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Abstract

Rock typing into flow units (FU) is a well-known technique for characterizing flow
heterogeneities in reservoirs. Several methods that correlate pore-throat size with
permoporosity in the core and well-log domains are available in the literature, being the flow
zone indicator (FZI) method the most used in carbonate reservoirs. The pre-salt carbonates from
the Santos Basin still present many challenges regarding the characterization of its reservoirs
due to the complexity and heterogeneities of such accumulations. Thus, from the analysis of
rock data, well log, and seismic volumes, this study aims to estimate the flow facies (FF) of the
pre-salt carbonate reservoirs, in the Santos Basin, using porosity and permeability of the nuclear
magnetic resonance (NMR) logs as input and compare them with the elemental capture
spectroscopy logs (ECS) such as calcium, magnesium, and silica in order to understand their
influence in the flow facies behavior. The main reservoirs are found in the coquinas bank
commonly known as rudstones and grainstones of the Itapema Formation, and in shrubs and
spherulites in situ, as well as reworking facies (e.g., grainstones, rudstones, floastones) from
Barra Velha Formation. It was observed that the base of the coquinas presents a tighter
carbonates behavior, which can be related to low energy and deeper environments, with lower
permoporosities, associated with the presence of fines and/or muddy sediments (e.g., mudstones
and laminites), as well as to diagenetic processes such as cementation, mainly of calcite and
dolomite. Towards the top of the formation, it observed a greater presence of coquinas with
good permoporosity and the FF with best reservoir quality, which may indicate high energy and
shallower environments, with little or no presence of fine grains. The Barra Velha Formation
has the flow facies with best reservoir quality at the base of the formation, worsening, normally,
from the middle towards the top. Silicification is a major factor in the Barra Velha Formation
that ends up influencing permoporosity, decreasing it. Also, the presence of igneous rocks is
another factor that decreases permoporosity. Diagenetic factors such as dissolution,
silicification, and dolomitization are more intense in the Barra Velha Formation. Integrating
rock, well-logs, and seismic data is the key to understanding how the flow facies can be related
to depositional environments and how the spatial location of the wells can influence their
petrophysical characteristics. From this correlation, it was possible to identify the main
behaviors, cycles, and heterogeneities observed in the Barra Velha and Itapema formations.
Furthermore, a Bayesian classification was performed to provide a quantitative analysis of the
probability of occurrence for each flow facies in a seismic section from the inversion of the
volume of acoustic impedance (PI).

Keywords: carbonate reservoirs, permoporosity, pre-salt, Santos Basin, flow facies, RQI, rock-
well-seismic, Bayesian classification.



Resumo

A classificagdo de rochas através de unidades de fluxo (FU) é uma técnica bem conhecida para
caracterizar heterogeneidades de fluxo em reservatérios. Varios métodos que correlacionam o
tamanho da garganta do poro com a permoporosidade nos dominios da rocha e perfil estdo
disponiveis na literatura, sendo o método do indicador de zona de fluxo (FZI) o mais utilizado
em reservatorios carbonaticos. Os carbonatos do pré-sal da Bacia de Santos ainda apresentam
muitos desafios quanto a caracterizacdo de seus reservatorios devido a complexidade e
heterogeneidade de tais acumulagdes. Assim, a partir da analise de dados de rochas, perfil de
poco e volumes sismicos, este estudo tem como objetivo estimar as facies de fluxo (FF) dos
reservatorios carbonaticos do pré-sal, na Bacia de Santos, utilizando os perfis de porosidade e
permeabilidade vindos da ferramenta de ressonancia magnética nuclear (NMR) como entrada
e compara-los com os perfis de espectroscopia de captura elementar (ECS), como célcio,
magnésio e silica, a fim de entender sua influéncia no comportamento dessas facies de fluxo.
Os principais reservatorios da Formacgdo Itapema sdo encontrados no banco de coquinas
comumente conhecidos como rudstones e grainstones, e na Formacéo Barra Velha em shrubs
e esferulitos in situ, como também em facies de retrabalhamento (por exemplo, grainstones,
rudstones, floastones). Observou-se que a base das coquinas apresenta um comportamentomais
fechado, o que pode estar relacionado a ambientes de baixa energia e mais profundos, com
baixa permoporosidade associada a presenca de sedimentos finos e/ou lamosos (por exemplo,
mudstones e laminitos), bem como a processos diagenéticos como cimentag&o, principalmente
de calcita e dolomita. Em direcéo ao topo da formagao, observou-se maior presenca de coquinas
com boa permoporosidade e FF com melhor qualidade de reservatorio, o que pode indicar
ambientes de alta energia e mais rasos, com pouca ou nenhuma presenga de grdos finos. A
Formacdo Barra Velha possui as facies de fluxo com melhor qualidade de reservatério em sua
bae, piorando, normalmente, do meio para o topo. A silicificacdo € um fator predominante na
Formacdo Barra Velha que acaba influenciando a permoporosidade, diminuindo-a. Além disso,
a presenca de rochas igneas € outro fator que diminui a permoporosidade. Fatores diagenéticos
como dissolucéo, silicificacdo e dolomitizacdo sdo mais intensos na nessa formacao. Integrar
dados de rochas, perfis de pocgos e dados sismicos € a chave para entender como as facies de
fluxo podem ser relacionadas a ambientes deposicionais e como a localiza¢do espacial dos
pogos pode influenciar suas caracteristicas petrofisicas. A partir dessa correlacéo, foi possivel
identificar os principais comportamentos, ciclos e heterogeneidades observados nas formagdes
Barra Velha e Itapema. Além disso, uma classificacdo Bayesiana foi realizada para fornecer

Vi



uma analise quantitativa da probabilidade de ocorréncia para cada facies de fluxo em uma se¢édo

sismica a partir da inversdo do volume de impedancia acustica (PI).

Palavras-chave: reservatorios carbonéticos, permoporosidade, pré-sal, Bacia de Santos, facies
de fluxo, RQI, relacdo pogo-sismica, classificacdo bayesiana.
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1. Introduction

Carbonate reservoirs represent around 60% of the petroleum reserves of the world
(Chopra et al., 2005) and have a crucial role in the world energetic scenario. From the
second half of the year 2000, the carbonate reservoirs in Brazil began to arouse great
interest through the discovery of pre-salt plays. The finding and production of this play
are causally related to the Santos Basin history, which has a leading part in this process.

The first exploratory well in the pre-salt section of the Santos Basin, the Parati
Prospect, was drilled in 2006 to test. Although it was discovered only gas and condensate,
which was commercially unattractive, it proved the existence of an active oil system in
that portion of the basin, indicating the existence of a new exploratory play in the Santos
Basin: the pre-salt play (Petersohn, 2013). In 2006, the discovery of the Tupi Prospect
was also announced in the deep-water section. Discovered with oil accumulation in neo-
Aptian carbonate reservoirs, the Tupi Prospect would become the first commercial
discovery of the Santos Basin pre-salt. Its area allowed this field to be considered the
largest ever discovered in Brazil so far. At the end of 2010, the commercial viability of

the Tupi Prospect was declared.

Since its discovery was announced by Petrobras in 2007, the pre-salt represents
the world’s major oil discovery of the past 50 years. Its reserves are composed of large
accumulations of oil considered light and with high commercial value. Another important
feature is high productivity. In a 2018 survey, the Agéncia Nacional do Petrdleo, Gas
Natural e Biocombustiveis (ANP) showed that the average production of the pre-salt
wells was approximately 17,000 barrels of oil per day. This represents ten times more
than the average production of wells in other offshore areas in Brazil and a thousand times
more in onshore areas. In 2020, the pre-salt reached 2.7 million barrels of oil equivalent
per day, which represents almost 70% of national production and in February 2021, the
production of 71.3% of the total oil produced in Brazil, being responsible for generating
2,044 MMDbbl/d of oil and 87.7 MMm?3/d of natural gas.

The economic importance of the carbonate reservoirs of pre-salt brings with them
the challenges related to the exploration of these rock types. Carbonates are rocks overly
complex and have great difficulties related to the characterization, production, and
management of reservoirs. They have a very heterogeneous nature due to the complex

combination of depositional and diagenetic processes to which are submitted (Dunham,
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1962). The variability of carbonate facies, which have complex textured and depositional
characteristics, results in extremely heterogeneous reservoir properties, both vertically
and laterally (Mohriak et al., 2015).

In the search for more accurate characterization of reservoirs, new data integration
methodologies of different scales have been developed, establishing correlations between
the textural, permoporous, and structural characteristics of the formations. Seismic data
provide information on the decametric scale. Meanwhile, well logs provide information
on a centimetric scale and rock data provides centimetric and millimetric scales, enabling
a more accurate interpretation of the reservoirs. Rock data includes sidewall core samples
and thin sections collected in the wells, which are described and analyzed in the
laboratory, providing a direct measure of the rocks that compound the reservoirs. The
integration of these tools is important to increase knowledge as well as help in the

understanding and characterization of these reservoirs.

In several pre-salt fields, diagenetic processes have directly altered and/or
reorganized the porosity architecture of the carbonate fabric, consequently affecting the
porosity and permeability characteristics of the reservoir rocks (Lima and De Ros, 2019).
The Itapema Formation, in the Santos Basin, reservoirs correspond to the bioclastic
deposits of bivalves, known as “coquinas”. The Barra Velha Formation contains intervals
of fascicular calcite (shrubs) and spherulitic aggregates interspersed with intraclastic
deposits that have been reworked from these precipitates (e.g., grainstones, rudstones,
packstones) and laminated strata made of syngenetic magnesian clay minerals and
siliciclastic mud (e.g., Tosca and Wright, 2014; Wright and Barnett, 2015; Wright and
Tosca, 2016; Herlinger Jr. etal., 2017; Lima and De Ros, 2019). Although these carbonate
rocks generally have high permoporous properties, they are frequently affected by
diagenesis. Among these processes, the occurrence of dissolution features and
cementation/substitution of the carbonate fabric by silica minerals greatly modify the
reservoir quality and may potentially affect the fluid flow behavior within the reservoir.
For these reasons, understanding the processes that originated such diagenetic features,
their timing, and distribution in the reservoir is crucial for the pre-salt reservoirs

characterization and modeling (Sartorato et al., 2020).

These heterogeneous and non-uniform reservoirs can be divided into multiple
homogeneous groups, called flow units (FUs). Each unit presents similarities in terms of
grain size, texture, cementation, pore distribution, porosity, and other physical
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characteristics controlled by the sediment depositional environment and diagenesis
(Altunbay et al., 1994). FUs for reservoir characterization are an effective way to simulate

fluid movement and oil-production behavior.

The understanding of variability and spatial distribution of petrophysical
properties along a reservoir in distinct lithofacies is crucial to improve reservoir
description and exploration. Each porosity within a rock type can generate a permeability
variation of several orders of magnitude, indicating the existence of multiple flow units.
According to Ebanks (1987), a flow unit (FU) is a representative elementary volume of
the total reservoir rock, within which geological and petrophysical properties that affect
fluid flow rate are internally consistent and predictably different from properties of other

rock volumes.

The premise for the grouping of flow facies is the similarity in flow characteristics
which can be affected by grain size, texture, mineralogy, cementation, bedding contacts,
permeability barriers, clay content, and petrophysical properties such as porosity and
permeability. Therefore, the depositional environment and diagenesis control the
hydraulic properties of rocks and, consequently, the reservoir quality control (Altunbay
et al., 1994 and Amaefule et al., 1993).

Due to the carbonate reservoir heterogeneities, the Flow Zone Indicator (FZI)
Method may produce many flow units, which makes 2D and 3D modeling difficult,
especially when using seismic data to restrict spatial variation (Penna and Lupinacci,
2021). Since Amaefule and Altunbay (1993) introduced the concept of FZI based on the
Kozeny-Carman model, different flow units estimation methods have been proposed
(Mahjour et al., 2017; Kadkhodaie and Kadkhodaie, 2018). Penna and Lupinacci (2020)
proposed a modification of the classical FZI permeability versus porosity core
measurements. They built and analyzed a cumulative S-curve using the Stratified
Modified Lorenz Plot (SMLP) (Gunter et al., 1997) to limit the number of flow units that
could be correlated with seismic elastic attributes and observed at large scales without

losing resolution and maintaining the geological features of the area.

After having carried out a bibliographical review of the concepts and ways of
estimating a flow unit, the present work chose to adopt the flow facies (FF) nomenclature.
The concepts, calculations, and utilities are the same, but the use of "facies™ instead of

"unit" was adopted as a way to be able to characterize the wells according to the different



facies may present. It is important to highlight that incorporating flow facies into
geological models is a difficult task because each FF shows a wide variety of
sedimentological facies, with little or no relationship between FF and carbonate facies.
That is, the same FF can be associated with different geological facies and different FFs
might have the same geological facies. The flow facies were calculated using the porosity
and permeability from the NMR log or, when necessary, from the merge of the porosity
and permeability of the sonic (DT) and NMR logs. These estimations were made in four
wells (A, B, C, and D).

This dissertation has as main objective to estimate, evaluate and compare the flow
facies obtained in the Barra Velha and Itapema formations to diagenetic processes, types
of depositional environments as well as depositional cycles found in the literature. From
the rock-well-seismic correlation, it is identified the impact of diagenesis on
permoporosity and, consequently, on the flow facies in each formation. The elemental
capture spectroscopy logs (ECS) of calcium, magnesium, and silica also play an important
role in understanding the performance of pre-salt carbonate reservoirs. In addition, a
feasibility study was carried out for the classification of flow facies in the seismic volume,
using data from upscale well logs, which were presented in the form of probability density
function (PDFs). This facies classification was performed using the Bayesian
classification, which, in short, seeks to estimate the probability of a pattern of variables,
in the case of this work, the acoustic impedance (PI), being related to a certain class, that
is, the flow facies. For this, it was necessary to define the classes as each flow facies and
their respective probabilities related to the Pl values, in addition to estimating the
likelihoods.

The steps taken to develop this work were organized into six chapters. The second
chapter contains a bibliographical review of the main aspects of the Santos Basin as well
as the formations that shelter the main reservoirs in this basin. The third chapter describes
the step-by-step methods used to estimate and evaluate the flow facies of the Barra Velha
and Itapema formations. The fourth chapter shows the methodology used in this
dissertation, a brief literature review regarding what a flow unit is and the main methods
of estimating them, and a summary of the Bayesian classification. The fifth chapter shows
the results of flow facies analysis related to the main reservoir properties obtained through
geophysical well logs, rock physics crossplots, and rock, well-log, and seismic

correlation. The sixth chapter presents the discussions regarding the results obtained in
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the previous chapter, as well as a more in-depth analysis of the diagenetic effects on the
flow facies, the possible relationships of the FFs with the different environments, and
depositional cycles in the Itapema and Barra Velha formations. Finally, the seventh
chapter highlights the conclusions and contributions of the dissertation and presents

suggestions for future work.



2. Santos Basin

The Santos Basin is the largest basin offshore and the main producer of
hydrocarbonates in the country with a production that has already surpassed the average
of 2.7 MMboe/day, appearing as one of the most important Brazilian sedimentary basins
in exploratory terms. It extends from the southern coast of the Rio de Janeiro State to the
north of the Santa Catarina State, between the latitudes of 23° e 28°S in the southeast
portion of the Brazilian passive continental margin (Carlotto et al., 2017). The Cabo Frio
high is the northern limit of the basin, and the Florianopolis high is the southern limit,
defining its borders with Campos and Pelotas basins, respectively. The Santos Basin is
one of the most extensive offshore Brazilian basins covering an area of approximately
350.000 Km? up to a bathymetric height of 3.000m (Figure 1) (Moreira et al., 2007). This
area is equivalent to almost three times the size of the Campos Basin and accounts for
more than 54% of total Brazilian hydrocarbon production according to Agéncia Nacional

do Petroleo, Gas Natural e Biocombustiveis (ANP).
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Figure 1: Location map of the Santos Basin. Source: Neves et al., (2019).

