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COMPARING LABORATORY AND WELL LOG PETROPHYSICAL PROPERTIES
IN AN ALBIAN CARBONATE RESERVOIR OF SOUTHEASTERN BRAZIL

Abel Carrasquilla, Christiane de Abreu, Paula Almeida and Fernanda Tavares

ABSTRACT. This study evaluated the petrophysical properties of an Albian carbonate reservoir, positioned in the post-salt layer, located in the Campos Basin,
Southeastern Brazil. Geological information, geophysical well logs, and, laboratory experimental data with samples were used to do this. Based on density, neutron
and sonic logs, different approaches were proposed to determine the porosity. The Nuclear Magnetic Resonance log was also used to evaluate both porosity and
permeability, this last with various methods. In the sequence, all these estimates were compared between them and the laboratory experimental data. The results show
that, an estimation of the porosity is much easier than an evaluation of the permeability. This is demonstrated when the porosity is determined, with a good fit, in a
multiple linear regression, whereas, the permeability is only evaluated, with good fit, in a multiple polynomial regression.
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RESUMO. Este estudo petrofisico caracterizou um reservatorio carbondtico localizado na camada pos-sal da Bacia de Campos, utilizando informagdes geoldgicas,
perfis geofisicos de pogos e dados experimentais de laboratério com amostras. Com base nos perfis densidade, neutronico e sonico, diferentes abordagens foram
propostas para determinar a porosidade. Da mesma forma, também foi utilizada a Ressonancia Magnética Nuclear para avaliar a porosidade e a permeabilidade
baseando-se em diferentes métodos. Posteriormente, todos esses parametros foram comparados entre si e com dados experimentais de laboratdrio. Os resultados
mostram que estimar a porosidade é muito mais simples do que avaliar a permeabilidade, porque a porosidade é bem determinada com bom ajuste em uma regressao
linear mdltipla e, para a permeabilidade, um bom ajuste & alcangado apenas com uma regressdo polinomial multipla.
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INTRODUCTION

This work was performed in a carbonate reservoir of Campos
Basin, which is located along the continental shelf of Southeast
Brazil. It is the most productive oil basin along the Brazilian
continental margin, accounting for more than 46% of national
production, based on data from 2018 (Fig. 1). The Albian
carbonate reservoirs of Quissama Formation, with typical
porosity and permeability of 25% and 25 mD, respectively,
are oil productive within the basin (Bruhn et al., 2003). The
sedimentation of this carbonate, started in the drift phase, at
the beginning of Albian with marine deposition (Fig. 2a). The
depositional model, of this oilfield, is related to a carbonate
platform and, according to Okubo et al. (2015), is characterized
by sedimentation in high, moderate and low energy environments
(Fig. 2b). These energy levels are related as oolitic and oncolytic
grainstones, oolitic peloidal grainstones and oncolitic bioclastic
packstones and, peloidal bioclastic packstones and wackestones,
respectively. Thus, the reservoir has three zones being called,
from the youngest to the oldest, as packstone, grainstone and,
cemented grainstone. The grainstone is considered the reservoi,
because it has the higher values of porosity and permeability.

To characterize the petrophysical properties of carbonate
reservoirs, as porosity and permeability, the interpretation of logs
and the evaluation of samples of rocks in the laboratory are the
most used methods, in order to discover the affinity between
these parameters in this type of reservoirs. The resolution and
spatial coverage of these two methodologies, combined with the
measured and estimated parameters, produce different scales
to obtain lithological and structural information in subsurface
(Aguilera & Aguilera, 2001).

Rock porosity ¢ is evaluated directly, in laboratory
experiments, using plugs, cores and rock samples. In wells, on
the other hand, is measured, directly, using neutron porosity log
(NPHI). It can also be obtained by indirect measurements through
sonic (DT), density (RHOB), nuclear magnetic resonance (NMR)
and electromagnetic propagation (EPT) well logs. ¢ estimate from
logs is not easy and immediate task, since, usually, a single log is
unable to provide a reliable estimate, because they are dependent
on various interaction forms between lithology, fluid type, porous
geometry and physical properties (Abreu, 2015). Therefore, it is
common to use more than one log, aiming to reach a better ¢
estimation (Alberty, 1994).

In the case of permeability this parameter is evaluated by
direct measurements in laboratory or by drill stem tests. The
gvaluations, in the first, are made in rock samples. The second

is, although, a procedure for isolating and testing the pressure,
permeability and productive capacity of a geological formation
during the drilling of a well. Both are, normally, only available
from a few wells in an oilfield. But almost all wells are logged
and, to derive k, from logs, many approaches exist. Thus, k is
estimated by the NMR log, using a combination of theoretical
and core-based models. This shows that, when the ¢ and the
pore-size raise, k enhances, too. With this log, k is calculated from
the spectral-porosity measurements, using different relationships
created from these models (Shenawi et al., 2007).

