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PETROPHYSICAL CHARACTERIZATION OF ALBIAN CARBONATE RESERVOIR
IN CAMPOS BASIN (BRAZIL) USING A MULTIVARIATE APPROACH
WITH WELL LOGS AND LABORATORY MEASUREMENTS

Abel Carrasquilla’ and Raphael Ribeiro Silva?

ABSTRACT. This study characterizes an Albian carbonate reservoir of Field B in the Campos Basin (Brazil), based on geophysical well logs and laboratory petrophysical
data. This permitted us to estimate the porosity, permeability and water saturation of this reservoir more reliably. In order to achieve this goal, the Cluster Analysis for
Rock Typing module of the Interactive Petrophysics software was used to divide the well into electrofacies. For each of them, an equation was determined to find the
porosity and the permeability, using the multiple linear regression technique, using as input the log data and as target the laboratory data. The obtained results were
compared with different models proposed by other authors, with the best results being found with multiple linear regression. Water saturation, on the other hand, was
estimated by Archie Equation after identifying the cementation coefficient with the Pickett crossplot. Finally, the porosity and permeability data were again used to now
identify three main flow units in the reservoir through the Winland graph. To verify the effectiveness of the adopted methodology, it was successfully applied in a blind
test, defining porosity, permeability, water saturation and flow units in a well without laboratory data.

Keywords: well logging, Field B, petrophysics, carbonate reservoir, Albian.

RESUMO. Este estudo caracteriza um reservatdrio carbonatico Albiano do Campo B na Bacia de Campos, a partir de dados de perfis de poco e de petrofisica de
laboratério. Esta analise nos permitiu estimativas mais confidveis de porosidade, permeabilidade e saturagdo de agua. Com esse objetivo, foi usado o médulo Cluster
Analysis for Rock Typing do software /azeractive Feirophysics para dividir o pogo em eletrofacies. Para cada uma delas, foi determinada uma equacdo para a porosidade
e a permeabilidade, através da técnica de regressdo linear multipla, usando como entrada os dados de perfis de pogo e como alvo os dados de laboratorio. Esses
resultados foram comparados com modelos propostos por outros autores, sendo 0s melhores aqueles obtidos com regressdo linear mltipla. A saturagdo de dgua foi
estimada com a Equagdo de Archie ap6s identificar o coeficiente de cimentagdo com o crossp/ot de Pickett. Finalmente, os dados de porosidade e permeabilidade foram
usados para identificar trés unidades de fluxo através do grafico de Winland. Para verificar a eficacia da metodologia adotada, a mesma foi aplicada com sucesso num
teste cego, definindo a porosidade, a permeabilidade, a saturagdo de dgua e as unidades de fluxo num pogo sem dados de laboratério.
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INTRODUCTION

While some porosity and other physical properties are routinely
evaluated from logs, the measurement in situ of permeability is
usually not feasible at low cost, being made by formation tests.
Furthermore, it is recognized that permeability is a property de-
pending on the determining scale, so that its measurement on
cores cannot be directly utilized for the valuation of the permeabil-
ity in the reservoir scale. Therefore, the ability to estimate petro-
physical properties of a reservoir rock from other more easily mea-
sured parameters or by means of laboratory tests is of great value
to the petroleum industry. The petrophysical characterization us-
ing logs, for instance, is of capital importance to the discovery of
new hydrocarbon reservoirs and aims to reduce the uncertainty
and risks associated with oil exploration. Just as important are
the early stage of development of an oilfield, helping to define the
best development strategy through the petrophysical and geolog-
ical characterization (Lucia, 1999).

So, logs and analysis of rock samples in the laboratory are
methods widely used to evaluate the physical properties of geo-
logical formations in the petrophysical characterization of carbon-
ate reservoirs (Aguilera & Aguilera, 2001). The data resolution
and the spatial coverage in these two methods, combined with
the number of measured parameters, occur in different ranges to
obtain knowledge of the lithology and subsurface structural infor-
mation (Shenawi etal., 2007). Therefore, the proposed study aims
to explore the advantages of these two techniques, even adding
the geological interpretation, to evaluate, from the petrophysical
point of view, a dataset from a carbonate reservoir from Qilfield B
in Campos Basin.

