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Abstract

Reservoir bitumen is a highly viscous, asphaltene-rich hydrocarbon that can have important effects on res-
ervoir performance. Discriminating between producible oil and reservoir bitumen is critical for recoverable
hydrocarbon volume calculations and production planning, yet the lack of resistivity contrast between the
two makes it difficult, if not impossible, to make such differentiation using conventional logs. However, the
nuclear magnetic resonance (NMR) response in bitumen-rich zones is dominated by short transverse relaxation
times (T2) and a low apparent fluid hydrogen index (HIapp), providing an opportunity to identify the presence of
reservoir bitumen. Therefore, NMR logging technology becomes crucial in the characterization of reservoirs in
which the presence of bitumen may be of concern. We used NMR and other log data to identify and quantify the
occurrence of reservoir bitumen in a carbonate reservoir. A thorough petrophysical evaluation was performed
using a full suite of logs, formation pressure measurements, and laboratory core analysis data. We discuss sev-
eral quick methods to identify intervals with a higher chance of reservoir bitumen presence. The short trans-
verse relaxation times (T2) and consequently lower T2 logarithmic mean time values are characteristics of
bitumen-rich zones. Another characteristic is low HIapp in these zones and consequently lower NMR porosity
estimates when compared to porosity estimates from the density and neutron tools. We analyzed 2D longi-
tudinal-transverse relaxation time (T1-T2) maps for core samples at different depths to confirm the presence
of reservoir bitumen in some wells using laboratory low-field NMR data. We observed a high T1∕T2 ratio at
various depths, which is an indication of high-molecular-weight hydrocarbons. The presence of bitumen at
the same depths was confirmed by thin section analysis, and it is the likely cause for failed formation pressure
testing attempts at those depth intervals. Partial cleaning of reservoir bitumen-rich core plugs results in helium-
injection porosity estimates that are too low, and they are closer to the NMR porosity than to density porosity,
the latter being more consistent with actual values. In addition, the grain density (GD) calculated by He injection
is significantly lower than the GD estimated from elemental capture spectroscopy and X-ray diffraction tech-
niques. Disregarding these effects complicates the core to log correlation, which is common practice for poros-
ity calculations using the density log. A volumetric rock model was used to reconcile core and log data as well as
to calculate the saturation of reservoir bitumen. The methodologies for reservoir bitumen characterization in-
troduced here can be applied successfully in different reservoirs for more reliable and precise reservoir evalu-
ation and production planning.

Introduction
The reservoir bitumen formation mechanism is not

fully understood. This is reflected in the terminology of
high-molecular-weight hydrocarbons (HMWHCs), in
which different terms are used to infer different chemical
and physical (Dumont et al., 2012) properties or engi-
neering applications. Lomando (1992) lists terminology
that is used in the literature to address these hydrocar-

bons: solid hydrocarbon, pyrobitumen, dead oil, black
sands, asphaltic sands, tar mats, and solid bitumen.
Due to the complex nature of heavy hydrocarbons, Lo-
mando (1992) prefers to use the term reservoir bitumen

because it is a descriptive term and avoids confusion
with source rock bitumen and kerogen, and it is general
enough to cover a wide range of heavy hydrocarbons.
There are numerous other definitions and nomenclatures
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for different heavy hydrocarbons based on properties
such as color, reflectance, fluorescence, microsolubility,
isotropy, anisotropy, softening point, and density (for
more information about these terminologies and their def-
initions, see Tissot and Welte, 1984, Jacob, 1989, Larsen
and Kidena, 2002, Nascimento and Gomes, 2004). In this
work, we use the term reservoir bitumen as defined by
Lomando (1992), and we refer to any hydrocarbon other
than reservoir bitumen as light hydrocarbon. In the res-
ervoir of interest, there was no indication of gas, and we
do not consider gas in this study.

Reservoir bitumen is an immobile hydrocarbon
that can have significant effects on the reservoir quality
and the production mechanism. When reservoir bitu-
men is present in significant amounts, identifying the
occurrence and quantifying its saturation as well as
understanding its distribution in the reservoir are of pa-
ramount importance for geologic and engineering mod-
eling and for making economic decisions. Its presence
leads to overestimation of reserves, if it is not ac-
counted for. The extent of reduction in porosity and
permeability of the rock as a result of precipitation of
the reservoir bitumen can be as destructive as the dam-
age caused by carbonate and silica cement (Lomando,
1992). The effect of reservoir bitumen on flow behavior
should be investigated in the context of mobility, fluid
viscosity, and distribution in the pore space. When
HMWHCs are distributed in the pore space and coexist
with light and producible hydrocarbons, reservoir
bitumen is likely to block pore throats. Conceptually,
Dumont et al. (2012) suggest that heavy asphaltene
nanoaggregates precipitate on grain surfaces and block
some of the pore throats as they segregate in the reser-
voir by gravity. Precipitated asphaltenes interrupt the
migration of the remaining asphaltene aggregates to
deeper parts of the reservoir, leading to the formation
of asphaltene-rich hydrocarbon patches.

Differentiating reservoir bitumen and light oil using
conventional logs such as neutron, density, and resistiv-
ity tools is difficult, if not impossible, due to the lack of
resistivity and density contrast between light hydrocar-
bons and bitumen. The use of advanced logging tools
such as nuclear magnetic resonance (NMR) and ele-
mental capture spectroscopy (ECS), in conjunction
with other logs and core data, allows for differentiation
between reservoir bitumen and other hydrocarbon
types in the pore space. Nascimento and Gomes (2004)
use resistivity logs at different depths of investigation
and identify tar-mat-saturated zones by mud invasion
profile interpretation. Akkurt et al. (2009) define the
missing porosity concept and excessive bound fluid
to identify tar-mat-saturated zones using triple combo
and NMR logs.Missing porosity refers to the portion of
porosity not detectable by the NMR logging tool but de-
tectable by other tools such as density and neutron
tools. Due to the short relaxation times of the tar mats,
the signal from tar and bound water overlaps in the
NMR response and results in overestimation of the
bound fluid.

In this work, we discuss the effects of the presence
of reservoir bitumen on experimental results such as
low-field NMR 1D and 2D experiments, helium (He)-
injection porosity and grain density (GD), and thin sec-
tion images. We present a quick-look method using core
data, formation pressure data, and log data to qualita-
tively identify the reservoir bitumen rich zones, and
at the same time we use NMR porosity and density
porosity log data in a volumetric rock model to quantify
the reservoir bitumen saturation in the reservoir. Fi-
nally, we present the results of application of the
qualitative and the quantitative methodologies in two
reservoir bitumen-saturated wells.

