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a b s t r a c t

This study analyzes Brazilian stromatolites in Lagoa Salgada, serving as analogs for pre-salt rocks in the
Santos and Campos basins. Despite their excellent petrophysical properties, such as high porosity and
permeability, these reservoirs present challenges in fluid flow modeling and simulation. The research
investigates various factors influencing the development of carbonate reservoirs, including diagenetic
processes employing several techniques, such as microcomputed tomography (micro-CT) and digital rock
physics (DRP), to study petrophysical and geological characteristics. Additionally, through numerical
simulations, the properties of fluid flow in different microfacies of stromatolites are estimated, with
particular emphasis on understanding and highlighting changes in the direction of fluid flow in the three
characterized microfacies. These findings offer crucial insights into optimizing oil and gas exploration
and production techniques in carbonate reservoirs, providing a comprehensive understanding of the
dynamics of fluid transport in porous media, especially in terms of directional changes within
stromatolites.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Since large hydrocarbon reserves were found in lacustrine and
Lagoon carbonate systems in the Santos and Campos basins, pre-
salt zone carbonate reserves are becoming more and more inter-
esting to research. Scientists are interested in learning more about
the development and properties of these reservoirs, which are
found beneath Aptian evaporites (Abrah~ao and Warme, 1990;
Carminatti et al., 2009; Saller et al., 2016; Ceia et al., 2022).

Various factors, including hydrological conditions, sedimentary
input, temperature variations, and water geochemistry, influence
carbonate reservoir formation. These factors contribute to devel-
oping different pore systems and pore types, leading to heteroge-
neity in marine and continental carbonate reservoirs (Choquette
veira da Rocha).

y Elsevier B.V. on behalf of KeAi Co
and Pray, 1970; Lønøy, 2006; Ahr, 2008). Additionally, some dige-
netic processes including dissolution, precipitation, and fracturing,
directly impact the permoporous system of the carbonate rock and
are critical for interpreting the petrophysics data of the micro-
bialites under study (Ehrenberg et al., 2006, 2012; Chafetz, 2013;
Brigaud et al., 2014).

Furthermore, there are control factors and mechanisms that
contribute to the geologically long-term preservation of pores and
must be taken into consideration, such as a hard dolomitized
microbiological framework, a lack of mineral cementation due to
fluid flow, a petroleum charge, and eventual pyrobitumen coating,
and high concentrations of CO2 and H2S from organic diagenesis
and TSR, according to Zhu et al. (2020).

Researchers have employed various techniques to study the
petrophysical and geological characteristics of carbonate reservoirs.
For instance, Proctor et al. (2019) examined petrophysical qualities
in stromatolites from the Lagoa Salgada (Holocene) and Cod�o
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Formations (Aptian) through subsampling growth structures and
utilizing microcomputed tomography (CT).

Similarly, Brelaz et al. (2017) used analogous rocks from out-
crops to forecast the petrophysical and geological properties of
underground reservoirs, aiming to understand the permo-porous
conditions of microbial limestones in the pre-salt section. They
compared the lithofacies and depositional circumstances of these
rocks with those of pre-salt carbonate reservoirs.

Ricardi-Branco et al. (2018) characterized contemporary and
extinct microbial biofacies in the Holocene Lagoa Salgada, focusing
on the interactions betweenmetazoans andmicrobial communities
and their influence on microbialite morphology. X-ray micro-
tomography and petrological thin section investigations were uti-
lized to describe the microtextures of different biofacies. Similarly,
Silva et al. (2018) conducted a petrographic study on stromatolites
from Lagoa Salgada to map their various forms and identify po-
tential risks, contributing to geoconservation efforts.

Oliveira et al. (2022) employed laboratory measurements and
numerical simulations from digital rock physics to evaluate elastic
anisotropy in coquinas from theMorro do Chaves Formation, which
serves as a Brazilian pre-salt analog. By estimating elastic moduli
and wave velocities, they aimed to gain insights into the rock's
properties.

Ceia et al. (2022) evaluated the porosity, pore size distribution,
surface area, tortuosity, permeability, and pore compressibility of
these stromatolites using mercury intrusion porosimetry (MIP)
data. These findings allowed for a comparison with pre-salt reser-
voir data and shed light on the pore system of these rocks. This
comparison showed that the pre-salt stromatolites from Brazil
exhibit similar permo-porosity and pore compressibility ten-
dencies to those of the two facies of these outcrop rocks.

Soltanmohammadi et al. (2024) investigated the petrophysical
properties, oil recovery factor, and fluid movement patterns in
stromatolite samples from Lagoa Salgada. They categorized the
samples into vugular and fine-grained types based on the average
pore size and conducted core flooding experiments coupled with
CT scans to analyze the absolute permeability and flow patterns.
This research aimed to understand the permeability difference and
flow pattern contrast between these two types of composite rock
samples.

This study uses numerical simulations and predictive analysis
techniques to estimate the flow velocity and permeability in three
microfacies (A, B, and C) of the stromatolite of Lagoa Salgada based
on work by Archilha et al. (2013) and Ceia et al. (2022). This stro-
matolite is considered an analog to pre-salt rocks, and we use
digitized rock structures obtained from high-resolution computed
tomography (mCT) as input data for their simulations.

The study aims to provide insights into the fluid transport
properties of these types of rocks, which can be useful for under-
standing fluid flow in carbonate reservoirs and improving oil and
gas exploration and production techniques. The uniqueness of this
study consists in the analysis of the impact of petrophysical prop-
erties, including the geometric properties of the porous system
(aspect ratio, gamma, pore size diameter) on microfacies (A, B, and
C) and their impacts on the change in flow direction.

