
Depth-variant pore type
modeling in a pre-salt carbonate
field offshore Brazil

Rafael A. Cataldo*, Emilson P. Leite*, Taynah B. Rebelo and
Nathalia H. Mattos

Department of Geology and Natural Resources, Institute of Geosciences, University of Campinas,
Campinas, Brazil

Brazilian pre-salt carbonates encompass more than 70% of the total oil and gas

produced in the country nowadays and yet, present several challenges such as

heterogeneous composition in mineralogy with the presence of Mg-clays, a

complex pore network and diagenetic processes, e.g., dolomitization,

silicification and cementation. Rock physics provides a powerful route to

understand the elastic behavior of rocks by connecting geology and

geophysics. It is known that pore type determination is crucial to understand

this behavior. In this paper, we propose a workflow that integrates several

methods to obtain depth-variant distribution of pore types and their respective

volumes for seven wells in the carbonate-bearing Barra Velha Formation

interval. We compared the modeling results with thin sections, performed

sensitivity analysis with several parameters (e.g., mineral content, saturation,

different aspect ratios) to verify the impact of each one and, analyzed results

with hydraulic flow units to search for favorable porosity-permeability scenarios

and their relationship with the different pore types. Results suggest that the key

parameters impacting the elastic behavior are mineralogy and pore types. Also,

compliant pore type may act as connectors between pores with bigger storage

capacity, such as reference and stiff pore types. The proposed workflow

contributes to understand these complex carbonates, by providing a feasible

path to obtain three pore type distributions for each depth point. Calibration

with fluid data and especially mineralogy, is essential for the predictions to be as

trustworthy as possible and should be applied for each well with available

information.
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1 Introduction

Carbonate rocks present many obstacles to model when compared to sandstones due

to heterogeneities both vertically and laterally in their physical properties, e.g., porosity

and permeability. Additionally, carbonates present a complex pore-scale heterogeneity

because of the diagenetic processes such as dissolution, dolomitization, silicification and

cementation. These processes may change the rock framework completely, either creating
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or destructing porosity, thus, leading to different pore types with

distinct physical properties from the original deposited rock.

In this context, the first observation of a positive correlation

between pore size and velocity in carbonates was made by

Hamilton et al. (1956). Brie et al. (1985) assert that grain

contact elasticity is secondary in importance compared to

mineralogy and pore geometry. The authors point out that

pore size is not as important as pore shape since the

wavelength in seismic and sonic frequencies is much bigger

than the pores. Anselmetti and Eberli (1993) investigated

210 carbonate mini-core samples from different parts of the

world, deposited from shallow water platforms to deep slopes at

distinct diagenetic stages, to better understand the correlation

between velocity and intrinsic rock parameters, i.e., lithology,

mineralogy, porosity, pore types and density. The authors found

a wide range in velocity for the same porosity reaching up to

4,500 m/s for compressional velocity and 2,500 m/s for shear

velocity. The conclusions based on their dataset point that post-

depositional diagenetic processes are the main cause of velocity

variation and, for the same porosity, different pore types are

responsible for the scattering along the velocity-porosity cross-

plot.

Therefore, an important issue is how distinct pores affect the

seismic response since the scattering for the same porosity would

cause significant uncertainty for seismic inversion (Eberli et al.,

2003). These authors also performed tests where increases in

pressure could not close the velocity gap between rocks with

distinct pore types. However, rocks with compliant pores showed

to be considerably more sensitive than rocks with stiffer pores.

Wang et al. (2011) pointed out that oblate pores or cracks

influence P- and S-wave velocities more than pores with

higher aspect ratios. Dou et al. (2011) state that moldic or

vuggy porosity spaces are usually rounded, making the rock

harder, whereas interparticle pore spaces or cracks tend to be flat

and soften the rock. This fact impacts directly on seismic wave

propagation, being faster in rocks dominated by moldic and

vuggy pore spaces and slower in rocks with interparticle pore

spaces or cracks. In this work we use the term compliant to

indicate soft pores, including cracks as used in references

cited here.

Therefore, Rock Physics Modeling (RPM) represents a

powerful method for understanding the relation between

petrophysical properties and elastic parameters. It is crucial in

reservoir characterization because it acts as a bridge between

geology and geophysics.

As a result, many authors have proposed methods to model

pore types in carbonates. Kumar and Han (2005) proposed an

algorithm to calculate the aspect ratio and volume quantitatively

for reference, stiff and crack pore types, respectively. Xu and

Payne (2009) extended the Xu-White model (2007), designed

originally for clastic rocks. They used an approximation of the

differential effective medium (DEM) and Kuster Toksöz, (1974)

to estimate the dry rock’s elastic moduli and account for the

mechanical interaction between pores. To obtain a low-

frequency response from DEM and the final effective elastic

properties, the rock was saturated using Gassmann’s classic

equations (1951). Saberi (2020) investigated the limitation of

modeling only two pore types for a single sampling point and

proposed using an extra reference curve called Environmental

Trend (ET). This curve calibrates the models obtained from the

Wyllie time average and it is represented by a second-order

polynomial curve to fit the log data for each depositional

environment and its diagenetic evolution path. Mirkamali

et al. (2020) provided a seismic petrophysics workflow to

improve well tie with poor or missing seismic data from the

modeling pore types and their volumes using P- and S-wave

velocities. Finally, Dias et al. (2021) coupled an inclusion rock-

physics model with Bayesian framework parameterization in a

depth-variant multimineral fashion to estimate the elastic

attributes Vp and Vs. One of the main conclusions is that the

Bayesian parametrization helped provide prior knowledge

through probability density functions (PDFs) of the Barra

Velha Formation (BVF) in the Santos Basin.