Effect of reservoir bitumen on laboratory data
Nuclear magnetic resonance porosity

The porosity estimate from NMR is a measure of
the number of hydrogen nuclei in a porous medium. Be-
cause in a subsurface reservoir system hydrogen is
mostly present in water and hydrocarbons, the concen-
tration of hydrogen molecules controls the relationship
between the NMR response and fluid volume and ulti-
mately the inferred porosity of the rock. Commonly, the
reference fluid for this conversion is freshwater, and
the property that defines the concentration of the hy-
drogen is the HIapp. HIapp is the ratio of hydrogen nuclei
detected by NMR in a known volume of the fluid to hy-
drogen nuclei detected by NMR in the same volume of
water. Although chemically, the HI for viscous hydro-
carbons is close to one, HIapp can be smaller than one
depending on the oil viscosity and NMR acquisition pa-
rameters such as echo spacing (LaTorraca et al., 1999).
Hence, without correction for low HIapp in heavy-oil-sa-
turated and HMWHC-saturated rocks, the NMR derived
porosity is underestimated. The presence of gas would
also affect NMR porosity because the HIapp of the gas is
less than one and varies depending on the pressure and
temperature condition (for more information, see Ak-
kurt et al., 1996).

Nuclear magnetic resonance T1 and T2

distributions
Three relaxation mechanisms control the transverse

relaxation (T2) time for different rock and fluid combi-
nations. These mechanisms, bulk fluid relaxation, sur-
face relaxation, and diffusion relaxation, act in parallel
and can be modeled by equation 1 (Coates et al., 1999).
Depending on fluid viscosity, chemical composition,
rock mineralogy and NMR acquisition parameters,
one, two, or all three relaxation mechanisms dominate
the relaxation of hydrogen molecules:

1
T2

¼ 1
T2B

þ 1
T2S

þ 1
T2D

; (1)

where T2 is the transverse relaxation time in millisec-
onds (ms), T2B is the bulk fluid relaxation in ms, T2S is
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the surface relaxation in ms, and T2D is the fluid diffu-
sion relaxation in ms.

The fluid diffusion effect is negligible when the NMR
response is acquired using short echo spacing (TE)
(Carr and Purcell, 1954). The bulk fluid relaxation de-
pends highly on the fluid properties such as viscosity
and chemical composition, it varies linearly with tem-
perature, and it can be modeled with equation 2:

T2B ≅ a
T
μ
; (2)

where a is a constant in centipoise (cP)/degrees kelvin
(°K)/ms that depends on fluid chemistry, T is the tem-
perature in °K, and μ is the fluid viscosity in cP. Note
that equation 2 applies only to the fluids. Bulk relaxa-
tion of the gas depends on the pressure and tempera-
ture condition.

Surface relaxation is dominated by the interactions
between fluid and pore surfaces and can be modeled
using equation 3 (Coates et al., 1999):

1
T2s

¼ ρ2
S
V
¼ ρ2

c
R
; (3)

in which ρ2 is the surface relaxivity (μm∕ms), S is the
surface area (μm2), V is the pore volume (μm3), R is the
pore body radius (μm), and c is the pore shape constant
which is one, two, or three for planar, cylindrical, and
spherical pores, respectively (Machado et al., 2011). A
similar theory is applied to T1 distribution except that
diffusion relaxation in equation 1 does not exist in T1
experiments. Also, T1 is usually significantly higher
than T2 for heavy hydrocarbons. A high T1∕T2 ratio
is characteristic for heavy hydrocarbons and is used
to differentiate reservoir bitumen from lighter hydro-
carbons. Hirasaki et al. (2003) show that T1 and T2 de-
crease linearly by increasing oil viscosity for samples
with viscosity lower than 200 cP. For more viscous sam-
ples, T1 and T2 reach plateau values and T1 tend to be
higher than T2 by up to one order of magnitude or more.

We modeled the effect of bulk fluid relaxation and
surface relaxivity on the T2 response for different pore
sizes by combining equations 1–3. Figure 1a shows the
effect of bulk fluid relaxation time (assuming spherical
pores with a constant surface relaxivity of 9 μm∕s) on
the T2 response as a function of pore body size. If the
pores are saturated with low-viscosity fluid (<3 cP), the
effect of pore size on the relaxation time is significant
and the time distribution can be considered a represen-
tation of the pore sizes for pore radii less than 100 μm.
This is due to the fast spin diffusion inside individual
pores, which equilibrates the spin density and conse-
quently all the spins in each pore relax with a common
relaxation rate (for more information, see Brownstein
and Tarr, 1979; Dunn et al., 2002). When pores are
saturated with a high-viscosity fluid such as reservoir
bitumen (in Figure 1a, viscosity of 3000 cP is modeled),
the resulting T2 is dominated by the bulk fluid relaxa-

tion and no effect from the pore size is observed. In
such cases, the average T2 value can be used to esti-
mate the fluid viscosity using empirical correlations
(Hirasaki et al., 2003).

Figure 1b shows the effect of surface relaxation on
the T2 response for a different pore body size for a rock
sample saturated with a fluid with viscosity of 3000 cP.
The surface relaxivity reported in the literature for car-
bonates is 1–7 μm∕s and for sandstones 6.4–25 μm∕s
(Chang et al., 1994; Marschall et al., 1995; Freedman
et al., 1997). For pore sizes bigger than 0.3 μm, changing
the surface relaxivity (which can be translated to the
mineralogy of the rock) does not have any significant
effect on the T2 time because it is highly dominated
by the presence of high-viscosity (short relaxation) res-
ervoir bitumen. Based on the results shown in Figure 1

Figure 1. Effect of (a) bulk fluid relaxation time and (b) sur-
face relaxation on the T2 response (constant surface relaxiv-
ity of 9 μm∕s) at each pore body size. In panel (a), the T2
response is highly dominated by the fluid with very low bulk
relaxation (high viscosity). The response is not sensitive to the
pore size and will be highly suppressed to shorter relaxation
times. (b) When the rock is saturated with a high-viscosity
fluid (constant bulk relaxation of 5 ms or approximately
3000 cP) the surface relaxation does not affect the NMR
response for pores larger than 0.3 μm, which shows the dom-
inant effect of fluid bulk relaxation on the response.
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in reservoir-bitumen-saturated intervals, the NMR re-
sponse is dominated by bulk relaxation regardless of
the rock mineralogy and it no longer represents the
pore-size distribution of the rock. Although reservoir bi-
tumen compromises the conventional application of the
NMR logs, its effect on NMR response can be used to
identify the reservoir-bitumen-saturated intervals.