2. Geological and petrophysical characterization

2.1. Santos and Campos basin

The Santos Basin is located between parallels 23�S and 28�S,
covering an area of approximately 350,000 km2; it is limited to the
north by the Campos Basin through the Cabo Frio Arc and to the
south by the Pelotas Basin through the Florian�opolis Platform. The
Campos Basin is located between the northwest coast of Rio de
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Janeiro and the southeastern state of Espírito Santo and between
parallels 21�S and 23�S. It is limited to the north by the Vit�oria Arc
and to the south by the Cabo Frio Arc, and it has an extension of
approximately 100,000 km2. This region includes the main
exploratory blocks and oil production fields within the pre-salt
polygon (Fig. 1).

Both basins are passive margin basins that were generated in an
extensional tectonic regime during the breakup of Gondwana. The
rift system that formed led to the opening of the South Atlantic
(Jurassic-Early Cretaceous) (Rabinowitz and LaBrecque, 1979;
Austin Jr and Uchupi, 1982; Nürnberg andMüller, 1991; Cainelli and
Mohriak, 1999).

Carbonate rocks in both basins were deposited before the
evaporitic strata (lower Albian), also known as pre-salt carbonates,
and they were generated during rift and post-rift phases (Barre-
mian-Aptian stages) (Moreira et al., 2007; Winter et al., 2007). The
rift phase is characterized by lithospheric extension and astheno-
spheric uplift, which resulted in deep lakes that were filled by
volcanic and sedimentary rocks (Lima and De Ros, 2019; De Oliveira
et al., 2019; Chinelatto et al., 2020; Chinelatto et al., 2021; Sternai
et al., 2021; Korchinski et al., 2021). The sag phase represents a
stage of clastic, carbonatic, and magnesian clay deposition, the
deposits of which further overlapped with evaporitic sequences
generated in arid conditions with marine incursions (Thompson
et al., 2015; Alvarenga et al., 2021).

The main constituents of the pre-salt rocks of the rift phase are
bivalves, low-energy ooids, ostracods, and gastropods, in order of
abundance. In the sag phase of the basin, the representative com-
ponents in order of abundance are spherulites, shrubs, carbonate
intraclasts, clay minerals, clay intraclasts, and low-energy ooids.

The Santos Basin was divided by Moreira et al. (2007) into three
stratigraphic supersequences: rift, post-rift, and drift. The Itapema
(Jiqui�a age) and Barra Velha (Alagoas age) formations encompass
carbonate (Guaratiba Group) deposits that were deposited before
Albian evaporites. The Itapema Formation (K38 sequence) was
deposited in a lacustrine environment during the rift sequence.
This formation is characterized by wackestones, bioclastic grain-
stones, and packstones. In the distal regions, both siliciclastic and
carbonatic shale layers with organic matter occur, as well as
sandstones and conglomerates. Both biostratigraphic and chro-
nostratigraphic data indicate that this formation is correlated with
the Coqueiros Formation deposits in Campos Basin (Moreira et al.,
2007).

The Barra Velha Formation (sag/postrift sequence), with stages
K44, K46, and K48, consists of stromatolites, microbial laminites,
talc-rich microbialites, magnesian clays, and carbonate shales from
a restricted Lagoon environment with shallow and probably alka-
line waters. This unit is equivalent to the Macabu Formation of the
Campos Basin, according to biostratigraphic and chronostrati-
graphic data (Fig. 2).

The Campos Basin sediment records are divided into three tec-
tonic phases, namely, rift, post-rift, and drift, as described by
Winter et al. (2007). Pre-salt carbonate rocks from this basin are the
Coqueiros Formation (Jiqui�a) and Macabu Formation (upper Ala-
goas). Both formations are included in the Lagoa Feia Group
(Winter et al., 2007). The Coqueiros Formation consists mainly of
bioclastic rudstones and grainstones, usually called “coquinas”, and
were deposited in a high-energy lacustrine environment during the
rift phase. The bioclastic Coqueiros deposits (K38 sequence) are
predominantly composed of bivalve mollusks, with minor con-
centrations of gastropods and ostracods.

Winter et al. (2007) described the Macabu Formation (K46 and
K48 sequences) as laminated microbial and stromatolite deposits
that are dolomitized and/or silicified, with rare sandy and shale
intercalations that were deposited in a restricted Lagoon
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Fig. 1. Location map of the pre-salt polygon from Santos and Campos basins, and the location of a stromatolite analog, Lagoa Salgada (white point) (modified from Herlinger Jr et al.
(2020)).
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environment (sag phase), according to Fig. 2. The Macabu Forma-
tion was recently interpreted as a chemical deposit controlled by
the alkaline lacustrine water composition (Wright, 2012; Wright
and Barnett, 2015).
2.2. Lagoa Salgada quaternary analog

The Lagoa Salgada (a highly saline Lagoon) occupies an area of
approximately 16 square kilometers near the coastal town of the
Cape of S~ao Tom�e of the municipality of Campos, which is on the
north coast of the state of Rio de Janeiro (Brazil); the Lagoon con-
tains the unique occurrence of recent columnar carbonate stro-
matolites from all over Brazil and probably from South America
(Fig. 3).

The geological history of the Lagoon is intimately associated
with sea level fluctuations during the late Quaternary and the for-
mation of the Paraiba do Sul River delta. The stromatolites occur in
discontinuous patches, principally at the southwest and northwest
borders of the lake, overlying marine sands, and are normally
covered by soil or water during high tides. The thickness of stro-
matolite bioherms and biostromes varies along the western border.
The discrete columnar stromatolites present great vertical varia-
tions (Srivastava et al., 1999).