The origin of Santos Basin is connected to the Gondwana break-up and the
opening of the South Atlantic in the Late Jurassic-Early Cretaceous. These extensional
tectonics resulted in the separation between South America and Africa, controlling the
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tectono-stratigraphic evolution of the basins in the Brazilian eastern margin. (Chang et al.
1992; Cainelli and Mohriak, 1999; Mohriak et al., 2008). According to Petersohn (2013),
the tectonostratigraphic evolution of this basin is characteristic of passive margin, due to
the geological records of processes such as lithospheric distension, crustal stretching,

continental crust disruption, implantation of oceanic crust, and thermal subsidence.

In the southern basins, growing lithospheric stretching and faults promoted intense
volcanism and the formation of half-graben structures (Cainelli and Mohriak, 1999;
Mohriak et al., 2008). The stratigraphy of the Santos Basin has been studied by several
authors since the 1970s. Pereira and Feijé (1994), with few wells available in the basin,
established a chrono-stratigraphic framework in terms of depositional sequences. Moreira
et al. (2007), based on a large volume of rock and well data, updated the
chronolithostratigraphic framework with an emphasis on the individualization of
depositional sequences and divided the basin-fill history of the Santos Basin into three
super-sequences: rift, post-rift/sag, and drift (Figure 2). Initially, the weakened and thin
continental crust was strongly affected by tensional fractures that later became conduits
for magma (Herz, 1977), the intense volcanism characterized by the Camborit Formation
basalts mark the beginning of the rift phase and development of the economic basement
of the Santos Basin (Chang et al., 1992; Mohriak et al., 2008). With the gradual evolution
of the rift system, the Camborit Formation was overlain by the fluvio-lacustrine deposits
of the Picarras and Itapema formations, which are dominated by sandstones, siltstones
and shales of talc-stevensitic composition and coquinas interlayered with shales,
respectively (Moreira et al., 2007).

Thermal contraction of the crust resulted in the subsidence and collapse of crustal
domes, generating sag-type basins (Beasley et al., 2010). The post-rift/sag interval is
composed of the lacustrine carbonates deposits of the Barra Velha Formation. The
formation is limited at its base by the Pre-Alagoas unconformity, separating the lacustrine
carbonates from the older bivalve coquina-dominated lakes (Basso et al., 2020). At the
top, the formation is overlain by transitional evaporitic deposits of anhydride and halite,
locally with more soluble salts such as carnallite, sylvite, and tachyhydrite of the Ariri
Formation (Moreira et al. 2007; Mohriak et al. 2008; Quirk et al. 2013). The post-salt
deposits occurred during the drift phase, which is characterized by the development of a
passive margin and represents the definitive establishment of marine settings, comprising

the Camburi, Frade and Itamambuca Groups (Moreira et al. 2007).
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Even though Moreira et al. (2007) have introduced the formations in a passive
margin context with the typical tectonic processes distributed in the rift, post-rift, and
drift phases, they do not address in detail the issue of tectonic evolution. Thus, in terms

of phases of the tectonic framework, other works must be considered.

In this study, the litho-stratigraphic sequences that occur in the basin will be
analyzed according to their correlation to the tectonostratigraphic events prevailing at the
time. Thus, the sequences were established according to the most recent studies developed
by Wright and Barnett (2015) and Buckley et al. (2015), being divided into the lower (or
early) rift, upper rift, Sag, and passive margin (or drift) (Figure 3). Each of these
sequences was delineated according to the regional unconformities mapped in the seismic

sections.

The complexity of lacustrine carbonate deposits is due in part to the variety of
control mechanisms associated with their formation. The sedimentary input rate, tectonics
and climate in the control of eustatic variations are, in stratigraphy, common conditions
to different sedimentary environments. In this case, factors such as temperature and
chemical composition of water join the list of protagonists for understanding the lateral

distribution and vertical stacking of the facies found.

It is important to highlight the three major unconformities to understand the Barra
Velha Formation: the Pre-Alagoas Unconformity (PAU) at the top of the coquina deposits
of Itapema Formation, an internal unconformity called the Intra-Alagoas Unconformity
(IAU), and the Salt Base Unconformity (SBU) that caps the formation (Figure 3). Finally,
the basin evolved into a passive-margin basin with an early drift supersequence
represented by shallow-marine platform carbonates of the Guaruja Formation, followed
by platform drowning and deeper-water sediments of the Itanhaém Formation (Gomes et
al., 2020).

Buckley et al. (2015) affirm that it is possible to identify in seismic sections the
evolution of the rift phase to a tectonic quiescence phase, highlighting the presence of a
sag phase. They add that most extensional faults end at the base of the sag phase and can
be correlated to Intra-Alagoas unconformity, thus corroborating the statement made by
Wright and Barnett (2015) and Silva (2021).
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Figure 3: Lower Cretaceous stratigraphic chart for the Santos Basin (Adapted from Buckley et al., 2015;

Wright and Barnett, 2015; Neves et al., 2019).

Figure 4 shows a simplified stratigraphic column with the main reflectors
interpreted in a seismic section in the Santos Basin: base of the salt surface, Intra-Alagoas
and Pre-Alagoas unconformity, and economic basement. The thermal subsidence during
the sag phase promoted the development of an extensive and restricted hypersaline gulf,
which suffered episodically marine incursions, allowing the formation of thick lacustrine
carbonates successions on isolated platforms located in structural highs that were
concluded by Liechoscki de Paula Faria et al. (2017) that this actual structure was also a

paleohigh throughout Barra Velha deposition. This location remains away from the reach

of siliciclastic sedimentation (Gomes et al., 2002; 2008).
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Figure 4: Simplified stratigraphic column showing the main reflectors interpreted in the area (economic
basement, pre-Alagoas unconformity, intra-Alagoas unconformity, and base salt surface). Source: Neves et
al. (2019).

In general, the seismic facies observed by Buckley et al. (2015) and Ferreira et. al
(2019) were classified as carbonate platforms with a large areal extent marked by parallel
to subparallel reflectors of moderate amplitude and with gradational or progradational
character, isolated buildups, and buildups aligned to main fault zones which present
chaotic reflectors with moderate to low amplitudes and, platforms with the presence of
nearby evaporites with chaotic to progradational reflectors of low to moderate amplitudes
suggesting sedimentary facies related to reworking by currents or subaerial exposure.

2.1. Itapema Formation

The Itapema Formation was deposited from Neobarremian to Eoaptian and has its
base limited by the Jiquid / Buracica unconformity and its top by the Pre-Alagoas
unconformity (Moreira et al., 2007). This last-mentioned unconformity determines its
limit with the Barra Velha Formation, and it is relatively easy to be mapped in seismic
sections, presenting a regional expression that is known in both the Santos and Campos
basins. The age corresponding to the top of Itapema Formation is not well constrained but
is estimated to be around 120 and 123.1 Ma (Moreira et al., 2007).

Briefly speaking, this formation consists of conglomerates and alluvial fans
sandstones in the proximal portion and intercalations of carbonate rocks and dark colored
shales, because of the high amount of organic matter, in the distal part. According to
Moreira et al. (2007), these carbonates are composed of bivalve shells (coquinas) with
occurrences of ostracods and gastropods, described as rudstones, grainstones, packstones
and wackestones, and exhibit very similar taphonomic, sedimentary, and stratigraphic
characteristics (Chinelatto et al., 2020). The Itapema Formation is regionally equivalent

to the Coqueiros Formation of the Lagoa Feia Group in the Campos Basin (Moreira et al.,
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2007) which was developed between the Barremian-Aptian, during the rift stage of the
Gondwana break-up. The coquinas of the Coqueiros Formation have been interpreted as
lacustrine deposits located at structural highs deposited under shallow, high-energy
conditions, with facies varying between beaches, bars, bioaccumulated banks and storm
deposits (Carvalho et al., 2000; Muniz and Bosence, 2015; Mizuno et al., 2018; Oliveira
etal., 2019).

According to Kattah (2015), coquinas have become important exploratory targets
after discoveries of large accumulations in Buzios and Mero fields in the Santos Basin.
High porosities and permeabilities resulting from complex diagenetic processes have
preserved part of the primary porosity and developed secondary porosity in thick
packages, around 300-400 meters of coquinas (Thompson et al., 2015).

According to Terra et al. (2010), the coquinas are bivalve-rich rocks composed
mainly of shells and their fragments, including three types of carbonate rocks:
bioaccumulated (when the two valves are preserved, commonly with matrix);
packstones/rudstones with matrix and grainstones/rudstones without matrix (when the
valves are reworked and have no matrix). The authors emphasize that only the latter type
is constituted in reservoir rocks. Thus, the coquinas of the pre-salt reservoirs are classified
mainly as grainstones and rudstones without matrix, essentially composed of shells of
reworked bivalves. It is noteworthy that despite the emphasis given to coquinas, the shales
of this formation are also of paramount importance as they are source rocks. They were
deposited during the Jiquia floor in anoxic lake environments rich in organic matter
(Castro, 2019).

Herlinger et al. (2017) performed a petrographic study at Coqueiros Formation
from the Campos Basin. According to the authors, 9% of the samples used were
grainstones and 91% were rudstones poorly to well sorted, with a chaotic or subparallel
fabric. Bivalves are predominant in the samples and the degree of reworking is quite
variable, they are usually fragmented or dissolved and have dimensions ranging from 0.07
to 25 mm, with an average of 2.3 mm. Gastropods are present in some samples and are
generally whole and not abraded, with preserved intraparticle porosity. Ostracods occur
in smaller amounts and are typically whole, sometimes articulated, and occasionally
recrystallized. Furthermore, it is common to have intraclasts of mudstones, volcanic
rocks, and siliciclastic grains in small quantities, occurring rarely in the bioclastic

rudstones and grainstones.
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Pietzsch et al. (2018) presented and discussed a set of geochemical and
biostratigraphic data in order to reconstruct the hydrological evolution of the lakes of the
rift and post-rift successions associated with the deposition of carbonates from the Barra
Velha and Itapema formations. The authors stated that a significant contribution of
diagenesis in the samples of analyzed coquinas was discarded and that there is an
expectation that carbonates from Itapema Formation are more calcitic than those of Barra
Velha Formation In addition, they highlighted that the analysis performed, and the
generated models point to a more humid environment, due to the presence of fauna of
ostracodes, with a greater influence of a drainage system, owing to the lower
concentration of strontium observed in the analyzed data at the time that Itapema
Formation has been deposited. The simplified conceptual model illustrating the general
geology and hydrology of the lake system at the time of the sediments deposition in

Itapema Formation can be seen in Figure 5.

There are still many questions about Itapema Formation that remain open due to
the lack of studies in this formation. Despite this, a significant amount of work in the
Coqueiros Formation, Campos Basin has been carried out. In addition, some recent
studies in the Itapema Formation, such as the ones accomplished by Pietzsch et al. (2018),
Oliveiraetal. (2019) and Chinelatto et al. (2020) have been gaining prominence. Thereby,
some relevant discussions and approaches will be presented in the following paragraphs,
both on Coqueiros and the Itapema formations, thus contributing to a better understanding
of aspects such as the depositional environment and the main facies of the Itapema

Formation.

According to Guardado et al. (1989), the coquina banks were developed in
confined lacustrine environments along the flanks and low angle ridges in high deposits.
Carvalho et al. (2000) add that the paleolake of the coquinas sequence presents
characteristics of a closed and perennial to an open saline lacustrine environment. This
environment would have suffered considerable fluctuations in the water level, due to both
tectonic variations and the influence of waves and currents. In addition, an expansive
distribution of shallow-water sediments would indicate that the paleolake was strongly
influenced by the action of waves. Therefore, the coquinas would have been accumulated
due to the action of waves and currents generated by storms and the reworking, transport

and redeposition of shells as layers with or without matrix.
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2018).

According to Thompson et al. (2015), the parameters that control the development
and distribution of coquinas facies in rift-lake are quite complex and include factors such
as climate, water chemistry, basin architecture/platform morphology, catchment geology
and siliciclastic sediment influx. All these factors affect molluscan productivity and are
associated with one another. For example, lake chemistry is strongly influenced by lake
hydrology, which is in turn regulated by fluctuations in climate and evolving tectonic

regimes. Carbonate platforms develop on topographic highs created during the rifting and
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mollusks are concentrated on carbonate beaches, shoals and bars due to the shallow water,
high energy conditions (Thompson et al., 2015).

Thompson et al. (2015) highlight that the deposition of coquinas in the Coqueiros
Formation occurred in an environment with a strong influence of faults, on low-angle
ramps cut by normal faults. The authors also state that the depositional environment of
this formation can be interpreted as fluvio-lacustrine, based on the following evidence: 1)
the absence of marine fauna; 2) rapid salinity fluctuations when compared to marine
sequences; 3) the absence of sedimentary characteristics indicative of marine depositional
processes, such as tidal currents and strong wave action; 4) complex vertical and lateral
lithofacies assemblages (typical of lacustrine environments due to the high frequency of
climate oscillations); 5) the presence of minerals chemically distinctive of non-marine

settings, such as stevensite (Bertani and Carozzi, 1985a; Abrahdo and Warme, 1990).

Regarding the distribution of facies, some authors have proposed depositional
and sedimentological models related to the coquinas of Coqueiros Formation. Based on
the facies association within the coquinas sequence, Carvalho et al. (2000) defined seven
main depositional environments: 1) Bioclastic Sandy Beaches: bioclastic calcarenite units
associated with layers of silt, shale and calcilutite. These were deposited on the banks of
lakes with siliciclastic sediments mixed with the shells and transported by storm-induced
currents; 2) Calcarenitic Bioclastic Beaches: the present calcarenites consist of shell
fragments from bivalves, or rarely, from gastropods, which commonly exhibit a high
degree of abrasion and micrite content; 3) Marginal: strong presence of fine sediments
and interpreted as low gradient deposits to shallow water and low energy lacustrine
environments; 4) Bioclastic bars: there is no presence of intercalation of siliciclastics and
they are interpreted as the result of amalgamation of calcirudite layers. They suggest high-
energy environments and shallow waters, being associated with paleo-highs; 5) Bar
fringes/Bioclastic Sheets: represent debris from bivalve shells and, rarely, gastropods,
which were spread over the flanks of the bars or in areas with a gentle slope. They are
inferred as storm deposits; 6) Bioaccumulation Banks: in situ shells associated with
muddy or sandy deposits deposited in a low-energy paleoenvironment and shallow to
deep waters; 7) Deep Lacustrine: intercalations of fine siliciclastic sediments and
ostracode mudstones that were locally buried and deposited under low hydraulic energy
conditions. Thompson et al. (2015) illustrated some of these facies associations,

highlighting five main environments as can be seen in Figure 6.
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Figure 6: Schematic depositional model of the Coqueiros Formation with facies associations and their
relevant locations in the reconstruction. Alluvial fans border the fringe of the basin, in association with
topographic highs, and locally form fan deltas at the lake margin. Marl and shale are common lacustrine
sediments in basin depocentres, while coquina forms on the flanks of horst blocks and tilted fault blocks,
pinching out basinward into fine-grained sediments (Source: Guardado et al., 1989; Carvalho et al., 2000;
Thompson et al., 2015).