The discovery of pre-salt carbonate reservoirs announced in

Brazil during the early 2000s is considered to be the last set of

supergiant oil fields discovered in the world (Zhang et al., 2019).

In 2017, pre-salt surpassed the conventional offshore

hydrocarbon production and after 16 years of the first official

announcement, these fields nowadays are responsible for more

than 75% of the total oil and gas produced in the country (ANP,

2022).

The BVF carbonates are known for their unusual textural and

compositional characteristics due to a complex depositional

setting and distinct diagenetic episodes that led to these

unique reservoirs (Herlinger et al., 2017).

The presence of authigenic magnesian clays, such as

stevensite, is another challenge (Wright and Barnett, 2015;

Wright and Tosca, 2016; Castro and Lupinacci, 2019; Gomes

et al., 2020), as they indicate saline/alkaline depositional

environments and suggest the occurrence of magnesium-rich

waters (Buchheim and Awramik, 2014; Herlinger et al., 2020). In

addition, these minerals affect the response of well logs such as

increases in gamma-ray values, which may be associated with

organic matter or detrital grains such as micas and feldspars

(Netto et al., 2022). For more details on the geological history and

different models proposed for the BVF carbonates, we suggest

Moreira et al. (2007), Boyd et al. (2015), Herlinger et al. (2017),

Lima and De Ros (2019), Gomes et al. (2020) and de Carvalho

and Fernandes (2021).

To better understand and characterize these reservoirs,

several authors have published studies with different focuses,

such as unsupervised seismic facies classification (Ferreira et al.,

2019), supervised artificial neural networks to predict rock

property parameters such as porosity and acoustic impedance

(Clarke et al., 2021), stepped machine learning algorithm to

create mineralogical models from geochemical and mineralogical
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data (de Oliveira et al., 2021), thin sections analysis in the non-

reservoir section focusing the identification of distinct magnesian

clays and the processes of preservation and transformation of

these minerals (da Silva et al., 2021), and clay and water

saturation volumes through a hybrid method which combines

Nuclear Magnetic Resonance (NMR) and conventional logs

(Castro and Lupinacci, 2022).

Therefore, these carbonates portray a difficult scenario for

RPM due to the high variability of pore types and shapes,

presence of stevensite, variation in quartz content and the

presence of igneous rocks that can overlap nonporous

carbonates in cross-plots. In addition, the geological

complexity of such rocks in ultradeep waters makes it

particularly challenging to carry out reservoir predictions

away from wells to enhance the probability of discovering

new drilling locations (Vasquez et al., 2019).

This work proposes a workflow based on Saberi (2020) to model

the different aspect ratios and their respective volume distribution

along with the BVF interval. Our analyses point out that aspect ratio,

the respective volumes of pore-types and mineralogy have a more

significant impact on velocity predictions, while water saturation is

secondary compared to those. Furthermore, the correlation between

the obtained pore type volume distribution and the hydraulic flow

units (HFU) allowed us to identify favorable scenarios in terms of

porosity-permeability and their relationship with pore types and

mineralogy. As shown in Sharifi-Yazdi et al. (2020), the use of HFU

represents a practical method to reduce the heterogeneity of the

reservoir but, instead of using the flow zone indicator method (FZI)

as proposed by the authors, we used Aguilera R35 as suggested and

obtained byRebelo et al. (2022). Thus, this work intends to contribute

to the comprehension of the complex relationship between the pore

network, mineralogy, and the elastic behavior of the Brazilian pre-salt

rocks.

2 Dataset and methods

Well logs from seven wells were used to develop this work. All

seven wells present mineralogy data in order to perform the analyzes.

The wells are identified from A to G and Figure 1 shows a map with

the location where the wells are identified with white circles.

The wells have a complete set of basic well logs from which

we use caliper (CAL), density (RHOB), gamma-ray (GR),

neutron porosity (NPHI), sonic (DT), along with NMR

porosity and permeability, weight percentage curves (WPC)

for carbonate, quartz-mica-feldspar and clays, water saturation

and the HFU classified by Rebelo et al. (2022). Thin section

images, technical reports, core and cuttings descriptions were

also used when available. Well A also presents XRD data and,

therefore, it represents the most reliable mineralogy data

available when compared to the WPC, which is calculated by

using Elemental Capture Spectroscopy (ECS) data.

FIGURE 1
Map with the location of the seven wells analyzed.
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FIGURE 2
Workflow proposed for rock physics modeling of pre-salt carbonates in Brazil. Kdry, Ksat, Gdry, and Gsat, are themodeled bulk (K) and shear (G)
moduli of dry and saturated samples, respectively. “Other information” are laboratory parameters that would help to constrain themodeling process,
e.g., K and G moduli measured from laboratory experiments on core samples.

FIGURE 3
Fiji package and the main steps to segregate pores from the matrix on a thin section image.
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To facilitate the comprehension of themethodological approach,

this section is divided into four sequential parts. First, we present the

aspect ratio pore type analysis and further extraction from thin

section images by using the Fiji package. Then, we briefly explain how

the classification to describe the main characteristics of the rock and

pore types were performed. Next, we show how the sensitivity

analysis was performed with commercial software to check how

the parameters impact the model predictions by using a model that

encompasses DEM and Gassmann’s theories (Gassmann, 1951).

Finally, we explain the algorithm used (Kumar and Han, 2005)

with the environmental trend extension proposal (Saberi, 2020). This

step is necessary to calculate both aspect ratio (AR) and porosity

proportions (PP) for each pore type in a pointwise manner. Figure 2

summarizes the main steps of the workflow proposed to evaluate

these rocks.