Geological Context

Campos is the most producing Brazilian oil basins, accounting
for over 80% of national production (Fig. 1). In it there are fields
with the presence of carbonate Albian reservoirs with medium
porosity and permeability of 250 mD and 25%, respectively. These
reservoirs are characterized as being heterogeneous materials,
having a textural variety and are typically broken, which leads
to a generally low recovery factor and complex relationship be-
tween the properties of the rock and geophysical data. For both,
characterize carbonate reservoirs through a combination study of
their petrophysical properties and their logs provides a funda-
mental understanding of its geometry and its dynamic properties
(Bruhn et al., 2003).

This sedimentary basin is located along the continental mar-
gin of South Eastern Brazil, which has several oilfields (Fig. 1).

The origin and evolution of this basin are related to the Gond-
wana breakup and is marked by the breakup of South America
and Africa plates with the subsequent formation of South Atlantic
Ocean. The tectonic-sedimentary evolution of this basin occurred
in three phases: rift, post-rift, and drift, that corresponds, re-
spectively, to continental, transitional and marine super sequence.
The continental sequence was deposited during the mechani-
cal subsidence from the rift phase and includes the basalts of
the Cabiunas Formation and continental sediments of the Lagoa
Feia Formation. The transitional sequence is characterized by the
gvaporites of the Retiro Formation deposited in a period of shal-
low marine transgression pulses over continental areas and rela-
tive tectonic quiescence. The marine sequence marks the begin-
ning of the open marine deposition during thermal subsidence
associated with the drift phase. This stage begins with carbonate
sedimentation (Macaé Group) and grade to a mainly siliciclas-
tic succession (Campos Group) affected by intense halokinesis
(Okubo et al., 2015).

METHODOLOGY
The methodology used in this study was as follows (Silva, 2016):

a) Initially, two wells were selected in this field, called X and
Y, having the first well logs and laboratory petrophysical
data and the second only logs. The well X was used as a
reference and Y as a blind test, whereas the distance be-
tween them is small (180 m), which have similar geologi-
cal characteristics.

b) Gamma ray, resistivity, sonic, density and neutronic poros-
ity logs in the reference well X were interpreted by deriving
petrophysical parameters such as porosity, permeability
and saturation, which were compared with the same pa-
rameters measured in the laboratory, allowing a more reli-
able reservoir characterization.

¢) These initial estimates were subject to statistical analysis
using parameters such as maximum, minimum, average,
median, mode, standard deviation, and histograms, which
served to have a broader understanding of these petro-
physical parameters.

d) Linear regression and multiple linear regression tech-
niques were used to estimate both the porosity and per-
meability from neutron porosity, density, sonic, exploiting
its linear dependence of porosity.

e) Cluster Analysis for Rock Typing module of Interactive
Petrophysics software (LR Senergy, 2014) was employed
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Figure 1 — Albian carbonate reservoirs in Campos Basin (modify from Bruhn et al., 2003).

to estimate porosity and permeability values aiming at a
better correlation with laboratory data.

f) Cross-correlation, Pickett and Winland graphs were con-
structed to serve the initial interpretation, helping in de-
termining electrofacies, location of flow areas and better
adjusting with laboratory parameters.

g) Finally, all the methodology applied to the well reference
X was used to infer the same petrophysical parameters in
ablind test, nearby well Y, which lacked laboratory data.

Brazilian Journal of Geophysics, Vol. 36(2), 2018

RESULTS

The plotted histograms for the logs indicate gamma and resistivity
ray logs have distorted right to low distribution. Density, neutron
porosity and sonic logs have unimodal or symmetric distribution,
which has centralizing behavior data with mean and standard de-
viation as a normal distribution (Fig. 2). The asymmetric distri-
bution may be influenced by the presence of geological forma-
tions with low resistivity and high radioactive content, such as
shales and/or clays. As density, neutron porosity and sonic logs
are really connected to the porosity estimation, the symmetrical
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Figure 2 — Histograms of gamma rays (left) and sonic (right) logs of well X — Qilfield B.

