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ABSTRACT

The presalt deposits from offshore southeastern Brazil account
for approximately 3/4 of the total hydrocarbon production of
the country. Consequently, they are the subject of various stud-
ies aimed at better understanding the primary and diagenetic
controls on their reservoir quality. The Barra Velha Formation
(Aptian, Santos Basin) constitutes the main reservoirs of the pre-
salt sag section, essentially composed of magnesian clays, calcite
spherulites and fascicular shrubs, and intraclasts reworked from
these aggregates. The pore systems of these rocks are highly
complex, owing to depositional and diagenetic controls. There-
fore, the origin and distribution of porosity and permeability are
difficult to understand. To better understand and characterize
the pore systems of the unusual presalt reservoirs, this study
aimed to recognize the relationships among their porosity and
permeability values and pore types within the context of the
evolution and geometry of their pore systems. X-ray microtomo-
graphy scanning of 251 samples from 3 wells was performed to
obtain the three-dimensional (3-D) porosity distribution, and
the main pore types were described in detail in 583 thin sections.
Thirteen petrofacies were defined for the studied samples, and
the 3-D pore network was reconstructed for characteristic sam-
ples of each petrofacies. Image segmentation was applied to
quantify pore sizes and shapes, as well as to visualize the connec-
tions between them. Petrofacies with low quality or considered
nonreservoirs correspond to rocks in which the magnesian clay
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matrix was partially replaced by dolomite or for which dolomite
or silica filled interparticle pores where pores were generated by
matrix dissolution, leading to poorly connected vuggy pores.
High-quality reservoirs, however, correspond to in situ rocks
with porosity generation occurring mainly through widespread
dissolution of the Mg-clay matrix, further enhanced by the disso-
lution of calcite spherulites and shrubs. They also correspond to
reworked rocks with high interparticle primary porosity and
crystalline rocks formed by pervasive dolomite replacement fol-
lowed by dissolution, creating intercrystalline porosity. Dissolu-
tion played a significant role in increasing not only porosity but
also pore connectivity and pore size, as observed through pore
network segmentation tools and through the Area 3-D, EqDia-
meter, and ShapeVA3D attributes. Increased understanding of
the presalt reservoir porosity patterns is important not only for
exploring for new accumulations but also for optimizing the
recovery from currently producing reservoirs.

INTRODUCTION

Most of the presalt hydrocarbon reserves in Brazil are contained
in the Barra Velha Formation (BVF), corresponding to the Santos
Basin Aptian sag section (Agéncia Nacional do Petréleo, Gds Nat-
ural e Biocombustiveis, 2025). These rocks represent a unique
combination of calcite aggregates, magnesian phyllosilicates, dolo-
mite, and silica (Schrank et al., 2024). The controls of primary
and diagenetic characteristics on the quality of these reservoirs are
still poorly understood.

The petrographic characterization of the main sag reservoirs
revealed that they are composed of divergent fibrous aggregates
with a fascicular-optical fabric, characteristic of abiotic chemical
precipitation of carbonates in various environments, such as some
travertines (Pentecost, 1990; Chafetz and Guidry, 1999; Fouke
et al., 2000; Aguillar et al., 2024), Precambrian stromatolites
(Grotzinger and Knoll, 1999; Riding, 2008), and lakes (Jones and
Renaut, 1994; Warren, 2006; Della Porta, 2015). Another inter-
esting aspect of the presalt system corresponds to the voluminous
and recurrent deposition of magnesian silicates, such as stevensite
and kerolite (Carramal et al., 2022; Silva et al., 2022; Schrank
et al., 2024). These clays were commonly replaced and locally
encrusted by spherulitic and fascicular calcite aggregates, as well
as replaced by dolomite and silica or dissolved, giving rise to
spherulitic reservoirs with secondary porosity (Herlinger et al.,
2017; Wright and Barnett, 2017, 2020; Lima and De Ros, 2019).
Some characteristics of the Aptian presalt deposits can be essen-
tially understood as a product of recurrent, high-frequency, and
alternating precipitation of calcite and magnesian silicates.
Another very common feature of the presalt is the occurrence of

Porosity Evolution and Geometry in Santos Basin


mailto: sabrina.altenhofen@pucrs.br
mailto: sabrina.altenhofen@pucrs.br
mailto:argos.schrank@pucrs.br
mailto:guilherme.martinez@pucrs.br
mailto:guilherme.martinez@pucrs.br
mailto:anderson.maraschin@pucrs.br
mailto:anderson.maraschin@pucrs.br
mailto:felipe.vecchia@pucrs.br

intense dissolution, dolomitization, and silicification in the vicin-
ity of major faults and other structures, which can be character-
ized as hydrothermal alterations (Vieira de Luca et al., 2017,
Lima et al., 2020, Wennberg et al., 2021; Strugale et al., 2024).

One of the main challenges in evaluating carbonate reservoirs
is understanding the relationship between pore type, porosity,
and permeability (Lengy, 2006). Carbonate rocks commonly
contain a variety of pore types that can vary in size over several
orders of magnitude (Weger et al., 2009). The pore systems of
carbonate rocks are complex, and reservoirs typically contain vari-
ous pore types of both primary and secondary origin (Mazzullo
and Chilingarian, 1992; Worden et al., 2018); however, under-
standing the pore systems of the presalt reservoirs represents addi-
tional challenges because the knowledge of the primary processes
and controls on porosity is still incomplete, as is the understand-
ing of the impact of diagenesis on reservoir quality. Existing classi-
fications of carbonate pore types and pore systems can be partially
adapted to the presalt reservoirs, but the genetic, geometric, and
petrophysical aspects of the presalt porosity and the influence of
diagenesis on the pore systems are poorly understood.

Digital rock technology is another approach for studying the
petrophysical properties of complex reservoirs, such as those with
fractures, complex wettability, or high clay content (Wang et al.,
2022). There is a growing body of work that is attempting to apply
digital rock or machine learning methods to the presalt carbonates
and possible analogues (Rezende et al., 2013; Hosa et al., 2020;
Basso et al., 2022; Rodriguez-Berriguete et al., 2022; Matheus
et al., 2023)—in most cases ignoring the complex and unusual
characteristics of the presalt rocks. Consequently, most of these
proposals have generated models that are quite unrealistic in rela-
tion to the geologic and petrologic aspects of the presalt reservoirs.

The main objective of this study was to characterize the geom-
etry of the pore systems of the BVF presalt reservoirs and the
controls exerted on them by the primary and diagenetic aspects
during their evolution. To do this, we employed a combination of
quantitative petrography, high-resolution three-dimensional (3-D)
images obtained through x-ray microtomography, and conven-
tional petrophysical analysis (porosity and permeability) in selected
petrofacies to understand the main controls impacting reservoir
quality. Understanding the genesis, evolution, and geometry of
porosity in these reservoirs will contribute to optimizing their pro-
duction efficiency in the Santos Basin and in exploration for similar
reservoirs.

