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ABSTRACT. Characterization of carbonate rocks presents several challenges regarding the acquisition of petrophysical parameters and the understanding of fluid

flow dynamics in their pore system. To face these challenges, techniques such as X-ray microtomography, three-dimensional digital model reconstruction and fluid flow

numerical simulations have been continuously developed and improved. This study analyzes the representative elementary volume (REV) of a region of interest (ROI) of

a highly heterogeneous stromatolite sample. Porosity and permeability are estimated for different subvolumes of the sample based on digital petrophysics. All necessary

steps for reconstruction and segmentation of the complex pore system of the sample, as well as numerical simulations of fluid flow, are presented and discussed. The

workflow is promising for reservoir evaluation because it can be applied to any type of carbonate rock.
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RESUMO. A caracterização de rochas carbonáticas apresenta diversos desafios quanto à determinação de seus parâmetros petrofísicos e o entendimento da dinâmica

de escoamento de fluidos em seus sistemas porosos. Técnicas como a microtomografia de raios X, a modelagem digital tridimensional e a simulação numérica do

escoamento de fluidos têm sido continuamente desenvolvidas e aprimoradas para superar esses desafios. Este estudo analisa o volume elementar representativo (REV)

em uma região de interesse (ROI) de uma amostra de estromatólito altamente heterogênea. A porosidade e a permeabilidade são estimadas em diferentes subvolumes

da amostra através da petrofísica digital. São apresentadas e discutidas todas as etapas necessárias para a reconstrução e segmentação do sistema poroso e a simulação

numérica do escoamento de fluidos. A metodologia é promissora para avalição de reservatórios visto que o fluxo de trabalho pode ser aplicado a qualquer tipo de rocha

carbonática.
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INTRODUCTION

X-ray computed microtomography (µCT) is a non-destructive
technique that allows the collection and analysis of hundreds
of image sections enabling three-dimensional reconstruction
and visualization of different types of porous media. Since
µCT is a high-resolution computed tomography, it allows the
quantification of areas and volumes of the internal structure of
sedimentary rock, such as its pore system (Reis Neto et al., 2011;
Leiderman et al., 2017).

Several studies addressed the use of microtomography
techniques for studying carbonate rocks and their petrophysical
properties. Kaczmarczyk et al. (2010, 2011) compared porosity
and permeability values estimated based on µCT images
obtained with standard experimental procedures. Youssef et al.
(2007) validated their 3D pore system models created from
µCT data as a function of porosity and permeability estimates.
Machado et al. (2015) and Corbett et al. (2015) used microbialite
rocks, similar to the one used in this work, to characterize the
mineralogy and porosity distribution of complex carbonate rocks.
However, none of these studies analyzed the representativeness of
the digital poroperm results.

A representative elementary volume (REV) is defined as the
volume of a sample able to capture a representative quantity of
its heterogeneity (Bear, 1972). The REV is the volume at which
macroscopic properties, such as porosity and permeability, are
insensitive to small changes in the volume of the analyzed sample
(Fig. 1). An REV should also be insensitive to the region of
interest (ROI) within the analyzed sample (Corbett et al., 2015).
It may differ in size according to the petrophysical property to
be measured so that a suitable representative scale may depend
directly upon the evaluated property (Vik et al., 2013).

This study determines the REV based on two different
parameters from digital petrophysics: porosity and permeability.
Both parameters are estimated for a region of interest of a
stromatolite sample that was imaged in a computed X-ray
microtomographer. The reconstructed three-dimensional pore
system was processed, followed by numerical simulations of
single-phase fluid flow. For the numerical simulations, we
considered the works of Fourie et al. (2007), Narsilio et al. (2009)
and Kaczmarczyk et al. (2011), who showed the possibility of
upscaling the Navier-Stokes equations, which regulate fluid flow
at the microscale, to obtain parameters associated with fluid flow
at the mesoscale and macroscale (e.g., the permeability).

Stromatolite rock sample

An irregular stromatolite sample (approximately 15 cm in length,
13 cm in width and 4 cm in height) was collected from Lagoa
Salgada (Silva et al., 2018) a hypersaline lagoon located along
the northern coast of Rio de Janeiro state, Brazil (Fig. 2). The
carbonate rock sample was part of stromatolitic constructions
(Iespa et al., 2012) present on the surface of banks along
the lagoon with no compaction episode that could significantly
reduce its poroperm properties. An analysis of the different
internal morphological structures allowed us to identify three
different stages of stromatolite growth (Rodrigues et al., 1981;
Corbett et al., 2015):

1. A basal layer or cellar associated with the stage at
which the lagoon was open to the sea. This layer
shows significant siliciclastic sedimentation, carbonate
cementation and pores that are laterally connected or
oriented;

2. An intermediate layer displaying a large number of pores
derived by both intense bioactivity and dissolution (vugs).
This layer represents a more restricted phase of the
lagoon, with less siliciclastic sedimentation and more
carbonate dissolution;

3. A top layer displaying fewer pores than other layers
and showing microbial laminations that are laterally
continuous, associated with the closed phase of the
lagoon. This layer also shows a small number of pore
interconnectivities.