2.1 Pore type extraction analysis

We analyzed the available images from thin sections for well

A to estimate aspect ratios to constraint our rock physics

modeling. The Random Forest machine learning algorithm

was applied to classify the pixels with pore or matrix indexes

using the Fiji package on the open-source ImageJ software

(Arganda-Carreras et al., 2007). Figure 3 presents the main

steps performed toward the pore segmentation to obtain the

necessary statistical parameters to estimate the aspect ratio for

each pore type. The main steps are the following:

1) Define the appropriate scale to set pixel size in millimeters.

2) Create two classes (pores and matrix) by selecting pixels that

are visible correspondent to either pores or matrix so as to

have a training set.

3) Classify the remaining pixels using the training set as

references.

4) Check consistency with the analyzed thin section image and

set more training pixels if necessary to have a better

classification result.

5) Create an 8-bit image and a binary image by setting a

threshold.

6) Outline the pore boundaries on the binary image.

After achieving pore segregation, the software provides

statistical parameters such as area, perimeter, major and

minor axes, the angle between axes, aspect ratio, etc.

2.2 Thin section images description

The wells count with a set of thin section images and description

reports that were used to describe themain characteristics of the rock

and its porous space. From this point on we will refer the available

thin section images as thin sections only. The rocks were classified by

Rebelo et al. (2022) following the system proposed by Gomes et al.

(2020), which separates the rocks of the BVF into two groups: 1) in

situ facies, which are classified into 12 categories according to the

proportion of spherulites, shrubs, and mud and, 2) reworked facies

that are classified according to the proportion of grain and matrix,

following the classical scheme proposed by Dunham (1962).

Well A presents 139 thin sections of both in situ and

reworked facies that were used to corroborate the rock physics

model by comparing the identified pore types with the model

predictions. The same procedure was performed in other wells

which contain thin sections.

2.3 Sensitivity analysis

In order to perform the sensitivity analysis, we employed an

oil-carbonate model to study the impact of the model’s

parameters and ultimately predict P-wave (Vp) and S-wave

velocities (Vs.). The model is based on the inclusion

approach, and it uses an approximation of DEM introduced

by Keys and Xu (2002) to compute the dry rock bulk and shear

moduli. Fluid properties are computed with Batzle and Wang

(1992) equations, and the saturated rock bulk modulus is

computed using the classic Gassmann’s equations. This

combination is effective and practical for the simulation of the

low-frequency elastic responses of fluid saturated rocks (Mavko

et al., 2009; Zhao et al., 2013). Also, as shown by some authors,

the use of DEM for carbonates is more accurate than other

methods such as self-consistent approximation or T-matrix

(Vanorio et al., 2008; Misaghi et al., 2010). Finally, Vasquez

et al. (2019) results suggest that Gassmann’s equations may be

applied in the Brazilian pre-salt carbonates. For a further and

detailed analysis of the equations, see, e.g., Misaghi et al. (2010).

The sensitivity analysis is performed by fixing all parameters

and varying one to check its impact through the model templates.

One example is analyzing the impact on velocity predictions by

modifying a certain parameter in a cross-plot between

compressional velocity (Vp) and total porosity obtained from

Nuclear Magnetic Resonance (NMRtt). Supplementary Figure S1

shows an example of the variation of water saturation within the

system. The analyses were performed considering parameters

such as mineralogy volumes (calcite, dolomite, quartz and clays),

aspect ratio (reference, stiff and compliant pore types) and their

respective volumes, water saturation, among others. The elastic

moduli and density of minerals are from Mavko et al. (2009),

except clays, that are from Vasquez et al. (2019).

2.4 Kumar and Han algorithm extended by
saberi

Kumar and Han (2005) published a well-known algorithm

that calculates pore aspect ratios and their respective volume
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fractions using a pointwise approach for each available depth

data. The authors verified the effectiveness of the method by

studying 52 carbonate samples of 22 wells from different fields in

the world through the comparison between measured and

calculated velocities. Several authors used this algorithm in

carbonates, such as Xu and Payne (2009), Mirkamali et al.

(2020) and Saberi (2020). The algorithm steps (sensu

Mirkamali et al., 2020) can be subdivided as follows:

1) For φreference, φcompliant, and φstiff calculate Vp using time-

average (TA), lower and upper Hashin-Shtrikman for a given

bulk porosity.

2) Use DEM for given bulk porosity and an initial estimate of AR

(αR = 0.1 for reference, αS = 1 for stiff and αC = 0.01 for

compliant) to calculate the VP of the rock. VPDEM = (K0, μ0, α,
φb), where K0 and μ0 are matrix bulk and shear modulus.

3) If (VPDEM(α)—VP (α))2 > ε, then α = α ± δα, where ε is the
chosen error value.

4) Take the aspect ratio (α) for each pore type when (VPDEM(α)
–VP (α))2 < ε.

5) Obtain aspect ratios for reference, compliant and stiff pores as

αreference, αcompliant and αstiff, respectively.

The algorithm follows a similar pattern for the pore type

volume calculation and starts with the premise that all porosity

relies upon the reference pore type. These steps are as follows:

6) Compare measured velocity with VPreference calculated from

DEM. If VP > VPreference(DEM), then α1 = αreference, α2 = αstiff,
φ1 = φtotal, φ2 = 0, otherwise, if VP < VPreference(DEM), alpha

2 becomes α2 = αcompliant. In other words, when the measured

velocity is larger than the modeled velocity, we adjust the

reference and stiff porosity volumes and, when the measured

velocity is lower than the modeled velocity, we adjust

reference and compliant porosity volumes.

7) Recalculate VPDEM, and if (VPDEM(α)—VP (α))2 > ε, then
instead of incrementing alpha as explained in step 3, we

increment phi as φ = φ ± δφ.
8) When (VPDEM(α)—VP (α))2 ≤ ε, then the increments stop,

and we take this value and obtain porosity percentage for each

aspect ratio αreference, αcompliant and αstiff, respectively.