GEOLOGIC SETTING

Santos Basin (Figure 1), located in the southeastern Brazilian con-
tinental margin, is the widest of the peri-Atlantic basins, bordered
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to the north by the Campos Basin through the Cabo Frio high
and to the south by the Pelotas Basin through the Florianépolis
high. It is the largest offshore basin in the country, covering
approximately 350,000 km? (Moreira et al., 2007). The basin
was formed through the breakup of the Gondwana superconti-
nent and the creation of the South Atlantic Ocean during the
Early Cretaceous (Lentini et al., 2010; Blaich et al., 2011; Cha-
boureau et al., 2013; Freitas et al., 2019; Baptista et al., 2023).
The crystalline basement of the Santos Basin is constituted by
Precambrian granites and gneisses of the Coastal Complex and
meta-sediments of the Ribeira Belt (Moreira et al., 2007; Mohriak
etal, 2012).

The initial exploration of the basin occurred in the 1970s. Per-
eira and Feij6 (1994) developed the first chronostratigraphic
model for the depositional sequences of the basin. The study con-
ducted by (Moreira et al., 2007) refined that previous model, with
better distinction of the depositional sequences. Mohriak (2003)
interpreted different extensional phases in the evolution of the
basin. The onset of extension was associated with asthenospheric
uplift and lithospheric thinning. Subsequent phases encompassed
lithospheric stretching during rifting, characterized by the extru-
sion of basaltic lavas and establishment of rift hemigraben systems
filled with lacustrine sediments during the Neocomian-Barremian.
At the end of rifting, an episode of lithospheric stretching and
uplifting enabled the reactivation of faults and the formation
of a vast regional unconformity, the Pre-Alagoas unconformity
(Kumar and Gamboa, 1979).

This tectonic evolution resulted in the formation of relatively
small lakes during the rift phase, followed by regional uplift, ero-
sion, and thermal subsidence, promoting the creation of a very
large lake during the sag phase. The basin was then filled with
Aptian lacustrine sediments (Mohriak, 2003). The Florianépolis
high blocked the inflow of marine waters from the south. After
marine waters could finally enter the large depression, thick and
extensive salt layers covered the lacustrine sediments at the end
of the Aptian (Farias et al., 2019).

Moreira et al. (2007) divided the basin fill into three deposi-
tional supersequences: rift, sag, and drift. The first is composed of
the Guaratiba Group, which includes the Camboriti, Pigarras,
and Itapema Formations. The Camborid Formation consists of
tholeiitic basalts, representing the economic basement of the
basin (Moreira et al., 2007; Mobhriak et al., 2012). The Pigarras
Formation comprises alluvial fan polymictic conglomerates and
sandstones composed of basalt, quartz, and feldspar fragments in
proximal parts and sandstones, siltstones, and mudstones rich in
magnesian clays in the lacustrine parts (Moreira et al., 2007). The
Itapema Formation consists of proximal alluvial sandstones and
conglomerates, bivalve bioclast calcirudites and calcarenites
(“coquinas”), and distal carbonates intercalated with organic dark

Porosity Evolution and Geometry in Santos Basin
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Figure 1. Location map of the Santos Basin, showing the presalt polygon, with an area of 149,000 km?, the studied fields (in yellow),

and the wells (in red).

mudstones that are the main source rocks of the basin
(Moreira et al., 2007).

The contact with the sag supersequence is
defined by the Pre-Alagoas regional unconformity
(Figure 2; Moreira et al., 2007). Deposition of the
BVF occurred in an alkaline lacustrine environment
with high rates of evaporation, promoting the

formation of calcite spherulites within a matrix of
magnesium silicates and crusts composed of fascicu-
lar calcite shrubs. Initially, these deposits were inter-
preted as microbial (Terra et al., 2010). However,
they were reinterpreted as products of abiotic precip-
itation in an alkaline system (Wright and Barnett,
2015, 2020; Carramal et al., 2022; Wright, 2022;
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Figure 2. Lower Cretaceous stratigraphic chart for the Santos Basin (modified from Moreira et al., 2007; Wright and Barnett, 2015).
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Schrank et al., 2024). The Ariri Formation corre-
sponds to Aptian evaporites, products of repeated
marine incursions and desiccations, in an arid climate
(Moreira et al., 2007).

The Drift supersequence encompasses the Cam-
buri, Frade, and Itamambuca Groups (Moreira et al.,
2007, Wright and Barnett, 2015). The Camburi
Group comprises siliciclastic alluvial fan deposits,
shallow platform carbonates, and distal shales depos-
ited during the Albian, as well as proximal alluvial
fan deposits, distal shales, and marls associated with
turbidites (Moreira et al., 2007). The Frade Group
consists of alluvial fan deposits from the Santos
Formation, fluvial sandstones from the Juréia Forma-
tion, and shales and mudstones from the Itajai-Acu
Formation (Moreira et al., 2007). The Itamambuca
Group comprises fluvial sandstones from the Ponta
Aguda Formation, calcarenites and calcirudites from
the Iguapé Formation, and the Marambaia Forma-
tion, composed of shales, mudstones, marls, and dia-
mictites (Moreira et al., 2007).

DEPOSITIONAL ENVIRONMENT

The in situ rocks of the BVF were deposited in an
extensive meromictic lacustrine system, character-
ized by a water column stratified into oxygenated
(mixolimnion) and anoxic (monimolimnion) layers,
separated by a chemocline (De Ros, 2018). This strat-
ification controls mineral precipitation and favors cal-
cite formation in the upper levels and magnesium
clays with spherulites in the lower levels. Rapid varia-
tions in the depth of the chemocline influenced the
observed lithologic changes (Carvalho et al., 2022).
This depositional model explains the abrupt alterna-
tion between porous and nonporous facies without
requiring frequent lake-level fluctuations. The lack of
subaerial exposure markers and the isotopic homoge-
neity between basins support the interpretation of a
chemically and structurally stable lacustrine system,
which is key for understanding and exploring presalt
reservoirs.

The reworked deposits of the BVF are composed
of intraclasts derived from in situ spherulitic and fas-
cicular deposits, recemented by fascicular calcite, and
interbedded on a millimeter-to-centimeter scale (Car-
valho and Fernandes, 2021; Altenhofen et al., 2024).

Their wide distribution, good grain-size sorting, and
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rounded morphology indicate that they do not fol-
low a purely gravitational model (Saller et al., 2016;
Camargo et al,, 2022). The absence of traction
structures suggests that internal waves, triggered
by disturbances in the chemocline of stratified lakes,
were responsible for reworking processes, promoting
episodic erosion and redistribution (Rodriguez-
Berriguete et al., 2022; Altenhofen et al., 2024). Mul-
tiple reworking cycles, associated with ooids having
intraclasts as nuclei, indicate frequent hydrodynamic
disturbances in a stable lacustrine system, controlled
by internal oscillations of the water column (Gomes

etal., 2020; Carramal et al., 2022; Wright, 2022).