Based on the integration of petrography, sedimentology, and seismic stratigraphy
of the Coqueiros Formation, Goldberg et al. (2017) interpreted that throughout the rift
section of the basin, the bioclastic rudstones correspond mostly to gravitational deposits,
resedimented from structural highs to deeper lacustrine settings. In petrographic terms,
Herlinger et al. (2017) carried out a work where they analyzed, among other lithologies,
bioclastic grainstones and rudstones (coquinas). They observed that many of the samples
were described as rudstones. In addition, the primary constituents corresponded to
bioclasts of bivalves, gastropods and ostracodes, with bivalves being the main
component. The authors also pointed out that, in terms of porosity, bioclastic grainstones
had, predominantly, moldic and intercrystalline porosity. Dolomitized grainstones and
rudstones, on the other hand, were rich in intercrystalline porosity, showing a cyclical

variation in porosity ranging from moldic to interparticle.
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Herlinger et al. (2017) observed that the bioclastic rocks followed three main
evolution pathways, controlled by distinct eogenetic conditions (Figure 7). Pathway 1
was probably related to circulation of interstitial fluids undersaturated with respect to
aragonite, most likely lacustrine freshwaters during more humid periods, promoting
intense dissolution of the aragonitic bivalves, and the precipitation of calcite prismatic
rims in interparticle and intraparticle pores. Pathway 2 was promoted probably where less
dilute fluids initially allowed the preservation of the bioclasts, precipitation of calcite
prismatic rims and drusiform cement, followed by extensive dissolution of bioclasts and
generation of moldic porosity. Pathway 3 developed where limited circulation of fluids
slightly supersaturated with respect to aragonite favored the precipitation of thin calcite
rims, neomorphism of the bioclasts, and the preservation of interparticle porosity. They
add that the common alternation of intervals with predominance of neomorphism and
dissolution may indicate frequent oscillation between the environmental conditions
mentioned above. Also, the diagenetic variations may be related to climatic control of the
composition and level of lacustrine waters, or to tectonically driven hydraulic gradients

probably related to faulting along the rift margins.

In the Coqueiros Formation, the coquinas constitute reservoirs with medium
porosities in the range of 15 to 20% and medium permeability ranging from <1 mD to >
500 mD (Horschutz and Scuta, 1992). Despite the high productivity rates, the coquinas
present great heterogeneity, with deep lateral and vertical variations, which ends up
affecting the evaluation of the reservoirs. These variations are due to diagenetic,

biological, topographical, climatic and water level changes (Bruhn et al., 2003).

In general, coquinas have a textural heterogeneity that is related to the depositional
environment and the diagenetic processes affecting the sediments, resulting in
petrophysical conditions with complex pore systems and a high range of porosity and
permeability (Tavares et al., 2015; Corbett et al., 2016; Herlinger et al., 2017; Chinelatto
et al., 20184, b; Belila et al., 2018; Zielinski et al., 2018). In this context, it is necessary
to understand how and where the different coquina facies were deposited, their
relationship with diagenetic processes and, consequently, their petrophysical

characteristics.

Oliveira et al. (2019) performed a facies study and created a conceptual
depositional model of the Coqueiros Formation in the Campos Basin. The main types of

facies found by the authors are carbonate, siliciclastic rich in magnesian clay minerals
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and hybrids. Carbonate facies are defined as rudstones, grainstones, floatstones,
packstones and mudstones composed of bivalves, ostracods and rarely gastropods. The
siliciclastic facies are essentially composed of siliciclastic sandstones and mudstones,
which occur locally. Stevensitic-rich facies are composed of stevensitic clays and
sandstones. Finally, the mixture of bioclasts, siliciclastic grains, stevensite ooids and

peloids constitute the hybrid facies.

Pathway 2
Deposition and superficial micritization
of aragonitic bivalve bioclasts.
8
e
3 Pathway 1 Pathway 3
dow " Aragonite preservation Aragonite preservation.
Par;;atl,igz:gl:t el and partial cementation Minor cementation by
g by prismatic calcite rims. thin, microcrystalline rims.
Dissolution of aragonitic
Interparticle and intraparticle bioclasts. Generation of moldic Calcitization of bioclasts.
precipitation of prismatic calcite porosity and mosaic calcite Preservation of interparticle
rims. cementation in remnant porosity.
interparticle porosity.
@  Fracturing and Dissolution Dolomitization. Continued pore Recrystallization.
3. dissolution (vugular porosity). filling cementation
2 (channel porosity). l (calcite, dolomite or
v 4 silica). Silicification.
Discrete porosity Porosity generation. Porosity and
generation. High Significant permeability permeability Porosity and Porosity redistribution.
permeability. enhancement of previously enhancement. permeability Permeability destruction.
porous rocks. Limited permeability v destruction.
enhancement of previously . -
highly cemented rocks. Poroslly and permesbilty
preservation.

Figure 7: Schematic diagenetic pathways of bioclastic rudstones and grainstones, showing the impact of
diagenetic process and products on porosity preservation, enhancement, and destruction and their resulting

impact on permeability (Source: Herlinger et al. 2017).
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Oliveira et al. (2019) analyzed the primary composition of rocks of two wells
(WELL-1 and WELL-2) in the Coqueiros Formation which are plotted on a ternary
diagram quantified by visual estimation of the rock constituents (Figure 8). The vertices
of this diagram represent the compositional end members non-carbonate sediments of
extrabasinal origin, carbonate sediments of intrabasinal origin and non-carbonate
sediments of intrabasinal origin. The non-carbonate extrabasinal sediments are
represented by quartz and feldspar grains and fragments of volcanic rocks, while
carbonate intrabasinal sediments are composed by bivalves and ostracod bioclasts,
coquina intraclasts, gastropods and phosphatic fragments. Non-carbonate intrabasinal
sediments include clay peloids and ooids as well as volcanic rock fragments. Rocks with
more than 90% of a single component are defined as siliciclastic sandstones and
mudstones, stevensite/volcanic enriched sandstones, and carbonate rocks. Rocks mixed
with more than one component were designated as hybrid, which were named according
to the main composition followed by reference to the secondary principal component

(e.g., stevensitic/volcaniclastic hybrid with carbonates).

Rocks described in WELL-1 were predominantly hybrid due to the presence of
non-carbonate extrabasinal particles (usually quartz and feldspar grains) and non-
carbonate intrabasinal particles (clay ooids and peloids), besides the occurrence of
carbonate rocks composed of bioclasts and siliciclastic rocks like siliciclastic sandstones
and mudstones, suggesting a strong terrigenous influence and variation of the lake water
chemistry. In WELL-2 carbonate rocks are predominate with more than 90% of bioclastic
intraclasts, mostly bivalve shells. Igneous rock fragments occur in minor proportions. The

rare siliciclastic rocks of this well are mudstones (Figure 8).

Oliveira et al. (2019) state that the depositional environment of the Coqueiros
Formation is characterized by the presence of waves and currents in fair- and storm-
weather conditions, as well as by active tectonics. A conceptual depositional model was
proposed based on the characteristics of the two geological settings represented by the
sedimentary sequence described and interpreted from WELL-1 and WELL-2 (Figure 9).
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Figure 8: Ternary diagram proposed to classify the studied rocks, based on constituent's composition. wells
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Figure 9: Proposed depositional model of lower Aptian, rift section of the Campos Basin, based on
sedimentological analysis of wells 1 and 2 and the structural framework inherited from basement of Campos
Basin. The (A) correspond to WELL-1 located in a hybrid ramp, and (B), at the External High, WELL-2

projection, drilled over a bioclastic isolated high (Source: Oliveira et al., 2019).
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According to this depositional model, the carbonate sedimentation during the
lower Aptian, occurred in a rift lake, with high bivalve productivity associated with
basement highs providing ideal conditions for the development of bioclastic bars, which
were accumulated by storms and were reworked by fair-weather waves and longshore
currents. The structural highs were eventually exposed and eroded during lake levels
oscillations. Sandstones were deposited by turbidite currents, close to the lake border,
over the Badejo High, on a carbonate ramp affected by intense tectonic activity and
submitted to storms action. Regionally, the changes in lake chemistry may favored the
precipitation of magnesium rich clay minerals. Occasionally, siliciclastic, carbonate and
stevensitic grains were mixed by re-sedimentation in deeper environment by storms and
tectonically driven gravitational flows, forming hybrid deposits. Far from the rift border,
bioclastic sedimentation predominated on isolated highs on the External High.
Siliciclastic mudstones were deposited in structural lows during flooding events. In the
structural lows, low energy environment, mud supported carbonates dominated. Finally,
in basin grabens, carbonate mudstones interlayer with reworked sediments from structural
highs (Oliveira et al., 2019).

Recently, Chinelatto et al. (2020) developed a work based on the coquinas of the
Itapema Formation. According to the authors, these rocks have distinct textural
characteristics that are related to depositional and diagenetic processes and may end up
influencing the porous system and consequently the permeability. In addition, they claim
that understanding how the different facies are distributed and their relationship with
petrophysics is an essential study in predicting the quality of a reservoir. Thus, the authors
classify the shell beds of Itapema Formation through taphonomic characteristics, applying
the concept of taphofacies, where the patterns such as orientation of shells, degree of
packing, fragmentation, abrasion, and sorting (type of grains) were used to differentiate
shell concentrations (Figure 10). Based on their signature of skeletal elements and the
biofabric it is possible to recognize deposits influenced by storms, tsunamis, or mass

movements, or even whether these deposits formed in situ (Chinelatto et al., 2020).

Chinelatto et al. (2020) performed a geological description and facies definition
through one well core available and a total of 11.5m described from which 40 thin
sections were analyzed. Then, the taphofacies definition were made through the analysis
of well core and thin sections and classify according to the Dunham (1962) and Embry

and Klovan (1971) for carbonate rocks. From that point, six taphofacies (Tf-1 — Tf-6)
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were described and divided according to their orientation (parallel, oblique, and chaotic)
and sorting (well-sorted and unsorted) (Figure 10). Taphofacies Tf-1 and Tf-2 are,
respectively, well-sorted and unsorted grainstones/rudstones with parallel-oriented and
densely packed shells with a braded valve (Figure 23-A, B). Taphofacies Tf-3 and Tf-4
are, consecutively, well-sorted and unsorted grainstones/rudstones with oblique oriented
shells, generally well-preserved but often with high shell dissolution (Figure 10-C, D).
Finally, taphofacies Tf-5 and Tf-6 are well-sorted and unsorted grainstones/rudstones
with randomly oriented shells and densely packed deposits (Figure 10-E, F). In general,
all the well-sorted taphofacies are composed mainly of shells and their fragments, do not
show mud matrix or even shell fragments smaller than 0.2 mm, the size of valves varies
from 0.5 to 5 mm and shell fragments are the smallest components. The unsorted
taphofacies contain grains smaller than 0.2 mm, most of them peloids, and exceedingly

small shell fragments.

Chinelatto et al. (2020) related the classifications of coquinas as unsorted and
well-sorted to the environmental conditions in which they were probably deposited.
According to them, the well-sorted coquinas were interpreted as deposits influenced by
storm-induced currents and waves where the energy was sufficient to winnow the finer
grains and preserve the primary pores. The taphonomic characteristics indicate storm to
shoreface deposits, whereas in unsorted facies the energy was not enough to remove fines

grains, being generally associated with distal storm and offshore deposits.

In taphofacies Tf-1 and Tf-3, shells are oriented parallel and oblique to bedding,
an effect of high energy environments which are influenced by waves and currents. The
reworked deposits are located above the fair-weather wave-base (FWWB) as shoreface
and foreshore deposits. Taphofacies Tf-2 and Tf-4, despite displaying taphonomic
characteristics similar to Tf-1, show a high diversity of fine grains such as peloids, very
small micrite intraclasts, shell debris, and ostracods. The high occurrence of these fine
grains indicates low-energy deposits, such as restricted deposits or storm deposits located
below the FWWB. Taphofacies Tf-5 and Tf-6 are interpreted as storm-induced
concentrations, supported by the chaotic arrangement of shells, occurrence of ostracods

and an erosional base of the beds.
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Figure 10: Taphofacies based on shell orientation and sorting and some examples from core photographs
and photomicrographs of thin sections. A-B) Shells oriented parallel to the bedding: taphofacies Tf-1-Tf-
2, B) Tf-1 composed of whole and fragmented shells and coquinas intraclasts. C-D) Shells with oblique
orientation: taphofacies Tf-3-Tf-4; D) Tf-3, the white bubbles reflect the poor Epoxy impregnation. E-F)
Shells with chaotic orientation: taphofacies Tf-5-Tf-6, F) Tf-6 with peloids, small shell fragments and
intraclasts (Source: Chinelatto et al., 2020).
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Fick et al. (2018) simulated the formation of shell concentrations in flume
experiments under fair-weather and storm-weather conditions. They conclude that waves,
storm-induced currents, the breaker, and the shoaling zone control the distribution of shell
accumulation. Figure 11 provides the taphofacies interpretation of the analyzed deposits,
indicating the limits of the breaker and shoaling zones during fair-weather (Figure 11-A,
C) and storm conditions (Figure 11-B, D). During fair-weather conditions, taphofacies
Tf-1 and Tf-3 are formed at the shoreface and foreshore, while Tf-2 occurred below the
winnowing zone where peloids could find a good environment to settle. At the same time,
in restricted areas, peloids, stevensitic ooids and shells with stevensite layers are formed,
besides that, at the lake margin, microbialites and mudstones may occur.

During storm surges, the zone of reworking is wider and storm waves and currents
are capable of eroding previously deposited taphofacies (red lines in Figure 11-D).
Foreshore and shoreface coquinas may be eroded, transported, and deposited as washover
deposits with a mixture of old and fresh shells, whereas at the lake margin, the waves can
remove and transporting clay and microbialites clasts. In the deepest areas of the lake,
mudstones may have been deposited. According to the analyzed interval, the coguinas
occur between the foreshore and offshore transitional, mainly as bioclastic bars and
washover fans due to the absence of marginal or deep lake facies that may be represented

by a few carbonate intraclasts (Chinelatto et. al., 2020).
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Besides that, through the analysis of thin sections, x-ray tomography (CT), high
resolution tomography (H-CT) and Nuclear Magnetic Resonance (NMR), Chinelatto et
al. (2020) quantified the porosity of the taphofacies and classified them according to
Choquette and Pray (1970) and Ahr (2008) (Figure 12). Generally, in well-sorted
taphofacies primary pores are preserved, consisting mainly of interparticle, intraparticle,
moldic and vug porosities. The porosity control varies from depositional to hybrid 1* and
pores are generally connected. On the other hand, in unsorted taphofacies, preserved
primary porosity is uncommon and most pores are moldic and vugs. The porosity control
varies from hybrid 1 to diagenetic and the connectivity varies (Ahr 2008). Chinelatto et
al. (2020) also state that despite the textural differences between well-sorted and unsorted
taphofacies, in general, porosity is good and varies between 10 and 25%, while the
permeability has a different and expressive behavior being way lower in unsorted

taphofacies than in the well-sorted ones.

It is important to mention the influence of calcite cementation and dissolution
between the depositional, hybrid, and diagenetic controls of porosity, and the main pore
type found in each group (Figure 12), as observed in the scientific paper developed by
Chinelatto et al. (2020). In depositional control, taphofacies Tf-1, Tf-3 and Tf-5 (well-
sorted), showed great values of porosity and permeability comparable with the
taphofacies Tf-2, Tf-4 and Tf-6 (unsorted) that exhibited finer grains between the shells
reducing the interparticle porosity. In hybrid control, the cementation and dissolution may
run the improvement or diminution of porosity in all taphofacies. The authors observed
that all taphofacies showed high cementation, however, the samples that showed great
indices of dissolution were the taphofacies Tf-1, Tf-3 and Tf-5. Finally, in diagenetic
control, the Tf-2, Tf-4 and Tf-6 was dominant, the high cementation obstructed the
primary pores, and only secondary porosity was observed. Then, Chinelatto et al. (2020)
state that for these taphofacies the diagenesis reduces the primary pore, however, the

dissolution of shells and matrix will promote the moldic pores and vugs.

! based on Ahr (2008): type of porosity that is produced by depositional and diagenetic processes
and porosity mainly varies between primary and secondary.
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Figure 12: Control of porosity according to Ahr (2008), the influence of calcite cementation (C) and
dissolution (D), and main taphofacies found in each type. When the cementation prevails over dissolution
(C > D) interparticle pores are reduced, whereas C < D, vugs and molds are created (Source: Chinelatto et
al., 2020).