In this section, we show how the aforementioned
theories about the effect of reservoir bitumen on T1
and T2 responses apply in NMR experimental results
and interpretation. Figure 2 shows T1 (dashed line)
and T2 (solid line) distributions for two core samples
from different sections of a reservoir at the “native
state” and the “cleaned and brine-saturated” conditions.
The samples are measured in laboratory conditions us-
ing a 2-MHz NMR instrument. Sample 1 (Figure 2a and
2c) is taken from a reservoir-bitumen-saturated inter-
val, and sample 2 (Figure 2b and 2d) is taken from a

water-saturated interval. In Figure 2a, the dominant T1
and T2 peaks are at 12 and 0.7 ms, respectively. As men-
tioned earlier, the short T2 time and high T1∕T2 ratio in
this sample are indications of the presence of heavy
hydrocarbons such as reservoir bitumen. Sample 2
(Figure 2b) shows T1 and T2 distributions with similar
bimodal shapes. A higher average T2 value (24.4 ms)
and a lower T1∕T2 ratio for the dominant peaks, com-
pared to the same values in Figure 2a, indicate the pres-
ence of water and light hydrocarbon such as native oil
or synthetic mud. Subsequent to the fresh state mea-
surements, all the samples were cleaned by hot solvent
extraction. Then, they were saturated with brine and
the same NMR experiments were performed. The NMR
responses for both samples (Figure 2c and 2d), show
significant differences compared to the response at na-
tive state conditions (Figure 2a and 2b, respectively).
By cleaning the samples and resaturating with brine,

new peaks at higher relaxation times
appeared in the spectra. The peaks at
300 ms with equal T1 and T2 times in
Figure 2c and 2d (indicated by solid ar-
rows) are due to replacement of part of
the reservoir bitumen with brine. An im-
portant observation in Figure 2c is the
presence of the peak with a short T2
and high T1∕T2 ratio (shown by dashed
arrows) after cleaning of the sample.
The presence of these peaks suggests
that the cleaning process did not remove
all of the reservoir bitumen in the pore
space. This has been observed in almost
all of the core samples taken from the
reservoir-bitumen-rich intervals regard-
less of the volume of the residue in dif-
ferent samples.

Nuclear magnetic resonance T1-T2

maps
Nonuniform pore-size distribution in

heterogeneous reservoir rocks and the
presence of different fluids with variable
viscosity and hydrogen index (HI) make
it difficult, if not impossible, to fully
characterize the fluids in porous media
using just 1D T1 and T2 distributions.
The T1-T2 correlation maps are used to
differentiate the heavy and/or viscous
phase from the light phase using the
differences in the T1∕T2 of the fluids
(for more information about T1-T2 maps,
acquisition, and inversion, see Song et al.,
2002). We use this property in T1-
T2 correlation 2D maps, to differentiate
high- from low-viscosity hydrocarbons.
The T1-T2 maps are acquired at the na-
tive state for sample 3 (Figure 3a), which
is taken from a reservoir-bitumen-satu-
rated interval, and sample 4 (Figure 3b)

Figure 2. (a and b) T1 (dashed line) and T2 (solid line) distributions measured
at laboratory condition at native state condition. (c and d) Samples were cleaned
by hot solvent extraction, and the measurements were repeated at a brine-satu-
rated condition. Sample 1 is reservoir-bitumen-saturated, and sample 2 is from a
water-saturated zone. High T1∕T2 in sample 1 at the native state is an indication
of the presence of reservoir bitumen. This ratio in sample 2 is smaller due to the
presence of a lighter phase such as oil-based mud or water. In the brine-saturated
condition (c), long relaxing components (T1∕T2 of 1) have been added to the
spectrum of sample 1 (solid arrows in panel [c]), but still the T1 and T2 distri-
butions are affected due to incomplete extraction and the presence of reservoir
bitumen residues (high T1∕T2). The peaks that correspond to the reservoir bitu-
men residues are indicated by dashed arrows in panel (c). In sample 2, after ex-
traction, there is no sign of the presence of mud or light hydrocarbon and the T1
and T2 distributions are similar.
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is taken from a light-oil-saturated interval. The portion of
the data that falls on, or close to, the one-to-one corre-
lation line (the black solid line in Figure 3a and 3b) rep-
resents light fluids such as light oil, mud, or water in the
porous media. Deviation of the data from this line is di-
rectly related to the viscosity of the hydrocarbon. The
high-amplitude data components, indicated as “heavy
HC,” for sample 3 (Figure 3a) are due to the presence of
reservoir bitumen in this sample. The T1-T2 correlation
map for sample 4 (Figure 3b) shows that the sample is
saturated with light hydrocarbon and water.

Helium injection porosity
He-injection porosity and air/liquid permeability

measurements are common practices in conventional
core analysis. Such data are used by petrophysicists
for porosity and permeability core to log correlation.
Core samples undergo a multistage extraction-cleaning
process in the laboratory to clean out oil, mud, and
water in the core before the measurements. At the first
stage of cleaning, a Dean-Stark extraction-distillation
unit was used to extract the water, using toluene for
48 h. The solvent was replaced by chloroform to extract
the oil, and then samples were oven dried at 105°C until
a constant weight was reached. An attempt was made to
remove the heavier components of the oil using higher
polarity solvents such as methylene chloride and
tetrahydrofuran. As shown earlier in Figure 2a and 2c,
despite the multistage cleaning, there are still indica-
tions of the presence of reservoir bitumen in the pore
space.