MATERIALS AND METHODS

The methodology of this work followed the workflow
shown in Figure 3, comprising different analyses that
were integrated for interpreting the pore systems of
the characteristic BVF petrofacies and their controls.
The entire study was based on analyses conducted on
three wells located in the Santos Basin. The produc-
tion data from the wells in field B are confidential. In
contrast, well C1 belongs to one of the most prolific
presalt fields in Brazil, reaching a production level
of 47,347 bbl/day of oil and 1.374 Mm?/d of natural
gas (Agéncia Nacional do Petréleo, Gds Natural e
Biocombustiveis, 2025).

Core Description

A total of 48.4 m of cores were described from well B1
and 70.6 m from well C1 at a 1:20 scale. Facies were
classified according to De Ros and Oliveira (2023).
Well B2 cores were not available for description.

The lithostratigraphic logs were elaborated in
digital format using Adobe Illustrator software. Core
analyses and descriptions were integrated with poros-
ity and permeability data to visualize the distribution
of facies and petrophysical data. Facies analysis
allowed understanding of the heterogeneities of the
studied wells and the formation of the studied sag
phase presalt deposits of the Santos Basin.

Petrography

A total of 583 thin sections (266 from well B1, 120
from well B2, and 197 from well Cl1) from the
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selected wells was described using Petroledge soft-
ware (De Ros et al., 2007), a system to assist in the
acquisition, processing, and sharing of generated pet-
rographic data. Petrographic quantification was per-
formed by counting 300 points per thin section and
through visual estimation and comparative tables. All
thin sections were prepared from samples impreg-
nated with blue epoxy resin to highlight the porosity.
Staining with a solution of alizarin and potassium fer-
rocyanide allowed identification of the carbonate
species (Dickinson, 1966).

The descriptions were performed on ZEISS
AXIO AIM and Leica DM750P transmitted light
microscopes, with crossed and uncrossed polarizers.
Photomicrographic documentation was obtained
using ZEN 3.1 Blue Edition and LAS x 5.0.2 soft-
ware, using AxioCam ICc 3 Flexacam C1 and C3
cameras attached to the microscopes. The system of
De Ros and Oliveira (2023) was used for the classifi-
cation of petrofacies of the in situ and redeposited

rocks.
X-Ray Microtomography

Computerized microtomography analysis was con-
ducted in three stages: (1) image acquisition; (2)
reconstruction of microtomography sections, aimed
at processing the images and making corrections
to construct the 3-D volume; and (3) calculation of
the total or partial volume of the scanned samples.
The microtomography images were captured using

SkyScan 1173 equipment, which uses a microfocus
x-ray source operating at 130 kV and 61 pA. Pixel
sizes ranged from 7 to 35.7 pm and were analyzed
using brass filters of 0.25 mm to mitigate beam-
hardening effects. The acquisition process involved a
270° or 360° rotation of the object, with a fixed rota-
tion step of 0.2°. At each angular position, a trans-
mission image was captured and stored as 16-bit
TIFF files on the hard disk. Following acquisition,
reconstruction was performed using a 3-D cone
beam algorithm, which accounted for the thickness
of the object. Once reconstruction was complete, a
3-D image was generated. AVIZO Thermo Scientific
software was used for segmentation, individualiza-
tion of pores, pore size, and pore shape analyses.

Petrophysics

Conventional petrophysical data from three wells
were evaluated in this study. Part of the porosity and
permeability data were obtained from the Agéncia
Nacional do Petréleo, Géis Natural e Biocom-
bustiveis, and another part was analyzed using the
AP-608 Porosimeter-Permeameter at the Petroleum
and Natural Resources Institute of Pontifical Catholic
University of Rio Grande do Sul. The tested samples
were plugs of 1 and 1.5 in. in diameter and 1 in. in
length. In total, the petrophysical porosity and per-
meability from 149 samples from well B1, 88 sam-
ples from well B2, and 64 samples from well C1
were evaluated and integrated with other results to
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assess the key factors controlling the reservoir quality

of the rocks.

RESULTS

Cores Description

Lithologic description of the cores allowed the identi-
fication of six in situ facies (Figure 4) and three rede-
posited facies (Figure 5). The two cores exhibit
distinct characteristics and demonstrate significant

heterogeneity (Figure 6). Core B1 is characterized by
a dominance of in situ rocks at its base and top, with
reworked deposits predominating in the intermediate
part. There is limited silicification at the top of the
core. The in situ interval at the base is 16.13 m thick
and contains high-frequency intercalations of various
in situ facies. The reworked deposits have a maxi-
mum thickness of 8.7 m, mainly comprising calcare-
nites and rudaceous calcarenites, with thicknesses
reaching up to 4.53 and 3.2 m, respectively.

Core Cl exhibits a dominance of reworked
deposits, with significant in situ deposits intercalated

Figure 4. Summary of the main in situ classes of the analyzed samples according to the classification of De Ros and Oliveira (2023).
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In situ

Class

Description

Muddy
Shrubstones

Composed of shrubs and subordinate mud, usually
with a massive texture. The shrubs are coalesced
to partially coalesced; intra- and interaggregate
pores are common.

Shrubstones

Predominantly composed of shrubs and
subordinate mud, generally of massive texture. The
shrubs are coalesced to partially coalesced; intra-
and interaggregate pores are common.

Muddy
Spherulstones

Composed of noncoalesced spherulites, with
significant amounts of mud, commonly exhibiting
incipient to irregular or planar-parallel lamination.

Spherulstones

Composed of coalesced spherulites, typically
reaching a few milimeters in diameter. The
spherulites are often silicified and dolomitized.
Intra-aggregate, interaggregate, and vugular pores
are common.

Shrub
Spherulstones

Shrubs, spherulites, and mud dispersed or as
laminations or transitional forms from one to
another. Irre%ular to planar-parallel laminations
often highlighted by dark mud or crusts of calcite
aggregates.

Mudstones

Millimetric to centimetric layers of mud, rangin
from dark to white in color due to varying degrees o
alteration. Incipient to irregular or planar-parallel
lalrjmnatlon, sometimes deformed or displaced by
silica.
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Reworked

Sample Class

Description

Calcarenites

Commonly massive or displaying planar-parallel
lamination, moderately to poorly sorted, composed
of millimetric to centimetric subrounded particles.
The particles consist of fragments of calcite
aggregates, mudstones, and chert. Interparticle
and vugular pores are common.

Rudaceous
Calcarenites

Commonly massive or displaying irregular
lamination, composed of moderately to poorly
sorted, rounded particles up to 4 centimeters in
size. Interparticle and vugular pores are common.

Massive to irregularly laminated, coarse to very
coarse poorly sorted, with angular to rounded

Calcirudites

lcm

particles. Vugular porosity is common.