Imaging and segmentation

The entire stromatolite sample (Fig. 2C) was imaged with a
voxel size of 106.55 µm (Fig. 3A) using an X-ray computed
microtomographer, the phoenix v|tome|x m model, from Baker
Hughes (BH), a General Electric (GE) company. The µCT was
equipped with a DRX-250 detector, and calibrated with a voltage
of 150 kV and a current of 700 µA. We used a copper filter of 0.1
mm for the image acquisition process in order to reduce noise.
The softwares Fiji/ImageJ and Simpleware ScanIP 6.0 were used
for digital reconstruction of the sample and its pore system.

Voxel size characterizes the image resolution and its
capacity to detect smaller pores. It is worth remembering that
although the term resolution is used to denote the size of the
voxel, or also to represent the number of pixels and voxels
in an image, its definition is linked to the modulation transfer
function (MTF) associated with the measured resolution of an
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Figure 1 – Petrophysical property as a function of sample volume for two different regions of interest of a rock sample
(shown here in 2D for simplicity). The REV is achieved when the petrophysical property converges to a single and
constant value.

imaged system (Cnudde & Boone, 2013). Smaller voxel sizes
were not needed for this work because macro- and mega-pores
were dominant in the pore system of the stromatolite sample.

An extremely important part of this study was the required
segmentation of the images and definition of the threshold value.
Segmentation can be understood as a process of converting
a grayscale, or even a color image, to a binary image. This
process is possible by identifying two populations present in the
image based on the intensity of their values obtained during data
acquisition (Al-Raoush & Willson, 2005). In studies involving the
analysis of rocks and their pore systems, for example, these two
populations refer to the pore and solid phases. These stages are
obtained due to different absorption properties of the materials,
related to different local attenuation coefficients, thus generating
different intensity values in the obtained images (Wildenschild
et al., 2002).

Three methodologies were used in this study to define
the threshold value: the Otsu (1979) method (Fig. 3B), the
histogram-shape-based method (Kaczmarczyk et al., 2010) and
the active-contours-without-borders method (Chan & Vese,
2001) (Fig. 3C). These three methods converged to the same
threshold value. It is important to mention that the Otsu and
histogram-shape-based methods assume that the histogram is
not bimodal, but must present at least three distinctive peaks
in order to identify the threshold value. The method from
Chan & Vese (2001) uses the minimization of energy, from the
segmentation procedure of Mumford & Shah (1989), as its key
element to define the threshold value. The threshold value was
obtained using the Fityk 0.9.8 and Matlab 2012b softwares,

as well as free computational codes. For our study we used
segmentation methods selected from several available methods
in the literature (Sezgin & Sankur, 2004; Hoerlle et al., 2017).

Subsampling scheme

We selected a ROI from the basal layer of the stromatolite (Fig.
2C) for analysis of the REV. The ROI had dimensions of 3.2 cm
in length, 2.9 cm in width and 1.0 cm in height (Fig. 4). This
corresponds to a volume of 9.3 cm3 which is the approximate
volume of a standard petrophysical plug of 1 inch diameter per
1 inch length. Because the stromatolite sample was friable, no
plugs were extracted, while subsampling was performed digitally.
The ROI was subdivided into equal halves, further referred to
as ROI-1 and ROI-2 (Fig. 4), having a volume of 4.6 cm3, a
length of 1.6 cm, a width of 2.8 cm, and a height of 1.0 cm.
Each of the two halves was divided again, with the subunits
referred to as ROI-1-1 and ROI-1-2 for unit ROI-1, and ROI-2-1
and ROI-2-2 for unit ROI-2. The approximate dimension of each
of these subunits was 1.6 cm in length, 1.4 cm in width, and
1.0 cm in height, with an approximate volume of 2.3 cm3. This
process was repeated, resulting in eight subvolumes of 1.15 cm3,
then in sixteen subvolumes of 0.575 cm3 and finally in thirty-two
subvolumes of 0.288 cm3 (not further represented in Fig. 4 for
simplicity).

Poroperm modeling

The geometry of the pore system in each subvolume was
modeled using representative meshes generated with the software
Simpleware ScanIP 6.0 + FE 6.0. As an example, Figure 4
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shows in detail the mesh generated for the subvolume ROI-1.
The porosity of each subvolume was estimated from the ratio
of the computed pore volume to the computed total subvolume.
The digital permeability of each subvolume was estimated using
COMSOL Multiphysics 4.4, which is based on the finite element
method.