This procedure can model only two pore types for each depth

point, i.e., αreference and αstiff or αreference and αcompliant. Therefore,

the same logic applies to porosity volume distribution among the

distinct pore types. To overcome this limitation, Saberi (2020)

proposed an extension to this approach with the addition of a

new reference curve, called the environmental trend curve, to

perturb the time-average response and expand the number of

pore aspect ratios per depth sample analyzed. This ET curve

brings a geologically driven approach to calibrate the determined

pore models from the Wyllie TA being based on the actual

subsurface microstructure (Figure 4).

An easy way to understand how it is possible to model

three pore types for each depth point is to visualize a data

point located between the red and green curves. While a

positive deviation (greater velocities) from the TA curve

will model a mixture of reference and stiff pores, the same

point will have a negative deviation from the ET curve and,

therefore, will model a mixture of reference and compliant for

the same point.

As an upgrade to this approach, we inserted XRD and

saturation curves into the workflow for well A, so both aspect

ratio and porosity proportion use different bulk moduli, shear

moduli and density values for each depth due to the unique

combination of mineralogy and fluid data. In addition, we

assumed that the difference between the total mineralogy

(100%) and the sum of calcite, dolomite and quartz

corresponds to clays, since they are not present in the XRD

data and are a key part of the complex pre-salt mineralogy

(Gomes et al., 2020; da Silva et al., 2021) (Supplementary

Figure S2).

The other wells did not present XRD, and, therefore, we used

only the available weight percentage curves (WCAR,WQFM and

WCLA) from ECS. The WCAR curve was segregated into calcite

and dolomite by performing sensitivity analysis within distinct

proportions and comparing which proportion of calcite and

dolomite gives a better approximation between the density

calculated and measured.

FIGURE 4
Example of using two reference curves to perform the three
pore-type modeling for each depth point. Note that reference
pore types are always included in the modeling process, while stiff
pores come from positive deviations from the red and green
curves, and compliant pores come from negative deviations. “A”
indicates amixture of reference and compliant pore types from the
ET curve (green) and a mixture of reference and stiff pore types
from the TA curve (red). “B” indicates a mixture of reference and
stiff pore types from both curves, and “C” indicates a mixture of
reference and compliant pore types from both curves.
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3 Results and discussion

3.1 Pore type extraction analysis

Supplementary Figure S3 shows nine histograms to

demonstrate statistical parameters extracted from thin sections

analyzed throughout well A. Pore classification, number of pores,

minimum, maximum, mean, and standard deviation values are

shown. For this well, 38 thin sections were used covering ~162 m

of the BVF, where 1846 pores were identified. Supplementary

Table S1 summarizes some parameters obtained for each depth.

It is possible to note from the histograms that most pore types

are located between 0.2 and 0.8, falling basically on the reference-

stiff pore type literature values range. The histograms, generally,

do not show a trimodal or bimodal behavior and, therefore, it is

not easy to segregate compliant, reference, and stiff pores. As

shown in Supplementary Table S1, the average for the entire well

is 0.48 and the standard deviation is 0.17, which gives an interval

of 0.31 up to 0.65. When we consider an area weight, this number

falls to 0.46, which is close to the simple average. The weighted

average must be analyzed with care because cracks may cause a

great impact on velocity, as pointed out in several works, such as

Anselmetti and Eberli (1993). Compliant pores are difficult to

segregate, and 3-D micro-computed tomography (micro-CT)

analysis may provide better results. For the sake of the

following discussion, the reader must be aware that here we

are mentioning only macropores and, thus, micropores will not

be considered.

Some limitations in performing this analysis were present

due to the lack of better resolution for the available images. For

example, the thin section from Figure 5 presents a resolution of

487 × 365 pixels. If we consider the minimum detectable Y

dimension as one pixel and divide it by the size of the image along

the X dimension, we obtain a minimum detectable aspect ratio of

2.05 × 10-3, approximately. For this thin section, 1 mm equals

170 pixels. Care must be taken when assessing the thin section

images due to what we refer to here as “transition pixels” between

porosity (blue) and matrix (rest of the image). Usually, these

pixels present intermediate color values, and the algorithm

sometimes classifies them as matrix and sometimes as

FIGURE 5
Thin section image from well A (depth = 4,950.3 m).

TABLE 1Main parameters used in the “Oil-CarbonateModel”. (*) minor
to major axis ratio; (**) QFM stands for quartz, feldspar, and mica,
but here we consider that it is only quartz because this is the most
common mineral among those three in the pre-salt.

Pore aspect ratio (α)*

Reference Stiff Compliant

0.11 0.81 0.019

Well Parameters

Dolomite Volume 20–30%

**QFM Volume ~20%

Clay Volume ~1%

API ~30°

Salinity 0.1 kg/L
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porosity. Cementation with white or clear colors also may harm

the classification.

Supplementary Figure S4 exemplifies pore segregation (A) and

best-fit ellipses (B) used for extracting statistical parameters such as

aspect ratio. The ellipse in (B) considers the angle between the axes

and, thus, the aspect ratio is clearly higher than reality. This proves

that thismethod is accurate enough for stiff and reference pores but is

not always reliable for compliant pores or cracks. For this last case, it

can provide an idea of the aspect ratio but not the exact results.

Although this approach presents limitations, in the lack ofmicro-

CT images, this method can be used to obtain the necessary initial

guesses for stiff and reference pore types from thin sections.

