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ABSTRACT

-~

An important step when developing a reservoir description is to provide a subdivision of the cored
intervals into groups which are precisely characterized in terms of petrophysical properties and
which have enough geological significance to be used for aerial extrapolation. However in many
practical cases, such a subdivision is often guided by geological factors and less consideration is
paid to the petrophysical behaviors.

This study explains how a robust subdivision was obtained in a vuggy carbonate oil reservoir.
This subdivision was based on physical parameters measured on cores and satisfies the previously
stated objectives.

We focused on four parameters: Porosity, Gas Permeability, Grain Density and Cementation
Factor for two major reasons. Firstly, measurements of these parameters can be easily obtained on a
large number of representative core samples. Secondly, porosity and permeability are related to
reservoir quality whereas grain density and cementation factor are related to geological factors,
which are easier to describe for lateral continuity. Grain density is directly related to lithology and
the cementation factor is related to the intensity of dissolution in vuggy carbonates. Hence,
measurements of these parameters were performed on more than seven hundred core samples
representative of the reservoir. A clustering technique based on Ward's mimmum variance method
was then applied to the four parameter values to divide the core data set into five groups (so called
Petrophysical Groups). The dispersion of each parameter is relatively narrow within each group.
Representative capillary pressure and relative permeability data, enabled us to characterize each
group in terms of water saturation and relative permeability in a consistent and reliable way.

This robust and quantitative subdivision was then compared with a more conventional one (so
called lithofacies subdivision) which was based on a visual geological description of the cores, thin
section observations and porosity values. We found that, on a geological point of view, the
Petrophysical Groups were as significant as the « old fashioned » lithofacies. This suggests that,
compared with the conventional lithofacies, the geologist will not find it more difficult to estimate the
lateral continuity of these groups. The study proves that a quantitative subdivision allows a more
precise characterization of the productive zones in terms of porosity, permeability and initial water
saturation. Moreover, the petrophysical groups take into account the connectivity and the amount of
vugs in the reservoir much better than the classical subdivision and this is essential for the
assignment of relative permeability curves in a vuggy environment.
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INTRODUCTION

More and more productive reservoirs are characterized by highly vanable petrophysical
properties due to complex combinations of sedimentary and diagenetic effects. Hence, it is more and
more difficult for the production geologist to determine the relationship between sedimentological
features and petrophysical properties in reservoir modeling. Deterministic approaches where
petrophysical properties are assigned through maps of sedimentological facies have proven their
limits in such reservoirs because they are not enough discriminant in terms of reservoir properties.
An alternative to this deadlock, consists in providing production geologists with a subdivision of
cored intervals into consistent petrophysical groups and to find out, with the assistance of a
sedimentologist the geological parameters that discriminate the various petrophysical behaviors.
Such a team effort contributes to the construction of more accurate reservoir models (Greder et al.,
1995, Petit et al., 1995).

In this paper, we explain how we obtained this subdivision of cored intervals in a complex
lithological formation.

CONSTRUCTION OF THE PETROPHYSICAL GROUPS

The focus is on albian series characterized by a mixed platform environment with a very flat
paleotopography allowing all sedimentary events to be recorded. Diagenesis (mainly dolomitization
and ooid dissolution) is an early process, mainly controlled by the paleotopography prevailing during
deposition time. Sandstone facies and vuggy dolomites are dominant in this formation. Four wells
were cored continuously and conventional laboratory measurements were performed on small core
plugs sampled regularly, every foot. The samples were washed with chloroform and dried at 80°C
for several days. Gas permeability (Kg) and grain density (p) were measured. Porosity (¢) and the
formation factor (FF) were measured by fully saturating the samples with brine. The factor of
cementation (m) was then computed (FF=1/¢").

At this point, all the measurements belonged to a common data set. Our objective was to classify
the data into groups according to the four properties (Kg, ¢, p, m). The different steps of the
subdivision are explained below and summarized in Figure 1.

1. Firstly, on the general porosity/permeability plot which represents all the samples, anomalous
measurements were detected (see Figure 1, top). Some anomalous measurements were performed
twice for quality control revealing that the permeability had been overestimated. Permeability
measurements of these samples were therefore eliminated.

2. Secondly, all the samples with low permeability values (less than 0.1 mD) were classified into
a special group (called group # 0). This group will later be used in well log analysis to determine the
net to gross. The 0.1 cutoff value was chosen because conventional permeameters are not precise for
values less than 0.1 mD.