distribution may be indicating the presence of micro, macro and
meso porosities. Among the statistical values that are shown in
Table 1, we can highlight the high standard deviation of the re-
sistivity log (148.100 ohm.m), which indicates that it is the log
with more uncertainty in its measurement. The values of 40.516,
30.065, 2.321 and 22.226 are the average or the quantity of cen-
tral tendency for gamma ray, resistivity, density, neutron porosity
and sonic logs, respectively. For mode or the value that appears
most often ina set of data, the values of 16.484, 18.463, 2.352 and
94.605 are for the gamma ray, resistivity, density, neutron porosity
and sonic logs, respectively.

Wells X and Y are spaced 1.36 km and well Y in a direc-
tion 32° east. From the data of the logs it is possible to corre-
late the wells. The correlation is presented in Figure 3, consider-
ing the logs in the zone of interest. By presenting the logs on the
same scale, it is possible to conclude that the zone of interest in
well X is deeper around 10 m than in well Y. In this figure, four
main intervals with similar characteristics between the logs are
identified:

1) high resistivity, density log to the left of the neutron curve
and higher values of sonic. These features point the pres-
ence of hydrocarbons;

2) the values of the resistivity log and the falling of sonic log,
indicating a transition zone;

3) the resistivity and the distance between the density and
neutron curves indicate a zone of water;

4) a small resistivity peak indicating a second zone with hy-
drocarbons, but the other logs indicate low porosity and
permeability.

On the other hand, laboratory data display in Figure 4 a
strong linear dependence between permeability and porosity,
with a R? = 0.81 (Psarson Correlation Coefficient) and, a lin-
gar relationship equation in the form log (krap) = —1.4142 +
7.287541,4  between these two parameters. The blue light indi-
cates oil and the dark light is water. The porosity data measured
in the laboratory vary between 0.7% and 35%, with the values

Table 1 — Statistical summary of the values of well X logs.

Log Minimum | Maximum | Average | Medium | Mode Stangrd
deviation
Gag‘:sl?ay 11203 | 116824 | 40516 | 29.421 | 16484 | 26610
Ri?;s%'ty 0454 | 1601438 | 30065 | 1923 | 18463 | 148.100
Density 1309 | 2670 | 2321 | 2339 | 2352 | 0156
(gr/em?)
Ne“”"(rl/p)oms”y 0671 | 45332 | 22206 | 22637 | 21662 | 7.905
0
Sonic
51480 | 143234 | §7.054 | 87.236 | 94605 | 16.549
(useg/ft)
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Figure 3 — Correlation between gamma ray, resistivity, density, neutron porosity and sonic logs to the wells X and Y of Qilfield B in Campos Basin. The red numbers
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Figure 4 — Porosity (¢ 1,4 5) and permeability (k 1, 4 5) laboratory data crossplot for well X showing a strong direct relationship,
with dark blue indicating the hydrocarbon zone and light blue the aquifer.

concentrating between 20% and 24%. In the identified oil sec-
tion, the porosity is concentrated between 24% and 28%, while
in the identified water piece the porosity is concentrated between
12% 10 16% and 20% to 24%. The histogram shows a bimodal
behavior but considering only the data of the oil unit the behavior
is asymmetric to the left. Permeability data measured in the lab-
oratory, the values are concentrated between 1.6 mD to 1.8 mD
and range between 0.1 mD and 40 mD. In the identified hydro-
carbon portion, the permeability is concentrated between 1.6 and

Brazilian Journal of Geophysics, Vol. 36(2), 2018

1.8 mD and, the histogram shows a symmetrical behavior. In the
water section the permeability is concentrated around 0.3 mD to
0.5 mD and the histogram behaves bimodal. The behavior of the
histogram with all the data is bimodal (Fig. 5).