The mathematical formulation we used for calculating
digital permeabilities can be found in studies of Narsilio et al.
(2009) and Kaczmarczyk et al. (2011). They assumed some
premises to facilitate the resolution of the problem: all tensions
are related to the porous medium; the fluid contained in the
pore network has constant temperature and density, single-phase
flow is simulated with liquid water as the saturating fluid
during stationary laminar flow (i.e., Stokes flow or creeping

flow). An extremely low differential pressure was needed to
obtain a flow process consistent with the previously established
physical assumptions. Fluid flow was modeled in the z-direction.
Processing time for permeability estimation ranged from a few
minutes, for the smaller subvolumes, up to a few hours, for the
larger subvolumes. Data convergence occurred for the pressure
and velocity fields (Figs. 6A and 6B, respectively).

RESULTS AND DISCUSSION

Figure 7 shows digital porosity estimates of ROI-1 and ROI-2,
and all of their respective subvolumes, from right to left.
Representation of the volumes on a semi-logarithmic scale
produced a triangle shape-like pattern for both ROI’s. The
distribution of porosity for the studied stromatolite subsample

Figure 2 – A) Northern coast of Rio de Janeiro state, Brazil, showing B) the Lagoa Salgada location, and C) the stromatolite sample with indication of its top, intermediate
and basal layers.

Figure 3 – A) µCT image section of the studied stromatolite sample, B) an image segmented using the Otsu
(1979) method, and C) an image segmented using the Chan & Vese (2001) method.
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Figure 4 – Subsampling scheme of the ROI of the basal layer of the stromatolite sample.

Figure 5 – 3D model of the pore system of ROI-1. The gray components refer to the solid
part of the rock, while the void parts between the solid represent the pore system. Scale in
mm.

Figure 6 – A) Pressure and B) velocity fields, numerically calculated for ROI-1 assuming single-phase fluid flow. Scale in mm.
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Figure 7 – Digital porosity estimates for different subvolumes of the ROI in the
basal layer.

Figure 8 – Digital permeability estimates for different subvolumes of the ROI in
the basal layer.

Figure 9 – REV for the subvolume ROI-1 considering a maximum deviation of
10% on the digital porosity estimates.

Figure 10 – REV for the subvolume ROI-1 considering a maximum deviation of
20% on the digital permeability estimates.

converged to a single and constant value as expected previously
from Figure 1.

Figure 8 similarly shows digital permeability estimates of
ROI-1 and ROI-2, and all of their respective subvolumes, from
right to left. The distribution of permeability did not have the
same well-behaved triangle shape-like pattern as the porosity
distribution. This is because permeability is influenced by its
measured volume in a much more complex way (compare the
arrows in Figs. 7 and 8). We also note that the digital permeability
estimates had very high values, tens to hundreds of Darcy, which
indicates that the macro- and mega-pores, predominantly present
in the sample, are very well connected in different scales of the
sample.

The REV values for each analyzed petrophysical property
were obtained considering a maximum deviation of 10% in
the porosity estimates and 20% in the permeability estimates
(Corbett et al., 2015). The subvolumes in the porosity and
permeability plots of Figures 9 and 10, respectively, are now
presented in a linear scale. Even using different deviations
between the porosity and permeability estimates, a large variation

in the REV value is evident when these two petrophysical
properties are compared. The REV obtained from analysis
of digital porosity was much lower (2.3 cm3) than the REV
value for the digital permeability (4.6 cm3). Considering digital
permeability as the best option for the REV in this case, it is
necessary to have a volume twice as large as that required
in conventional approaches which only the digital porosity is
considered. However, we emphasize that the obtained results are
not absolute REV values for the entire stromatolite sample but
only for the ROI of its basal layer. To obtain an absolute REV
for such a sample, an enormous computational effort would be
needed. Sophisticated hardware for this was also not available in
this project.

CONCLUSIONS

Digital petrophysics is a valuable non-invasive tool for reservoir
rock characterization. In this work we evaluated the REV of a
ROI of a heterogeneous carbonate rock based on porosity and
permeability estimates. The lacustrine stromatolite rock sample
used in our study was located on the surface, with little or
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no compaction, which may explain the high values found for
the permeability estimates. A bigger REV was obtained when
permeability is used instead of conventional porosity. Additional
studies using subsurface carbonate core samples, supported
with routine core analysis data, are being performed currently to
validate this methodology. However, the results were satisfactory
for the purposes of testing and evaluating the REV. We think the
adopted workflow is promising for upscaling studies for other
types of carbonate rocks.
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