According to Rezende et al. (2013) and Brelaz et al. (2017), the
porosity and permeability of Lagoa Salgada stromatolites show a
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wide variation, ranging from 5% to 41% and from 0.02 to 46,000mD,
respectively. The analysis also indicates that 30% (relative fre-
quency) of samples have porosity levels between 20% and 25%,
while 45% exhibit permeability values between 100 and 1000 mD
(Fig. 4).
2.3. Macroscopic analysis

Based on the facies classification proposed by Gerdes et al.
(1993) for microbial mats and by Riding and Liang (2005) and
Riding (2011) for stromatolites and thrombolites, three facies were
identified in this research: microbial mat, thrombolite, and
thrombolitic/vugular stromatolite. Textural characteristics, struc-
ture (presence or absence of macrolaminations), bioerosion, and
pore types (vugular or fenestral) were used as criteria to distinguish
these facies. However, as only one sample was available, a detailed
analysis could not be performed. The top of the stromatolite was
sampled, and two possible facies were identified (Fig. 5).

Overall, the variation in pore size distribution and the nature of
the facies significantly impact fluid flow behavior in the Lagoa
Salgada stromatolites. Microfacies with high porosity and good
connectivity, such as microfacies B, facilitate efficient flow, while
microfacies with limited porosity or discontinuities, such as
microfacies A and some portions of microfacies C, can act as bar-
riers, reducing flow efficiency and creating stagnation zones.



Fig. 2. Stratigraphic chart for the Lower Cretaceous of the Santos and Campos basins. The chart shows a simple lithology for each formation, see the text. Itapema, Barra Velha,
Coqueiros and Macabu formations are the focus of this research. K44* is a specific sequence of Barra Velha Formation (Santos Basin) (modified from Moreira et al. (2007) andWinter
et al. (2007)).

Fig. 3. Overview of the outcrop Lagoa Salgada stromatolites.
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2.3.1. Microbial mat (facies A)
This facie represents the base of the sample. It has a thickness of

4 cm and shows alternating gray to light brown laminations. The
light laminations are composed of carbonate material, while the
dark laminations are composed of siliciclastic material (predomi-
nantly quartz). Facies with subplanar/wavy lamination occur as
small-scale stratiform intercalations. Serpulidae tubes and micro-
grastropods are present. Fenestral porosity is the dominant pore
type, and in some portions, vugular porosity occurs. The gradation
from Facies A to Facies B is abrupt.
2.3.2. Thrombolite (facies B)
The thickness of these facies is 3 cm. Its color is brown and, in

some portions, reddish. The structure is formed by clots, and the
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surrounding cavities are interconnected. This is the most porous
portion of the sample, and the cavern is the predominant porosity.
Microgastropods are present. The gradation from Facies B to C is
abrupt.

2.3.3. Thrombolytic/vugular stromatolite (facies C)
This type is present at the top of the sample, with a more

rounded shape and colors ranging from light brown to yellowish.
The base is sandier, while the top is siltier. Its thickness is
approximately 10 cm. The structure is diffuse, and in its upper
portion, there are microcolumns with incipient laminations. The
predominant porosity is vugular, and in some portions, there is
moldic porosity (microgastropods).

3. mCT data analysis

Digital image analysis (DIA) principles and best practices can be
applied to a variety of earth science disciplines. DIA is a multidis-
ciplinary technique for computing rock parameters (such as
porosity, permeability, formation factors, water saturation curves,
capillary pressure curves, resistivity index, and relative perme-
ability) and describing microstructural qualities using high-
resolution images (such as X-ray computerized tomography and
scanning electron microscopy) (Tsuchiyama et al., 2011; Tahmasebi
et al., 2016; Saxena and Mavko, 2016; Saxena et al., 2017, 2018,
2019; Kong et al., 2018; Da Wang et al., 2019).

Laboratory measurements remain the industry standard due to
their simplicity and availability. Many businesses routinely conduct
conventional core analyses in their labs without significant issues.
However, digital rock analysis becomes particularly valuable in
situations where core data is unavailable or when dealing with
friable materials, low-porosity samples, and other challenging
conditions.

The most crucial stage in simulating rock properties (such as



Fig. 4. Petrophysical properties of Stromatolites from Lagoa Salgada. Histograms for the porosity and permeability of stromatolite samples (a) porosity, (b) permeability, high-
lighting some statistical parameters, and (c) plot of porosity versus permeability.
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permeability, elasticity, and electrical conductivity) is to compare
the numerical solver to a known truth, such as analytical reference
solutions or previously calculated rock property standards, which
must be independently validated.

Several studies have examined DIA benchmarks, but they have
been limited to a small number of rock microstructures and prop-
erties computed using only a few numerical solvers. Additionally,
there were no numerical solutions for idealized microstructures
with properties comparable to known analytical solutions.
Comparing these numerical solutions to analytical ones allows re-
searchers to establish the limits of specific numerical solvers
(Saxena et al., 2017; Alpak et al., 2018).
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4. Materials and methods

Initially, we employed 3D image volumes previously acquired
using an X-ray imaging beamline (IMX) facility through an aca-
demic project established with the Brazilian Synchrotron Light
Laboratory (LNLS) of the Brazilian Center for Research in Energy
and Materials (CNPEM), and the images were processed for this
research. The apparatus comprises a synchronized energy distri-
bution (4e20 keV), and the experiments were performed using 10�
optical magnification, an image field of 1.68 � 1.68 mm, and a voxel
resolution of 0.82 mm.

A total of 3 tomography images were acquired, and the



Fig. 5. Facies are defined in the Lagoa Salgada stromatolite through textural and
structural characteristics. The classification of facies was based on Gerdes et al. (1993),
for microbial mat, and Riding (2011), for stromatolite and thrombolite.
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stromatolite rock samples were prepared, with sizes between 0.9
and 1.2 mm in diameter, under the image field limit. Data acqui-
sitions were performed for each sample, and the respective 3D
volumes were reconstructed by the following main steps: i) rota-
tion axis correction; ii) gain, border scattering, and ring correction;
ii) brightness and contrast adjustment; and iv) data saving using an
8-bit grayscale with dimensions of 2048 � 2048 � 2048 voxels.
Acquisition details are shown in Fig. 6.