Partial cleaning of the samples is due to the insolubil-
ity or partial solubility of the HMWHC in polar solvents.
Another reason is the blockage of the pore throats by
the reservoir bitumen, which prevents the solvent from
reaching parts of the pore space (Wilhelms et al., 1994).
In both cases, using high-polarity solvents and increas-
ing the cleaning time would increase the efficiency of
the cleaning process. Figure 4a shows the core He
porosity and density log evaluated total porosity data
for samples that are taken from a well that has no in-
dication of reservoir bitumen presence (henceforth,
we refer to this as Well 1). The density log total porosity
is calculated without consideration of the possibility of
bitumen in the pore space. A more thorough discussion
of how to incorporate the bitumen in the density log to-
tal porosity evaluation will be presented later.

The porosity values from density and He injection
are in good agreement for Well 1. We performed the
same comparison for a set of samples taken from a well
and its side track that are affected by the presence of
reservoir bitumen (henceforth, we refer to this well and
its side track as Wells 2 and 2ST, respectively). The re-
sults are shown in Figure 4b, in which core He porosity
is systematically lower than the log density total poros-
ity. This is due to the presence of reservoir bitumen
residue in the cores even after two-stage extraction. As
mentioned earlier, similar to He porosity, NMR log po-
rosity calibrated with freshwater shows lower porosity

than density derived total porosity. The NMR log poros-
ity (calibrated using HI of 1 for water) and He-injection
porosity data for Well 2 and its side track are shown in
Figure 5. Although both porosity values underestimate
the rock porosity compared to density log total poros-
ity, they show better agreement than in Figure 4b. This
comparison shows a common source of error, which is
the presence of reservoir bitumen, for NMR log and He-
injection measurements. The possibility of pore throat
blockage by reservoir bitumen due to partial sample
cleaning discussed above could cause an additional
porosity deficit when He-injection porosity values are
compared to NMR porosity values. However, only an
unknown fraction of the reservoir bitumen in the pore
space is spatially configured to result in isolated pock-
ets of pore space undetectable by the He-injection

Figure 3. Note the T1-T2 correlation maps for (a) a reservoir-
bitumen-saturated sample and (b) a light-fluid-saturated sam-
ple. The red dashed-dotted line is the minimum relaxation
time measurable with the NMR instrument, which is 100 μs.
Any data point on the left side of this line is either noise or
a mathematical inversion artifact. The black solid line is the
1∶1 ratio line, and the color bar is the normalized signal inten-
sity. The presence of data components with a short T2 and a
very high T1∕T2 ratio in panel (a) indicates the presence of
reservoir bitumen in the sample. All of the components on the
1∶1 ratio lines in panels (a and b) correspond to light hydro-
carbon and/or water responses.
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measurement. On the other hand, the cleaning pro-
cedure before the He-injection measurement might
result in removal of an unknown amount of reservoir
bitumen, thus increasing the He-injection porosity com-
pared to NMR log porosity. It is likely that some of the
scatter seen in Figure 5 is related to these opposite ef-
fects, which we consider relatively small but have not
been able to quantify.

Grain density measurement
GD measurement using He injection is a reliable way

to calibrate the GD measured by the ECS log and cal-
culate the total porosity using density logs (Wilhelms
et al., 1994). Evaluating the total porosity using constant
mineralogy and fluid type often results in poor estima-
tion of porosity, especially in heterogeneous systems
(Elseth et al., 2001). The presence of low-density (com-
pared to mineral densities) reservoir bitumen residue in
the pore space due to partial cleaning reduces the He-

injection GD (Wilhelms et al., 1994) because during the
measurement, the bitumen is part of the solid matrix
rather than a saturating fluid.

Another method to determine the GD is using X-ray
diffraction (XRD) data. This method quantifies the min-
eralogy of the rock based on the angle of diffraction of
the scattered X-ray beam, after collision with the crys-
talline structure of the mineral. A decrease in the crystal
size or a lack of crystallinity will reduce the intensity of
the diffracted beam (for more information, see Rues-
sink and Harville, 1992). Thus, XRD results are not
affected by the reservoir bitumen regardless of the sat-
uration due to the noncrystalline structure. Note that
XRD is not a direct GD measurement technique, and in
this study, we use the mineral constituents of the rock
determined by XRD and GD values for pure individual
minerals to calculate the GD using the following equa-
tion:

ρg ¼
100Pðwt%min∕ρminÞ

; (4)

where ρg is the GD of the rock sample in gr∕cm3, wt%min
is the weight percent fraction of each mineral, and ρmin
is the density of the pure mineral in gr∕cm3.

Figure 6 shows a comparison between GD evaluated
by XRD and He porosity measurements. In Well 1 (Fig-
ure 6a), the XRD and He-injection GD results in similar
values. In Wells 2 and 2ST (Figure 6b), the XRD GD is
higher, and it shows no correlation with the calculated
GD by He injection. In Wells 2 and 2ST, the presence of
varying amounts of low-density reservoir bitumen res-
idue has affected the GD whereas the XRD method only
considers the hydrocarbon-free GD. Using He-injection

Figure 4. Density porosity and He porosity crossplot
(a) light-oil-saturated well (Well 1) and (b) reservoir-bitumen-
saturated well (Well 2) and its side track well (Well 2ST). Both
porosity values are in good agreement in panel (a), but He in-
jection systematically underestimates the porosity values in
panel (b).

Figure 5. Crossplot of NMR log porosity and He-injection
porosity values for reservoir bitumen-saturated well and its
side track well (Wells 2 and 2ST, respectively). NMR log and
He-injection porosities are affected by presence of reservoir
bitumen in the pore space. Due to the underestimation of the
porosity in both measurements, He-injection porosities are in
better agreement with NMR porosity than with density poros-
ity values.
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GD values for core-log correlation without considering
the effect of reservoir bitumen residue results in under-
estimation of the total calculated using the density log.
There are other sources of GD estimates such as ECS
logs and multimineral analysis, which theoretically are
reservoir-bitumen-independent and can be used for core-
to-log correlation of the GD for a more precise density
porosity calculation. Figure 7 shows a schematic of
which parts of the reservoir rock are detected by differ-
ent log and core laboratory measurement techniques.