The results of the clustering to density, neutron and sonic
logs in wells X and Y have up to consolidate 20 groups (num-
ber of vertical lines at the base of the graph) and 10 electrofa-
cies (different colors), according to the dendogram of Figure 6.
A dendogram illustrates the information in the amalgamation
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Figure 5 —Porosity (¢ 1,4 5) and permeability (k1,4 ) laboratory histograms for well X with dark blue indicating the hydrocarbon

zone and light blue the aquifer.

table in the form of a tree diagram. By default, the level of similar-
ity is measured on the vertical axis and the different observations
are listed along the horizontal axis. Through the dendogram and
prior knowledge about the data structure, a cutoff distance must
be determined to define which groups will be formed. This deci-
sion is subjective and should be made according to the purpose
of the analysis and the number of desired groups. In Figure 6,
the first cut leaves 17 groups, but with the second cut, only 10
are allowed. Another way to choose the number of electrofacies
is through the randomness ratio, as shown in Figure 7. The value
of 10 electrofacies is chosen because it presents a reasonable ra-
tio of, according this figure, but still guarantee a good amount of
data groups, since carbonate rocks are heterogeneous. In Fig-
ure 8, the representation of this electrofacies in depth, the third
track of the figure, whose values above 9 have the best reservoir
characteristics. The determination of these electrofacies served
as guidance to make a better estimate of the porosities and
permeabilities derived from these logs (Fig. 9).

To the well X, when comparing with laboratory data, we ob-
serve fine adjustments to all estimates of porosity and permeabil-
ity, but multiple linear regression resulted to be the best when
compared with laboratory data (Fig. 9, left), for estimations de-
rived density (track 3), neutron (track 4) and sonic (track 5) logs,
and for effective (track 6) and multiple linear regression — MLR
(track 7) evaluations. The effective porosity is expressed like this:

OEFF = OTOTAL — VSHALE OSHALE, (1)
where, ¢prr is the effective porosity, ¢rorar is the to-
tal porosity, ¢syarz is the shale porosity and Vsgare 1S
the shale volume. The expressions for MLR have the following

general form:
2

where, ¢ a5 1S the MLR porosity, py, is the density log, ¢ is
the neutron porosity log, A; is the sonic log and a, b, ¢ and
d are regression coefficients, which are stated each electrofa-
cies in accord the Table 2. As can be seen in this figure, ¢rrrr
presents the best fit. But due to the value the of coefficient a,
which represents a further regression coefficient, is larger than the
coefficients b, ¢ and d, which represent, respectively, the weight
of py, o and A, logs, it can say that the adjustment is good
but that it is more mathematical than physical.

In the case of permeabilities, Burrowes et al. (2010) and
Tiab & Donaldson (2004) state that the exercise of the linear
regression — LR technique between porosity and permeability
is limited, since it delivers good results only in homogeneous
formations, from the petrophysical point of thought, which is
not the case for carbonate formations. Thus, the linear regres-
sion between the porosity ¢ 1,5 and the laboratory permeabil-
ity (krap)has a R? = 51% and produces the equation:

dMLR = a +bop + cHn + dAy,

—1.28574 + 6.62867¢mrr.  (3)

Consequently, a multiple linear regression is choosing to
gvaluate a permeability. Figure 9 (right) presents these esti-
mates using MLR and the total porosity derived from the density
(track 3), neutron (track 4) and sonic (track 5) logs, and also for
effective (track 6), LR (track 7) and MLR (track 8) evaluations,
respectively. The expressions for the MLR with the different
porosities have a general form:

log(krap) =

lOg(kMLR) =
a+bGR + clog(Ry) + doy + epr + fA,

Revista Brasileira de Geoffsica, Vol. 36(2), 2018
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where kg iS the MLR permeability, a, b, ¢, d, e and f are
regression coefficients, as shown in Table 3 for each elec-
trofacies, GR, R:, py», ¢n and A, is, respectively, the
gamma ray, resistivity, density, neutron porosity and sonic
logs. Again, it can say that the adjustment is good but that

Brazilian Journal of Geophysics, Vol. 36(2), 2018

it is more mathematical than physical, because the value of
the coefficient a, which represents a further regression co-
efficient, is larger than the coefficients b, ¢, d, e and f,
which represent, respectively, the weight of GR, Ry, py, ¢n
and A, logs.
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Figure 8 — In the third track electrofacies for well X (left) and well Y (right) for each depth.