Figure 5. Summary of the main reworked classes of the analyzed samples according to the classification of De Ros and Oliveira (2023).

at the top. In the intermediate part, there is a pre-
dominance of in situ rocks, with limited reworked
deposits among them. At the base of the core, in situ
rocks occur, with subordinate reworked deposits.
The in situ rocks form a 17.45-m-thick package, pre-
dominantly composed of shrub-spherulstones and
shrubstones. The reworked deposits are up to 2.18 m
thick, represented mostly by calcarenites and rudac-
eous calcarenites.

Primary Composition and Texture

The in situ rocks exhibit a diversity of textures and
structures (Table 1). Muddy spherulstones often
display irregular lamination due to the distribution,
concentration,
(Figure 7A). Shrub-spherulstones exhibit irregular
lamination due to the alternation of levels with

and coalescence of spherulites

predominance of spherulites or shrubs (Figure 7B).
Mudstones show both planar-parallel and irregular
lamination (Figure 7C). Reworked samples gener-
ally appear with a massive structure (Figure 7D).

In the well B1 core, the in situ samples display
laminations characterized by the distribution of
spherulites, shrubs, and clay peloids within the
Mg-silicate matrix. Calcite spherulites and shrubs
replaced the original Mg-silicate matrix and usually
engulfing peloids (Schrank et al., 2024). The spheru-
lites have a radius of 0.2 to 0.6 mm, whereas the

shrubs are generally larger than 1 mm. The matrix
of magnesian phyllosilicates (Carramal et al., 2022;
Schrank et al., 2024) is common in this core and is
usually partially or completely replaced by blocky
and saddle dolomite, microcrystalline quartz crypto-
crystalline silica, and microcrystalline calcite, or it is
simply dissolved. Silt and fine-sand siliciclastic grains
of feldspars, quartz, micas, rutile, tourmaline, and
zircon occur locally mixed in the matrix.

In the well B2 core, the phyllosilicate matrix of
the in situ samples was generally replaced by blocky
dolomite, microcrystalline quartz, cryptocrystalline
silica, and microcrystalline calcite. Calcite is the most
common component in the analyzed samples, found
mainly as spherulitic and fascicular aggregates of mil-
limeter to centimeter size. These aggregates are often
recrystallized into micro- to macrocrystalline anhe-
dral mosaics or as triangular sectors following the
original crystal orientation.

In the well C1 core, in situ rocks are less common
than in the other two wells. Calcite is the most
important component in these samples; it occurs
in the form of spherulitic, fascicular, and microcrys-
talline carbonate intraclasts, carbonate intraclasts,
shrub and spherulite, and clay ooid generated over a
carbonate intraclast. Blocky dolomite, cryptocrystal-
line, fibrous-radiated chalcedony, and coarsely crys-
talline quartz occur replacing matrix, followed by
framework-replacive and filling interstitial space.
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Figure 6. Summary of the description of the cores with the distribution of porosity and permeability throughout them. RCAL = routine
core analysis.
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Table 1. Maximum and Average Values of Main Original Constituents

B1 B2 a
Original Composition Total Maximum, %  Average, %  Maximum, %  Average, %  Maximum, %  Average, %
Spherulites 67.65 19.86 65.50 18.77 79.50 5.78
Shrubs 85.00 16.23 84.00 21.92 84.00 5.50
Matrix (laminated and peloidal) 97.50 32.60 100.00 31.83 100.00 16.66
Total particles 77.50 22.06 75.50 9.29 89.50 41.33
Phosphate bioclasts 3.50 0.37 5.00 0.28 5.00 0.17
Mud intraclasts 1.33 0.01 0.50 0.00 7.00 0.19
Siliceous intraclasts 0.00 0.00 10.00 0.21 10.00 0.12
Carbonate intraclasts 8.00 5.91 12.50 2.12 42.00 9.95
Other primary constituents 0.00 0.00 0.33 0.00 0.33 0.00
Detrital grains 13.00 1.41 6.00 0.58 6.00 0.20
Volcanic rock fragments 16.00 0.06 0.00 0.00 0.00 0.00

Figure 7. Main primary components observed in the studied wells. (A) Muddy spherulstone with irregular distribution of Mg-clay
matrix and calcite spherulites; crossed polarizers (XP). (B) Shrubstone formed by large fascicular aggregates with preferential vertical
growth (XP). (C) Mudstone with plane-parallel lamination; uncrossed polarizers (//P). (D) Massive calcarenite with interparticle porosity

(blue) (//P).
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Diagenetic Processes and Products

The main diagenetic constituents in the analyzed sam-
ples are calcite, dolomite, and silica. Other diagenetic
phases in smaller quantities include sphalerite, anhy-
drite, barite, dawsonite, bitumen, and pyrite (Table 2).

The main diagenetic processes that impacted the
petrophysical properties of the studied rocks were
dissolution, cementation, replacement, and compac-
tion (Figure 8).

Dissolution

Dissolution played a significant role as the primary
process of porosity generation in these rocks. Matrix
dissolution porosity is generally abundant, although
in many cases it is perceptible only from replacive
dolomite crystals that appear to float within the pores
formed by dissolution. Pores among the calcite aggre-
gates were also generated in part by the dissolution
of Mg-clay peloids. The shrinkage and partial or
complete dissolution of the syngenetic Mg-silicate
matrix correspond to the main origin of the porosity
present in the analyzed rocks. Matrix dissolution also
significantly contributed to permeability, especially

where the generated pores were not filled with dolo-
mite, silica, or calcite cement.

In addition, the partial or complete dissolution of
shrubs, spherulites, intraclastic particles, and second-
ary constituents resulted in intra-aggregate and intra-
particle porosity, contributing considerably to total
porosity values. However, this process did not con-
tribute to increasing permeability because these
pores are poorly connected.

Cementation and Replacement

Besides forming the characteristic spherulites and
shrubs, diagenetic calcite occurs in the form of blocky
crystals that replaced the matrix, partially filling the
pores formed by its dissolution in the in situ rocks
and interparticle pores in redeposited rocks, as well
as vugular pores. Blocky crystals also locally rim the
aggregates and intraclasts. Both blocky and macro-
crystalline calcite filled pores in the in situ and
reworked samples. Microcrystalline calcite replaced
clay peloids, intraclasts, and matrix, and also the
rare microbial deposits. However, macrocrystalline
calcite commonly filled pores from dissolution of

Table 2. Maximum and Average Values of Main Diagenetic Constituents

B1

B2 a

Diagenetic Constituents

Maximum, % Average, % Maximum, % Average, % Maximum, % Average, %

Total calcite 76.50
Covering/replacing framework 25.00
Filling interaggregate/interparticle pores 26.00
Filling fabric nonselective pores 7.33

Total dolomite 86.00
Covering/replacing framework 84.00
Filling interaggregate/interparticle pores 40.50
Filling fabric nonselective pores 14.67

Total silica 95.00
Covering/replacing framework 11.00
Filling interaggregate/interparticle pores 36.00
Filling vugs, fractures, and channels 22.00