This study explores, therefore, the virtues of well logs
interpretation, added to the rock samples laboratory evaluation
and, supported by the geological information. The work uses a
dataset, from a Campos Basin carbonate reservoir, to evaluate
the reliability of ¢ and k estimates. It was adopted, to achieve
these objectives, the following structure: interpretation of well
logs, estimates ¢ and k using empirical equations and multiple
regressions, compares these estimates with laboratory data,
analysis of the quality of the adjustment of these estimates with
the real data and, conclusions reached by the adoption of this
methodology (see Fig. 3).

METHODOLOGY

To develop this work, the initial data set of caliper (CAL), gamma
ray (GR), RHOB, resistivity (RT), NPHI and DT basic logs, along
with the NMR log, were plotted and analysed. The analysis
includes the processing of the data, which consisted of its
preparation to eliminate the anomalous data or outliers. Hereafter,
the basic logs were used to characterize the reservoir, meantime,
the laboratory data, with porosity and permeability, was used
to divide the reservoir in zones. The organization, plotting and
interpretation of the log data were performed using Interactive
Petrophysics software (LR Senergy, 2018).

The ¢ and k, continuing, were obtained from the empirical
models with the well logs. In order to estimate ¢, we used
the geophysical well logs of RHOB (Schlumberger, 2013), NPHI
(Scott el al., 1994), DT (Wyllie et al., 1956), NMR (Coates et
al., 1999) and, a combination of all of them through a multiple
linear regression. Thereafter, different ¢ values were computed
and plotted, using the equations shown in the Table 1, as also,
compared with ¢ experimental data. Then, a multiple linear
regression, that includes all the ¢ approaches mentioned above,
was produced to accomplish a better fit with the laboratory data
(Abreu, 2015).

For k, the procedure was very similar to ¢. First, different k
values were computed and plotted using the equations presented
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Figure 1 — Campos Basin in Southeast Brazil and the approximate position of the carbonate
reservoir of the Albian in the dashed ellipse (modified from Bruhn et al., 2003).

Table 1 — Summary of porosity estimates from logs.

Logs Required data Formula Reference

Density P and p g, matrix and fluid densities OrHOB = Z‘;’f:ﬁn’:’;‘ Schlumberger (2013)
Neutron Calibration of the tool with known samples OnpHI Scott et al. (1994)
Sonic DT and DT, matrix and fluid transit times gpr = g Wyllie et al. (1956)
NMR Hydrogen index using NMR relaxation times Ty and T ONMR Coates et al. (1999)
Reqession | wnon -+ e+ 9o + Ovuae O oSt + 030mn | Aoreu 2015

in the Table 2, as also, compared with k laboratory data.
Four different approaches were utilized (Table 2), which are
the empirical formulas of Timur (1968), Coates et al. (1999),
Schiumberger (2013) and a multiple polynomial regression,
which considers all previous estimates (Tavares, 2015). A
multiple polynomial regression, which includes all the above
approaches, was done to better fit the laboratory data. Finally,
considering all the results, the conclusions were reached.

RESULTS

Figure 4a shows the masked depth (track 2), due to the secrecy
of the data. The basic GR (track 1), RT (track 10) and NPHI -
RHOB (track 11) logs, which were used in this work to characterize
the reservoir. This figure shows, the lithological sample analysis,
in tracks: 3-cores, 4-texture, 5-granulometry, 6-oil presence,
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7-facies, 8-facies and, 9-petrophysical units. The zones, with
packstones, grainstones and cemented grainstones, appear
clearly distinguished. Finally, the experimental measurements of
porosity and permeability, in laboratory, are shown in tracks 12
and 13, respectively (Carrasquilla et al., 2012).