Besides Chinelatto et al. (2020), Herlinger et al. (2017) stated that calcite is the
main type of cement found in Itapema Formation According to them, the diagenesis
acting on bioclasts was controlled by the balance between dissolution and neomorphism,
mainly calcification of aragonitic bioclasts, favoring the generation of poorly connected
mold porosity or the preservation of well-connected interparticle porosity. Distinguishing
between neomorphism and calcite cementation is difficult most of the time. Bioclasts are
usually covered by calcite edges. Dolomitization and/or the presence of dolomitic cement
is not so common. The presence of silica occurs in 44% of the samples, but rarely exceeds
more than 2% of the total rock volume. Therefore, chalcedony and quartz occur in small
amounts, replacing calcite or, more rarely, filling moldic, interparticle, intraparticle, and

vugular pores.
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2.2. Barra Velha Formation

The Barra Velha Formation belongs to the Alagoas local stage, of Aptian age. It
is limited at the base by the Pre-Alagoas unconformity and at the top by a thick salt layer
(Ariri Formation). As previously seen, the Barra Velha Formation can be divided through
the Intra-Alagoas unconformity, into a lower part, which represents the carbonates of the
upper rift, and an upper part, which constitutes the carbonates of the sag phase (Wright
and Barnett, 2015; Buckley et al., 2015). According to Wright and Barnett (2015) the
thickness of the Barra Velha Formation varies significantly across the Santos Basin, from
more than 500 m to less than 55 m at the top of fault blocks, where it may be locally

absent.

This formation contains excellent quality reservoirs (Satzmari and Milani, 2016)
and, therefore, it has been the target of several discussions still uncertain about its
evolution, such as its depositional environment and the biotic or abiotic origin of these

carbonates.

The depositional environment of the Barra Velha Formation has been the subject
of numerous discussions since the early 2000s, being mainly about the type of
environment under which the Barra Velha Formation was deposited. First, Dias (2005)
attributed a marine depositional environment as a context for the deposition of carbonates
from the Macabu Formation in the Campos Basin (Winter et al., 2007), which is an analog
for the Barra Velha Formation (Moreira et al., 2007). Then, some authors such as Moreira
et al. (2007), Carminatti et al. (2008), Gomes et al. (2008), Formigli et al. (2009) and
Farias et al. (2019) suggested a transitional depositional environment, under the marine
influence. Later, this marine influence would be contested by Wright and Barnett (2015),
Muniz and Bosence (2015), Pietzsch et al. (2018), Herlinger et al. (2017), Lima and De
Ros (2019) and Gomes et al. (2020) who end up discarding the marine origin of the

depositional environment of the Barra Velha Formation.

There is a strong contrast between marine and lake carbonates. In marine
environments, the main controls on genetic conditions and on aspects such as stratal
architecture, seismic geometry, facies and diagenetic potential are age (Moore, 2001;
Herlinger et al., 2017), climate, type of carbonate fabric and changes in sea level
(Williams et al., 2011; Wright and Rodriguez, 2018). The deposition of lacustrine

carbonates is quite complex, being controlled by local geological configurations through
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numerous factors such as sedimentary input, temperature variations, climate, tectonics,
fauna, specific geochemical conditions, hydrological (input and output of surface waters,
precipitation, and groundwater flow) and water chemistry (Herlinger et al., 2017; Wright
and Rodriguez, 2018). This last factor plays an important role in lake environments due
to the control it imposes on several processes, including the development of microbial
communities, abiotic precipitation of carbonates (Riding 2008; Wright and Barnett 2015),
and clay minerals (Calvo et al. 1999; Pozo and Casas 1999; Furquim et al. 2008), and the

development of algae, ostracodes, and mollusks (bivalves or gastropods).

Wright and Barnett (2015) state that the absence of marine fossils such as miliolid
foraminifera and sulphate minerals such as gypsum and anhydrite show a non-marine, but
lacustrine origin. Pietzsch et al. (2018) state that the biostratigraphic components of the
pre-salt are based essentially on non-marine ostracods because of the lack of marine fauna
in these sequences and, in addition, the carbonates present higher radiogenic signals
values when compared to the Aptian marine values, also certifying a lacustrine origin for
the pre-salt carbonates (strontium isotopes can be exceptionally sensitive indicators of
lacustrine evolution). Muniz and Bosence (2015) interpreted the absence of marine and
freshwater biota and the presence of non-marine ostracodes as evidence of a brackish -

water - lacustrine environment.

Another widely discussed topic about Barra Velha Formation is the microbial or
chemical origin of its carbonates. Moreira et al. (2007), Carminatti et al. (2008) and
Carminatti et al. (2009) mention microbialites as constituent facies of the Barra Velha
Formation and Terra et al. (2010) classify such microbial textures. Muniz and Bosence
(2015) state that the carbonates in this formation are partially microbial. Wright and
Barnett (2015) state that macro and microscopic evidence of microbial involvement in
the production of these carbonates is considerably rare, defending the abiotic origin for
the succession of carbonate precipitation. According to Herlinger et al. (2017), recent
interpretations suggest that most of the Macabu Formation are chemical precipitates,
controlled by the geochemistry of alkaline lacustrine waters. Tosca and Wright (2015)
also state that evidence of microbial influence on Barra Velha Formation is absent. Lima
and De Ros (2019) cite a hybrid origin (biotic/abiotic), but with an abiotic predominance
for pre-salt carbonates. Silva (2018) adds that it is possible that carbonates from
Formation Barra Velha are the result of joint action between biotic and abiotic processes,

with an eventual predominance of one process over the other. Thus, the origin of the
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carbonates of the Barra Velha Formation is a controversial issue, which remains under

constant discussion and is far from a consensus.

Wright and Barnett (2015) claim that despite the uncertainty about the exact
chemical conditions that produce sediments of the Barra Velha Formation, it can be
inferred that the lakes in the formation were hyper-alkaline and willing to evaporation.
This statement can be supported by the strong presence of magnesium-rich clays (Mg-
clay) such as stevensite that is formed under restricted conditions with high pH (>10). In
addition, Wright and Barnett (2017) identified possible trends in carbon and oxygen
isotopic data from Barra Velha Formation that can be compared with those of Quaternary
lakes in the East African rift, corroborating the statement of shallow and evaporitic lakes

for the Barra VVelha Formation.

Wright and Barnett (2015) carried out a complete and detailed study, based on the
analysis of 1400 m of core samples and more than 3400 thin sections, on the textures and
facies of the Barra Velha Fm, in Santos Basin. The authors realized that the carbonates
comprise three main components and detrital material derived from them. Such
components are represented by shrubs (crystal shrubs), millimetre-scale fibrous laminae,
and spherulites. Shrubs are defined as millimetre- to centimetre- sized growths of dense
radiating fibrous to bladed calcite. They occur in layers, with predominantly vertical
growth positions, being commonly fragmented and mixed with spherulites to form
grainstones to wackestones (reworked facies). Also, they are interbedded and

interlaminated with spherulitic limestones and laminites and within cyclic packages.

The authors mentioned in the previous paragraph identified, in the collected
samples, cyclothems with thicknesses ranging from 0.75 to 5 m. Thus, the carbonates
were, in part, cyclically settled into symmetric and asymmetric cyclothems that exhibit
three main facies (Figure 13). Facies 1 consists predominantly of shrubs in situ. Facies 2
is dominated by spherulites in situ immersed in a matrix formed by magnesian clays
(mainly stevensite) that cover a large part of Barra Velha Formation Facies 3, on the other
hand, consists of laminated detrital limestones composed of fragments of fine sand to silt
shrubs, wackestone, and calcimudstone with thicker fragments mainly composed of
spherulitites. It is also common the occurrence of reworking formed by fragments of
shrubs, mainly in the form of grainstones. Each cyclothem begins with a sharp-based
incursion of Facies 3 capping Facies 1 (in situ shrubs), separated in some wells by a thin

grainstone composed mainly of reworked shrubs.
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Figure 13: Schematic cyclothem proposed by Wright and Barnett (2015) for the Barra Velha Formation

Wright and Barnett (2015) establish a relationship between these three facies and
the evolution of the depositional environment, seeking to determine the context in which
each lithology was preferably deposited. Facies 3 probably accumulated in some
protected environment condition or possibly below wave-base in a flooding phase, in
which some short rainfall events would occur. This facies may contain desiccation cracks
that can suggest a relatively shallow water origin, yet deeper than those of the other facies.
In addition, the authors state that the change to Facies 2 may have caused an increase in
the rate of evaporation producing highly saturated and alkaline waters that generates a
significant change in pH, corroborate by the rare occurrence of non-marine ostracodes
and fish. This might suggest that the lake may have become less hostile and with enough
fresh water to allow the species to colonize. As a result, when producing super-saturated
and alkaline waters, evaporation acted as a trigger for the precipitation of magnesium
silicates (stevensite), initially as gels, and calcite spherulites formation within these gels.
Wright and Barnett (2015) further explain that, as the rate of precipitation of the gel
decreased or ceased, the calcite crystals shrubs (Facies 1) developed and grew in the water
column, although they maintained some evidence of the ancient presence of some Mg
silicates. The reduction of the precipitation of the gel allowed the rapid growth of
structures of shrubs of calcite crystals from the asymmetric growth of spherulites in the

lake waters. The relationship between these facies can be seen in Figure 14.
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Figure 14: Model to explain relationships between the three main facies types and components in the Barra
Velha Formation. (Source: Wright and Barnett, 2015).

According to Wright and Rodriguez (2018), the shrubs and spherulites can be
reworked into a range of different textures. While the finest products of rework are
associated with laminated carbonate muds, the coarsed ones consist of well-sorted
grainstones. These authors highlight that the best reservoir facies correspond to shrubs in
situ (Facies 1) and add that well-sorted grainstones can also have excellent reservoir
quality. Furthermore, Tosca and Wright (2015) highlight that the formation and
subsequent dissolution of stevensitic clays represents a crucial factor in the production of
reservoirs with good quality. Jones and Renaut (1994) state that the alternation of calcite
or stevensite precipitation in carbonates was related to variations in the pH, Mg and Ca

ratio, saturation levels, temperature, and pCO2 in the geochemistry of lacustrine waters.

Muniz and Bosence (2015) carried out a study to analyze facies related to
carbonate deposits of Macabu Formation in the Campos Basin, which is correlated to
Barra Velha Formation, in the Santos Basin (Moreira et al., 2007). The authors
determined, from the interpretation of the borehole image logs, facies that were divided
into four groups. The first corresponds to genetically modified facies such as breccias
(BHI-1). The second refers to terrigenous facies and includes shales (BHI-2), marls (BHI-
3) and conglomerates (BHI-4). The third is related to allochthonous facies and is

represented by mudstones (BHI-5) and by packstones, grainstones and rudstones (BHI-
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6). The last group encompasses the autochthonous facies and comprises laminites (BHI-
7), stromatolites (BHI-8) and thrombolites (BHI-9).

Subsequently, the interpretation of the depositional environments corresponding
to these facies was performed, as shown in Figure 15. Such facies were interpreted as
having been formed in four lacustrine depositional environments: deep underwater,
intermediate underwater, shallow underwater and subaerial/emergent. In the deep, low-
energy, underwater environment, shales (BHI-2) and laminites (BHI-7) are present,
which were formed below the storm wave-base (SWB). Also in this environment, but in
a little shallower water, are marls (BHI-3). Thrombolites (BHI-9) are rare and were also
inserted in the deep lacustrine environment due to their occurrence in association with

other low energy facies (BHI-2, BHI-3 and rarely with BHI-8).

The intermediate underwater environment is above the fair-weather wave-base
(FWWB) and dominated by stromatolitic (BHI-8) and reworked (BHI-6) facies. Such
deposits exhibit structures that can indicate lacustrine margin environments with high to
moderate energy. The shallow underwater environment is interpreted as a shallow, low-
energy zone with limited accommodation space, where laminites are also present (BHI-
7). Finally, the sub-aerial or emergent environment is located in areas of higher
topographical relief, which is only occasionally flooded. In this environment there are
breccias (BHI-1) that are commonly covered by shales (BHI-2), marls (BHI-3), or

laminites (BHI-7), indicating transgressive events and an increase in the level of the lake.

Some authors (Carminatti et al., 2009; De Paula Faria et al., 2017) consider that
the Barra Velha Formation was originated in an environment of high relief carbonate
platforms. Wright and Barnett (2017) state that evidence such as the fact that correlations
using well logs indicate post-depositional relief, the facies model and provisional isotopic
data suggest that the Barra Velha Formation did not develop as a carbonate platform, but
as shallow, evaporitic, and alkaline lakes. Also, according to these authors, the conical
mounts interpreted in seismic can be mounds formed by chemical precipitation and/or

volcanoes.
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Figure 15: Schematic facies model for borehole image (BHI) facies based on the microbialites of the
Macabu Fm, Aptian of the Campos Basin. This scheme takes into account the lake level, the level of wave
action and the facies succession. It is also based on the observation of similar facies’ occurrence in ancient
outcrops and modern deposits, as discussed in the text. FWWB, fairweather wave-base; SWB, storm wave-
base (Source: Muniz and Bosence, 2015).

Pietzsch et al. (2018) proposed a simplified model that illustrates the general
lacustrine geology and hydrology during the deposition of the Barra Velha Formation
based on a well in the Santos Basin shown in Figure 16. The authors proposed a model
formed by shallow, broad lakes that over time became progressively more evaporitic and
alkaline, being involved with groundwater infiltration in the Basin and the geothermal
heat that tends to decrease from the rift phase to the post-rift. Groundwater recharge to
the lake probably occurred through conduits spread across the lake bottom and as
infiltration not necessarily connected to them. These fluids mixed with the main body of
water, significantly contributing to the chemical and isotopic composition of carbonate
rocks.
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Figure 16: Simplified conceptual model illustrating the Pietzsch’s model. Black arrows indicate the
groundwater’s infiltration in the lacustrine basin and red arrows represent geothermal heat. Shaded areas
propose the presence of aquifers flowing mainly through the fractured crystalline basement (Modified from
Pietzsch et al., 2018).

Wright and Barnett (2015; 2017) and Wright and Rodriguez (2018) present a
depositional model (Figure 17) based on a large volume and variety of data from the
Santos Basin, comprising petrographic samples, isotopic and well log data, thin and
seismic sections. Furthermore, the authors present strong evidence that supports the
depositional model proposed by them and by Pietzsch et al. (2018) from an environment

of extensive, hyper-alkaline and shallow evaporitic lakes.

An important work that analyzes the impact of diagenesis on the evolution of the
porosity and permeability of carbonates is that developed by Herlinger et al. (2017), in
the pre-salt carbonates of Macabu Formation The authors pointed out that the presence of
stevensitic clays was associated with calcite spherulites, more specifically, they stated
that the deposits of magnesian clays were frequently replaced by calcite spherulites due
to their chemical instability. Such occurrence is similar to that observed by Wright and
Barnett (2015) in Facies 2 of the cyclothem for the Barra Velha Formation
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Figure 17: Connected shallow evaporitic lake model consistent with facies, isotopic and thermodynamic
evidence. Seismic relief would be owing to syn- and post-depositional faulting (Source: Wright and
Rodriguez, 2018).