Although there is a large textural, structural, and petrophysical
variation between facies A, B, and C, within the same facies the
Fig. 6. Schematic summary of the acquiring X-ray computed tomography data. Internal vie
2000 white beam microscope (c), and highlighting the sample size (d).
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variation is smaller since it was formed under the same conditions.
To ensure the representativeness the samples were taken from the
most dominant portions of each facies according to textural,
structural, and porosity characteristics.

The FlowDict module of GeoDict software simulates virtual flow
experiments and analyzes the data to forecast effective material
properties in which the flow experiment requires three sets of
input parameters: a three-dimensional representation of a struc-
ture; a Newtonian fluid (gas or liquid with a constant viscosity);
and the experimental processes parameters, such as flow velocity
and flow direction (Saxena et al., 2017, 2018, 2019; Da Wang et al.,
2019; Schmidt et al., 2019).

In this simulation, two types of experiments were performed:
mean flow velocity prediction for a given pressure drop and pres-
sure drop prediction for a given mean flow velocity. Darcy's law
calculated the material permeability utilizing the mean flow ve-
locity, fluid viscosity, pressure drop, and media thickness in a post-
processing step (Wiegmann et al., 2010; Schmidt et al., 2019).

The linear relation between the velocity and pressure through a
porous medium is described by Darcy's law, which describes the
linear relationship between the velocity and pressure across the
porous medium. Darcy's law describes the flow of a fluid substance
through a porous medium. This flow is defined by

mu¼KVp; (1)

where u; p; m; and K describe the velocity, pressure, and dynamic
viscosity constant and a tensor of permeability, respectively.

The effective permeability of a representative periodic volume
element in the three-dimensional case is described by the tensor
K2R 3�3. The tensor K can be determined by applying three-axis
w of the Brazilian Synchrotron Light Laboratory (a), X-ray imaging beamline (b), PCO-
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aligned pressure drops and evaluating the corresponding mean
velocity. Darcy's law is used to calculate the structure's perme-
ability tensor for flow permeability in the following way:

ui
!

¼ � m�1

0
@

Kxx Kxy Kxz
Kyx Kyy Kyz
Kzx Kzy Kzz

1
AVpi (2)

Here, ui
!

is the averaged velocity vector (averaged flux with i ¼ 1
corresponding to a pressure drop in the X-direction, i ¼ 2 corre-
sponding to a pressure drop in the Y-direction and i ¼ 3 corre-
sponding to a pressure drop in the Z-direction) and is the pressure
gradient (or pressure difference) in the ith direction. L1 ¼ NX� Lv,
L2 ¼ NY � Lv, and L3 ¼ NZ � Lv are the physical lengths of the
computational domain in the directions of interest. Lv is the
physical length of a voxel, and NX, NY, and NZ are the numbers of
voxels in the three coordinate directions (X, Y, and Z).

Vpi ¼ Dpi

Li
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0
@

2
0
0

1
A; Dp2 ¼

0
@

0
2
0

1
A; Dp3 ¼

0
@

0
0
2

1
A (3)

Nonzero off-diagonal entries (Eq. (2)) indicate that the calcula-
tion produced a flux in directions perpendicular to the applied
pressure drop direction. This is due to directional anisotropies of
the structures and the lack of boundaries that could stop the flow in
the perpendicular directions (in contrast to experiments where
boundaries are usually present) (Wiegmann et al., 2010; Linden
et al., 2015).

Darcy's law comes with two caveats: Darcy's law holds true only
for extremely slow (creeping or Stokes) flows with a Reynolds
number of zero (Abe, 2017; Coleman et al., 2018). In this regime,
changing the pressure drop or velocity by a factor alters the other
by the same factor, ensuring that Darcy's law predicts the same
permeability value every time.

One of the key factors influencing fluid flow in porous media,
especially vuggy porous media, is the Reynolds number ðReÞ. The
Reynolds number illustrates the relationship between inertial and
viscous forces and aids in the identification of a flow regime.
Generally speaking, Reynolds number divides the flow regime into
two separate sections. When the Reynolds number is less than
2000, laminar flow occurs. Conversely, a flow regime with a Rey-
nolds number higher than 2000 is referred to as turbulent flow
(Sim~oes Maciel et al., 2019; Soltanmohammadi et al., 2024).

Eq. (4) displays Reynolds number equation, where r is fluid
density in kg/m3, v is Darcy's velocity divided by porosity ðv¼ u =4Þ
in m/s, dp is the median grain size of the porous media as a proxy
for characteristic pore length in m, and finally m is fluid viscosity in
kg/m$s (van Lopik et al., 2017; Faroughi et al., 2022;
Soltanmohammadi et al., 2024). The Reynolds calculated for
microfacies A, B, and C were 817, 860, and 705, respectively.

Re ¼ rvdp
m

¼ inertial force
viscous force

(4)

Since the fluid's viscosity is written separately in our formula-
tion of Darcy's law, permeability is a true material property. Instead
of pulling the viscosity into the definition of permeability, the
viscous resistivity is considered, i.e., the quotient of fluid viscosity
and material permeability. Thus, if quantities such as water or air
permeability are needed, the reciprocal of the viscous resistivity is
considered. Defining permeability as a material property also
means that the pressure drop cannot be so high as to result in the
deformation of the media (Linden et al., 2018).

The second caveat lies in the definition of length L in Darcy's law.
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This length is not designed to include the inlet and outlet (inflow
and outflow regions) that some virtual flow experiments require.
Under the assumptions of slow flow and a void of the inlet and
outlet, choosing the Stokes flow and using the computed perme-
ability is valid. Faster flows are described by the Navier-Stokes
equation (Coleman et al., 2018).