3.2 Sensitivity analysis

In our oil-carbonate model, calcite is always present since it is

the most abundant pre-salt carbonate mineral. The clay contents

FIGURE 6
Sensitivity analysis examples. In (A) it is possible to see how the increase of dolomite impacts the velocity predictions positively. Notice in (B)
how the choice of reference aspect ratio dramatically affects our dataset’s interpretation. (C) represents how the increase in volume present in the
reference pore type negatively affects velocity. (D) shows the volume of compliant pore type, which has a stronger effect with lesser volume
variation.
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were assumed as the difference between one hundred percent and

the total amount of calcite, dolomite, and quartz. Table 1

provides the main parameters used within the model.

Figure 6 shows four results: (A) the variation of dolomite

volume, (B) the variation of the aspect ratio for the reference pore

type, (C) the variation within the volume present in the reference

pore type, and (D) the volume present in compliant pore type. As

dolomite volume increases, there is a positive impact on velocity

predictions, as expected, since this mineral presents a higher elastic

modulus when compared to the rest of the system, i.e., calcite,

quartz, and clay. More important are the values chosen for the

aspect ratios, e.g., for the reference pore type, inserted in the model

as Figure 6B shows on the upper right, which would change data

interpretation dramatically when considering the impact of these

parameters, as pointed out by Eberli et al. (2003). For example, if

we use 0.2 for reference as an input for this model, we expect to

have a considerable amount of compliant pores within these rocks,

which does not match with what we have seen in thin sections.

Figures 6C,D show the volume variation of reference and

compliant pore type, respectively. If we look at the end of the

curves (at 20% porosity), it is possible to see that a difference of 5%

in compliant volume would impact velocity by around 10%. This

has virtually the same impact if we consider a variation from 50 to

80% in reference volume at the same porosity point. This shows

the importance of obtaining these parameters in a pointwise

manner.

As mentioned before, we used other parameters, and the

results point out that pore type aspect ratio and volume plus

mineralogy represent the most sensible parameters within the

system. Therefore, strong control of these parameters is

fundamental to obtain reliable results when modeling P

and S-waves in different scenarios. Also, as porosity

increases, the impact of mineralogy matrix in the rock

elastic behavior decays in importance in relation to pore

aspect ratio and volume, as expected. This behavior was

also observed by Dias et al. (2021).

3.3 Aspect ratios and their respective
volumes along the well logs

This section presents detailed results for wells A and B,

while the other five wells (C, D, E, F and G) will be briefly

summarized.

FIGURE 7
Aspect ratios, porosity proportions and measured versus predicted velocity curves obtained from Kumar-Han-Saberis pointwise method. Obs
means the observed (measured) well log curve and Mod means the modeled curve.

Frontiers in Earth Science frontiersin.org09

Cataldo et al. 10.3389/feart.2022.1014573

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1014573


3.3.1 Well A
Well A has the most complete dataset and, additionally, this

well was the only one with XRD data through BVF and, therefore,

the most reliable to be used for tests and calibration. Thus, this

well will be presented in more detail.

The data in the cross-plot between compressional velocity

against porosity remains inside the Hashin-Shtrikman upper and

lower bounds indicating that XRD mineralogy is reliable, as

expected.

As explained before, the facies described here follow Gomes

et al. (2020) proposed classification for the BVF, and Dunham’s

classification was used to describe the reworked facies as explained

in themethodology section. Based on these classifications, this well

presents mainly spherulitestone-shrubstone variations,

grainstones, packstones, mudstones and wackestones.

The model prediction shows that this well mainly presents

reference pore types, with stiff pores being secondary in

importance (Figure 7). This happens for all wells described

here, and it was expected since the available 139 thin sections

for this well showmainly interparticle porosity. Also important are

intraparticle, moldic and vuggy pore types, with rare presence of

microfractures. Thin sections and cores were described by using

the available images, and the conclusion remains the same, i.e., our

model provides reliable information for this well (Figure 8). The

measured and the predicted Vp by the model present a good

match, and the correlation between these curves is 0.979 with a

normalized root mean squared error (NRMSE) of 0.07.

Figure 9 shows results for the porosity proportions for the

three pore types and most part of the porosity is predicted to be

within the reference pore type with stiff subordinated to it. The

figure shows basically a mirror image between these two pore

types since compliant pores have low porosity values. This is

common for the studied wells. Since Kumar and Han approach

starts with the assumption that most part of the volume will be

within reference pores, and then the algorithm makes an

adjustment for the other pore types, usually stiff and

compliant volumes vary greatly and, thus, statistical

parameters such as mean and standard deviation are not

useful. Therefore, we will present these values only for

reference pores and maximum values for the other two pore

types. The minimum values are virtually zero for all pore types

since it is dependent on the NMR log, i.e., when total porosity is

FIGURE 8
Four thin section images showing mineral and pore system characteristics of well A. Numbers indicate depths.
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FIGURE 9
Porosity proportions obtained from Kumar-Han-Saberi’s pointwisemethod for each pore type. Note that the x-axis scale is larger for compliant
pores.

FIGURE 10
Distribution of pore type volumes and R35 Aguilera hydraulic flow units for well A.
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1%, this will be the value to be adjusted and distributed among

the three pore types. For this well, reference pores volume

presents an average of 8.5% and a maximum value of 27.9%,

with a standard deviation of ±3.3%. Stiffs present a maximum

value of 10.0%, while compliant pores show a maximum of 2.0%.

The ternary plot in Supplementary Figure S5 shows data

distribution in terms of calcite, dolomite, and quartz contents. In

terms of volume, the mineralogy distribution follows this order

but, we must emphasize the importance of dolomite present as

micrite matrix, cementation and dolomitization in some thin

sections. Additionally, the plot shows the distribution of the

R35 Flow Unit’s classification (Aguilera, 2002). From HFUs 1 to

4, this classification presents better porosity-permeability

relation and HFUs 2 and 3 are the most abundant. Circle size

indicates free fluid content and, hence, it is possible to check that

HFU 3 is the most important unit in terms of permo-porosity

quality and, volumetrically, presents a concentration within the

calcite axis.