Petrographic analysis
Petrographic analysis of thin sections can be used to

detect the presence of reservoir bitumen in reservoir
rocks. It can provide direct confirmation of the presence
of reservoir bitumen in reservoirs. In a thin section, res-
ervoir bitumen is recognized as a solid cement that
occurs in a variety of geometries, including meniscus
pore wall coatings (Figure 8a and 8b), solidified droplet
shapes, pore-bridging ribbons (Figure 8c and 8d), and
as complete or nearly complete pore-filling material (Fig-
ure 8e). Reservoir bitumen is opaque in transmitted
plane light or cross-polarized light, and it is blackish-
brown to black in reflected light. Desiccation cracks
may appear within the bitumen fill (Figure 8e) originat-
ing from either natural shrinkage or laboratory-induced
desiccation resulting from the cleaning and drying proc-
ess. In ultraviolet light, bitumen will appear black, non-
reflective, and will not show any sign of fluorescence. An
example of a clean, nonbitumen-saturated thin section is
shown in Figure 8f.

Reservoir bitumen is difficult to confuse with other
types of solid opaque cements such as pyrite or iron ox-
ides. Pyrite does not occur in meniscus, droplet, ribbon-
shaped, or pore wall coating morphologies, and in
reflected light it will exhibit a characteristic gold color.
Also, iron oxides are readily distinguished from bitu-
men by their characteristic rust to red colors in re-
flected light.

To preserve bitumen for petrographic observation,
the core plugs used to make thin sections should be
cleaned enough to remove brine, movable (liquid) oil,
and drilling mud, but not so aggressively cleaned that
the solid components are removed. If thin sections
are made from the core plug end trims, the cleaning pro-
cedure used should match the protocol used for routine
core analysis so that the visual evidence observed in
thin sections matches the core analysis data results
quantitatively. The protocol used can vary depending
on the desired results. Three levels of cleaning may be
used: (1) nonaggressive cleaning to remove brine and
drilling mud while preserving all of the oil components
(volatile liquid oil stain and solid bitumen). In thin sec-
tion, an oil stain will appear as a thin brown coating that
may fluoresce in ultraviolet light, and the solid bitumen
will be opaque, black and nonfluorescent; (2) additional
solvent cleaning to remove the volatile liquid stain, leav-
ing behind only the solid bitumen in the pores. This will
yield a thin-section view with porosity estimates that

should reasonably match core analysis results as well
as downhole NMR porosity calculations; and (3) highly
aggressive, longer duration cleaning (especially at high
temperatures) to remove all hydrocarbon components.
This method yields a clean, open-pore system showing
no evidence of hydrocarbon migration. Thin-section es-
timates of porosity in this case may match uncorrected,
uncalibrated density log estimates, but they will not
likely match NMR log results. However, the thin-section
porosity values can be used to estimate the total poten-
tial porosity elsewhere where solid bitumen might be
absent.

Petrographic work can be integrated into the bitu-
men assessment process described in this study in three

Figure 6. Crossplot of GD calculated by He-injection and
XRD data for the (a) light-oil-saturated well (Well 1) and
(b) reservoir bitumen-saturated well and its side track (Wells
2 and 2ST, respectively). In Well 1 (a), the XRD and He-injec-
tion GD result in similar values, whereas in Wells 2 and 2ST
(b), the XRD GD (not affected by HC remnants) is systemati-
cally higher than the calculated GD by He-injection data
(which are affected by the HC residues). Using He-injection
GD values for core-log correlation without considering the ef-
fect of reservoir bitumen residue results in underestimation of
the porosity calculated using density log.
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basic ways: (1) qualitative visual confirmation of down-
hole log results, (2) quantitative measurement of volume
percent solid bitumen, volume percent pore space, vol-
ume percent solid minerals, and (3) determination of rel-
ative and/or absolute oil charge timing. Relative timing
may include timing versus other diagenetic burial events,
and it may include initial charge, recharge, flushing, and
biodegradation events. Absolute geologic timing may
be interpreted for single or multiple events, and it may
include information about temperature, pressure, and
depth conditions that existed in the reservoir strata. In
this study, we use the petrographic analysis of the thin
sections for qualitative visual confirmation of the pres-
ence of the reservoir bitumen.

Reservoir bitumen quick identification method
As discussed earlier, the presence of reservoir bitu-

men in the rock has a significant effect on the laboratory
and downhole NMR responses as well as laboratory tests
such as thin sections, porosity, and GD measurements.
Any of these indicators taken individually might not be
sufficient to positively identify reservoir bitumen, but
taken together, the agreement of all or some of these
indicators provides a stronger indication of the presence
of reservoir bitumen. We used these effects to develop a
quick identification method to differentiate the reservoir-
bitumen-saturated and light-fluid-saturated intervals. The
following list describes the stepwise workflow for reser-
voir bitumen identification.

Step 1: T2 distribution
For a proper interpretation of the T2 distributions,

fluid saturations and viscosities are required. Equation 1
provides a correlation to calculate the approximate

bulk relaxation for oils using viscosity and reservoir
temperature.

As described earlier (Figure 1), in reservoir bitumen-
saturated intervals, the short bulk T2 relaxation of the
bitumen dominates the T2 spectrum Therefore, visual
inspection of the T2 distribution enables a first assess-
ment of the fluid type.

Step 2: Density (total)-nuclear magnetic
resonance porosity

Presence of low-HIapp fluids, such as high-viscosity
hydrocarbons or gases, reduces the estimated porosity
from the NMR tool. Plotting the density porosity and
NMR porosity on the same scale helps us identify the
zones in which NMR shows a deficit in porosity. Due
to uncertainties associated with GD and liquid phases
especially in high-clay-content, heterogeneous, and
thinly layered reservoirs, it is challenging to define a
universal threshold for NMR-density porosity difference
as an indication of presence of reservoir bitumen. Pre-
cise depth matching in reservoirs with rapidly variable
porosity with depth is crucial prior to density-NMR
porosity comparison. A slight mismatch could result in
a significant porosity deficit and misinterpretation of an
interval as reservoir bitumen rich.

Step 3: Density (total) porosity-T2LM crossover
For light-hydrocarbon-saturated or water-saturated

rocks (assuming HIapp of 1 for both fluids), the T2 dis-
tribution can be considered as a representation of the
pore-size distribution and the T2 logarithmic mean
(T2LM), calculated by equation 5, will be an indication
of the pore size that dominates the porosity of the rock:

T2LM ¼ exp

�P
lnðT2iÞ × ϕiP

ϕi

�
; (5)

in which T2LM is the logarithmic mean of
the T2 distribution measured in ms. If
the T2 distribution spectrum is plotted
using i number of points (bins), the
ith bin has a T2 time (T2i) and an ampli-
tude that is the porosity associated with
that bin (ϕi).