For such flows, the relation between pressure drops and the
mean velocity is not linear. Even for the Navier-Stokes method, all
experiments assume a steady flow regime, i.e., do not allow for
time-dependent behavior such as turbulence. In practice, this
means that the velocity and pressure drop cannot be arbitrarily
high, and it is advised to carefully examine the validity of pre-
dictions for their own application area (Wiegmann et al., 2010;
Mahmoud and Zabihi, 2017; Linden et al., 2015; Zhang et al., 2019;
Lv et al., 2021).

Among many applications, computations can be used to deter-
mine air and water permeabilities in DIA, to study gas and liquid
permeabilities and pressure drops in filter media, to predict gas
permeability for the extraction of gas in reservoirs and source
rocks, and to predict the flow characteristics of hydrocarbons in oil
and gas reservoirs (Wiegmann et al., 2010; Lima Neto et al., 2018;
Schmidt et al., 2019).

In the workflow simulation, two solution methods (solvers) are
offered to meet the needs of the equations defining fluid flow. The
explicit jump (EJ) solver is quick and requires little memory, but it
can be utilized only when the pressure drop/flow velocity rela-
tionship is linear. The explicit finite volume (EFV) solver takes
longer to converge and requires more computational memory, but
it can handle nonlinear fluid flow (Wiegmann et al., 2010; Schmidt
et al., 2019).

The explicit jump (EJ) solver and the explicit finite volume (EFV)
solver can both compute slow fluid flow that follows the Stokes
equation. The explicit finite volume (EFV) solution is needed for
faster flows approximated by the Navier-Stokes equations.

The flow velocity fields are calculated by the selected flow solver
in the three directions by setting up the pressure drop in the
physics parameters and selecting the computation directions in the
solver options. The default values correspond to the virtual pres-
sure drop of 500 psi across the structure in the z-direction. The x-
and y-directions can also be selected so that the flow is calculated in
those directions (Fig. 7).

For the linear Stokes EJ and Stokes EFV flow solvers, this
description yields a permeability tensor K that is independent of
the applied pressure drop, as well as from the fluid viscosity that is
used. Thus, permeability is considered a material property. The
Navier‒Stokes model for the EFV flow solver is a nonlinear method.

Hence, ui
!

is no longer proportional to Vpi. In the nonlinear case, the
computed velocities are typically lower than in the linear case. In
this case, the permeability tensor K depends on the pressure drop
and the viscosity, and thus, it is not a material property.

The FlowDict module computes incompressible, stationary
flows of Newtonian fluids. The solvers compute the local velocity
field and pressure distribution in pores. In this case, the LIR solver,
which solves the Stokes-Brinkman equation, is used (Wiegmann
et al., 2010).

The Stokes equations are a simplified version of the Navier‒
Stokes equations. When the fluid velocity is very slow, i.e., when
the Reynolds number is low, they are utilized. Temperature is not
taken into account, and a constant density is assumed. As a result,
we must consider the fluid's pressure and velocity. We also limit
ourselves to the steady-state situation, in which there is no un-
stable acceleration. The convective acceleration is also omitted in
the formulation (Linden et al., 2015). The Stokes equations are then
defined by



Fig. 7. A brief comparison between the Explicit Jump (EJ) and Explicit Finite Volume
(EFV) solutions and their relationship with Stokes and Navier-Stokes equations for
modeling slow and fast flows (above) and the relationship between pressure drop vs.
flow velocity for each solver, based on the flow type linear or nonlinear (below)
(modified from Wiegmann et al. (2010)).
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mVu� Vp ¼ 0; momentum conservation (5)

Vu ¼ 0; mass conservation (6)

ujvu;vp ¼ 0; no slip condition (7)

To reduce the duration of the simulations, the images of
microfacies A, B, and C were cut to a smaller size before starting the
numerical simulation. In this step, we used a subvolume of the
samples, with dimensions of 250 � 250 � 250 voxels, obtained
from the central region of the samples of each microfacies. Using
the threshold tool, which separates the image according to the gray
level of each voxel, the image was then segmented into a binary
image (pores þ rock matrix).

Following the acquisition of 2D thin sections, images were saved
as 24-bit RGB files. Employing Fiji-ImageJ software and the GeoDict
toolset, the images underwent the following process: initial image
preprocessing to create paletted 8-bit files suitable for Fiji-ImageJ
loading. The segmentation process initiated by porosity thresh-
olding was guided by a technician to achieve optimal distinction
between grains and pores.

Manual intervention was necessary, as automatic threshold al-
gorithms such as the Otsu method (Otsu, 1979) struggled with
identifying the highlighted pore space. This resulted in the creation
of binary images. Porosity and related geometric properties rele-
vant to digital image analysis (DIA) parameters were computed.
The segmentation phase aimed to effectively differentiate between
the matrix and pore space for accurate property analysis and esti-
mation (Lima Neto et al., 2018).

For this, we use thewatershed segmentation algorithm, which is
a method to detect and separate pore bodies in 2-D or 3-D images.
Consider two objects touching, as in Fig. 8(a). The goal is to detect
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and separate these connecting objects using the watershed seg-
mentation algorithm. In the first step, the distance transform
should be applied to the binary image (Fig. 11(a)) to generate the
distance map (Fig. 8(b)).

The brightness of a pixel in distance transformation is deter-
mined by the distance between that point and the nearest pixel of
the object boundary (Fig. 8(b)) (Rabbani and Ayatollahi, 2015;
Rabbani et al., 2016). The next step is to create a topological surface
based on the distance map (Leavline and Singh, 2014). The deeper
parts of the formed surface represent brighter pixels (Fig. 8(c)).

Consequently, for each of the objects that are touching in the
image, a basin is created. In the watershed algorithm, we suppose
that rain falls over the two basins. Water is gathered in the deepest
part of the basins according to the depth contours (Fig. 8(d)). When
flooding advances, the level of water moves upward in the basins
until the two isolated water pools touch each other.