Finally, we tried to relate the calculated pore type volumes

with the HFUs classification in a 3-D view (Figure 10). As the

reader may acknowledge, there are white parts which indicate an

overlap between data (mainly between units two and three). We

can observe from this figure that the best HFUs (3 and 4) are

distributed in a higher combined value between reference and

stiff pores when compared to HFUs 1 and 2. Especially, HFU

2 presents higher compliant porosity proportion values, while

HFU 3 advances towards the stiff axis.

Hence, the best scenario for this well in terms of permo-

porosity quality, indicates a combination of HFU 3, reference

pores, stiffs being secondarily in importance, and calcite content

FIGURE 11
(A) Thin section from 4,834.8 m (well B) showing interparticle and vuggy porosity which is consistent with the model prediction of being mainly
reference and stiff pores. (B) Distribution of pore type volumes and R35 Aguilera hydraulic flow units.
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with dolomite subordinated to it. As HFU 3, HFU 2 also shows

similar free fluid content and compliant pores or cracks may act

as connectors to reference and stiff pores as it will be discussed

later.

3.3.2 Well B
The predominant facies of well B correspond to the

intercalation between grainstones and packstones. Less

frequent but also present are wackestones, spherulitestones,

shrubstones, mudstones, spherulitic-mudstone, spherulitic-

shrubstone and muddy-spherulitestone.

This well does not present XRD data, which brings more

uncertainty within the mineralogical scenario when compared to

well A. Therefore, we used the available weight percentage curves

WCAR, WQFM and WCLA. This provides a less accurate

perspective compared to XRD data, where calcite, dolomite

and quartz are separated, although results for this well prove

that this data is also reliable as it will be discussed later.

There are 87 thin sections available within the interval

between 4,815 and 4,849 m. We did not consider the first

10 m of this well due to unreliable well log values readings

(indicated by caliper and other curves). Figure 11A shows a

thin section example from 4,834.8 m, where porosity volume

distribution shows a similar pattern described in well A. The

pores in this thin section are consistent with the model

predictions, i.e., it shows a mixture of reference and stiff pore

types. Some peaks of stiff pores are observed between 4,950 and

5,000 m, but care must be taken since there are no thin sections

available that cover this last interval.

The velocity predicted by themodel shows a goodmatch with

the measured Vp (correlation of 0.97), with an NRMSE of 0.09.

Similar porosity proportion curves as shown in Figure 9, were

calculated for this well and show that reference pore volume

presents an average of 10.8% and a maximum value of 21.4%,

with a standard deviation of ±3.9%. Stiff and compliant pores

show a maximum value of 14.5% and 3.3%, respectively.

Figure 11B displays the relation between calculated pore type

volumes with the HFUs classification in a 3-D view. Here, HFUs

2 and 3 predominate, although the occurrence of HFU 4, the best

one in terms of porosity-permeability, is relevant. HFU 2 is more

widespread through the three axes and this unit advances

towards higher compliant porosity values when compared to

FIGURE 12
Thin section images denoting an increase in stiff pores predicted in the model starting around 4,842 m depth (blue color). Note how Vp also
increases its trend, which indicates a stiffer rock framework. The compliant’s prediction follows the strong decrease in velocity. “Obs” means the
observed (measured) well log curve and “Mod” means the modeled curve.
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the other units. Also, it is possible to observe that the best HFUs

(3 and 4) are distributed in a higher combination between

reference and stiff pores when compared to HFUs 1 and 2.

Unit 1 is predominant and, surprisingly, shows a subgroup well

distributed within the stiff axis but, when compared with the

other units, shows lower reference values. This is probably an

indication of low permeability of unconnected moldic and/or

vuggy pores.

Hence, the best scenario for this well, in terms of permo-

porosity quality, indicates a combination of HFUs 3 and 4, high

porosity distribution in reference pores and carbonate content

with quartz subordinated to it.

3.3.3 Wells C, D, E, F and G
Wells C and E present thinner intervals of BVF when

compared to other wells, i.e., less than 60 m. All wells show a

good correlation between the Vp measured and the Vp predicted

(>0.9) and low NRMSE values (≤0.08).
In well C, grainstones are predominant and are intercalated

with variations of spherulitestones and shrubstones. The 25 thin

sections analyzed show that this well presents mainly interparticle,

moldic and vuggy porosity. Intraparticle porosity is less present

and just few microcracks were described around 4,740 and

4,760 m. Our model was able to predict compliant pore type

close to both depths shown by red fills (Supplementary Figure S6).

Well D is composed mainly of grainstones and has 71 thin

sections described, which show that cementation by dolomite,

quartz, silica, and calcite occurs. Also, volcanic rock fragments

and silica grains play an important role. This is also denoted by

the increasingWQFM content. Thus, this well presents a peculiar

mineralogy when compared to the others described. Therefore,

results for this well must be interpreted with care since this is an

inclusion model. In terms of porosity-permeability, the best

scenario combines HFUs 3 and 4 with the distribution mainly

on the reference and stiff axes.

Furthermore, the more prominent presence of HFU 4, with

high values of free fluid, may suggest that, in this well, compliant

pores and cracks do not necessarily act as connectors for

reference and stiff pores.

Well E shows mainly references with stiffs secondarily to it,

but around 4,842 m, this pattern is inverted up to the end of BVF.

Compressional velocity presents a faster trend denoting a stiffer

rock framework from this interval on. Compliant pores appear in

some parts of the well, mainly from 4,820 to ~4,835 m and,

porosity proportion distribution also follows this pattern with

stiff volumes predominating at the end of the well.