3. The remaining porosity/grain density plot (Figure 1) shows two trends. This plot can be
separated into two families by using a cutoff of 2,78 g/cm3 on grain density.

4. By studying the porosity/permeability plot and the cementation factor/porosity plot (figure 1,
bottom), the samples with high grain density values can be divided into three groups. The first group
(D1) 1s composed of the samples that have a cementation factor less than 2.05 while the second (D2)
contains the samples with values of m between 2.05 and 2.35. The last group (D3) contains samples
with higher values of m. The first two groups (D1 and D2) show rather good correlations between
porosity and permeability whereas the more porous one shows a very poor one (Figure 2). The 2.35
value for the factor of cementation - chosen to demarcate group D2 and D3 - is the best choice to
separate samples where a poro/perm relationship stands and samples where permeability and
porosity are considered to be independent parameters.
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5. The data set with core samples having grain density values inferior to 2.78g/cm3 was divided
into two groups because the poro/perm relationship showed two different trends. A statistical
clustering technique (see Appendix A) based on three parameters (porosity, logl0 of permeability
and grain density) was used to demarcate the two groups S1 and S2 (see Figure 2, top). The more
porous samples have the lowest grain density values.

At the end of this stage, all the characteristics of the six groups were computed (see tablel). Four
groups (0, D1, D2, D3) have a high average value for grain density (2.83 g/cc) close to the one of
pure dolomite(2.87g/cc). Groups S1 and S2 have lower values for grain density closer to the one of
quartz (2.65g/cc). Group D3 has the worst porosity/permeability relationship for reasons that will be
explained below.

CHARACTERIZATION OF THE GROUPS IN TERMS OF INITIAL
WATER SATURATION AND RELATIVE PERMEABILITIES

Petrophysical groups are intended as a basis for the construction of Rock-Types in reservoir
modeling and must therefore be characterized in terms of water saturation and relative
permeabilities. Such experiments can only be conducted on a limited number of samples for cost
reasons. Therefore samples representative of the groups were selected.

Capillary Pressure Measurements

Air/brine drainage capillary pressure measurements were performed in lab conditions with the
classical restored state technique on samples representative of the preceding groups, Oil/brine
drainage capillary pressure measurements were also performed under isotropic stress and
temperature on a limited number of samples. For each group, we derived a relationship law between
water saturation, permeability and capillary pressure (see Table 1).

Relative Permeabilities derived from waterflooding experiments

Waterflooding experiments were conducted on large vertical full size samples (diameter 10cm,
length 20cm). One to three representative full size samples per petrophysical groups were selected
(except for petrophysical group #0). Their homogeneity was controlled through scanner analysis.

Waterflooding experiments were conducted at two different rates on each sample : a high flow
rate and a low flow rate. A constant water injection rate was applied during these experiments. In the
high flow rate case, capillary effects are negligible compared to the viscous forces. The injection rate
for the low flow rate case is chosen so that the front velocity is equivalent to the reservoir one and
capillary forces are no longer negligible.

Each sample was set into a core holder cell under an hydrostatic confining pressure of 100 bars.
Cyclic cleaning was achieved with miscible solvents (toluene and isopropanol) in order to extract
from the rock the heavy oil, then the light oil as well as possible salt. Cleaning was finished by
isopropanol to extract water from the sample and drying was realized by nitrogen circulation. The
sample had then been fully saturated with a recombined brine similar to the one of the reservoir and
flooded with a neutral viscous oil in order to set the irreducible brine saturation. Wettability was
restored by replacing the neutral oil by stock tank oil and aging the sample several days under
reservoir temperature and back pressure. Stock tank oil was flushed by neutral oil to stop the aging
process. The waterflooding is the displacement of this neutral oil by a recombined brine. This
displacement is conducted under reservoir temperature and with the use of a back pressure. Qil and
water productions as well as the pressure drop are recorded during the waterflooding experiments.

Relative permeabilities are determined through history matching of experimental data with a one
dimensional black oil model. The history matching of high rate and low rate waterflooodings has to
be achieved with the same relative permeabilities and capillary pressure curves. Some differences
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may occur. In this case, a critical analysis of the waterflooding results must be performed to provide
the best set of curves.

For each petrophysical group, we were able to define a constant value for the o1l recovery and
for Kw(Sor)/Ko(Swi) (see Figure 3). The shapes of the relative permeability curves were consistent
within each group and enabled us to assign a set of curves valid for each group (see Figure 3).