The pixels in which the watershed of the two basins reach each
other are known as the watershed ridgeline. By continuing the
flooding, all points of the watershed ridgeline are detected. The
watershed ridgeline separates the two touching objects (Fig. 8(e)),
each of which are labeled as a pore body (Rabbani and Ayatollahi,
2015; Rabbani et al., 2016). Next, by checking the pore boundary
pixels, the connected pore bodies are detected. The resulting pore
network can be shown using the ball-and-stick model (Fig. 8(f)).

Importantly, X-ray diffractometry (XRD) revealed that the three
microfacies are composed of the same minerals but in different
proportions. The two upper portions (A and B) are mainly
composed of high molar-concentration magnesian calcite (CMAC),
with approximately 10 mol% MgCO3 (a value obtained by the
Rietveld method) and smaller amounts of quartz and aragonite
(Archilha, 2015; Archilha et al., 2016).

With the XRD data obtained for the three microfacies, it was
possible to classify them according to their mineralogical compo-
sition (Table 1). Rocks that have more than 50% carbonate minerals
in them are classified as carbonates, according to the commonly
accepted classification provided by Leighton and Pendexter (1962).
Lagoa Salgada stromatolitic facies meet this description.

On the other hand, the lower portion C is composed of >53%
quartz, with a high occurrence of CMAC (44.5%). The concentration
of quartz in the stromatolitic head increases with depth; that is,
microfacies C, which underwent marine influence during its for-
mation, presents the highest concentration of this mineral. Already,
the concentration of magnesian calcite follows an inverse trend: it
is present in a greater amount in microfacies A (~85%), and grad-
ually decreases until the occurrence of ~45% in microfacies C
(Archilha, 2015).

Fig. 9 shows the digital core analysis workflow employed in this
research, which consists of imaging (mCT), image processing and
segmentation, digital rock computations, and relative permeability
analysis.

Bulk and grain densities were estimated through gas porosim-
etry using UltraPore 300 equipment. Bulk density was determined
by the dry weight and bulk volume ratio, while the grain density
can be estimated using Eq. (8) (Asquith and Gibson, 1982). In this
model, based on the mineralogical composition of the material, as
shown in Table 1, which shows the material information of the
stromatolite for simulation, the sample has a density of 2.516 g/cm3,
which was obtained according to Table 2.

Rhob ¼ Rhog �
�
Rhog � Rhoair

�
*4; (8)

where Rhob is the bulk density, Rhog is the grain density, Rhoair is
the air density, and 4 is the porosity.

The geomechanical properties utilized included Young's
modulus of 19.3 GPa, a Poisson's ratio of 0.3, an effective bulk



Fig. 8. Sample segmentation using the watershed method: (a) the original binary image, (b) the grayscale distance map, (c) topological surface, (d) depth contours, (e) detected
objects separated by watershed ridgeline, and (f) ball-and-stick model (modified from Rabbani and Ayatollahi (2015) and Rabbani et al. (2016)).

Table 1
Mineralogical composition (in %) of the three stromatolitic facies used in the classification of the lithology type (adapted by Archilha (2015); Leighton and Pendexter (1962)).

Microfacies Calcite Mg þ Aragonite Non-Carbonates Dolomite Type lithology

A 90.3 9.7 0.0 Limestone
B 65.5 30.5 0.0 Limestone (impure)
C 44.5 53.5 0.0 Non-carbonate

Fig. 9. Digital rock analyses workflow (modified from Saxena et al. (2017)).

Table 2
Results of porosity and grain density obtained by ultra pore-300.

Stromatolite sample (SSL-1)

Porosity, % Grain density, g/cm3 Bulk density, g/cm3

38.573 ± 1.15 2.516 1.545
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modulus of 16.033, and an effective shear modulus of 7.42308,
respectively. These parameters were calculated based on studies by
Hashin-Shtrikman (Brown, 2015). The fluid properties were as
follows: density of 1.2 kg/m3, dynamic viscosity of 1.834.10�5 kg/
m$s, and kinematic viscosity of 1.52325.10�5 m2/s (Tropea et al.,
2007); these values were available in the GeoDict library. A pres-
sure drop of 500 psi and an air temperature of 25 �C were assumed
based on Archilha (2015).

5. Results and discussions

The use of the FlowDict module determines whether permeable
materials have an isotropic or anisotropic orientation for fluid flow.
Only the permeability in the x-direction is entered when the ma-
terial is isotropic, while permeabilities in all three Cartesian di-
rections are needed when the material is anisotropic. Therefore, in
this work, we computed permeability in the x-, y-, and z-directions
due to the intricacy of the porous system of the stromatolite
microfacies of Lagoa Salgada.

The basic material information is displayed in Fig. 10(a), where
the gray portion represents the matrix and the white portion rep-
resents the pores, filled by air. The subvolume of microfacies C has
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dimensions of 250 � 250 � 250 voxels and a 50 mm scale. Fig. 10(b)
shows the fluid flow distribution across the entire pore space of
microfacies C. The simulations detected that pore sizes ranged from
approximately 0.45 to 204.6 mm.

The permeability values in the x-, y-, and z-directions were
175.84, 192.45, and 115.92 mD, respectively. The mean flow veloc-
ities were 163.35, 178.71, and 111.46 m/s in the three directions.
Fig. 10(c)e(f) show thin section images of microfacies C.

The relationship between pore size and pressure drop is seen in
Fig. 10(g). The pressure drop has a linear behavior in the x- and y-
directions. This occurrence is plausible because the connectivity
between the pores in the x and y directions is more homogeneous
compared to the z direction, which exhibits a polynomial behavior,
as observed in the X-ray images (Fig. 10(h)).