The T2LM and density porosity cross-
over is an indicator of whether the T2
response is dominated by rock or fluid
properties. In clay-free intervals satu-
rated with light oil and water, we expect
to see an increase in T2LM as a result of
increase in porosity. Presence of reser-
voir bitumen shifts the T2 distribution
toward shorter relaxation times, and con-
sequently T2LM decreases significantly
and does not follow the porosity varia-
tion. Density porosity, regardless of the
bitumen content, captures the variations
in porosity. Fluid and rock effects on T2
distribution can be separated by plotting

Figure 7. Volumetric rock model that shows the portion of the rock and fluid for
different measurements. (a) Density log measures the bulk density of the rock
including all the minerals and the fluids in the pore space. (b) NMR porosity
includes the light fluids and part of the heavy hydrocarbons such as reservoir
bitumen indicated by “???” in the figure. (c) He-injection calculated GD includes
the rock matrix and the hydrocarbon remnants, which are the results of incom-
plete extraction. (d) XRD and ECS logs measure the weight fraction of each min-
eral constituent in the matrix. By assuming a density value for each individual
mineral, the GD can be calculated.
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density porosity and T2LM on the same track. They
should be scaled so that they approximately overlap in
water-saturated or light-hydrocarbon-saturated intervals
(for example, 30 to 0 p.u. for porosity and 0 to 700 ms on
the linear scale for T2LM).

Step 4: Grain density comparison
Plotting different GD data sets on the same track

helps to confirm the presence of reservoir bitumen in
the intervals that have low He-injection calculated grain
densities, compared to other measurements such as
XRD, ECS, or multimineral analysis.

Step 5: Petrographic screening
Available thin sections were used to visually confirm

the presence of solid pore-filling bitu-
men. We created a log in which we
assigned a value of one for petrographic
images that show the presence of bitu-
men (Figure 8a–8e) and a value of
zero for reservoir bitumen free images
(Figure 8f).

Step 6: Downhole pressure test
Downhole formation pressure tests

are used to measure the fluid mobility at
different depths. Taken independently,
formation pressure tests are not an indi-
cation of the presence of reservoir bitu-
men. A dry or failed pressure test can be
either due to low permeability of the
rock or high viscosity of the fluid. In this
study, we assigned zero to the failed or
dry pressure tests and one to the tests
that recorded a pressure build up.

Reservoir bitumen quantification:
Volumetric model

In the previous section, a stepwise
quick, but qualitative, identification meth-
od for reservoir bitumen was presented.
In this section, we discuss a volumetric
model to quantify the saturation of the
reservoir bitumen and refine the total
porosity estimation for hydrocarbon vol-
ume calculation purposes.

Figure 9 shows a schematic of the
reservoir rock model developed. The
question mark in Figure 9 indicates that
the cleaning process in the core labora-
tory will remove an unknown amount of
the reservoir bitumen present in the res-
ervoir. It is assumed that this portion of
the hydrocarbon is undetectable by the
NMR logging tool in the reservoir. The
amount of removed bitumen is expected
to be small; therefore, the matrix density
values reported from He-injection core

analysis (ρmacore) will be smaller than the matrix density
of the reservoir rock (ρma). Likewise, the bitumen in the
reservoir is nonmovable, so it is effectively part of the
rock, and the log-derived apparent reservoir matrix
density (ρmares), is close to ρmacore, as detailed later.
The limestone reservoirs under consideration here
are essentially shale free, and there was no shale in-
cluded in the model.

Total porosity calculated from the density log using a
standard matrix density will include the part of the pore
space occupied by bitumen. The total porosity value in-
cluding the volume of bitumen ðϕmaxÞ is larger than the
core analysis derived value and the total porosity value
from an NMR log, which does not detect the bitumen
(Figure 7).

Figure 8. In thin sections, reservoir bitumen is recognized as a solid cement that
occurs in a variety of geometries, including (a) pore-lining, meniscus bitumen
in dolomite reservoir facies, (b) meniscus bitumen pore linings in limestone,
(c) pore-lining bitumen and pore-bridging ribbon of bitumen in limestone facies,
(d) pore-lining and pore-bridging bitumen in oncoidal limestone facies, and
(e) pore-filling bitumen with dessication cracks in a skeletal limestone. Exam-
ples of each bitumen geometry are annotated and shown using dashed boxes. In
all cases, reservoir bitumen has reduced the pore volume and decreased the per-
meability by restricting pore throats. Panel (f) shows a limestone sample that is
not damaged by the presence of reservoir bitumen. The blue color in all images is
the epoxy that has been used for thin-section preparation.
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The effect of the presence of reservoir bitumen on
the evaluation of porosity can be quite significant. Con-
sider a reservoir with matrix density ρma ¼ 2.75 gr∕cm3

with two different porosity values, ϕmax ¼ 0.25 and
ϕmax ¼ 0.10 and varying amount of reservoir bitumen.
The water saturation (Swt) in the two situations is
20% and 40%, respectively. If the total porosity is calcu-
lated from the density log without acknowledging the
presence of varying amounts of reservoir bitumen,
the total porosity will be significantly higher than the
NMR porosity, even for moderate amounts of reservoir
bitumen (Figure 10). This suggests that the combination
of the total porosity estimation from the density log and
the NMR porosity can be used to quantify the amount of
reservoir bitumen.

Figure 10a and 10b shows the effect on porosity es-
timates of varying amounts of reservoir bitumen in the
pore space in the two examples, respectively. It is inter-
esting to note that for bitumen saturations larger than,
e.g., 20%, the difference between the evaluated total
porosity and the NMR porosity becomes significant
(>15%). The effective reservoir matrix density (ρmares),
which decreases rapidly with increasing bitumen satura-
tion, can be derived from the model equations presented
below to be compared to the core analysis matrix density
(ρmacore) values, which should also include the reservoir
bitumen assuming it has not been removed in the core
cleaning process.