Figure 9 — Estimated values of porosity (left) and permeability (right) for well X compared with the respective data measured in the laboratory, using the estimates of
density, neutron, sonic, effective, linear regression and multiple linear regression porosities.

Pickett (1966) plot proved to be similar in both wells, which
served to estimate the value of the parameter m from the Archie
Equation, by identifying in the crossplot resistivity vs. ¢arr
the points whose water saturation should be close to 100%. The
red line in Figure 10 (left) represents approximately the position

within the reservoir with a water saturation of 100%. The slope
of this line is a value of -2, whose absolute value is the value of
m = 2, the cementation coefficient of Archie Equation. The point
where this line intersects the porosity of 100% has a coordinate
whose value is R,, = 0.05 ohm.m, which was verified using the

Revista Brasileira de Geoffsica, Vol. 36(2), 2018
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Table 2 — Regression coefficients for MLR porosity estimates.

Porosities Db oN Ay
Electrofacies a b c d

1 1.2055 | -0.3564 | 0.5000 | 0.0043

2 -0.6399 | -0.0160 | -0.6600 | 0.0135

3 -0.2125 | 0.0154 | -0.7300 | 0.0063

4 43099 | -1.2922 | 0.2300 | -0.0150

5 21170 | -1.2484 | 1.0100 | 0.0094

6 05322 | -0.1612 | -0.1300 | 0.0009

7 12964 | -0.5461 | -0.5300 | 0.0035

8 1.0917 | -0.5456 | -0.0400 | 0.0004

9 0.4966 | 0.0855 | -0.2200 | 0.0060

10 2.3843 | -0.6172 | -1.8500 | -0.0023

Table 3 — Regression coefficients for MLR permeability estimates.

Permeabilities GR R Db oN Ay

Electrofacies a b c d e f
1 -23.4417 0.1223 -0.0343 | 7.0065 | 0.0705 | 0.0570
2 -14.4223 0.0620 01343 | -7.3135 | 0.0157 | 0.0270
3 -18.0389 | -8.1711x10™ | 0.3595 | 5.6627 | 0.0304 | 0.0510
4 17.0906 -0.0200 01160 | -4.7166 | 0.1284 | -0.1074
5 20.9733 9.7409 -0.3767 | -11.2586 | 0.0200 | 0.0714
6 2.6432 -0.0164 -0.1564 | -0.6464 | 0.1374 | 0.0288
7 3.5692 0.0042 -0.2403 | -2.8496 | 0.0454 | 0.0508
8 6.3893 0.0320 0.4359 | -3.4814 | 0.0384 | 0.0136
9 -4.5946 0.0328 0.3521 15887 | 0.0458 | 0.0158
10 61.3056 -0.0648 -0.7212 | -26.3540 | 0.1573 | 0.0320

Schlumberger (2013) charts. On the other hand, the volume of
clay Vsrarre, with values below 20%, which corroborates that
it is an Archie type reservoir, not being necessary to correct the
porosity values. With all these values being calculated, the wa-
ter saturation (Sw-) can be calculated through Archie Equation,
which is depicted in Figure 10 (right). In the upper part of this fig-
ure, it was observed, Sy with values less than 10% in the upper
portion where the hydrocarbons are. At the bottom, Sy values of
up to 100% appear, which is the portion of the aquifer. Between
these two areas, the transition area is, with Sy~ values changing
with depth.

The best correlation between calculated porosity and perme-
ability data and laboratory data using multiple linear regression
it was used to generate the Winland (1972) graphic. Figure 11a
shows three flow units in Albian reservoir of well X and pore
throats with values lower than 4 mm, as shown by the red lines
in this chart. The first flow unit (red dash line) is characterized