GEOLOGICAL CHARACTERIZATION OF THE GROUPS

As explained earlier, no geological information was used to define the petrophysical groups.
However, the petrophysical groups must have a geological significance in reservoir modeling for
aerial extrapolation accross the reservoir. For this purpose a geologist was asked to perform a quick
macrolithological description of all rock samples. For each sample, the dominant facies (dolomite or
sandstone) was indexed as well as the amount of vugs. With this last objective in mind, vugs were
classified into three types depending on their average width : vugs less than 2mm wide, vugs between
2 and 5 mm and vugs wider than 5 mm. The amount of each type of vugs was evaluated qualitatively
from 0 to 3. For a given sample and a given type of vug, 0 means that the geologist did not see any
vug of this type whereas 3 means that he saw a lot of them.

Table 3, clearly shows that 4 out of the 6 groups correspond to dolomite types of facies whereas
the two others correspond to sandstones. This means that petrophysical groups are somehow related
to lithological facies.

Table 4 shows that among groups that are dolomite dominant (D1, D2, D3), the amount of vugs
is a discriminant variable. Group D3 significantly contains more vugs than group D2 and DI.
Therefore these groups correspond to oncolitic or oolitic intervals in the reservoir where diagenesis
acted differently. This piece of information is crucial for the geologist because if he can predict the
areas where dissolution effects were important across the reservoir, he will then be able to map the
petrophysical groups.

Hence, we can conclude at this point that the petrophysical groups have a sedimentological and
diagenetic meaning . This suggests that mapping petrophysical groups will be as easy (or as
difficult) as mapping regular geological facies across the reservoir.

PETROPHYSICAL DISPERSION OF LITHOFACIES

In order to quantify the advantages of this petrophysical subdivision of reservoir intervals for the
construction of reservoir models, a former classical subdivision based on geological parameters was
analyzed. Twenty geological facies were first identified on cores and were then grouped into seven
ensembles for reservoir modeling purposes as the number of Rock-Types in a model must be limited
limited. Table 4 shows the dispersions of porosity and permeability within these seven ensembles.
Firstly, let us study the sandstone type of facies in the petrophysical subdivision (S1 and S2) and the
facies entitled « fine, medium and cemented coarse sandstones » and « coarse porous sandstones » in
the classical subdivision. The comparison of the last two columns of table 1 and 2 shows that
porosity values are more dispersed in the classical facies. Permeability dispersion within the « coarse
porous sandstone » facies is more important than within the S2 facies.

For the facies where dolomite is dominant (petrophysical groups D1, D2, D3 and four
lithofacies), it can also be noticed that porosity and permeability dispersions within lithofacies are
more important than within the petrophysical groups. The use of petrophysical groups can therefore
vield to a more precise assignment of petrophysical properties in reservoir modeling.
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CONCLUSIONS

1. This study presented a subdivision into petrophysical groups of the cored intervals of a complex
formation. This subdivision was based on 4 quantitative parameters (porosity, absolute
permeability, grain density and factor of cementation). The factor of cementation enabled us to
discriminate different petrophysical behaviors in vuggy carbonates. This subdivision was based
on quantitative parameters without geological input.

2. Such a robust subdivision is very useful in special core analysis. Costly and special
measurements performed on samples representative of these groups are most unlikely to yield
useless redundant information because all groups are different from one another as regards flow
properties. Resampling on a geological parameter is not always reliable if the geological
parameter is not related to flow properties. For example, in the present study, the fact that vugs
originate from ooid dissolution instead of oncolit dissolution has very little impact on flow
properties.

3. Each petrophysical group has a geological meaning related to both sedimentological and
diagenetic effects. The intensity of dissolution has an important function in the differentiation of
the petrophysical groups. If a geologist can map the trends of dissolution, he will be able to map
the groups in three dimensions.

4. Dispersion of petrophysical properties within petrophysical groups is less than within geological
facies, resulting in a more precise assignment of flow properties in reservoir models.
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APPENDIX A : STATISTICAL CLUSTERING TECHNIQUES

The objective of cluster analysis is to place observations (rock samples in the present study) into
groups that are not defined a priori such that rock samples tend to be similar to each other m a given
cluster and to be dissimilar from rock samples placed in other clusters. In this study the criterion of
similarity is based on the values of porosity, permeability, grain density and cementation factor.
These parameters are normalized in order to have similar weights in the algorithms. The clustering
technique can be divided into two stages. Firstly, all rock samples are placed into 100 disjoint
clusters using a k-means method. Secondly, a hierarchical clustering of the 100 groups is performed
using either the Ward’s method or the centroid method. The Ward’s method tends to produce clusters
of equal dispersion whereas the centroid method is best suited to detect elongated clusters (Saporta,
1990). In our case the centroid method will take into account possible porosity/permeability
relationships better than the Ward’s method. .