Other diagenetic constituents -
Sphalerite 0.00
Anhydrite 0.00
Barite 3.50
Dawsonite 1.67
Bitumen 8.15
Pyrite 9.00

21.80 71.50 8.95 90.50 36.56
0.08 2.00 0.27 5.00 0.12
0.28 7.33 0.13 31.00 0.56
0.79 2.00 0.03 32.00 0.86

19.64 80.00 24.41 87.50 14.84
1.26 60.00 1.61 80.50 1.72
1.45 48.00 1.47 48.00 1.46
0.31 8.00 0.29 12.00 0.81
1.97 91.00 23.17 96.00 21.45
0.11 64.00 1.63 64.00 2.53
1.11 50.00 1.64 69.50 1.90
0.47 74.00 4.14 74.00 4.55
0.00 4.00 0.03 4.00 0.00
0.00 94.00 0.78 94.00 0.01
0.16 2.00 0.07 2.50 0.09
0.02 0.00 0.00 2.00 0.04
0.18 16.00 0.88 16.00 0.19
1.21 5.00 0.94 5.50 0.42

The boldface values represent the maximum and the average of the main diagenetic constituents as calcite, dolomite, and silica composition. These are accounting all habits

in which they occur combined that are detailed below each category.
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Figure 8. Main diagenetic components observed in the studied wells. (A) Detail of blocky calcite covering fascicular calcite (yellow
arrow) in shrubstone (uncrossed polarizers, //P). (B) Blocky calcite rim calcite covering intraclast (//P). (C) Blocky dolomite filling interparti-
cle porosity among calcite intraclasts (stained) (//P). (D) Detail of matrix being replaced by blocky dolomite (//P). (E) Shrubstone
constituted by large coalesced fascicular aggregates with interaggregate porosity filled by chalcedony (crossed polarizers, XP). (F) Micro-
crystalline quartz replacing calcite spherulites (yellow arrow) (XP).
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matrix, intraclasts, and peloids, as well as fracture,
vugular, and interparticle pores.

Dolomite is found in both in situ and reworked
rocks, most commonly as euhedral rhombs, often
replacing the matrix, calcite aggregates, or particles,
but it also acted as cement, filling or rimming the
pores. Microcrystalline dolomite also replaced the
matrix, calcite aggregates, or particles, and rimmed
the carbonate particles. In addition, dolomite formed
lamellar aggregates, filling matrix contraction pores
and replacing the syngenetic matrix. In some areas,
dolomite pseudomorphically replaced the spherulites
and shrubs. Saddle dolomite replaced the matrix,
aggregates, peloids, and intraclasts, with characteris-
tic wavy extinction and defective shapes. It also filled
intra-aggregate and intraparticle dissolution pores, as
well as channel and vug pores. Macrocrystalline dolo-
mite is found mostly as cement, filling fractures and
channels and replacing the matrix.

Microcrystalline quartz commonly replaced
components such as carbonate aggregates, intraclasts,
Mg-silicate matrix, peloids, and ostracod bioclasts,
whereas macrocrystalline quartz partially filled pores,
especially fractures and dissolution pores in calcite
aggregates. Both micro- and macrocrystalline quartz
filled interparticle, interaggregate, vugular, channel,
and fracture pores, also replacing intraclasts, spheru-
lites, and Mg-silicate matrix. Prismatic quartz is
generally found as isolated crystals in inter- and intra-
aggregate pores. Fibro-radiated chalcedony is fre-
quently observed in strongly silicified rocks replacing
the matrix and spherulites and also filling matrix dis-
solution and vugular pores. Microcrystalline quartz
and cryptocrystalline silica often replaced carbonate
intraclasts and aggregates, as well as peloids and
Mg-clay matrix in strongly altered samples. Prismatic
quartz filled fracture pores in aggregates and intra-
clasts, channel, vugular, interparticle, and interaggre-
gate pores, as well as pores from the dissolution of
aggregates and intraclasts. Drusiform quartz typically
filled large vugular matrix dissolution and fractures,
while prismatic quartz rimmed intra-aggregate,
vugular, channel, and fracture pores.

Porosity

The pore types were classified according to the
Choquette and Pray (1970) system, with some
adaptation for the studied sag phase rocks of the
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BVF (Figure 9). The results are presented in Tables 3
and 4.

Porosity of the In Situ Deposits

In the in situ samples from wells B1, B2, and CI,
interaggregate pores are the most prevalent types,
which can correspond either to primary porosity in
some shrubstones or to a secondary result of matrix
dissolution. The occurrence of intra-aggregate disso-
lution pores, formed either cutting through or fol-
lowing the internal crystalline fabric, is also common.
Intra-aggregate dissolution pores were also formed
due to the dissolution of engulfed peloids. Despite
being quite common, intra-aggregate pores do not
contribute to effective porosity and permeability
because they are poorly connected. Vugular pores
are quite common and often are found completely
cemented in substantially altered rocks. Where these
pores are not obstructed, they play a crucial role in
increasing sample permeability. Fractures and chan-
nel pores are less frequent, but where volumetrically
significant contribute to high permeabilities, akin to
the vugular pores.

Porosity of the Redeposited Deposits

The most common type of porosity in the reworked
samples corresponds to intraparticle pores resulting
from the dissolution of intraclasts, followed by inter-
particle pores, interpreted as essentially primary
depositional but also subordinately from the dissolu-
tion of the clay matrix or dolomite cement. Particle
fracture pores may significantly increase local perme-
ability. Intracrystalline and intercrystalline pores are
particularly important in some strongly silicified and
dolomitized rocks. Other locally significant pore
types in these lithotypes include fractures, channel,
and vugular pores, where not partially or completely
cemented.

Permeability

Petrophysical porosity and permeability values were
plotted for the three studied wells (Figure 10). In the
three wells, permeability shows a wide range, from
very low permeability to very high values, which is
due to the depositional and diagenetic heterogeneity
characteristic of the presalt reservoirs.