As mentioned earlier, Herlinger et al. (2017) address the presence of stevensitic
clays facies associated with calcitic spherulites in Macabu Formation from the Campos
Basin. When analyzing the diagenetic aspects of this facies, the authors indicate that the
deposits of magnesian clays in the sag section were frequently replaced by calcitic
spherulites (Figure 18A, B, E and F), dolomite and silica. Dolomite appears to replace
stevensite constantly and often completely replaces stevensite and calcitic spherulites.
Buchheim and Awramik (2013) in their work in the Green River Formation, Sanpete
Valley, Uinta Basin, Utah, emphasize that in cases where stevensite is found preserved it
becomes problematic, as it compromises the permo-porosity of the reservoir.
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Figure 18: Important characteristics of stevensitic claystones: A) shrunken and partially dissolved (yellow
arrow) stevensite laminations (red arrow) replaced by recrystallized calcite spherulites (black arrow) (PL).
B) Slightly shrunken stevensite (Mg-clay) laminated aggregates, partially replaced by dolomite (Dol) and
calcite (Cal) (backscattered electrons image, BSE). C) Stevensite ooid—peloid. Ooid on the left has a
partially dissolved nucleus and an outer massive texture, whereas peloid on the right has a dominantly
massive texture (BSE). D) Stevensite as ooids (black arrow) and as coatings (yellow arrow) on intraclasts
(ultra-violet fluorescence, UVF). E) Laminated stevensite aggregates (white arrow) partially replaced by
dolomite (red arrow) (UVF). F) Articulated ostracod bioclast shells (red arrow) filled and replaced by quartz
in deformed stevensite laminations replaced by mimetic dolomite (white arrow) (PL). (Source: Herlinger
etal., 2017).
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Lima and De Ros (2019) carried out a detailed petrographic study in seven wells
at Macabu Formation. The main facies found by the authors were fascicular calcite crusts,
stevensitic clays with calcitic spherulites, rudstones and intraclastic grainstones,
laminites, dolostones and cherts (totally silicified rocks). Fascicular calcite crust is the
facies equivalent to shrubs (Wright and Barnett, 2015) and stromatolites (Terra et al.,
2010).

Lima and De Ros (2019) propose a succession of facies in which laminated
magnesian clay deposits with little contribution of clay peloids and siliciclastic grains
constitute the substrate into which spherulites are chemically precipitated, replacing
and/or displacing this mainly stevensitic matrix. The closer to the water-sediment
interface, the more these spherulites grew and became asymmetric, thus originating
fascicular calcite aggregates. The distinction between spherulites and fascicular calcite
aggregates was probably defined by the greater ionic availability, precipitation rate and
accommodation space for the latter. Finally, the fascicular calcite aggregates coalesced,

giving rise to fascicular calcite crusts (or shrubs), as shown in Figure 19.

It is important to highlight that according to Armelenti et al. (2016), Herlinger et
al. (2017) and Lima and De Ros (2019), the laminated stevensitic deposits were probably
deposited in low-energy environments, while the ooids are likely to have been formed
under some agitation caused by waves or currents, with peloids probably deposited in
intermediate energy conditions. Fine-grained deposits of stevensite and other Mg-silicates
occur throughout the whole Aptian Pre-Salt succession, and their recurrent and
widespread distribution indicates that they constituted the background of sedimentation

in the wide, hyper-alkaline sag lakes.

Lima and De Ros (2019) claim that the salinity of the fluid is an important factor
in Mg-clay precipitation. The Mg-clay deposits were commonly dissolved, and/or
replaced by silica, calcite, dolomite or magnesite. The widespread dissolution of Mg-
clays in the pre-salt deposits probably occurred under eodiagenetic conditions related to
the low stability and fast dissolution Kinetics of stevensite in a scenario of high pCO2,
with a pH below 8 (Tosca and Wright, 2015). They also analyzed that dissolution of
stevensite and other Mg silicates may have occurred either by the influx of CO2 related
to magmatic and/or hydrothermal activity or by the dilution of lacustrine waters owing to
relatively more humid climatic conditions. Also, the presence of stevensite indicates that

the pre-salt lacustrine environments in the Campos and Santos Basins had high alkalinity
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(pH greater than or equal to 10), high concentrations of silica and magnesium and low
amounts of CO2. The laminated stevensite was probably deposited in a low energy
environment, while the peloids were deposited at times with increased energy from the
environment. Figure 20 is a photomicrograph that illustrates the main features in

syngenetic and diagenetic constituents of the sag section.

—~  Water-Sediment Interface (WSI) O nodraide  @IF ikt
A syngenetic Mg-clay matrix

“®  Clay pellets and siliciclastic grains

@ Calcite spherulites

Figure 19: Schematic representation of the genesis of typical Aptian Pre-salt deposits. A) Laminated
deposits of syngenetic magnesian clays,with dispersed clay peloids and siliciclastic grains; B) Partial
replacement and formation of the Mg-clay matrix by calcite spherulites. Asymmetrical spherulites formed
closer to the water-sediment interface (WSI); C) Non-coalesced fascicular aggregates of calcite precipitated
onWSI with inter-aggregate growth-framework porosity. Clay peloids and siliciclastic grains included in
some fascicular aggregates; D) Characteristic “cycle” showing the syngenetic crust of coalesced fascicular
calcite aggregates at the top, and syngeneticMg-clay matrix partially replaced and displaced by calcite

spherulites in themiddle and preserved at the base. Source: Lima and De Ros (2019).
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Figure 20: A) and B) Fascicular-optic calcite crusts intercalated (CFC) with granular deposits replaced by

dolomite (Dol); (C) Divergent calcite crystal aggregates with fascicular-optic texture; D) Stevensite
laminations (SL) replaced and displaced by blocky dolomite (BD); E) Calcite spherulites in the laminated
Mg-clay matrix replaced by dolomite; F) Partially silicified calcite spherulites (CS), displacing and
replacing Mg-clay laminations. Source: Lima and De Ros (2019).
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The most recent work developed by Gomes et al. (2020) analyzed data from eight
wells distributed along the horst structure of the Santos Outer High. According to the
authors, the main facies present in Formation Barra Velha in the Santos Basin are
mudstones (magnesian clays, calcite, dolomite and silica), spherulitites, shrubs and
reworked facies such as grainstones, packstones and wackestones. From this, a new facies
classification scheme is proposed, based on the relative abundance of three components:
mudstones, spherulitites and shrubs. The ternary diagram (Figure 21) shows the proposed
classification based on the combination of the three components where there is no
evidence of significant rework. The most abundant component provides a rock name and

the minor component provides a qualifying adjective.

The combination of more than 50% shrubs and less than 10% mud separates
spherulitic shrubstone from shrubby spherulitestone, and rocks with more than 10% mud
are divided according to the proportion of the two components. Spherulitic shrubstone
with mud and shrubby spherulitestone with mud are divided by the 50% shrub content. A
rock with less than 10% shrubs is divided according to mud and spherulite proportions
into muddy spherulitestone, if the proportion of spherulites is higher than 70% and
spherulitic mudstone otherwise. The term mudstone is applied to all samples that
comprise more than 90% fine-grained components which include Mg-clays,
microcrystalline calcite, dolomite, and silica, and the nature of the fine-grained
component can be specified by adding an adjective (Mg-clay, calcitic, dolomitic or
siliceous mudstone) (Figure 21). Besides, an adjective for the main diagenetic event can
be added, for example, dolomitic spherulitestone, silicified spherulitestone or dissolved

spherulitestone.
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Figure 21: Ternary diagram showing the facies classification for sediment generated in situ for the Barra
Velha Formation. Source: Gomes et al. (2020). Facies classification. Shrubstone: comprising fascicular-
optic calcite crust with framework porosity; spherulitic shrubstone: comprising fascicular optic shrubs,
calcite spherulites and microcrystalline dolomite with inter-particle porosity; shrubby spherulitestone:
comprising fascicular optic shrubs, calcite spherulites and microcrystalline dolomite with inter-particle
porosity; spherulitestone: comprising calcite spherulites and rhombohedral dolomite with inter-particle
porosity; spherulitic shrubstone with mud: comprising calcite shrubs, calcite spherulites and Mg-clays
locally replaced by dolomite; shrubby spherulitestone with mud: comprising fascicular calcite shrubs,
calcite spherulites and Mg-clays; muddy spherulitestone: comprising calcite spherulites and Mg-clays;
spherulitic mudstone: comprising calcite spherulites and Mg-clays; and Mg-clay mudstone. All images are
XP and were impregnated with blue epoxy resin to highlight the porosity. Modified from Gomes et al.
(2020).
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Gomes et al. (2020) also identified that there are reworked facies composed by
intraclasts (fragments of shrubs and spherulites), with grain-size varying from fine to very
coarse, moderate to poor sorting, and massive to cross-stratified units. Therefore, the
authors proposed a set of three ternary diagrams to cover all the facies recognized from
the Barra Velha Formation (Figure 22), separated into in-situ and reworked facies.
Mudstone may be in situ or reworked, and this is further classified according to

mineralogical composition.
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Figure 22: New classification scheme, comprising three triangular diagrams, proposed to describe all facies
within the Barra Velha Formation. Source: Gomes et al. (2020).

They also proposed two alternative facies stacking patterns that can be identified
in the Barra Velha reservoirs (Figure 23). The first can be characterized by a non-reservoir
interval with an upward-increasing shrub pattern transition from mudstone to spherulitic
mudstone, muddy spherulitestone, shrubby spherulitestone with mud and lastly to
spherulitic shrubstone with mud (Figure 23-a), as well as by a reservoir interval with an
upward-increasing shrub pattern from spherulitestone to shrubby spherulitestone,
spherulitic shrubstone and finally to shrubstone (Figure 23-b). The second proposal is
described as the upward-increasing spherulite pattern that would be shrub dominated at
the base, with a gradual transition upward to spherulitestone in reservoir intervals (Figure
23-d) and, in non-reservoir intervals, a gradual upwards transition from spherulitic

shrubstone with mud to mudstone (Figure 23-c). Researchers like Wright and Barnett
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(2015), Muniz and Bosence (2015), Wright and Barnett (2017), Liechoscki de Paula Faria
etal. (2017), Arienti et al. (2018), Artagédo (2018), Sartorato (2018), Tanaka et al. (2018),
Lima and De Ros (2019) and Farias et al. (2019) suggest a dominance of spherulites
within the lower part of the basic cycle and shrubs within the upper part, as it has been

shown in the facies stacking pattern of upward increasing shrub.
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Figure 23: Two models (upward-increasing shrub and upward-increasing spherulite) of facies stacking for
elementary cycles in the Barra Velha Formation based on core descriptions and two types of cycle. a) and
¢) non-reservoir and b) and d) reservoir. Source: Gomes et al. (2020).

These two alternative facies stacking patterns (Figure 23) suggested for a basic
cycle within both reservoir and non-reservoir intervals can be interpreted using concepts
derived from a traditional sequence stratigraphic approach for marine carbonate
sediments based on the changes in water depth. In lacustrine systems changes in facies
may be linked to water depth via physical controls such as the depth of wave-base,
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biological controls such as the photic zone depth and/or chemical controls such as
evaporative concentration (Gomes et al., 2020).

According to the concepts mentioned above, Gomes et al. (2020) proposed three
possible types of environments where those facies succession were deposited. The first is
the humid to arid climate model with lake-level fluctuation (Figure 24-a). In humid
climate, it is assumed that the precipitation rate is greater than that of evaporation (P >
E), so there would be an increase in the fluvial detrital input, and an increase in the lake
level, resulting in lower concentration, dilution, and a drop in pH, then, with that there
would be mudstone precipitation. In times of arid climate, it is assumed that the
precipitation rate is lower than the evaporation rate (P < E), so there would be a reduction
in the entry of fluvial detrital sediments and a drop in lake level, resulting in a lake with
evaporative concentration and a rise in pH. These conditions would lead to precipitation
of magnesian clays with spherulites and shrubs. This interpretation is a modification of
the Wright and Barnett (2015, 2017) model incorporating the detrital grain distribution.

The second is the semi-arid to arid shallow lake climate model. In times of semi-
arid climate, the precipitation rate is very close to the evaporation rate (P=E), there is less
aeolian detrital input (dust) and mudstone precipitation. In times of arid climate, the
precipitation rate is lower than the evaporation rate (P < E), there is an increase of aeolian
detrital input (dust), a reduction in the lake level, a rising in the pH of the lake, allowing
the precipitation of shrubs and spherulite, and magnesian clays with spherulites growing
therein, as seen in Figure 24-b. This interpretation is a modification of the model by Farias
et al. (2019). According to Farias et al. (2019) the lakes were formed by hybrid brines
that received influx from two sources: drainage brines containing HCO5 formed by the
weathering caused immediately after the deposition of basalts and hydrothermal brines
rich in CaCl, formed by the reaction in depth between sea water and the basalt of the
barrier by where the brine has infiltrated. So, these brines would have saturated the lake

in CaCO5 (calcium carbonate).

The third is constant lake level controlled by spill point model. In this case,
climate-induced changes alter the inflow of fluvial and aeolian detrital inputs, pH, and
stratification of the lake. As it was possible to see in previous models, at times of lower

pH the mudstones were more likely to precipitate, while when the pH was higher, that is,
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the alkalinity increased, the environment was more prone to precipitation of magnesian
clays with spherulites and shrubs (Figure 24-c).
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Figure 24: Alternative conceptual models to explain temporal variations of detrital material within the Barra
Velha Formation: a) Humid to arid climate, fluctuating lake-level model. b) Semi-arid to arid climate,
shallow lake model. c¢) Constant lake level controlled by spill point. Black arrows point at the stage of the
model for the lake x-section. Source: Gomes et al. (2020).
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Wright (2020) created a four-stage model (Figure 25) for the development of
cyclothems (Figure 13) proposed by Wright and Barnett (2015) for Barra Velha
Formation In stage 1, the lake has waters with reduced alkalinity and salinity, introducing
favorable conditions for the colonization of fish and ostracods. Also, the precipitation of
silica in the form of gels is propitious, which would later form silica nodules. The
accumulation of fine-grained carbonates implies deposition in a lower-energy setting,
probably below wave-base (Figure 25-1). Stage 2 represents the point when evaporation
triggered the formation and deposition of magnesium silicate gels, which would be the
precursors of magnesian clays. These gels are assumed to have been deposited below the
wave-base (Figure 25-2). In stage 3 there was the precipitation of calcite as spherulites
within the magnesium silicate gels below the wave-base, and locally growing up-dip as
shrubs where gels were not accumulating or had been removed by falling wave-base
(Figure 25-3). Finally, in stage 4, the deposition of magnesium silicate gels ceased,
allowing the growth of spherulites, reaching the sediment-water interface, which
originated the shrubs and may also have occurred in shallower regions. Above the wave-

base, it is common to find reworking of previously deposited facies (Figure 25-4).

As mentioned before, Herlinger et al. (2017) discuss the role of diagenesis in
Macabu Formation of the Campos Basin. The authors claim that the stevensitic deposits
were mainly replaced by spherulites, dolomite and silica. Lima and De Ros (2019) agree
and add that magnesian clays are easily dissolved and/or replaced. The primary porosity
of the shrubs and the dissolution of stevensite constitute the main reservoirs of Macabu
Formation Wright and Barnett (2017) and Herlinger et al. (2017) mention that the Mg-
matrix is later dissolved, preserving only syngenetic and eodiagenetic constituents, shrubs
and spherulites, and generating secondary porosity. Therefore, the preservation,
dissolution, and replacement of stevensite exert an important control on the quality of
reservoirs. The dissolution of the stevensite provided magnesium and silica, favoring
dolomitization and silicification, commonly observed in Barra Velha and Macabu
formations (Herlinger et al., 2017). Wright and Barnett (2021), who carried out a study at
Barra Velha Formation in the Santos Basin confirm the fact that the dissolution of
magnesian clays is a very important factor for the generation of porosity. Also, they state
that the presence of silica and dolomite, in addition to magnesian clays, spherulitites,
shrubs and reworked facies are common in the Barra Velha Formation of the Santos

Basin.
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Thus, despite the great attention that Barra Velha Formation has recently received
in the academy, it is noticed that many aspects related to its origin and deposits still remain
uncertain. Therefore, due to the complexity of the Barra Velha Formation, further analysis

of various aspects of its constitution would still be needed.
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Figure 25: Model proposed by Wright (2020) for the cyclothems from Wright and Barnett (2015) of Barra
Velha Formation, Santos Basin. WB: Wave base, LL: lake level. Vertical black arrow: Shallow depth of

lake compared to stage 1. Source: Wright (2020).
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3.  Flow units classification

According to Gunter et al. (1997), a flow unit (FU) is a stratigraphically
continuous interval of similar reservoir process speed that maintains the geologic
framework and characteristics of rock types. Rock type are representative reservoir units
with a distinct porosity-permeability relationship. These units are deposited under similar
conditions, and they have experienced similar diagenetic processes.