Unfortunately, the available 41 thin section for this well were

focused on texture and its main constituents and not on pore

types. However, it was possible to see compliant pore types (red

circles) around 4,834 m (Figure 12).

This well also presents a mirror image of pores between

references and stiffs but, differently than the previous ones, there

are some high peaks of stiff porosity along the well. In terms of

HFUs, it presents mainly HFU 3 with HFU 2 subordinated to it.

Both are distributed within the same pattern around the three

axes and unit three shows higher reference volume values. HFU

4 shows the bigger stiff values and lower compliant values, while

HFU 1 is basically null. Therefore, the best scenario in terms of

porosity-permeability combines units three (and four

secondarily) with a distribution on the three axes with an

important contribution from the stiff axis. This might suggest

that, in the same way as seen in well D, stiff pores seem to be

connected but, distinctly from the previous well, it seems that

also compliant pore types contribute to permeability.

Well F presents some points outside the Hashin-Shtrikman

upper bound. Given properly mineralogy and fluid content, in

theory, this should not happen but, descriptions in 68 thin

sections show the presence of dolomite, crystalline carbonate

and rare cementation by pyrite and barite. Thus, it is justifiable

that few points surpass this bound, but results must be analyzed

with this in mind. The most important lithologies are

grainstones, stromatolites, spherulitites and laminites. In terms

of HFUs, this well presents mainly HFUs 1, 2, and 3. HFU 2 in

this well also shows that compliant pores may act as connectors.

Well G is composed mainly of spherulitites (and variations

with dolomite or clay) and grainstones. With less frequency, there

are stromatolites, laminites and rudstones. Cementation by

dolomite, quartz and calcite is also common within these rocks.

Anhydrite is not described within the 34 thin sections but appears

in the weight percentage curves (WANH) and it was considered in

the modeling process. For this dataset, there is no data outside the

Hashin-Shtrikman bounds. Results show that reference pores are

predominant while stiffs show some peaks along the well.

Compliant pores appear with low values, but it presents a peak

within a strong drop in Vp around 5,220 m. In terms of HFUs, this

well presents a mixture of HFUs 1, 2 and 3, being the last twomore

abundant. HFU 4 is virtually absent, and it is not important along

this well. HFU 2 is better distributed along the axes, while units one

and three are more concentrated in reference and compliant axes

showing low stiff values, when compared to the wells described

here. Hence, this well presents the worse scenario in terms of

porosity-permeability.

As stated in Dvorkin (2020), we can portray rock physics as a

“velocity-porosity-mineralogy-fluid” science. In pre-salt rocks,

mineralogy and pore types play a major role in the elastic

behavior of these carbonates as sensitivity analysis shows.

While stress has a significant impact on clastic rocks, in

carbonates the effect is not as important as compliant cracks.

The author shows that velocity hardly changes, e.g., in samples

from the Ekofisk field, in the North Sea, when cracks are absent.

In fact, studies show that mineralogy, rock framework and pore

structure, which are a function of the depositional environment

and diagenesis (cementation, dissolution, and recrystallization),

have a bigger impact on the elastic rock behavior in carbonates.

One of the main difficulties in applying this method is

obtaining reliable mineralogical curves, especially, when
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dealing with clay-rich intervals. Tests with calculated shale and

stevensite curve volumes were performed with wells that did not

present mineralogy data along with the available dataset. Results

showed that shale and/or stevensite curves seem to be

overestimated since data surpass the Hashin-Shtrikman

bounds, and this has been a difficult problem to solve. In

other words, the excess of clays in the system brings the

upper bound to lower velocities, which does not seem

plausible. For example, de Oliveira et al. (2021) tested four

algorithms with pre-salt carbonate rocks to obtain the

following minerals: calcite, dolomite, quartz, clay, K-feldspar,

plagioclase, and pyroxene. According to the authors, the clay

model is influenced mainly by Mg, Na, LOI, carbonates, quartz,

and secondarily by Si and Ca, reflecting great variation both in

the chemical composition and their depositional environment.

Another finding is that by using only chemical elements the

models for clay and dolomite show more noise.

Regarding the importance of microporosity, Zielinski et al.

(2018) studied the coquina pore system from Morro do Chaves

Formation, in the Sergipe-Alagoas basin, by using micro-CT

techniques and one of the findings was that permeability in

vugular pores came from microporosity acting as connectors. In

well E, although we cannot see microporosity, there is a clear

example of cracks acting as connectors between other pore types

(Figure 13). This also may happen on the microscale with

microcracks acting as corridors to bigger pores.

Basso et al. (2021), highlight the importance of pores below

40 μm in the BVF. The authors discuss that even for samples

dominated by macroporosity, pores below this value comprise

more than half of the pore system of the studied samples and, thus,

consist of a fundamental part of the pore system connectivity.

The results from the 3-D plots show, in some cases, that

bigger values of free fluid are also present within HFUs that

advance towards the compliant axis denoting that these may act

as connectors to references and stiffs pore types, or in a geological

perspective, fractures and microfractures are connecting

interparticle, moldic and vugular pores.

Scenarios vary strongly fromwell to well reflecting how complex

is the relationship between key parameters such as porosity, pore

types, mineralogy, fluid, permeability, and diagenesis.

It is worth mentioning that we performed preliminary

tests by using the S-wave to obtain the pore type distribution

along with the depth. Preliminary results show that the S-wave

seems to be more sensitive to compliant pore type

identification. In other words, for certain cases, while some

compliant pores do not appear in the modeling process by

using the P-wave, they are identified when using the S-wave.