There are significant differences in permeability
among the three studied cores. In well Bl, the best



Figure 9. Main types of pores identified in the studied rocks. (A) Interaggregate (yellow arrow) and vugular porosity with remnants of
peloidal matrix (red arrow) in shrubstone (uncrossed polarizers, //P). (B) Pores from shrinkage of the laminated clay matrix, partially
replaced by blocky dolomite (//P). (C) Vugular porosity, partially reduced by dolomite cementation (//P). (D) Interparticle, intraparticle
(red arrow), and vugular porosity (yellow arrow) in intraclastic rock (//P). (E) Detail of intraparticle porosity due to intraclast dissolution in
intraclastic calcarenite cemented by silica (//P). (F) Detail of intercrystalline (red arrow) and intracrystalline (yellow arrow) porosity in dolo-
mite (//P).
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Table 3. Maximum and Average Values of Pore Types of In Situ Rocks

B1 B2 a
Pore Types Maximum, %  Average, % Maximum, %  Average, % Maximum, %  Average, %
Framework-dissolution/ 9.66 2.21 10.00 1.89 12.00 1.96
fracturing pores
Matrix-dissolution/ 19.50 3.63 20.00 5.04 20.00 3.54
shrinkage/interaggregate/
intercrystalline pores
Interparticle pores 0.00 0.00 1.50 0.02 1.50 0.01
Rock fracture pores 2.00 0.12 3.00 0.23 3.00 0.26
Channel pores 5.00 0.18 1.00 0.01 14.00 0.64
Vugular pores 15.00 0.67 8.50 1.49 25.00 2.78

permeabilities are found in the in situ rocks. Shrub-
stones show values of up to 1923 md in this well, and
it is the class with the best permeability values rela-
tive to the porosity. Shrub-spherulstones also show
good permeability values, reaching up to 962 md.
Among the reworked rocks of well B, the class with
the best permeability are the rudaceous calcarenites,
with up to 861.32 md.

The same is observed in the well B2 core, where
the in situ rocks represent the best permeability
values, along with some of the redeposited rocks.
The best classes in terms of permeability are shrub-
stones, shrub-spherulstones, and rudaceous calcare-
nites, with maximum values of 1530, 2980, and
812 md, respectively.

In well C1, there is a predominance of reworked
rocks, and thus the best permeability values are
found among them. Arenaceous calcirudites, slightly
rudaceous calcarenites, and rudaceous calcarenites

are the classes with the best permeability values,
with maximum values of 1166.7, 716.08, and
954.83 md, respectively.

DISCUSSION
Reservoir Petrofacies

The present study applied the reservoir petrofacies
concept (sensu De Ros and Goldberg, 2007) as an
approach to assess the influence of diagenetic, depo-
sitional textural, and compositional factors on the
reservoir quality of the BVF rocks.

Reservoir petrofacies are characterized by the
complex interaction among predominant deposi-
tional structures, textures and primary composition,
and diagenetic processes controlling porosity. In this
study, 13 representative reservoir petrofacies were
defined for the BVF samples.

Table 4. Maximum and Average Values of Porosity Types of Reworked Rocks

B1 B2 a
Pore Types Maximum, % Average, % Maximum, % Average, % Maximum, % Average, %
Framework-dissolution/ 14.00 3.89 16.00 4.64 16.00 447
fracturing pores
Matrix dissolution/ 15.00 2.87 4,00 0.22 12.00 0.97
shrinkage/interaggregate/
intercrystalline pores
Interparticle pores 16.00 1.92 25.00 5.07 25.00 3.75
Rock fracture pores 1.00 0.04 0.00 0.00 1.50 0.08
Channel pores 2.67 0.10 0.67 0.04 0.67 0.10
Vugular pores 5.00 0.63 7.00 2.59 20.00 2.88
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B Shrub-spherulstone
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B Mudstone
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A Slighlty rudaceous calcarenite
A Arenaceous calcirudite

Figure 10. Log crossplots of porosity X permeability showing the values for the lithologic classes in the three studied wells.
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The initial petrofacies definition involved their
classification (sensu De Ros and Oliveira, 2023). Spe-
cific parameters were then applied to each class.
Each petrofacies is identified by a mnemonic code
that is related to the classification and the main
porosity modifier. For example, IntracSil refers to
petrofacies formed by intraclastic rocks with high sil-
ica content filling interparticle and nonfabric selective
pores. For the in situ rocks, nine petrofacies are
defined: MudShrPor, MudShrDolPor, MudSpheDol,
MudSphePor, MudSpheMtx, Mudstone, ShrPor,
ShrSil, and ShrDolPor. The defining criteria encom-
pass the following attributes: (1) textural: the frame-
work volume, namely, the calcite aggregates volume
and degree of coalescence, and the volume of the
original matrix; (2) connected porosity: volume of
interstitial and nonfabric-selective porosity; and (3)
diagenetic constituents: types and volume of main
diagenetic constituents affecting porosity, including
both matrix replacement and filling matrix dissolu-
tion pores.

For reworked rocks, three petrofacies were
defined: IntracDol, IntracSil, and IntracPor. To define

petrofacies in intraclastic rocks, the following criteria
were used: (1) total volume of connected porosity,
corresponding to the sum of interparticle porosity
and nonfabric-selective porosity (vugs, channels, and
fracture pores); and (2) main diagenetic constituent
controlling porosity connection, which can be
cementation by dolomite, silica, or calcite. In addi-
tion to in situ and reworked rocks, one more reservoir
petrofacies was defined for pervasively dolomitized
crystalline rocks (DolostonePor).

The 13 defined petrofacies were grouped into 4
distinct petrofacies associations, classified as nonre-
servoir poor, fair, good, and very good (Figure 11).

Geometry and Distribution of Porosity in
the Petrofacies

The pore space in presalt spherulitic reservoirs
derives from the diagenetic dissolution of the original
matrix composed by magnesian clays within which
the calcite spherulites grew (Tosca and Wright,
2015; Wright and Barnett, 2015; Carramal et al.,
2022). In contrast, in the shrubstones, porosity was

PETROFACIES ASSOCIATION

MudSpheMtx

Shrsil IntracDol

.
E

ShrPor
MudShrDalPor ' :

i ",'3 i ~. gt oh | B A ]
MudSpheDol MudShrDol DolostonePor
R A, & = 3 i

MudSphePor
A

RESERVOIR QUALITY

Figure 11. Microtomographic images of examples of reservoir petrofacies applied to in situ and redeposited presalt reservoirs. After cod-
ing the petrofacies, they are grouped into associations directly related to reservoir quality (nonreservoir poor, fair, good, and very good).
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developed both as primary, growth-framework pores
among the calcite shrubs (Herlinger et al., 2023) and
by the extensive dissolution of the intershrub matrix
(Schrank et al., 2024). Porosity of the intraclastic
rocks is more conventional, similar to typical carbon-
ate and siliciclastic rocks (Herlinger et al., 2017,
2023), and is controlled by both depositional and dia-
genetic factors, as shown by Altenhofen et al. (2024).
Particle size remains a fundamental control of their
pore system, where coarser-grained particles tend to
have larger pores, throats, and permeability, whereas
better sorting results in higher original porosity (Her-
linger et al., 2023).

The quality of presalt reservoirs was also signifi-
cantly influenced by dolomitization and silicification
promoted by diagenetic or hydrothermal processes
(Lima and De Ros, 2019), which have commonly
decreased porosity and permeability due to the
reduction of pore throats. Different forms of silicifi-
cation and dolomitization of the presalt carbonates of
the Campos and Santos Basin in Brazil and the Kwanza
Basin in Angola have been linked to early and late
burial diagenetic processes and to hydrothermal pro-
cesses (Saller et al., 2016; Teboul et al., 2017; Vieira
de Luca et al., 2017; Lima and De Ros, 2019; Lima
etal., 2020; Basso et al., 2023; Strugale et al., 2024).