The presence of U, in marl, is shown by values of 75 -
150° API, in the GR log, between 5 to 20 m depth (track 2).
The carbonate has a value of 30° API between 21 and 49 m.
CAL log shows, on the other hand, between the depths of 20
and 40 m, a narrowing, 12 to 9 inches, and enlargement, up
to 15 inches, precisely where the reservoir is located (Fig. 4b).
Aiter 40 m, the well continued to be drilled with a 10 inches
diameter. Both resistivity logs, shallow and deep, called RXO
and RT, respectively, have low values at 25 depth and, they are
overlapping, what characterizes an impermeable formation, as
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Figure 2 — (a) Generalized geological section for the Eastern Brazilian continental
margin basins, showing the main mega sequences: PR, pre-rift (which does not
occur in the Campos Basin); R, rift; T, transitional (which includes the evaporate
section); SC, shallow carbonate; MT, marine transgressive; MR, marine regressive
(modified from Bruhn et al., 2003). (b) Inferred depositional model for the carbonate
platform in the Campos Basin during the Albian Age. The Facies Association (FA)
are: FA1 is oncolitic and oolytic grainstones, FA2 is oncolitic peloidal grainstones
and oncolitic bioclastic packstones, FA3 is wackestones and peloidal bioclastic
packstones, FA4 is bioclastic packstones and oolitic wackestones/packstones and,
FA5 is pithonelid wackestones. FWWB is Fair Weather Wave Base (modified from
Okubo et al., 2015).
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Figure 3 — Workflow with a sequence of steps required in the work.
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Figure 4 — (a) Campos Basin well. Tracks: 1-GR, 2-depth, 3-driller (no information), 4-cores, 5-texture,
6-granulometry, 7-oil presence, 8-facies, 9-petrophysical units, 10-RT, 11- NPHI and RHOB, 12-porosity and
13-permeability experimental data. (b) Campos Basin well, basic logs. Tracks: 1- GR and CAL, 2- RT and RXO, 4-

RHOB, NPHI and DT (modified from Nocchi et al., 2012).

marl (track 3, Fig. 4b). Between 25 and 30 m, this difference
is most prominent with values up to 2000 ohm.m, which
characterizes the presence of hydrocarbons in a permeable
formation. The contact, between oil and water, is marked by a
decrease in the resistivity at depth 40 m and, hence, the resistive
logs have low values up to 1.0 ohm.m which shows the presence
of brine. NPHI and RHOB logs are, separated, at some depths,
and, at others, crossed. This indicates the presence of gas, due
to the increase in NPHI apparent porosity (24 to 32%) and a
decrease in the RHOB log (2.4 to 2.2 g/cm)®. In addition, the
crossing of these logs (yellow shadow) shows the limits of the
reservoir, which provides a qualitative prediction of the upper and
the bottom parts between 20 and 50 m (track 11, Fig. 4a and
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track 4, Fig. 4b), and DT log (track 4, Fig. 4b) shows a decrease
in slowness (increase in speed) from 80 to 60 ws/ft, which is
common when compaction increases with depth (Nocchi et al.,
2012).

Figure 5 shows, track 4, the ¢ laboratory measurements
¢ (Dlue dots), together with the ¢ calculated, using the
equations shown in Table 1. They are NMR multiple linear
regression (@wws wmir, red curve) and NMR total ¢ (d1 .
black curve). Both @1 e and @wwe s, Visually, not fit well
@18, appearing above or below of the experimental data. The
transversal relaxation time T2 cut-off (T2 cur.orr) Was used to
generate ¢ wr (track 5), using a standard value of 100 ms
for carbonates (red straight), while geometrical mean - T2 gy
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Figure 5 — Tracks: 1- basic logs RHOB, NPHI and DT, 4- Porosity estimates, 5- NMR T2 psr,
T2 cyr-orr and T2 |y cut-offs (modified from Tavares, 2015).

Brazilian Journal of Geophysics, 37(4), 2019



CARRASQUILLA A, DE ABREU C, ALMEIDA P & TAVARES F 509

Depth(m)

Figure 6 — Porosity estimates from RHOB (track 1), NPHI (track 2), NMR (track 3) and DT (track 4) logs and regression

estimate (track 5) (modified from Tavares, 2015).

(vellow curve) was used to generate @yyr wir, USINgG the mean
geometric cut-off the T2 distribution (T2 psr). The NMR total
porosity (¢ wwg) is shifted to the right of ¢, While @yur wir,
to the left (track 4). This can be related to the chosen cut-off in
the T2_psr, which can be selected between the mobile fluid (FFI,
also called BVM, hydrocarbons plus water), water and immovable
fluids (BVI) and clay-bound-water (CBW). The approaches follow,
however, the shape of the experimental ¢. Because of this bad
estimate of this parameter, we decided to perform an assessment
that considers the @ruos, @ neri, Orwvr and @or approaches through
amultiple linear regression (¢ regression). Figure 6 shows, between
tracks 1 to 4, various methods to ¢ estimate (@ruos, Pneri, Prun
and ¢pr), and Pregression IN the track 5, which uses a combination
of these four previous ¢ as shown in Table 1. A better adjustment,
of s values, is achieved with @regression, having R? > 80%.
Figure 7 (track 5) shows, regarding k, the laboratory
measurements kg (blue dots). At the same time, we observed
kcoares (black curve), kspr (green curve) and knyur (red curve),
all calculated with the equations of the Table 2. k is obtained using
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Coates approach has the form keoares = (@1/¢)*(BVM/BVI)?, where
dr=0mmr, and, a=4, b=2 and 6<c<15 are empirical constants
(Coates et al., 1999). Timur approach was used to estimate
Krvur = (@1°)/Swis (red curve), where @r=@new, Swis = BV
/ (BVI + BVM) is the irreducible water saturation and, a=10,
b=4.4 and c=2 (Timur, 1968). Schlumberger Doll Research (SDR)
approach was used to estimate kspn =D’ The, WHere dr=¢wup,
and, Togy is the T2 distribution geometric mean cut-off. The
empirical variables b=4 and m=4 are dependent on the geological
formation, in the equation (Schlumberger, 2013).