When logging the reservoir, it is assumed that the
NMR tool and the density tool (measuring ρB) respond
to the same fluid in the pore space due to their similar
measurement depths of investigation; i.e., the relevant
water saturation for the model is Sxo. We will denote the
saturation of NMR-detectable hydrocarbon and non-
NMR-detectable hydrocarbon as SHC and SRB, respec-
tively. All saturations are with reference to ϕmax, which
is the porosity of all the nonmineral portions of the rock
(Figure 9). With the model and nomenclature given in
Figure 9, the following relationships can be derived:

ρflϕfl ¼ SxoϕmaxρW þ ðϕfl − SxoϕmaxÞρHC; (6)

ρB ¼ ρflϕfl þ ρRBϕRB þ ρmað1 − ϕfl − ϕRBÞ; (7)

where ρfl and ϕfl are the density and porosity of the flu-
ids that are detectable by NMR, respectively, and ρW
and ρHC are the densities of water and light hydrocar-
bons in the rock, respectively. Assuming ϕfl ¼ ϕNMR
(the logged NMR porosity in Figure 9), we can rear-
range equations 6 and 7 for ρfl and ϕRB, which is the
reservoir bitumen porosity, and eventually calculate
SRB, which is the reservoir bitumen saturation:

Figure 9. Reservoir rock model annotated with relevant den-
sity and porosity labels used in the text. The question mark
indicates that the cleaning process will remove an undefined
amount of the reservoir bitumen, which is itself undetectable
by the NMR logging tool in the reservoir.

Figure 10. Effect on porosity estimates of varying amounts
of bitumen in the pore space in two examples: (a) PHI_MAX =
0.10 and Swt = 0.40 and (b) PHI_MAX = 0.25 and Swt = 0.20.
The black dotted lines indicate the total porosity evaluated
without consideration of the presence of the reservoir bitu-
men, i.e., considering all hydrocarbon (oil and reservoir bitu-
men) as oil for oil density calculation. The solid brown lines
are the porosity that can be detected by an NMR tool, which
cannot detect the “solid” reservoir bitumen. The dashed-dot-
ted blue lines indicate the reservoir matrix density (ρmares),
i.e., the combined density to the mineral volume and the vary-
ing amount of reservoir bitumen. The dashed green lines are
the difference between total porosity and NMR porosity. For
bitumen saturations larger than 20%, the difference between
the evaluated total porosity and the NMR porosity becomes
significant (>15%). The reservoir matrix density (ρmares) de-
creases rapidly with increasing bitumen saturation.
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ρfl ¼
SxoϕmaxρW þ ðϕNMR − SxoϕmaxÞρHC

ϕNMR
; (8)

ϕRB ¼ ρB − ϕNMRρfl − ρmað1 − ϕNMRÞ
ρRB − ρma

¼ ϕmax − ϕNMR;

(9)

SRB ¼ ϕRB

ϕmax
: (10)

To solve for the bitumen content, an iterative ap-
proach is used. First, the total porosity (ϕt) from the
density log is calculated following an iterating approach
using density porosity log data and Archie’s equation
(or any appropriate water saturation model) using an
initial guess for ρflt until stable values of ϕt, water sat-
uration (including Sxo), and total fluid density (ρflt in
equation 11) are obtained. In the first calculation, there
is no attempt to include the effect of bitumen. In the

presence of bitumen the initial calculated value of ϕt
will be too small (compared to ϕmax) as bitumen is
denser than the movable oil and the bitumen will be
treated as movable oil. The next step is to calculate
equations 8–10 above using ϕt for ϕmax. The total poros-
ity calculation is now repeated with the modification
that the fluid density ρflt is calculated using SRB and
the associated ρRB in the following manner:

ρflt ¼ SxoρW þ ð1 − Sxo − SRBÞρHC þ SRBρRB: (11)

The total porosity ϕt and Sxo are then fed into equa-
tions 8–10, and the process is repeated.

In addition to the standard log evaluation, the above
procedure results in an estimate of SRB. Here, we use
SRB as a bitumen indicator for values larger than
0.25. Note that SRB can also be used to calculate the
fraction of pore space of the reservoir that is occupied
by bitumen and as a guide to the distribution of the
bitumen.

It is possible to derive an estimate of the apparent
reservoir matrix density (ρmares), i.e., including the bitu-
men as

ρmares ¼
ϕRBρRB þ ð1 − ϕNMR − ϕRBÞρma

1 − ϕNMR

¼ ρB − ρflϕNMR

1 − ϕNMR
: (12)

The apparent reservoir matrix density (ρmares) should
compare favorably to the He-injection derived matrix
density (ρmacore) values, which also include the effect
of bitumen.

Figure 11 illustrates the robustness of the method.
Figure 11a is a crossplot of core analysis matrix density
(ρmacore) for whole core and plug samples from Well 2
plotted against the result of a multimineral model
(ρMultiM), which includes quartz, calcite, and dolomite.
In Figure 11b, the same core data (ρmacore) are plotted
against the calculated ρmares using the method de-
scribed above. The match is not perfect, but the trend
is clear, and the method properly includes apparent
matrix density values as low as 2.45 g∕cc.

As discussed above, density derived values for total
porosity will be smaller than the “true” total porosity of
the model, ϕmax (Figure 9), if the bitumen is not prop-
erly included in the fluid density that enters the total
porosity calculation. This is because the bitumen is
treated as belonging to the fluid in the pore space.
Incorporating the bitumen will actually increase the
evaluated total porosity as compared to a standard eval-
uation, not accounting for bitumen, and make the agree-
ment with core derived values even poorer. The NMR
porosity, on the other hand, should be in much better
agreement with the core derived values as the NMR log
does not respond to the bitumen part, which in this
context can be considered solid (Figure 5). Figure 12

Figure 11. Well 2 core analysis matrix density (ρmacore) plot-
ted against two log-based matrix density estimates: (a) using a
multimineral-based log estimate of matrix density not includ-
ing the effect of bitumen and (b) using the approach given
here including the effect of reservoir bitumen.
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illustrates the increase in total porosity from the density
log when bitumen is included (PHIT) as compared to
not included (PHIT_NO_RB_EFFECT) in the evalu-
ation of a bitumen-rich section of Well 2. It can be seen
that including the effect of bitumen can increase the
evaluated total porosity significantly.

Case study and discussion
The explained methodologies for quick identification

and volumetric modeling was applied to two wells with
reservoir bitumen-saturated intervals. The reservoir
under consideration was presalt Cretaceous carbonate,
more specifically an Aptian lacustrine microbial lime-
stone, located in the deep water Campos basin off shore
Brazil. Several wells with varying amounts of reservoir
bitumen have been drilled in the area. In this paper, we
only discuss wells with high levels of reservoir bitumen.
The wells were drilled with oil base mud and were log-
ged with wireline standard triple combo suites, NMR,
ECS, and formation pressure tests. The logging opera-
tions were carried out successfully and the data quality
is good for all reservoir sections discussed here.