The use of x-ray microtomography allowed the
visualization and quantification of rock components
and a realistic description of the geometry of the
pore systems in 3-D (De Boever et al., 2012; Math-
eus et al., 2023) and integration of these data with
the reservoir petrofacies defined through systematic
petrography. In this section, the pore systems of each
petrofacies are presented, with their most representa-
tive pore types and connection patterns, which
directly affect their permeability.

Very Good Reservoir Quality

High permeability values are associated with petrofa-
cies ShrPor due to large pore throats connecting
mostly primary growth-framework pores formed
among the fascicular calcite aggregates during their
precipitation as crusts on the sediment-water inter-
face (Herlinger et al., 2017; Hosa et al., 2020). The
pore network is heterogeneous and complex, con-
trolled by the essentially vertical growth of the fascic-
ular aggregates, and the distribution of pores and
throats is controlled by the coalescence and relative

location of the shrubs, as described by Herlinger
et al. (2023). The most important pore types are the
interaggregate and vuggy pores, which significantly
contribute to increased porosity and permeability.
Figure 12A shows a microtomographic image from
the pore system of a representative sample of this
petrofacies. The connection among pores is shown in
Figure 12B, where macropores interconnect, forming
large fluid conduits. The pores with the highest
number of connections are highlighted in red. The
MudShrPor rocks exhibit more than 15% interstitial,
nonfabric selective porosity, mainly from intershrub
matrix dissolution, reaching 33%. High permeability
results from well-connected pores controlled by large
throats (Herlinger et al., 2017; Hosa et al., 2020). Sec-
ondary interaggregate and vuggy pores dominate.
The MudSphePor shows >15% macroporosity from
matrix dissolution, forming smaller pores than
shrubstones (Herlinger et al., 2023). Main porosity
is secondary interaggregate pores, with rare vuggy
and intra-aggregate pores. The IntracPor, reworked
rocks with >15% macroporosity, rank among the
best reservoirs alongside ShrPor. The pore system is
complex, well connected, and controlled by particle
size, featuring interparticle, intraparticle, vuggy, and
fracture pores that boost permeability.

Good Reservoir Quality

In MudShrDolPor petrofacies samples, dolomite is a
main diagenetic constituent, both directly replacing
the original matrix and cementing the matrix dissolu-
tion porosity. The volume of interstitial and nonfabric
selective porosity reaches 13%. The most common
pores are interaggregate and intercrystalline, resulting
from matrix dissolution, with few vugular pores.
The average pore size is smaller than in MudShrPor
(Table 3), due to the dolomite crystals. Although there
is a good range of porosity, permeability values are
lower because dolomite reduced the connection
among the pores, as shown in Figure 12D, where it is
possible to see more spaced pores and with fewer con-
nections (Figure 12E). The DolostonePor has >50%
dolomite replacement, erasing original textures but
maintaining relatively high macroporosity. High per-
meability stems from well-connected intercrystalline
pores (Tamoto et al., 2024). Some large pores may be
fracturing artifacts. Intracrystalline porosity, important
here, was undetectable by microtomography.
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Figure 12. Pore systems of the petrofacies segmented through high-resolution x-ray microtomography of petrofacies. (A) Pore system
of a ShrPor, (B) corresponding pore connections, and (C) equivalent thin section. (D) Pore system of a MudShrDolPor, (E) corresponding
pore connections, and (F) equivalent thin section. (G) Pore system of an IntracDol petrofacies, (H) corresponding pore connections, and
() equivalent thin section. (J) Segmented pore system of a ShrSil petrofacies, (K) corresponding pore connections, and (L) equivalent thin
section. (M) Segmented pore system of an IntracSil petrofacies, (N) corresponding pore connections, and (O) equivalent thin section.
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Fair Reservoir Quality

The IntracDol samples have low petrographic macro-
porosity (<10%) due to abundant dolomite content
in the interstitial spaces, both filling interparticle
porosity and replacing clay matrix and peloids.
Where porosity reduction is dominated by dolomite
cementation, a strong impact on throat size relative
to pore size is observed, as described by Herlinger
et al. (2023). A microtomographic image of the
resulting complex pore system is shown in Figure
12G, with scattered pores and few connections
among them (Figure 12H). Some cases show good
permeability values, despite the interparticle pres-
ence of dolomite. This occurs where dolomite
cementation creates a network of intercrystalline
pores, partially enlarged by slight dolomite dissolu-
tion (De Boever et al., 2012). The MudShrDol has
heterogeneous pore systems: dolomite creates flow
barriers and reduces average pore size, even in shrub-
dominated facies.

Poor and Nonreservoir Quality

The ShrSil petrofacies refers to shrubstones with a
large volume of interaggregate silica and low porosity
and permeability. Silica in the interaggregate space
also occurs, filling interaggregate and nonfabric selec-
tive porosity and replacing minor clay matrix. The
extensive silica cementation reduced the originally
high porosity and permeability related to the shrub-
stone texture (Basso et al., 2023). Such silica-
cemented rocks may constitute flow barriers. This
is supported by some cases of silicified samples,
whose petrophysical porosity ranges from 8% to
12%, but permeabilities are <1 md. The pore system
presented in Figure 12J shows a region with some
clustered pores, whereas most of the sample lacks
any porosity. Figure 12K shows that the areas with
macropores are poorly connected due to the presence
of silica.

In MudSpheDol, dolomite is also the main diage-
netic constituent, either directly replacing the original
matrix or cementing the matrix dissolution porosity.
These samples exhibit only up to 5% of interstitial
and nonfabric selective macroporosity. The abundant
formation of dolomite in the interspherulite spaces
was favored by the release of Mg®" from the meta-
stable magnesian clays (Fournier et al., 2018; Schrank

et al.,, 2024), creating pore systems with very low
porosity and permeability. The pores are restricted to
intra-aggregate pores and poorly connected vugs,
which do not effectively contribute to permeability.
The MudSpheMtx features >15% preserved
matrix, with small, unconnected pores and very low
permeability. Mudstone samples have <8% macro-
porosity, with magnesian clay matrix preserved or
replaced by microcrystalline calcite, dolomite, or
silica. Rare pores are small, yielding very low perme-
ability, mainly from laminated matrix dissolution,
IntracSil has <10% porosity filled by interstitial silica,
often cementing moldic and intraparticle pores.
Despite relatively high macroporosity, permeability is
low due to poor pore connectivity (Figure 12M, N).

Size and Shapes of the Pores from the
Petrofacies

The extraction of morphological pore attributes fol-
lowed the same methodology used by Herlinger and
Vidal (2022). Two attributes related to pore size
were analyzed: Area 3-D, which is the pore boundary
area responsible for the exposed surface of the exter-
nal voxels, and EqDiameter, which represents the
diameter of a sphere with the same volume (Herlin-
ger and Vidal, 2022). In addition, one attribute
related to pore shape, ShapeVA3D, defined as sphe-
ricity (the closer to 1, the more equant the pores
are), was calculated using AVIZO software. The
analysis revealed significant differences between the
petrofacies, which are closely related to reservoir
quality. As expected, the attributes related to pore
size showed that the petrofacies associated with very
good reservoir quality have larger pores (Figure 13;
Table 5).