In this context, reservoir rock typing is an important step in any reservoir
characterization and modeling study. By definition, a rock type is defined as a set of
properties that several rocks have in common. The rock type attributes can be sedimentary
(such as lithology, fossil content, sedimentary textures, diagenesis, or general
microfacies), petrophysical (electrical logs), or reservoir parameters (porosity,
permeability, and capillary pressure). Generally, it can be stated that any meaningful
classification of reservoir rocks, which differentiates and describes them based on special
characteristics of the reservoir, can be attributed to rock typing. Such characteristics could
be related to sedimentary attitudes (sedimentary rock typing), petrophysical well logs
(electrofacies), pore system properties (flow unit), as well as can be extended to seismic
data (seismic facies). In fact, the rock typing technique can effectively be used for
unraveling the reservoir heterogeneity, for describing the reservoir zones, and for the

interpretation of fluid flow within the reservoir (Kadkhodaie and Kadkhodaie., 2018).

Rock typing into flow units (FU) plays a decisive role in the construction of static
and dynamic models of an oil field. A better understanding to predict how liquids will
infiltrate the subsurface during the reservoir's life cycle is needed in order to make the
best decisions. Reservoir characterization through flow units is an effective way to
simulate fluid movement and oil-production performance within the geological nature.
For this reason, it is important to understand the variability and spatial distribution of
petrophysical properties along a reservoir. Understanding these variations of pore
geometry in distinct lithofacies is crucial to improve reservoir description and
exploration. Each porosity within a rock type, can generate a permeability variation of
several orders of magnitude, indicating the existence of multiple flow units. In carbonate
settings, dealing with rock typing is complex and can generate a large quantity of units
because of diagenetic processes such as dissolution, cementation, and silicification.

(Penna and Lupinacci, 2020).
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The concept of flow units was first proposed by Hearn et al. (1984) where he
defined the flow units (FUs) as a reservoir zone that is laterally and vertically continuous,
having similar permeability, porosity, and bedding. Ebanks (1987) stated that the FUs
represents mappable portions of an elementary volume of the total reservoir rock in which
the geological and petrophysical properties that affect fluid flow rate, are internally
consistent, and predictably different from properties of other rock volumes. Qiu et al.
(1996) consider that a flow unit is like a fluid flow channel that occurs naturally due to
the heterogeneity of the reservoir, the baffle, and the by-pass conditions. Mu et al. (1996)
state that flow unit is a reservoir unit that is consistent with percolation characteristic due
to boundary constraints, discontinuous thin barrier layers, various sedimentary micro-
interfaces, small faults, and permeability differences within an oil body. Gunter et al.
(1997) claimed that is a continuous stratigraphic range with similar reservoir process
velocities that honor the geological structure while maintaining facies characteristics.
Dezfoolian (2013) said that variations in pore geometrical attributes can define the
existence of distinct zones with similar fluid flow characteristics. Finally, Tiab and
Donaldson (2000) said that a flow unit consists of a continuous body, along a specific
reservoir volume, where the petrophysical and fluid properties are practically constant,
uniquely characterizing its static and dynamic communication with the well. Tiab and
Donaldson (2004) add that a FU may be composed of one or more lithologies, it is
correlatable at the interval scale, recognizable from wire-line data, and may be

hydraulically connect to other flow units.

Among the available methods for identifying flow units and Rock/Pore Types in
many reservoir settings, it can highlight: (1) the Lorenz curve, (2) the K/Phie ratio isoline
graph, (3) Winland R35 (Rock/Pore Types) and (4) RQI and FZI (reservoir quality index
and flow zone indicators) (Nascimento, 2015). However, on this present study, we use
the method proposed by Penna and Lupinacci (2020) that consists of a modification of
the classical flow zone indicator (FZI) permeability vs. porosity rock typing, analyzing a

cumulative S-curve like the Lorenz method.

This section will briefly present a bibliographic review of the main methods used
to estimate Flow Units such as Flow Zone Indication (FZI) (Amaefule and Altunbay,
1993) and Lorenz by discretization of the cumulative permeability S-curve. The focus

will be on the FZI method that was the one used in this work.
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Heterogeneous and non-uniform systems are formed by multiple homogeneous
groups of FU. The premise for this grouping is the similarity in flow characteristics which
are affected by grain size, sorting, texture (packing, angularity, grain shape,
homogeneity), mineralogy, cementation, bedding contacts, permeability barriers, clay
content, pore size, pore distribution, tortuosity, and by petrophysical properties such as
porosity, permeability, and capillary pressure. Therefore, the depositional environment
and diagenesis control the hydraulic properties of rocks, and consequently, the reservoir
quality control (Altunbay et al., 1994 and Amaefule et al., 1993).

All rock typing methods mentioned above have pros and cons, especially
considering the complexity degree of the geological setting and the quantity of data
available. Nevertheless, all share a similar limitation: the lack of integration with different
resolutions and data scales. In several examples, rock typing can quantify small-scale
flow characteristics in the core and well-log domain but fails when extrapolate these
properties to the whole reservoir (Penna and Lupinacci, 2021).

3.1. Lorenz Method

Lorenz (1905) developed an equation with the aim of describing the inequality of
wealth distribution of a population using a graphical representation of income
distribution. This concept is appropriate to use in different areas of competence to
describe how heterogeneous is the sample space. From that, many authors have used this
method in petrophysics.

The traditional Lorenz coefficient used in reservoir property modeling focuses on
a plot of cumulative flow capacity (Fm) against cumulative thickness (Hm), which are
represented for Equation (1 below (Schmalz and Rhame, 1950; Craig, 1972; Lake and
Jensen, 1991; Zahaf and Tiab, 2002):

_ iz ki
Yi=tkih;

i

Fm - A )
Yicth

Hm

(1)

where k is the cumulative flow capacity and h is the depth.

According to Fitch et al. (2013), two alternative versions of Lorenz method were
developed: the first one using porosity and permeability directly and the second one using
a single property against depth increment. The basic technique is the same for each
method, i.e., to calculate the Lorenz coefficient. The cumulative of a certain property

(e.g., cumulative flow capacity, permeability, or porosity) sorted from low to high values,
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is plotted on the y-axis, and a second cumulative of another property (e.g., storage
capacity, porosity, or depth increment) is plotted on the x-axis (Figure 26). In a purely
homogeneous formation, the two cumulative properties will increase by a constant value,
giving a straight diagonal line of perfect equality (grey line in Figure 26). An increase in
the heterogeneity of the property will move the Lorenz curve further away from the line
of perfect equality. The Lorenz coefficient (Lc) is calculated as twice the area between
the Lorenz curve and the line of perfect equality, a purely homogeneous system returns a
Lc value equal to zero, and a heterogeneous system return a Lc value greater than zero,

close to one.

Property

Depth increment

Figure 26: Schematic illustration of a Lorenz plot. A cumulative of a property (flow capacity, permeability,
or porosity), sorted from in descending order (y-axis) and a second cumulative property storage capacity,
porosity, or depth increment) is plotted on the x-axis. The diagonal straight line (grey one) corresponds to
the line of perfectly equality, Lc=0, and the other lines represent Lorenz curves for increasing Lc values
until get to Lc=1 (black lines) (Source: Fitch et al., 2013).

Lorenz coefficients provide a simple, graphic-based, approach to visualizing and
quantifying heterogeneity in a dataset. As heterogeneity can only alternate between zero
and one, different datasets can be easily compared regardless the scale of original
measurements. The traditional method, normalizing data according to sample thickness,
is generally used for investigations of porosity and permeability heterogeneity in core
measurements (Schmalz and Rhame, 1950; Craig, 1971; Lake and Jensen, 1991; Zahaf
and Tiab, 2002). Sample heterogeneity will be influenced by its size (Lake and Jensen,
1991; Dutilleul, 1993), that is why this normalization is extremely important in core

studies.
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Quantifying heterogeneity in the continuous data allows a complete reservoir
succession to be analyzed, capturing the impact of bed thickness in controlling the
proportion and range of porosity and permeability values. Estimating heterogeneity from

core plugs alone would inevitably not provide an understanding of the formation.

Therefore, the Lorenz coefficient can be used as a measure of heterogeneity in a
dataset to obtain a single value of numerical variation where zero is homogeneous and
one is maximum heterogeneity. Also, can be used to compare data from different tools
(measuring either the same property or different properties), data at different scales of

measurement, and data for different reservoir types.

In petrophysical studies, the Lorenz plot is modified to variables as flow capacity

(or permeability) versus storage capacity (or porosity).
3.1.1 Stratigraphic modified Lorenz plots (SMLP)

According to Gunter et al. (1997), the Stratigraphic Modified Lorenz Plot can
evaluate the number of FUs according to cumulative storage capacity vs. cumulative
flow-capacity S-curve, ordered in the stratigraphic sequence. If the data is continuous
(smoothed), it should be constructed using every sample available. It offers a guide as to
how many flow units are necessary to honor the geologic framework. The equation to

calculate a unique value of cumulative flow capacity (kg ) is:
ky =ky (Hy — Hy) + k; (Hy — Hz) + - ki (Hj — Hiyy), (2)

where the term (H; — H;,;) is the depth difference between following samplesiand i +

1. An analogous equation calculates the cumulative storage (¢y) capacity:

@y = @, (H; — Hy) + ¢, (Hy — H3) + - ¢; (H; — Hiyq), (3)

The slope variation analysis in the segments of the ky vs ¢y plot is interpreted as
the main flow units in the dataset. Steeper parts of the curve are called “speed zones” and
relates with better quality facies in terms of flow capacity. On the other hand, flat

segments shall be interpreted as seals or baffles zones.

According to Gunter et al. (1997), the shape of SMLP curve is indicative of the
flow performance of the reservoir, and the final flow units should retain this character
(Figure 27). Segments with steep slopes have a greater percentage of reservoir flow
capacity (or permeability) relative to storage capacity (or porosity), and, by definition,

have a high reservoir process speed. They are called speed zones. Segments with neither
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flow nor storage capacity are seals or baffle zones. Preliminary flow units (speed zones,
baffles, and seals) are interpreted by selecting changes in slope or inflection points (Figure

28).
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Figure 27: Interpreted continuous Stratigraphic Modified Lorenz Plot (SMLP) (Source: Gunter etal., 1997).
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Figure 28: Uninterpreted SMLP (Source: Gunter et al., 1997).

Storage capacity and flow capacity were calculated for the Barra Velha and

Itapema formations using the Eqgs. 2 and 3 rearranging the data in crescent-depth values.
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Then, the SMLP was built plotting the normalized values of both variables, as shown in
Figure 29 (Penna and Lupinacci, 2021).

Analyzing the slope variation of the curve in Figure 29, Penna and Lupinacci
(2021) deduced a minimum number of four main FUs (black lines, lower orders) for the
reservoir of the Mero Field, although it was possible to observe more FUs as a higher-
order variation (green lines). To ensure a good correlation of obtaining flow units with
the available spatial data, in this case, the seismic data that has a lower vertical resolution,
the number of four flow units was considered ideal. Furthermore, the amount of flow
units found in the literature is restricted to four or five when the intention is to make an

upscale to the seismic domain.

Flow Capacity (mD.m)

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

Storage Capacity (frac.m)

Figure 29: Stratigraphic Modified Lorenz (SMLP) plot from the core permeability and porosity laboratory
samples. The high orders of flow units are represented by green lines and the lower order by black lines

(Source: Penna and Lupinacci, 2021).
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Penna and Lupinacci (2020) proposed an approach from the Lorenz method to
analyze a cumulative S-curve of permeability vs. porosity, which removes vertical core
and plug sampling bias present in Egs. (2 and(3. The graphic shown in Figure 30 was
constructed by porosity values sorted in increasing order and the sum of its corresponding
permeability. Then, the porosity cut-offs values to discretize the LPFU (Lorenz Plot flow

units) analyzing the changes of the S-curve slope, was determined.
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Figure 30: a) Cumulative permeability S-curve plot for the modified LPFU classification; b) the porosity

cutoffs to discretize the LPFUs were interpreted as the major changes in the slope (Source: Penna and
Lupinacci, 2020).
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It is possible to note that as seen in the SMLP (Figure 29), the cumulative S-curve
(Figure 30) also suggests a larger number of FUs to the reservoir. However, Penna and
Lupinacci (2020) chose to interpret only major changes in flow performance (i.e., greatest

slope variations in the Lorenz plots).

Thus, to construct the Lorenz’s S-Curve, the following steps were used: (a)
calculate percentiles of the porosity and permeability core and plug dataset; (b) sort
porosity values in increasing order; (c) accumulate and normalize the percentiles of

permeability values; and finally (d) calculate the slope of the curve for each sample.

The interpretation of each LPFU calculated by Penna and Lupinacci (2020)
showed in Figure 30 is like the one described above by Gunter et al. (1997). Given this,
LPFU1, where the curve does not show any detachment from the horizontal axis and none
or little cumulative permeability, can be considered a flow barriers or no-flow zones in
reservoir dynamic modeling. LPFU2 is interpreted as the beginning of the curve
detachment from the X-axis until the first ramp up of the line. This unit also has little
storage capacity but shows a better flow capacity than the first. LPFU3 and LPFU4 are
interpreted as the following meaningful changes in the slope, having better porosity and
permeability properties. LPFU3 indicates medium to good reservoir facies in terms of
fluid performance, with porosities varying from 11 to 15%, decent flow capacity. Finally,
LPFU4, presenting a steeper ramp (speed zone), is the best FU, and significantly
contributes to the reservoir-flow performance. Table 1 describes the cut-off ranges used

considering the classification in both the Barra Velha and Itapema formations.

Table 1 : FU and porosities cut-offs used in the S-curve of Figure 30.

Porosity cut-offs
LPFU1 below 6 %
LPFU2 6t011%
LPFU3 11to 15%
LPFU4 above 15 %
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3.2. Fluid Zone Indicator (FZI) Method

Knowledge of porosity and permeability distribution is crucial to effectively
define a reservoir. Many authors have noted the relevance of these parameters, both for
planning and operating completion strategies and for building representative simulation
models for successful reservoir management (Shirer et al., 1978; Stiles et al., 1988;
Chopra et al., 1987).

Since Amaefule and Altunbay (1993) have introduced the flow zone indicator
(FZI) concept based on the Carman-Kozeny model, FZI is widely used to classify rocks
with similar flow behavior in reservoirs settings. Studies have shown that the FZI is
mostly related to petrophysical properties, such as porosity, permeability, surface area,
pore size distribution, mean pore-throat size and nuclear magnetic resonance relaxation
(NMR) data (Ohen and Ajufo, 1995; Basbug and Karpyn 2007; D’Windt et al., 2018,
Dezfoolian, 2013). FZI is considered a robust method of permeability estimation and
reservoir prediction in terms of flow heterogeneities due to petrophysical correlations

between permeability and flow units.

On the classical plot, the relationship between permeability and porosity is not
causal. Whereas porosity is generally independent of grain size, permeability is strongly
dependent on grain size. For example, in a reservoir, porosity and permeability may be
directly proportional. However, in the same reservoir, there may be both high and low
permeability zones with equal porosity values. Therefore, the traditional plot cannot be
used reliably to estimate accurate permeability from porosity data. Several researchers
have noticed the inadequacy of this classical approach and have proposed alternative
models for relating porosity to permeability (Stiles et al., 1988; Dorfman et al., 1990;
Dubrule and Haldorsen, 1986; Timur, 1968; Wendt et al., 1986). It can be concluded that
combinations of different for any given rock type, the different porosity/permeability
relationships are evidence of the existence of different hydraulic flow units (HFUS).
Therefore, FZI depends on depositional texture and mineralogical content (Dezfoolian,
2013).