The log tracks for Wells 2 and 3 are shown in Fig-
ures 13 and 14, respectively. Details of each log track
are given in Table 1. In Well 2 (Figure 13), three zones
have been observed. At the top and bottom, there are
two low-resistivity water-saturated intervals (zones C
and A, respectively). Zone B in Figure 13 with low
gamma ray (GR), high resistivity (RSHAL and RT), and
high-density porosity (PHIT) is shown. The resistivity,
density, and neutron logs at this interval show all the
characteristics of a prolific oil-saturated reservoir. This
is similarly observed in the top interval (zone B) of Well
3 shown in Figure 14.

Figure 12. Illustration of the effect of including the bitumen
in the total porosity (PHIT) calculation as opposed to not in-
cluding bitumen in the calculation (PHIT_NO_SHC_EFFECT)
for Well 2. It can be seen that including the effect of bitumen
can increase the evaluated total porosity significantly.

Figure 13. Log and core data for Well 2. Log track details are given in Table 1. The well shows three zones: Zone A is a mixed
water-/oil-/bitumen-saturated zone, zone B is a bitumen-saturated zone, and zone C is water saturated. Quick identification steps
are shown in different log tracks. A detailed discussion for each track is given in the “Case study and discussion” section.
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We followed the stepwise quick identification for
both wells to differentiate reservoir bitumen-saturated
intervals. In the following, after discussing each log
track, the corresponding quick identification step will
be addressed.

Track 4 in both wells shows the changes in NMR
T2 distribution (T2_DIST) when the NMR logging tool
enters zones B of both wells. We observed that the
presence of heavy hydrocarbon dominates the NMR re-
sponse and shifts the distribution toward faster relaxa-
tion times (step 1).

The brown fill in track 5 indicates the areas that NMR
porosity (PHIT_NMR) is underestimating the porosity
in comparison to the density porosity (PHIT) He-injec-
tion porosity data (Por_Core) is also shown. As shown
earlier in Figure 5, they are closer to NMR porosity due
to reservoir bitumen effect (step 2).

Track 6 is the crossover of T2LM (T2_LogM) and total
porosity (PHIT) logs. In light-fluid-saturated and water-
saturated intervals, total porosity and T2LM should follow
the same trend. We plot them on opposite scales to for
visual convenience. In zone A of Well 3 (Figure 14),
which is a water-saturated interval, two logs clearly

show similar trends. As the porosity increases, the T2LM
increases as well, which shows the dominant effect of
pore structure on NMR data. In zones B of both wells,
the porosity log shows significant variations whereas
the T2LM log shows a constant low average time. This
is an indication of the high-viscosity fluid effect on the
NMR response (step 3).

Track 7 presents all the available laboratory and
downhole GD measurements. In zone B, the He-injec-
tion GD, which is affected by the presence of reservoir
bitumen residue, shows a systematically lower GD com-
pared to other measurements such as the XRD calcu-
lated (GD_XRD in Well 2) and multimineral analysis
(RHOMA_QUA), which are reservoir bitumen indepen-
dent (step 4).

Track 8 shows thin section analysis (Thin Section) and
pressure test results (Good_Press and Failed_Press). In
most of the thin sections in zones B, reservoir bitumen
has been observed and the pressure test results are
“dry.” It is an indication of very low fluid mobility either
due to low permeability or high fluid viscosity. To dif-
ferentiate permeability and fluid viscosity effects on
the failed pressure tests, we plotted the He-injection

Figure 14. Log and core data for Well 3. Log track details are given in Table 1. The well shows two layers, a water-saturated layer
at the top (indicated as zone A) and an oil-saturated interval (indicated as zone B). Quick identification steps are shown in different
log tracks. Detailed discussion for each track is given in the “Case study and discussion” section.
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permeability results (K_Core) in track 9. The high core
permeabilities indicate that the failure in pressure tests
is most likely due to the fluid viscosity effect (steps 5
and 6). Note that the permeabilities measured by He-
injection methods are also affected by reservoir bitu-
men residue and are only indicators of permeability
in these intervals.

Ninety-two milliseconds is the common time cut off
for capillary bound water volume using NMR log in the
Timur-Coates permeability model for carbonate rocks
(Coates et al., 1999). In zone B, most of the NMR T2
distribution (track 4) falls below the cut-off time and
results in underestimation of the permeability calcu-
lated by the Timur-Coates model (KTIM_NMR in track
9). NMR permeability models are developed assuming
T2 distribution is a representation of pore-size distribu-
tion. As mentioned earlier, in reservoir bitumen-
saturated intervals, the distribution is highly dominated
by the short bulk relaxation of the reservoir bitumen.

After identifying the reservoir-bitumen-saturated in-
tervals, the volumetric model presented in this paper
was used to calculate the saturation of the reservoir bi-
tumen. The results of the model are shown in track 10.
As observed, the saturation of the reservoir bitumen is
not constant throughout the wells. The results of the
model have been used directly in field-scale reserve cal-
culations.

Conclusions
One of the main challenges in reservoirs with reser-

voir bitumen is understanding the distribution and the
effect that reservoir bitumen has on individual log and
core measurements. In this work, thorough petrophys-
ical modeling, using all available data was performed
for two wells.

NMR logging is the state-of-the-art method used to
differentiate between light and heavy/immobile hydro-
carbons. In reservoir-bitumen-saturated intervals, the

NMR T2 distribution is dominated by the
bulk fluid relaxation and is not a repre-
sentation of the pore-size distribution,
so the empirical permeability models
using NMR data become unreliable. He-
injection GD from core analysis is un-
derestimated due to the presence of res-
ervoir bitumen residue. Because it is the
common source of core-log calibration
for density log porosity calculation, us-
ing this GD data results in the underes-
timation of total porosity calculated
from the density log. Other sources of
porosity such as NMR and He injection
also underestimate the total porosity of
the rock.

The devised volumetric model is able
to explain and quantify the results of
the core analysis data when reservoir bi-
tumen is present in the reservoir. The

technique described here can be applied to different
reservoirs, regardless of lithology and producing fluid
type, for more reliable and precise reservoir evaluation
and production planning.
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