The ShrPor (porous shrubstone) petrofacies
show the highest permeability values, largely due to
the 3-D intercalation of the calcite fascicular shrubs,
forming larger and less equant pores, with wider
throats than the other petrofacies (Figure 14A). The
interparticle pores of the IntracPor petrofacies are
more equant and could be schematically represented
as tetrahedral or rhombohedral, connected by more
or less lamellar throats, similar to the shapes of typi-
cal intergranular pores of siliciclastic rocks (Figure
14B). In contrast, pores generated by matrix dissolu-
tion tend to be smaller and frequently below the res-
olution of the x-ray microtomography equipment.
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Figure 13. Distribution of the average area three-dimensional pore size in the defined petrofacies.

The larger pores generated by dissolution of the lami-
nated Mg-clay matrix are commonly lamellar (Figure
14C), although laterally discontinuous. The pore sys-
tems of petrofacies where dolomitization is a major
diagenetic process are also characterized by smaller
pore sizes. The presence of dolomite rhombs scat-
tered (“floating”) within the pores, typically gener-
ated by partial replacement of the matrix followed
by its dissolution, created pore systems with smaller
pore size and lower pore-to-throat size ratio, which is
expected to decrease the residual oil saturation of
those petrofacies (Herlinger et al., 2023). Pore-lining

dolomite cement reduced the interaggregate poros-
ity, however, in the in situ rocks and the interparticle
pores in the intraclastic rocks.

The pore shape attributes are also closely linked
to the petrofacies. The highest average ShapeVA3D
values are found in petrofacies with the presence of
dolomite (the closer to 1, the more equant the pores
are). This is a characteristic attribute of the intercrys-
talline pores among the dolomite rhombs. Another
petrofacies with a high value is mudstone. In this pet-
rofacies, the higher value may be related to the
microtomographic scan resolution. Here, most pores

Table 5. Pore Size and Shape Attributes of the Reservoir Petrofacies Extracted from the Microtomographic Analyses

Pore Size Attribute Pore Shape Attribute

Petrofacies Petrofacies Association Average Area 3-D Average EqDiameter Average ShapeVA3-D
ShrPor Very good reservoir quality 0.033337 0.02962 0.00089
MudSphePor 0.012133 0.02898 0.00016
MudShrPor 0.022579 0.04081 0.00061
IntracPor 0.030390 0.02955 0.00066
MudShrDolPor Good reservoir quality 0.016831 0.04230 0.88705
DolostonePor 0.050790 0.07787 0.98048
IntracDol Fair reservoir quality 0.026802 0.03759 0.00045
MudShrDol 0.011911 0.03066 0.00013
Shrsil Poor reservoir quality 0.006878 0.07793 0.00188
MudSpheDol 0.007327 0.03811 0.66146
Mudstone Nonreservoir 0.001086 0.03250 0.00012
MudSpheMtx 0.003619 0.02672 0.82055
IntracSil 0.009183 0.03220 0.97869

Abbreviations: 3-D = three-dimensional.
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Figure 14. Schematic representation of the main pore systems
of the studied rocks. (A) Pore scheme of shrubstones, repre-
sented by tetrahedral pores. (B) Schematic of pores in intraclast
rocks, represented by tetrahedra connected by lamellae. (C)
Schematic pores of muddy shrubstones, represented by lamellae,
interrupted by the presence of spherulites.

are smaller than the resolution, and the few detected
pores appear as points that are considered spherical
in the calculation. The IntracSil petrofacies also show
high ShapeVA3D values due to the pore-lining
cementation of a large part of the interparticle pores

by silica, leaving only the center of the originally
larger pores uncemented.

CONCLUSIONS

The integration of petrographic and petrophysical
data into the geologic reservoir model requires a care-
ful upscaling process that transforms microscopic and
laboratory observations into representative model-
scale properties. Detailed modeling of pore systems
is essential for optimizing hydrocarbon exploration
and production in the Santos Basin presalt because it
enables the identification of key controls on reservoir
quality, prediction of the spatial distribution of
porosity and permeability, and reduction of uncer-
tainties in the characterization of producing zones.
This enhanced understanding directly contributes to
better exploratory target selection, completion strat-
egy planning, and more efficient field development.
The analysis of Aptian presalt samples from three
wells of two fields from the Santos Basin allowed var-
ious observations and inferences regarding the pore
system, pore types, and porosity geometry in the dif-
ferent established petrofacies, as in the following.

e Petrographic and x-ray microtomography analy-
ses revealed the high complexity of the pore
systems of the presalt BVF in the Santos Basin.
The interaction of depositional and diagenetic
processes resulted in interaggregate, intra-aggregate,
interparticle, intraparticle, intercrystalline, vuggy,
fracture, and channel pores.

e The integrated application of microtomographic,
petrophysical, and petrographic analysis allowed
enhanced characterization of reservoir quality
and porosity geometry.

e Systematic petrographic characterization defined
13 petrofacies and 5 petrofacies associations
(nonreservoir, poor, fair, good, and very good).

e Petrofacies with high reservoir quality are char-
acterized by large and well-connected pores and
high porosity, whereas petrofacies with low qual-
ity have reduced porosity and smaller pores with
low connectivity, mainly due to the presence of
preserved matrix, dolomite, and silica.

e The segmentation of porosity through x-ray
microtomography allowed the visualization of
the 3-D pore systems and the quantification of
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pore sizes and their connections. Microtomography
showed excellent correlation with the classification
of petrofacies and the petrofacies associations
defined by petrography.

e Dolomitization and silicification had a significant
impact on the permeability of the petrofacies.
Petrofacies with abundant dolomite show lower
permeability values due to reduced pore throat
sizes. Petrofacies with silica exhibit low perme-
ability values and small pores.

e A detailed understanding of pore systems and
accurate characterization of petrofacies are essen-
tial for optimizing hydrocarbon exploration and
production in the Santos Basin presalt because
they are critical for upscaling and feeding reservoir
models to make them more realistic.

e Despite the advances, significant challenges
remain in characterizing the Santos Basin presalt
reservoirs. The application of digital rock tech-
nologies integrated with detailed petrography
can improve the understanding of depositional
and diagenetic controls on reservoir quality, con-
sidering the complexity of the presalt carbonate
pore systems.

e The characterization of the evolution and the
main controls on the porosity of both the in situ
and reworked presalt rocks are essential for
understanding their complex pore systems. Such
knowledge shall contribute to optimizing the
hydrocarbon exploration and production of the
main Santos Basin reservoirs, and of other equiv-
alent reservoirs in other South Atlantic basins.
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