The hydraulic quality of a rock is a function of mineralogy (i.e., type, abundance,
morphology, and location relative to pore throats) and texture (i.e., grain size, grain shape,
sorting, and packing). Alterations of these geological attributes usually indicate the

existence of distinct rock units with similar pore throat attributes (Dezfoolian, 2013).
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Their characterization is vital to accurate zoning of reservoirs into units with similar
hydraulic properties. The mean hydraulic unit radius (,,,) concept showed in equation
below is the key to unraveling the hydraulic units and relating porosity, permeability, and
capillary pressure (Bird et al., 1960):

Cross Sectional Area  Volume Open to Flow
Wetted Perimeter ~ Wetted Surface Area’

(4)

Fmn =

Koseny (1927) and Carman (1937) considered the reservoir rock to be composed
of a bundle of capillary tubes due the concept of the mean hydraulic radius. The mean

hydraulic radius can be related to the surface area per unit grain volume (Sg), effective

porosity (¢.), tortuosity (t) and permeability (k) as follows:

k= — e 1 5
BRCETSE [wsgvl' >)

Then, the generalized form of Koseny-Carman relationship is:

3
Qe 1
k = )
(1—@e)? lFSTZS§Vl (6)

where F; is the shape factor (2 is for a circular cylinder). The term F¢t? has been

classically referred to as the Koseny constant. This constant is variable and varies between

hydraulic units but is constant within a given unit.

The problem of the variability of the Kozeny constant is addressed dividing both

sides of Eq. (6 by effective porosity (¢.) and taking the square root of both sides:

[l

However, if permeability is presented in millidarcies, then the following

RQI (pm) = 0.0314 jg, )

(7)

ok

where k is in um?2.

parameter can be defined:
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with:

__Pe
1_(pe'

Pz 9

where RQI (um) is the Reservoir Quality Index and ¢, is defined as the pore volume-to-

grain volume ratio.

The FZI rock typing is a more complex estimate than Lorenz approach because
considers the tortuosity, mean hydraulic radius, surface area per unit grain volume,
porosity, and permeability (Amaefule and Altunbay, 1993). Finally, the Flow Zone
Indicator (FZI), that is a useful approach to describe the porosity and permeability of a

pore system (Amaefule et al., 1993), is defined by:

1 RQI
FZI = =—, (10)

FTSV Pz
VFstSg

where FZI is in um.

Besides that, the FZI equation indicates that for any hydraulic unit, on a log-log
plot of RQI vs. @,, all samples will lie on a straight line with the same unit slope. Samples
with different FZI values will lie on other parallel lines. The value of the FZI constant can
be determined from the intercept of the unit-slope straight line at ¢, = 1. Samples that lie
on the same straight line have similar pore throat attributes and, thereby, constitute a
hydraulic unit (Shenawi et al., 2009).

In short, the FZI is intrinsic to a reservoir and is such that rocks or associations of
rocks with identical values are expected to have identical hydraulic behaviors. According
to Amaefule et al. (1993), it is a unique parameter that incorporates different lithological
attributes in the discrimination of distinct pore geometries and facies. Rocks with a
narrow range of FZI values belong to a single hydraulic flow unit, i.e., they have similar
flow properties (Prasad, 2003; Kadkhodaie-Ilkhchi and Amini, 2009). Besides, in this
method, the greater the magnitude of the FZI (which is directly proportional to the

permeability), the better the flow unit (better permoporosity).
3.2.1. Modified fluid zone indication (FZI) classification

Graph analysis is enough to discretize the sample space into “n” flow units.
Shenawi et al. (2009) introduced a way to automate and minimize display errors, from a
notation named Hydraulic Units (HU):
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HU = Round [2.In (FZI) + 10.6], (11)

Once the hydraulic units are calculated, each rock sample, represented by the pair ¢, and
k, will have a value of HU. Samples with the same HU value are grouped (each group has
a different coloration) so that the different flow units (FU) are individualized (Figure 31).
The best flow units are those that have the highest magnitudes of “HU”, which is directly

proportional to permeability (Nascimento, 2015).

As it was already seen, the FZI classification is a common method of reservoir
rock typing into flow units. The reservoir quality index (RQI), detailed in Eq. 8, is the net
result of the porosity contribution to the permeability, which, sometimes, are ruled by the
pore size, shape, and distribution. RQI and FZI are the key parameters for measuring the
potential of the petrophysical properties of a rock sequence, assessing the ability of the
reservoir for storing and accumulating hydrocarbons (Li et al., 2017). Nevertheless,
diagenetic factors can obliterate the primary porosity or generate connected or isolated
karsts and vuggy structures. Penna & Lupinacci (2020), as well as other authors, in their
studies in the pre-salt of the Campos and Santos Basin could show how the balance
between dissolution and neomorphism, redeposition of sediments into deep lacustrine
settings, replacement of minerals, dolomitization, silicification, and dissolution affect
many levels of porosity in Brazilian carbonate rocks (Herlinger et al., 2017; Wright and
Barnett, 2018; Lima and De Ros., 2019; Chinelatto et al., 2020; Gomes, 2020, among
others).

Considering the high level of heterogeneity in the pre-salt carbonate reservoirs,
Penna and Lupinacci (2020) built a semi-log graph from the data obtained from the typical
FZI /RQI rock typing workflow (Egs. 8 and 10) in the Barra Velha and Itapema
formations. It is possible to see the large amount of flow units generated shown in Figure
31.

Working with this amount of FU during the construction of the geologic and
dynamic modeling is categorically problematic since the FUs often do not correlate with
the stratigraphic depositional facies and 3D modeling trends are usually made in most
reservoirs characterization. Penna and Lupinaci (2020) preferred to discretize FZI rock
typing in a permeability cumulative S-curve, using percentiles of the k and ¢, dataset
(Figure 32-a) and analyzing the slope variation (Figure 32-b), like the workflow described

in the Lorenz method section. Both workflows are equivalent, apart from the fact that the
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FZI value itself is an estimate of the pore throat size. To create the FZI S-curve, it is
necessary to do the following steps: a) calculate porosity and permeability percentiles of
the core and plug dataset; b) calculate the RQI and FZI using Egs. 5 to 10 and the
percentiles values; c) order the data with increasing values of log(FZI); d) accumulate
and normalize the percentiles of permeability values; e) calculate the slope of the curve

for each sample.
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Figure 31: Usual FZI/HU workflow applied in the pre-salt carbonate reservoirs, calculating 11 hydraulic
units in the Barra Velha and Itapema formations, (source: Penna and Lupinacci 2020).

Figure 32 shows the S-curve percentiles plot of permeability versus log(FZI). The
FUs were discretized by analyzing the values of log(FZI) corresponding to major changes
in the slope, like what have done to the Lorenz plot. Four major flow units were identified
and named FZI1, FZ12, FZ13, and FZ14 (Penna and Lupinacci, 2020).

FZI1 corresponds to the initial flat segment of the curve, with poor flow
performance and, probably, a barrier or baffle zone. FZI2 relates to the initial detachment
of the curve, with reduces but considerable flow capacity in the seismic scale. FZI3 relates
to the first ramp up after the FZI2 cut-off value, and an increasingly steep curve. This is
the higher point of permeability of the reservoir rock. FZ14 corresponds to the better flow
characteristics and relates with the final step of the S-curve. Table 2 summarizes the
log(FZI) cut-offs rock typing according to the S-curve values, taken from Figure 32, using

the FZ1 method (Nascimento, 2015; Penna and Lupinacci, 2021).
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Figure 32: (a) Cumulative permeability S-Curve plot; (b) The log(FZI) cut-offs to discretize the FUs were

interpreted as the major changes in the slope.

Table 2: FU and log(FZI) cut-offs used in the S-curve of Figure 32.

Log(FZI) values
FZI1 below -0.5
FZI2 -0.5t0 0.67
FZ13 0.67to 1.49
FzI4 above 1.49

Analyzing each variation of the slope in Figure 32, it would be easy to find 11
FUs or more. However, it is important to interpret only the main changes in the percentiles
of the cumulative S-curve, because when thinking about using the flow units on a larger
scale, without losing resolution, it is necessary to limit the number of FUs to be used,

making them more likely to be subsequently detected in seismic volumes.
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4.  Methodology

This chapter details the entire workflow performed in the dissertation, including
the methodology and procedures executed to estimate the flow facies in the carbonate
reservoirs of the Barra Velha and Itapema formations. For this, data from four wells and
a post-stacking seismic volume migrated at depth (PSDM) from a field located in the
Santos Basin were used. The rock and well data are composed of geophysical well-logs,
sidewall and core sample descriptions, thin sections description, and some pictures from
core and sidewall samples provided by ANP. From the integration of these data, it was
possible to obtain reliable parameters and relevant results to the evaluation and estimation
of flow facies.

The methodology used in this work is presented in chronological order, aiming to
identify and refine possible problems that may influence the final product, which is the
flow facies estimation. All steps of the workflow were carried out for four wells (wells
A, B, C, and D). These wells were chosen based on the greater availability of the rock
description and, chiefly, the elemental capture spectroscopy logs (ECS) of calcium,
magnesium, and silica, to identify their impact on the flow facies, as well as to integrate

them with the other geophysical well-logs more effectively.
4.1. Rock typing into flow units

Rock typing into flow units (FUs) plays a pivotal role in constructing static and
dynamic models of petroleum reservoirs. FU is an important technique to define flow
heterogeneities and produce reliable estimates of petrophysical properties such as
porosity and permeability. The FUs are grouping into facies with the same petrophysical
characteristics, regardless of their geological deposition configuration or lithological

definition.

This section will discuss and show which methodology was chosen to estimate the
Flow Units, the singularities of this method, and the effort to find the one that could best
fit given the geological configurations and particularities of the field studied. Besides that
will display how the qualitative and quantitative results obtained through the flow units
in the wells are generated and their correlation to the elemental capture spectroscopy logs
(ECS) of calcium, magnesium, and silica, as well as gamma-ray, clay volume, and
acoustic impedance logs. Then, the evaluation of how the flow facies behave in a

correlation between petrophysical and elastic parameters will be presented, and, finally,
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the extrapolation of the flow facies to the seismic scale and the Bayesian classification of
these facies will be made. Figure 33 summarizes all the steps performed during the
process of estimating the flow facies of the Barra Velha and Itapema formations in the

four wells analyzed in this work.
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Figure 33: Workflow adopted for the preparation of this work.
4.1.1. Data loading and quality control

The first stage of the rock typing into flow units consisted of loading the curves

and analyzing the quality of data for each well in the study area.

Subsequently, the curve depths were verified. Well-logs from different datasets
are often not correctly aligned at all depths due to the difficulty of depth control during
acquisition. Thus, some curves showed the need to carry out the depth adjustment
performed through comparison with a reference curve based on the depth information for
each formation found in the well reports provided by ANP. In Well D, it was necessary
to adjust the depth of 11cm downwards in the ECS logs (Mg, Ca, and Si) and nuclear
magnetic resonance (total and effective porosity, permeability, and free fluid) logs. In
Well A, it was also necessary to adjust the ECS curves (Mg, Ca, and Si) and the
permeability curve by NMR. The depth adjustment in this well was done by merging the
curves performed in different runs, thus reaching the depth present in the well reports.

An important aspect verified in this step was the sampling rate of each curve. To
execute the calculation of several parameters, such as clay volume, porosity, permeability

and to perform crossplots and charts, the input curves need to be in the same dataset.
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However, the program does not allow curves with different sampling rates to be allocated
in the same dataset, requiring their resampling. Thus, to join the curves with different
sampling rates a resampling was made, putting the curves with a lower sampling rate (best
sampled) in datasets with a higher sampling rate (worst sampled). Otherwise, data could

have been created and this is not appropriate.

Table 3 shows an assessment of the main geophysical logs used in this work that

were available in the wells. After this survey, it was found that the four wells had the ECS

logs of silica (Si), magnesium (Mg), and calcium (Ca), and three of them have thin-

section data and sidewll samples description (Table 4).

Table 3: Table with information on the main well logs found and used in the wells presented in this work.

wells well-logs

CAL| GR |RES |DEN | DT |[NMR| Ca | Mg | Si

A X X X X X X X X X
B X X X X X X X X X
C X X X X X X X X X
D X X X X X X X X X

Table 4: Table with information from the main reports and images present in each well used in this
dissertation.

Thin

: : Sidewall Sidewall Lab.
wells S i SEC1.ZIOI:1 samples . el samples = Porosity and
log el description Images images  permeability
and images
A X X X X X
B X X X X X
C X X X X X X
D X X X X X X X
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It is worth mentioning that the central point of this work is not to analyze in detail
the descriptions of each of the thin sections, as well as the sidewall core and plug images.
Instead, the focus is on estimating and evaluating flow facies at larger scales such as well-
log and seismic scales. However, it is extremely important to understand and bear in mind
the main characteristics that can be found in the descriptions of rock samples in order to

discover their diagenetic history that ends up influencing the estimates of the flow facies.

Figure 34 shows the layouts with the ECS logs that were used as a constrain in
order to choose what wells would be performed in this work. Therefore, we used four (A,
B, C, and D) over ten wells available in the pre-salt section of the Santos Basin. It is worth
mentioning that this figure has the distance between the wells, but it does not have the
horizontal scale or the spatial position of each well.
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Figure 34: Layout of the four wells used in this work, respecting the geographic location in the S-N
direction: Well A, B, C, and D. Track 1 and 2: depths in true vertical depth subsea (TVDSS) and true
vertical depth (TVD), respectively; Track 2: formations (Barra Velha and Itapema); Track 3: Caliper log
(HCAL) in orange and gamma-ray log (GR) in black; Track 4: ECS logs of silica (yellow), calcium (blue)
and magnesium (red). The figure does not have the horizontal scale or the spatial position of each well.
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Another extremely important step in the quality control of the well logs is the
preliminary analysis of the caliper log (HCAL). Through this analysis, it is possible to
identify whether the information extracted from the interpretation of well logs is reliable
or not. This geophysical well log plays an important role in the quality control of the
curves by providing information about the diameter of the well. Such information allows
the identification of possible areas of invasions and washover that can affect the responses
of the geophysical logs. Besides, this step turns out to be important due to the significant
presence of igneous rocks in the study area that can be related to alterations in caliper
values, indicating washover zones that can compromise the reading of tools that are
sensitive to any changes in the wellbore wall. As the estimations of the flow units directly
depend on the petrophysical logs (porosity and permeability), a careful analysis of these
logs must be carried out in an attempt to identify anomalous values that can compromise
the final result of the FUs. Thus, the analysis and identification of variations in the caliper
were performed for each of the wells, aiming at recognizing possible alterations that could

compromise the responses of the logs.
4.1.2 ldentification and interpretation of lithologies

In the reservoir characterization process, the use of well logs is important to
identify and interpret the lithologies. In this work, the classification was made by
consulting the thin section’s description, composite log’s description, the Final Report’s
description, and through the interpretation of geophysical logs, such as gamma-ray (GR)
and photoelectric (PEFZ) combined with other logs.

Then, based on the responses of the GR and PEFZ, as well as the responses of the
other logs, when necessary, and the descriptions of sidewall sample and/or core data, an
attempt was made to establish a relationship between the behavior observed in the well
logs and the main lithologies described from the rocks. Thus, the main types of lithologies
present were identified and determined. From this information obtained by the integrated
analysis of rock and well-log data, as well as by the available reports, the limits of the

Itapema and Barra Velha formations were defined.
4.1.3. Rock properties estimation

At this stage, estimations of rock properties were performed using the main
geophysical logs required. The permeabilities used in this dissertation were estimated by
the Timur-Coates method (Kenyon, 1997; Kenyon et al., 1988; Coates et al., 1999) for
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both the NMR and the sonic logs. In addition, porosity was also calculated by the sonic
log, the clay volume (Vclay) by the Larionov (1969) for the old rocks method using the
gamma-ray (GR) curve as input parameter, and, finally, the acoustic impedance (PI) was
estimated using the sonic (DT) and density (RHOZ) logs and will be detailed in the “rock

physics crossplot” section.