Brazilian Journal of Geophysics, Vol. 36(2), 2018

by having micro pores, pore throats between 0.01 and 0.1 mm,
total porosity around 10% and permeability around 0.5 mD.
The second (blue dash line) has micro pores and meso pores,
pore throats between 0.07 and 0.1 mm, total porosity around
20% and low permeability around 1 mD. The third (green dash
line) presents meso pores, pore throats between 0.05 and 1 mm
(blue dash line), total porosity around 30%, permeability around
10 mD and high oil saturation, thus constituting itself in the unit
with better characteristics for hydrocarbon production. With small
variations, the same values are found for well Y in Figure 11b,
allowing the identification points which the porosity and perme-
ability have incorrectly calculated by multiple linear regression.
Figures 12 and 13 show a summary of the petrophysical char-
acterization results found for well X (Fig. 12) and well Y (Fig. 13).
In these figures, are shown the values for facies (track 3), pore
throats (track 4), flow units (track 5), GR, Vsgare and Sy
logs (track 6), R; log (track 7), p, and ¢ logs (track 8), A,
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m of Archie Equation (m = 2).
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Figure 12 — Full interpretation for well X, highlighting the electrofacies in the third track, the pore throat radius in the fourth, the flow units in the fifth and water

saturation and volume of clay in the sixth track.
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Figure 13 — Full interpretation of the well Y, highlighting electrofacies in the third track, the pore throat radius in the fourth, flow units in the fifth and water saturation
and volume of clay in the sixth track.
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log (track 9), ¢ s together with ¢z, 4 (track 10), and kpszr
together with k1,4 5 (track 11). For the two wells, the best part
of the reservoir between depths 2400 and 2460 m for well X
(Fig. 12) and 2375 and 2450 for well Y (Fig. 13). These depths
are characterized by having facies values greater than 9 (track 3),
pore throats larger than 0.4 mm (dark blue on track 4), flow units
larger than 2 (track 5), low values of GR < 20%, Vsgare <
10% and Sy < 15% (track 6), R; log with values up to
1000 ohm.m showing the presence of hydrocarbons (track 7),
cross between p, and ¢ logs which probably indicates the
presence of gas (blue shading on track 8), A, log with values for
around 80 us/ft (track 9), ¢ above 25% (track 10) and & above
10 mD (track 11).

CONCLUSIONS

In this work, logs and laboratory data allowed to estimate the
porosity of well X of an Albian carbonate reservoir of Field B
using different approaches. The different porosity curves present
similar behavior, with a characteristic oscillation in this kind of
reservoirs, indicating a good (between 10% and 20%) or excel-
lent (above 20%) porosity in the portion of interest of the well.
Among the different techniques used to calculate porosity, the
combination of the Cluster Analysis for Rock Typing module of
the Interactive Petrophysics software and the multiple linear re-
gression technique presented the best result with a coefficient of
determination of 75%. To characterize the water saturation, the
Archie (1942) Equation was used after identifying that the clay was
low (less than 20%) and cementation coegfficient m = 2 in both
wells in its zones of interest. well X showed low water saturation
(less than 15%) in the hydrocarbon region, intermediate (between
15% to 60%) in the transition zone and high (between 60% and
100%) in the water zone. The permeability was estimated using
linear regression and multiple linear regression techniques after
identifying that there was a correlation between the porosity and
the permeability measured in the laboratory in well X. The equa-
tions defined with the laboratory data from well X showed per-
meability varying between poor (less than 1 mD) and reasonable
(between 1 mD and 5 mD) in the zone of interest. As inthe porosity
calculation, the combination of Cluster Analysis for Rock Typing
with multiple linear regression showed a better correlation with
well X laboratory data with a determination coefficient of 62%.
Finally, the porosity and permeability data with better correlation
with the laboratory data were used to generate the Winland (1972)
graph, which allowed to identify the flow units. Three flow units
were identified in the reservoir. The first is present in the water
zone and is characterized by having micro pores, good porosity
(between 8% and 24%) and poor permeability (between 0.1 m

and 1 mm mD). The second is present in the transition zone
and has micro pores and meso pores, good porosity (between
16% and 24%) and reasonable permeability (between 0.7 mD
and 4 mD). The third is present in the hydrocarbon zone and
presents meso pores, excellent porosity (between 24% and 32%)
and reasonable permeability (between 2 mD and 5 mD). This is
the unit with the best characteristics for production of hydro-
carbons. The methodology assumed in the characterization of
well X was extended to well Y, reaching the same success in the
petrophysical estimates.
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