The correlation between the number of iterations required for
the algorithm to converge to the mean fluid velocity is depicted in
Fig. 10(i). It used 742 iterations in the x-direction, 445 in the y-di-
rection, and 1516 in the z-direction. The larger number of iterations
in the z-direction further confirms our idea of how heterogeneous
the C microfacies pore system is.

This difference in the pressure drop ratio is related to the co-
ordination network of the pores through which the fluid can travel.
In the z-direction, the permeability and the fluid velocity are less
than in the other directions.

Regarding microfacies B, Fig. 11(a) describes the material dis-
tribution, while Fig. 11(b) shows the distribution of sample flow.
The permeability values in the x-, y-, and z-directions were 119.39,
276.58, and 209.36mD, respectively. The mean flow velocities were
106.30, 248.78, and 187.66 m/s in the x-, y-, and z-directions,
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Fig. 10. Description of material information from a sample of the microfacies C, the porous volume of the subvolume used during the simulations (a), the result of simulation of the
fluid flow distribution (b), thin sections from the sample where it is possible to observe skeletal material (c), different pore types (d, e) and a quartz grain (f), the relationship
between pore size and pressure drop in three directions (g), emphasis on the z-slice, x-slice, y-slice, and inline and cross-line slices (h), and the relationship between the number of
iterations and mean velocity also in three directions (i).
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Fig. 11. Description of material information from a sample of the microfacies B. Porous volume of the subvolume used during the simulations (a), result of simulation of the fluid
flow distribution (b), thin sections from the sample where it is possible to observe skeletal material (c), small pores and a channel (d), (e), (f) quartz grains (white regions) and
recrystallization regions (golden regions), the relationship between pore size and pressure drop in three directions (g), emphasis on the z-slice, x-slice, y-slice, and inline and cross-
line slices (h), and the relationship between the number of iterations and mean velocity also in three directions (i).
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((c)e(f)), the relationship between pore size and pressure drop in three directions (g), and the relationship between the number of iterations and mean velocity also in three
directions (h).
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Fig. 13. Pore aspect ratio distribution from DIA according to the processing methods
mCT. In red of the microfacies A, in blue of the microfacies B, and black of the
microfacies C.
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respectively.
Microfacies B thin section images are shown in Fig. 11(c)e(f).

The greater number of iterations in the x-direction shows a change
in these microfacies' direction and flow velocity (Fig. 11(g)). From
the geologic perspective, this is related to the diagenetic deposition
processes that occurred during the period of formation of these
rocks, as well as the types of microbial structures in the Lagoa
Salgada, as viewed in thin section images (Fig. 11(h)). Then, to
perform the microfacies B flow simulations, 1426 iterations were
required in the x-direction, 787 in the y-direction, and 448 in the z-
direction (Fig. 11(i)).

Lastly, Fig. 12(a) and (b) depict the relationship between the
matrix, pore space, and flow velocity of microfacies A. In this
microfacies, there are no final sections of the sample; therefore, we
used only mCT data. Fig. 12(c)e(f) show the mCT slices in planes XZ,
XY, and YZ, as well as inline and cross-line slices.

This microfacies presents the best behavior compared to the
others, as its characteristics are more homogeneous in the three
directions. The homogeneity of microfacies A is notorious whenwe
compare the relationship between the pore size and pressure drop.
Note that the fit is linear in all directions, and their equations have a
Pearson's correlation coefficient (R2) greater than 0.99 (Fig. 12(g)).

Microfacies A has the lowest flow velocity (less than 100 m/s)
compared to the other microfacies. Consequently, it also has the
lowest permeability values in the three directions, i.e., approxi-
mately 50 mD. Therefore, to perform the microfacies A flow
simulation, the algorithm executed 1404 iterations in the x-direc-
tion, 1187 in the y-direction, and 1138 in the z-direction (Fig. 12(h)).

The equations for the trends of the linear and polynomial
models, together with their corresponding equations, provide an
excellent match in the flow direction in Figs. 10(g), 11(g) and 12(g);
in each case, the correlation coefficient is more than 0.94.

The distribution of the pore aspect ratio (a) in microfacies A, B,
and C is displayed in Fig. 13, where no discernible variation was
seen. With a low standard deviation (about 0.007512) and mean
and median aspect ratios of 0.543983 and 0.547326, respectively,
the three microfacies show that the majority of their pores are
ellipsoids.

The distribution patterns of aspect ratio and gamma (g) about
the diameter of pore size of microfacies A, B, and C are displayed in
Fig. 14. The aspect ratio in microfacies A ranges from 0.2 to 0.9, and
the pore size diameters are primarily concentrated between 0.5 and
30 mm (Fig. 14(a)). However, the gamma values vary between 1 and
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1.25, as this microfacies is the most disorganized and discontin-
uous, exhibiting a massive character and no lamination (Fig. 14(b)).
According to Archilha (2015), worm tubes occur frequently and
comprise the macroporosity of these facies, as they are present in
the form of circular structures (Table 3).

An increase in pore size diameter in microfacies B is shown in
Fig. 14(c). Similar to microfacies A (Fig. 14(d)), the aspect ratio
distribution cloud ðaÞ values range from 0.1 to 1, while the gamma
distribution cloud ðgÞ values vary from 1 to 1.4, with an outlier at
1.7. Both microfacies have concentrated pore sizes between 0.5 and
30 mm.

This result occurs because this microfacies has cyclic and cren-
ular laminations of calcium carbonate with a columnar aspect, and
the gap between these columns is filled by gastropod shells and
worm tubes. The greatest porosity of these microfacies is observed
at the top and the interface between microfacies A and B, pre-
senting an intercalation of light brown (presence of phosphate) and
reddish brown material. Fenestral porosity is found at the base, at
the interface between microfacies B and C, and it develops by
following the tops of columnar forms, as the microfacies are very
cemented. In addition, the spaces between the columns of the
laminations are mainly filled with detrital sediments that are
possibly cemented by carbonate (Riding, 2011).