Studies point out that P and S-waves are affected differently by

the pore geometries, and while the results are expected to be

slightly different from each other, they should be consistent

(Fournier et al., 2011; Wang et al., 2011). However, it must be

emphasized that the modeled curve tends to present a lower

correlation when compared to the P-wave case. Therefore, the

study by using S-waves or the combination of both P and

S-waves must be explored in the future as proposed by

Mirkamali et al. (2020).

FIGURE 13
Thin section image showing that compliant pores may act as connectors between other pores of the pore system.
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3.3.4 XRD and WPC results comparison - Well A
To check the reliability of using WPC mineralogy for the

other wells (B to G), instead of XRD, only present in well A, we

applied the same workflow to compare both datasets. Figure 14

summarizes the main results for reference aspect ratio and

volumes for each pore type.

The Kernel Density Model (KDE) model for the XRD

presents mean aspect ratio of 0.127 and median of 0.121,

while the KDE model for the WPC shows a mean of 0.131 and

median of 0.126. Both scenarios show a unimodal

distribution and, as expected, the XRD has a greater

variability than the WPC since it is more precise (Figures

14A). While the XRD provides the volumes for calcite,

dolomite and quartz, the three main minerals within the

system, the WPC does not separate carbonate minerals

(WCAR), quartz, feldspar and mica (WQFM), and clay

mineralogy (WCLA). Therefore, it is expected a higher

variation in the first case.

The KDE models for stiff and compliant pore aspect ratios

present insignificant differences and are not shown in Figure 14.

While the medians for stiff pores present similar values, the mean

is affected because of the bimodal distribution of these pore types.

The median for both scenarios is around 0.64, whilst the mean is

0.80 and 0.72, respectively. For the compliant aspect ratio, both

the mean and median are around 0.019 and 0.02, respectively.

Considering that these KDE functions are similar for both cases,

it is more interesting to analyze their volume fraction

distributions.

The KDE XRD model for reference pores shows volume

mean and median of 86.2% and 89.7%, respectively, while the

WPC model shows a mean volume of 81.8% and a median of

84.1%. The difference is compensated by the allocation of more

stiff pores volume for the WPC scenario, whilst compliant pores

volume remain virtually the same (Figure 14B).

Stiff volume fractions present higher values for the WPC case.

This was expected because the reference pore models show an

FIGURE 14
(A) Histogram and kernel density function with mean and median (dashed lines) for XRD and WPC in red and blue, respectively. XRD shows a
greater variability as expected. (B), (C) and (D) Reference, stiff and compliant pore type volume distributions showing similar values for both cases.
Note that reference volume is lower for the WPC in (B) and, it is compensated by the higher distribution within stiff pores in (C).

Frontiers in Earth Science frontiersin.org16

Cataldo et al. 10.3389/feart.2022.1014573

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1014573


opposite behavior. The differences for themean andmedian values

are 12.5% (XRD) to 17.0% (WPC) and 9.0% (XRD) to 15.0%

(WPC), respectively (Figure 14C). The compliant volume fractions

present a similar distribution in both scenarios, with means

around 1.2% and 1.1%, and medians of 0.018% and 0.019% for

XRD and WPC, respectively (Figure 14D). Supplementary Table

S2 summarizes the difference quantification between XRD and

WPC results. Cataldo et al. (2022), extended this analysis

comparing XRD versus a fixed mineralogy scenario based on

published literature in the Brazilian pre-salt.

4 Conclusion

We presented a workflow that integrates several methods

to obtain a depth-variant distribution of pore types and their

respective volumes within the complex Brazilian pre-salt

carbonates. As explained before, one of the goals of this

work was to obtain the distribution of these parameters for

the BVF because they strongly impact the velocity behavior of

seismic waves. A sensitivity analysis show that the use of fixed

values instead of depth-variant values brings significant

uncertainties into the velocity modeling.

The analysis pointed out that the most sensible parameters

within the system are the aspect ratio and mineralogy, i.e., they

have a bigger impact on the velocity predictions. Water

saturation has a grown impact as porosity becomes higher

obviously but, this happens mainly between 75–100% of water

saturation and, therefore, when compared to aspect ratio and

mineralogy, its impact is secondary. Thus, if we have good

control over mineralogy, porosity, and saturation, then we

need to adjust the aspect ratio and their respective volumes in

a depth-variant manner, in order to get reliable P and S-wave

modeled curves.

Another way to improve the reliability of the model would be

to separate the different types of clay present in pre-salt, e.g.,

stevensite, smectite, kerolite and saponite but this remains a

difficult task.

Therefore, the main concern for reliable predictions

should be to acquire more information on fluid mixture,

mineralogy and pore types by studying thin sections and/or

micro-CT images, especially for the last two parameters. This

would provide the main constraints for the geological scenario

of the model, and, consequently, the prediction results should

be as trustworthy as possible.

Results suggest that compliant pore types may act as

connectors between reference and stiff. Hence, it is important

to identify them because they may carry fluid to pores with bigger

storage capacity.

By using WPC instead of XRD for well A, there are no

significant differences between the calculated reference aspect

ratios. While the first shows a mean value of 0.131, the second

presents a mean of 0.127, i.e., an overestimation of only 3.15%

in average, considering that the scenario with XRD is our

reference. Stiff aspect ratio is underestimated by 10%, while

the difference in crack aspect ratio is virtually zero. The

volume proportions present an underestimation of 4.4% for

reference and 0.1% for cracks, and an overestimation of 4.5%

for stiffs in average. Preliminary studies indicate that S-wave

seems to be more sensitive to compliant pores. As shown in

previous studies, P and S-waves may be affected differently by

the pore geometries, so the use of both could bring slightly

different results, which may highlight compliant porosity not

identified by using the compressional wave alone.
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