The permeabilities SDR (kspr) and Timur (kpwus) have
similar behavior across the reservoir, overlapping at some depths.
keaares Shows, instead, a marked deviation of the laboratory data,
in some depths. In a general way, all the k estimates maintain
a similar distribution pattern, where the worst values appear in
the packstones and cemented grainstones, while the best fit to
experimental data is in the sector of the grainstones. ksps and
knvur Nave, although, a better fit than Kgoares, as shown in tracks 1
to 3 of Figure 8, but all far from a good fit with k»s. A regression
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Figure 7 — Gamma ray, caliper, resistivity, RHOB, NPHI and DT logs, together with permeability estimates and NMR — T2 distribution
(modified from Tavares, 2015).
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Figure 8 — Permeability estimates using Timur (track 1), Coates (track 2), SDR (track 3) and Multiple Polynomial Regression (track 4) approaches (modified from
Tavares, 2015).
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was tried, because of that, using, as input, the previous estimates.
A simple linear regression, by doing this, was found, but it
had a bad fit (not shown in the article). A multiple regression
(Kregression), With polynomials, adjusts well ki g, as shown in track
4 with R? > 90%.

All these results agree with several works related to the
characterization of Albian carbonates from Campos Basin, such
as Nocchi (2012), Aimeida (2015), Lichotti (2016), Silva (2016),
Gomes (2017), Mureb (2018) and Al-Lahham (2018).

CONCLUSIONS

This study used a data set from an Albian carbonate reservoir
in the Campos Basin. The work utilized, to do this, a joint
interpretation of logs, laboratory measurements and, geological
data. The aim was to assess petrophysical parameters and, to
determine the reliability of porosity and permeability estimates.
The reservoir was divided, initially, in packstone, grainstone
and, cemented grainstone zones. The split was based on the
stratigraphic control, which was established from laboratory tests
and, log data. The grainstone zone was considered, thus, with the
best petrophysical properties, because it has the highest values
of porosity and permeability. In the development of work, the
dataset of basic logs CAL, GR, RHOB, RT, NPHI and DT, along
with the NMR log, were plotted, analyzed and interpreted. The
following, porosities were calculated with empirical equations,
plotted and compared with laboratory values. Then, a multiple
linear regression, that includes all the approaches of porosities,
was made with R> > 80%. The work indicated that, among porosity
gvaluations, the sonic showed the worst of all, as well as, the
multiple linear regression was the better. This last combines
the porosities estimates of the density, neutronic, sonic and,
magnetic nuclear resonance logs. Nuclear magnetic resonance
permeability, on the other hand, showed a wide variation in
relation to the T2 distribution cut-offs, which is more related
to the porosity input. In addition, the permeability estimates of
the Timur, Coates and Schlumberger Doll Research approaches
did not show a good fit with the laboratory permeability. When
comparing the adjustments, the Timur estimates was the best
and, the Coates one the worst. This result can be attributed to
a better tuning made to the parameters of the Timur empirical
method, what takes a close estimate of true permeability. A
combination of the three estimates, however, proved to have
a good fit with a multiple polynomial regression, with R? >
90%. This shows that, magnetic nuclear resonance, is very
good for estimating the total porosity of the reservoirs. Their
gstimates must be accepted with restrictions, especially, when

used in a quantitative assessment of permeability, because it is
predominantly qualitative and, needs calibration with laboratory
data. The methodology used in this work, therefore, showed a
practical and efficient workflow to evaluate carbonate reservoirs,
with the nuclear magnetic resonance log contributing, positively,
for a good petrophysical characterization. Finally, this work has
shown that, in a general way, porosity estimate is much simpler
than permeability, because as it is determined with good fit in
a multiple linear regression and, a worthy fit for permeability
is achieved only with a multiple polynomial regression, with a
second-degree polynomial.
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