An increase in pore size diameter in microfacies C is shown in
Fig. 14(e). The distributions of pore diameters are centered in the
range of 0.5e50 mm. As shown in Fig. 14(f), the gamma distribution
cloud ðgÞ values vary from 1 to 1.5, whereas the aspect ratio dis-
tribution cloud (a) values are about between 0.15 and 0.95. It
happens because this particular microfacies is the most friable;
formed by irregular thin layers of calcium, with cavities caused by
dissolution.

In microfacies A, approximately 90% of the pores have areas
ranging from 50 to 500 mm2, as shown in Fig. 15(a). The micropo-
rosity is around 28%, which aligns with the studies by Anselmetti
et al. (1998).

Intermediate microfacies B corresponds to a transition zone
between the base and the top of the stromatolite. At the top, at the
interface between facies A and B, one can observe the greater
porosity of these microfacies and the presence of phosphate (yel-
low-brown), which replaced the carbonate cement. It presents a
behavior similar to that in microfacies A, in which pores with areas
between 50 and 500 mm2 (approximately 72%) also predominate
(Fig. 15(b)).

Microfacies C presents a behavior comparable to that of
microfacies A, in which pores with areas between 50 and 500 mm2

predominate (approximately 80%). This microfacies is more porous
when compared to microfacies A, and an increase of 4% occurs in
relation to the area of micropores and macro-mesopores, and a
significant increase in the porosity (image porosity) occurs,
increasing from 28.2584% to 35.9323% (Fig. 15(c)).

The solver run time used in the simulations of the three
microfacies was approximately 66.3068 h to process
324671793 cells with 47.632 GB of used computational memory,
operated by a Windows 64-bit operating system. Table 4 shows a
summary of the properties estimated for the three microfacies.
6. Conclusions

This study's primary goal was to assess the petrophysical char-
acteristics and fluid flow in samples from a Brazilian stromatolite
outcrop located in Lagoa Salgada, Rio de Janeiro, which is known to
be analogous to Brazilian pre-salt reservoirs. The study focused on



Fig. 14. Correlation between the local parameters and the pore size diameter of microfacies A, B, and C; top ((a), (b)), center ((c), (d)), and bottom ((e), (f)).
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Table 3
Local parameters of the porous space of microfacies A, B, and C.

Microfacies amean amedian g

A 0.53141 0.53104 1.035
B 0.55054 0.55258 1.031
C 0.55000 0.55836 1.031
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estimating rock properties using digital imaging and analysis (DIA)
techniques from large-volume micro-CT images.

Emphasis was placed on balancing the acquisition of accurate
3D micro-CT sub-volume results while maintaining image resolu-
tion. The watershed image segmentation algorithm proved effec-
tive in filtering images and analyzing matrix-pore relationships.
The simulations were necessary to comprehensively understand
the porous media system of the samples andmodel fluid flow in the
reservoir.

The results indicated connected pores in the core sample,
particularly evident in two microfacies. Microfacies C exhibited
laminar fluid flow in the x and y directions, while the z-direction
suggested possible turbulent flow. Microfacies B showed laminar
fluid flow in the y and z directions and turbulent flow in the x di-
rection. Microfacies A had a more homogeneous pore system, as
shown in equations that relate pressure versus pore size. This
heterogeneity in fluid flow simulations is directly related to the
depositional environment of stromatolites, highlighting the con-
nectivity of this complex pore system.
Fig. 15. Quantitative characterization of pore area by digita

Table 4
Schematic summary of the estimated flow properties in the three directions of the strom

Properties Direction M

Permeabilitiy, mD X 57
Y 49
Z 49

Estimated average velocity, m/s X 51
Y 44
Z 44
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Aspect ratio describes the shape of pores within rocks, regard-
less of their size, and can be consistent across both large and small
pores. This relative geometric measurement allows for uniform
characterization of pore systems, along with the gamma parameter.
No significant variation in aspect ratio was observed across the
three microfacies, despite differences in pore size diameter.

The analysis of fluid flow within complex pore systems in car-
bonate reservoirs necessitates robust simulation tools and mathe-
matical foundations. The Navier-Stokes equation provides a
comprehensive framework for describing fluid flow properties in
such intricate systems. The solver used in this study demonstrated
significant robustness in estimating rock properties from pore
morphology, showcasing its independence from the boundary
conditions of the Navier-Stokes equation. This indicates the solver's
reliability and versatility in various simulation scenarios, reinforc-
ing its effectiveness for reservoir characterization and fluid flow
modeling.

Another factor that influences the change of direction of flow
fluid is diagenetic cementation. Regions with heavy cementation
might act as barriers to flow (microfacies A), while less cemented
areas might still permit fluid passage. The formation of this
diagenetic cement can block or partially obstruct existing flow
pathways, forcing fluids to reroute (microfacies B and C). This can
lead to the development of preferential flow channels, where fluid
moves more easily through less cemented regions, and can cause
non-uniform fluid distribution, complicating the modeling and
prediction of fluid movement within the stromatolite during the
l image analysis to according Anselmetti et al. (1998).

atolite of the Lagoa Salgada.

icrofacies A Microfacies B Microfacies C

.37 119.39 175.87

.52 276.58 192.45

.93 209.36 115.92

.71 106.30 158.60

.36 248.78 172.31

.93 187.66 162.97
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simulation.
Using sub-volumes with cubic dimensions for large images or

limited computing capacity is recommended. The selection of
geomechanical parameters for Lagoa Salgada stromatolites ensured
simulation quality and reliable rock property trends. The study
successfully validated a continuous flow system between microfa-
cies by analyzing the pressure drop, mean velocity, and changes in
flow direction.

The practical value of this study lies in its potential to enhance
reservoir characterization, improve simulation accuracy, mitigate
risks, drive technology development, and increase cost efficiency in
oil and gas exploration.
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