TABLES

Group #0 | Group #D1 | Group #D2 |Group #D3 | Group #S1 | Group #S2
Porosity (p.u.) |6.8 9.9 14.2 18.6 10.2 18.2

+/- 2.8 +/-3.4 +/-4.7 +/- 4.8 +/- 2.5 +/-3.4
Permeability |<0.lmD |2.7mD 8.9mD 8mD 3.7mD 158 mD
(ge"“’f)‘“‘: mean. * 0.4-22 1.1-72 1-63 0.9-16 65-390
range
Grain Density |2.82 2.82 2.83 2.83 271 2.66
(g/cm?)
Factor of 1.98 1.92 217 2.56 1.90 2.00
Cementation
Porosity (fact)-|. Sopadicd logk= L . logk= |logk=
Vs, R e 18.94 xporosity | 15.09«porosity van?f:?es 16.21«porosity | 7.32xporosity
Permeability r2=0.01 -1.44 -1.20 12=0.25 -1.09 +0.87
(mD) 12=0.54 12=0.63 12=0.44 12=0.40
Initial Water | Nomeasurement [ oSy = logSw = logSw = logSw = logSw =
Satiiration -0.27logk -0.27logk -0.27logk | -0.1logk -0.37logk
(fract.) -0.331ogPc -0.33logPc -0.33logPc -0.421ogPc -0.325logPc
ikt T +0.042 +0.042 +0.042 -0.45 +0.014
K (mD)
Part of each|10% 25% 32% 11% 18% 4%
Group along
the cored
intervals of
both wells
Reservoir kg < 9 13 10 8 33
Quality: 0.ImD
sqri(k/d) « in
mbD and ¢ in fraction)

Table 1 - Petrophysical dispersions and relationships within each petrophysical group

*The range for permeability is expressed as the 68% confidence interval of a log normal variable

The range for porosity is expressed as the 68% confidence interval of a normal variable
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Cimented | Compact | Qolitic Very Porous|{ Very Fine, Coarse
facies oolitic dolomites and|and Slightly { porous medium | porous
dolomites, | and porous | silty oncolitic { oncolitic and sandstone
silty oncolitic dolomites dolomites | cemented
oncolitic | dolomites sandone
dolomites
Porosity 438 8.7 11.4 15 19.8 9.5 15.1
(p.u) Mean | +/- 2.8 +/-3.1 +/-4.2 +/-5.5 +/- 6.9 +/-3.6 |+/-4.8
value and range
Permeability [<0.1mD |0.85mD |2.2mD 7.6mD 41mD 2.6 mD |96 mD
(330”19)"*“ e 0.17-4.4 | 0.23-20 0.6-96 3.5-501 0.5-14 113-692
range
Grain Density | 2.80 2.83 2.83 2.82 2.83 2.75 2.67
(g/em?) '

Table 2 - Petrophysical dispersions and relationships within each lithofacies

*The range for permeability is expressed as the 68% confidence interval of a log normal variable

Group #0 | Group #D1 | Group #D2 | Group #D3 | Group #S1 | Group #S2
Dolomite rock|93% 90% 99% 100% 16% 5%
sample
Sandstone 7% 10% 1% 0% 84% 95%
rock sample
Total 100% 100% 100% 100% 100% 100%

Table 3 - Contingency table between the subdivision in core petrophysical groups as defined in
this study and a simple visual macrolithological subdivision performed independently by a
geologist on rock samples

Group #0 | Group #D1 | Group #D2 | Group #D3 | Group #S1 | Group #S2

Qualitati nt of

W;I;a;;v::??egm; 0.6 1 1.2 1.2 0.5 0.1
2mm wide

Qualitative amount of 0.8 0.6 1 19 02 0.05

vugs that are between
2 and 5 mm wide

Qualitative amount of | () ()7 0.07 0.2 04 0.02 0

vugs that are more
than Smm wide

Coeflicient related 0 | () 49 0.6 0.8 1.17 0.24 0.05

the amount awas

Table 4 - Average values per petrophysical group of some qualitative geological parameters



Figure 1 - Construction of the six core petrophysical groups
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Figure 2 — Core Petrophysical Groups
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