution of organic sulfur speciesin
produced oils has the potentia to be used in monitoring the progress of the combustion front

in fireflood reservoirs.



P52-MO

DISSOLUTIONAND ALTERATION OF THE DEEP CARBONATE RESERVOIRSBY
TSR

G ZHU, S.ZHANG, Y. LIANG and J. DAI

Research Ingtitute of Petroleum Exploration and Development, PetroChina, Beijing 100083, Academic Road,
NO20, Tel:8610-62098104,China (E-mail: zhuguangyou@petrochina.com.cn)

Natural gas, involving H.S, are mostly found in carbonate reservoirs throughout the
world (Worden et a., 1995, 1996; Martin et al., 2004). This sort of gas has also been found in
Sichuan Basin, Bohai Bay Basin, Ordos Basin and Tarim Basin in China. Generally, H,S
content in Sichuan Basin is more abundant; some medium-large scale gas fields/reservoirs are
notarized including Sinian reservoir (Weiyuan gas field), Lower Triassic, Feixianguan
Formation (Puguang, Luojiazai, Dukouhe, Tieshanpo, Maoba, Qingxi, Longgang, Qilibel gas
field), Jianglingiiang Formation (Wolonghe gas field) and Middle Triassic, Leikoupo
Formation (Moxi, Zhongba gas field), the total proven reserves is one thousand billion cubic
meters circa. These gas reservoirs share afeature that deep-burial process has ever occurred in
geologica history and geotemperature should reach to a certain high degree (>120°C) to
estimation. Both of the gypsum rock imbedded reservoir as well as diversified gas source
provide adequate material and thermodynamics which make TSR reaction qualified. Base on
C,S carbon isotope and composition data, gases of TSR origin in middie-lower Triassic and
Sinian Formation can be inferred (Cali, et a.,2004; Zhu et a.,2005).

The latest research shows that dissolution and alteration on reservoirs is another
important effect in process of H>S generating, which increases porosity and enhance reservoir
to high rank consequently. By agency of qualitative comparison, we find that gypsum rock
dissolution will improve porosity initially, then the hydrosulphuric acid, a high corrosive
nature acid make pore-throat connectivity further developed by way of etching dolomite rock
and form vuggy sponge-like system.

The artificial ssimulation on rock etching experiment favor the result that porosity, as
well as permeability, are dramatically boosted. The porosity increases by 2% on average while
the permeability value rises up even by two orders of magnitude. In the other aspect, bogaz
can be clearly identified through EMS. The carbon isotope of authigenic carbonate is

-10.3%0~-18.2%0 which differs from that +3.7%0~+0.9%0 in the strata, which manifest
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organic-inorganic interaction present when TSR occurred, lead to C transition from organic
matter to carbonate. In brief, high rank reservoir beds undergo the early erosion, later the TSR
effect and acid fluid-carbonate rock interaction associated further improved the porosity
(Williams et al., 2001; Heydary, 1997). In addition, on condition that the H,S has large
quantity accumulation beneath the earth, with increasing burial depth and temperature, more
H,S will be formed, which would result in more intense alteration and better reservoir bed,
Thus the distribution and the content of H2S can be used to evaluate secondary porosity rating

and capacity of reservoir.
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