Estimating the physical properties of the rock is an extremely important step for
the evaluation of the wells. The porosity and permeability curves from the Nuclear
Magnetic Resonance (NMR) method were mostly used due to the good correlation they
presented with the laboratory data provided by the ANP. However, due to the possible
influence of igneous bodies, and their natural fractures, on the responses and reliability
of the tools, in some wells, porosity and permeability were also estimated by the sonic
(DT) log.

The development and application of nuclear magnetic resonance (NMR)
techniques in the evaluation of formations provide relevant information about the pore
space and the distribution and behavior of fluids in the pores (Schon, 2015). The porosity
coming from the NMR tool is essentially independent of the matrix, that is, the tool is
only sensitive to the fluids in the pores. Boyd et al. (2015) state that this property makes
the porosity determined from the NMR log the most frequently used, when available,
especially in a geological context as heterogeneous as those found in the pre-salt

carbonates.

NMR logs are effective in predicting permeability (Coates et al., 1999; Dunn et
al., 2002) and porosity (Schon, 2015). The permeability models derived from the NMR
log are based on a combination of empirical and theoretical relationships. They are
typically calibrated in a zone of interest and verified, where possible, with rock data. The
most used models are known as SDR (Schlumberger-Doll-Research) and Timur-Coates
(Kenyon, 1997; Kenyon et al., 1988; Coates et al., 1999). It is important to highlight that
in this work only the permeability based on the Timur-Coates equation (1968) is used and
it is described as:

kra = (2)

BVM\ "2
x (—> , (12)
G BVI
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where BVI is the bound fluid index, BVM is the free fluid, @ is the total porosity, and C, m,
and n are parameters of the statistical model, whose values can be derived from

experimental NMR data obtained from lateral samples and/or cores.

The free fluid (BVM), total porosity (PHIT), effective porosity (PHIE), and
permeability (KTIM) from NMR were calculated by the companies responsible for the
acquisition based on cutoff values determined from laboratory measurements. To verify
the reliability of the curves provided by the companies, the effective porosity and
permeability curves were compared with the porosity and permeability values measured
in the laboratory for the four wells. This comparison can be seen in Figure 35.

The sonic log (DT), also known as slowness, transit time interval, and/or acoustic
log, measures the time that a compressional sound pulse takes to cross a given distance
in a given element (Kearey et al., 2009). Generally, the unit of this measurement is
expressed in us/ft (microseconds per foot) on a scale of 140 to 40. When considering the
propagation of compressional waves through two similar rocks, the one that contains
more fluids inside the pores, that is, greater porosity will result in a longer transit time

(At) than the other with less fluids, and therefore, less porosity (Girdo, 2004).
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Figure 35: Effective porosity of the NMR (PHIE_NMR) log and petrophysical porosity from laboratory
measurements (track 4) and permeability of the NMR log (KTIM) and petrophysical permeability from

laboratory measurements (track 5) of Well A.

Often, the sonic log shows a direct relationship between the wave propagation
time and the porosity of rocks. However, the estimation of porosity by DT log may have
a factor that reduces the reliability of this tool, which is the presence of clay. The possible
presence of clay in the permoporous layers increases the amount of interstitial water
(water pressured by capillary action), attenuates the speed of sound, and increases the

recorded At, and as the increase in transit time is associated with increases in porosity,

the tool can end up recording unreliable results in muddier areas.
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The total porosity estimated from the sonic log, in consolidated sandstones and
carbonates with intergranular and intercrystalline porosity, can be calculated by the
following equation (Wyllie et al., 1956):

Atjpg — Atpa

—°¢ 13
At; — Aty (13)

@¢pT =

where At,,, is the transit time interval in the rock matrix, At; the fluid transit time, and

At)og the formation transit time. The calculation of effective porosity through the sonic
log (¢e,pr) IS given by:
@PepT = PtDT — (Vclay X (Pt,DT,clay)' (14)

From these estimates, it was possible to calculate the permeability (KTIM pr)

using the Coates Equation (1999) for clean zones:

1 — Swirr\?
KTIM pp = k. X PHIE pr* X (—) 15
DT ¢ DT Swirr (15)
else:
PHITpr — PHIEpy X Swirr)?
KTIM pp = k. X PHIE 4><< ) 16
BT = Te -bT PHIEpT X Swirr (16)

where PHIT pr and PHIE pt was named as the total and effective porosities from sonic

log (DT), respectively, Swirr is irreducible water saturation and k. is a constant.

The existence of fines grains/clay in reservoir rocks is a factor that can hinder the
evaluation of the formation, as their presence can obstruct the porous connections,
considerably reducing the porosity and permeability values and negatively impacting the
productibility of hydrocarbons (Lebre, 2019). Thus, depending on the fines/clay content
in a given region of a formation, this may represent a reservoir of low permo-porous

quality.

One of the most used methods to determine the clay volume is based on the use
of the gamma-ray log (GR). Thus, for comparison purposes and to aid in the quantitative

analyses, the clay volume was calculated for the four wells using the GR log as input.

Initially, the gamma-ray curve was analyzed in order to provide the necessary
parameters for the calculation of the Gamma Ray Index (IGR), used in conventional clay

estimation calculations (Vclay):
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GR - GRppip
IGR = . 17
GRmax - GRmin ( )

Based on the age of the rock, the Larionov equation (1969) for old rocks was used

to determine the clay content:
Velay = 0,33 [220%IGR — 1], (18)

The analysis of the clay volume curves, obtained from equations Egs. 18 and 19,
together with the gamma-ray, nuclear magnetic resonance, as well as ECS logs helped to
understand and identify the zones where it was possible to find the worst and best flow

facies.
4.1.4. Influence of igneous bodies

The pre-salt carbonates in the Santos Basin are known for their uniqueness and
the complex environment that was formed, so it is already expected that challenges will
be encountered when working in the fields from this basin. In some oil fields, in the deep-
water portion in the Santos Basin, there are several occurrences of igneous rock observed

during the process of well-drilling (Penna and Lupinacci, 2021).

The presence of igneous bodies along the reservoir layering is a matter of concern
for production and reservoir management (Zhao et al., 2019). Identification and
characterization of igneous rocks have been a strategic task for the development of oil-
producing areas in Brazil. The impact of magmatic emplacement on the depositional
history of a sedimentary basin directly influences processes of both generation and
migration of hydrocarbons (Rodrigues, 1995; Thomaz-Filho et al., 2008), the
establishment of structural patterns for trapping hydrocarbons, and the generation of
favorable reservoir conditions induced by the diagenetic evolution of pore water-related

to hydrothermal vents processes (Planke et al., 2005; Holford et al., 2013).

Extrusive and intrusive igneous rocks can act like flow barriers and even as
permeability corridors if fracturing is high enough (Penna et al., 2019). The studies
carried out in the field of study, so far, have identified five wells out of ten evaluated with
the presence of igneous bodies, and in this present work two of four wells (Figure 36 and
Figure 37) showed the presence of these rocks. Therefore, it is important to analyze how

they may affect the well log responses.
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The presence of igneous rocks can affect the feasibility of some specific tools such
as the NMR and HCAL logs due to the high incidence of natural fractures that may be
related to these rocks. In most cases when igneous bodies are detectable, the caliper
breakout may be evident due to the high level of faults and fractures caused by magmatic
events (Zhao et al., 2019). The NMR tool is extremely sensible to washover zones since
is placed and runs close to the wellbore wall (Coates et al., 1999), and for that reason, any
change or event that occurs near the wellbore wall can affect its good functioning.
Moreover, the NMR log is a measure of the magnetic field through the relaxation time of

spins, and due to the presence of ferrous materials, these spins may respond unexpectedly.

On the other hand, the sonic tool works centered, and the pads do not touch the
wellbore wall, being more reliable to measure and evaluate the porosity and permeability
in intervals with the presence of igneous rocks and caliper breakout. It is important to
highlight that in the presence of washover zones, the reliability of both tools is
compromised, but in the next section will be possible to identify that the DT log presented

more coherent responses in these intervals.

It is noteworthy that the main goal of this work is to estimate the flow facies and
their responses in the pre-salt carbonate reservoirs. As the presence of igneous rocks is a
reality in the analyzed wells, there is a need to identify them and perform quality control
of the geophysical logs responses, evaluating whether the results obtained by these tools

are optimistic or pessimistic and if they hinder or not the estimation of the flow facies.
4.1.5. Split and merge tools

For the purpose of generating more reliable flow facies estimates, the split and
merge of the porosity and permeability curves from DT and NMR logs in intervals with
the presence of igneous rocks were performed. In summary, this means that at igneous

intervals it was utilized the sonic log and for the rest the NMR log was used.

Figure 36 andFigure 37 show examples of the split and merge tools that were used
in the porosity and permeability logs at intervals with the presence of igneous bodies and
caliper breakout for the two wells (B and D, respectively) used in this dissertation.
Analyzing the PHIE_NMR (effective porosity by Nuclear Magnetic Resonance) and
PHIE_DT (effective porosity by sonic) logs it is possible to notice, in the same interval,

different responses for each tool. As mentioned earlier, the NMR tool is overly sensitive
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to washover zones that, in this case, may be related to the presence of igneous rocks.
Therefore, NMR logs may have unreliable values for these specific intervals.
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Figure 36: Layout with well-logs used to merge the porosity and permeability curves in Well B. Tracks: 1
and 2) depth by TVDSS and TVD, respectively; 3) formations (Barra Velha and Itapema); 4) gamma-ray
(GR_EDTC) and caliper (HCAL); 5) Composite log lithology; 6) porosity by NMR (PHIE_NMR); 7)
porosity by Sonic (PHIE_DT); 8) merged porosity (PHIE_merged); 9) permeability by NMR
(KTIM_NMRY); 10) Sonic permeability (KTIM_DT); 11) merged permeability (KTIM_merged).
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Figure 37: Layout with well-logs used to merge the porosity and permeability curves in Well D. Tracks: 1
and 2) depth by TVDSS and TVD, respectively; 3) formations (Barra Velha); 4) gamma-ray (GR_EDTC)
and caliper (HCAL); 5) Composite log lithology; 6) porosity by NMR (PHIE_NMR); 7) porosity by Sonic
(PHIE_DT); 8) merged porosity (PHIE_merged); 9) permeability by NMR (KTIM_NMR); 10) Sonic
permeability (KTIM_DT); 11) merged permeability (KTIM_merged).

The red and the purple squares highlighted in both Figure 36 and Figure 37 show
that the NMR porosity and permeability logs reach anomalous values presenting several
spurious points (spikes). On the other hand, the DT porosity and permeability logs have
more optimistic values in these intervals, being considered a more reliable tool to be used
in these specific zones. Thereby, it is necessary to evaluate and carry out quality control
at intervals with the presence of igneous rocks, especially in the porosity and permeability
curves which are the input parameters to estimate the flow facies. If the anomalous values

of porosity and permeability recorded by the NMR log in these intervals were considered,
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the generated flow facies would be overestimated and would end up not representing
reliably the flow characteristics of the area.

After performing the individual analysis of the logs and their respective responses
at each interval, a sort of “cut” (split) was performed in the porosity and permeability logs
in the areas where the presence of igneous rocks was identified. After completing this cut,
the PHIE_DT and KTIM_DT curves in the igneous areas and the PHIE_NMR and
KTIM_NMR for the rest of the formation were placed on the same track in order to merge
the curves. The PHIE merged and KTIM_merged logs represent the porosity and
permeability curves with the merged done, which consists of the union of the PHIE_DT
and PHIE_NMR logs as well as the KTIM_DT with KTIM_NMR.

Then, in short, in the wells with igneous rocks and washover zones the
methodology used was: PHIE_DT and KTIM_DT for the igneous intervals and
PHIE_NMR and KTIM_NMR for the rest. The PHIE_merged and KTIM_merged are the
junction of these two curves, forming the final curve used in the estimates of flow facies
in Wells B and D.

4.1.6. Flow facies estimation

As already pointed out in section 3, several methods for reservoir rock typing into
Flow Units are available in the literature and each one has its limitations and advantages
depending on the complexity of the geological settings. Every method is a pursuit to find
a connection of the pore-throat size, that is, between permeability (k) and porosity (¢). In
this work, it was decided to use one of the most popular correlations that express k as a
function of ¢ found in Kozeny's equations which were developed by Kozeny (1927) and

Carman (1937) also known as the Carman-Kozeny model.

Amaefule and Altunbay (1993) introduced the Flow Zone Indicator (FZI) concept
derived from the Carman-Kozeny equations, being widely used to classify rocks with
similar characteristics and behavior. The FZI method is considered a robust method of
permeability estimation and reservoir prediction in terms of flow heterogeneities, due to
the petrophysical correlations between permeability and Flow Units (Aggoun et al., 2006;
Pritchard et al., 2010; Emami Niri and Lumley, 2016; Iravani et al., 2018).

Thus, in the present work, the focus will be directed to the FZI method. In the FZI
analysis, the first step is to calculate the Reservoir Quality Index (RQI), defined in section

3.2 by Eq. (8, where ¢, and k is represented by the effective porosity and permeability
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of the nuclear magnetic resonance (NMR) logs, respectively, and when igneous rocks are
present, the merged porosity and permeability will be used. After that, the FZI is
calculated by Eq. (10). Taking the logarithm on both sides and rearranging the equation,

the result is:
log RQI = log FZI + log ¢,. (19)

Considering Eq. (19), it can be assumed that a constant value of FZI produces an
inclined straight line in the log-log plot of RQI versus ¢,. All samples with similar FZI
values will lie on a straight line with a unit slope. Samples with different FZI values will
lie on other parallel lines. The constant value of the FZI can be determined from the
intercept of the unit slope straight line at ¢,=1. Samples that lie on the same straight line
have similar pore throat attributes and, thereby, constitute a flow unit (Amaefule and
Altunbay., 1993).

It is worth highlighting that there was not enough data to estimate the cut-off
values for the field studied in this dissertation, so it was decided to adopt the values found
in the article developed by Penna and Lupinacci (2020), also found in Table 5. The
authors used percentiles and a cumulative S-curve from approximately 500m of core
samples taken in different stratigraphic intervals. This dataset was composed of 1700
laboratory core and plug samples of porosity and permeability from 17 wells containing
both Barra Velha and Itapema formations in the pre-salt of the Santos Basin. They
proposed a methodology for better calculating the seismic derived petrophysical volumes,
characterizing large-scale flow characteristics of the reservoir considering flow units as

constraints.

Penna and Lupinacci (2020) calculated a significant number of flow units that
correlates with seismic elastic attributes and respond to the large-scale flow
characteristics in the reservoir, maintaining part of the local flow complexity. Within each
FU, they established petrophysical relations that calculate more accurate the seismic 3D
volumes derived from porosity and permeability and compared to volumes calculated
using sedimentological k-® relations. Samples with similar flow characteristics and,
consequently, similar FZI values, cluster around a corresponding unit slope, determining
a FU. Samples with different FZI values are plotted on different parallel lines and grouped

in distinct flow units.
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The cutoff values of each FU were defined by the calculations developed by Penna
and Lupinacci (2020) taken from Gunter et al. (1997), which are based on the SMPL
(Stratigraphy Modified Lorenz Plot) method that uses the Storage Capacity and Flow

Capacity. The SMLP was constructed by plotting the normalized values of both variables,

as shown in Figure 29.

The analysis of each FU is accomplished by observing the slope of the curve: flat
segments correspond to seals or baffle zones, as they may present some level of porosity,
but have no contribution of permeability. Steep segments correspond to “speed zones” of
the reservoir, they can have low or high porosity, but provide major contributions to the

reservoir flow performance in terms of fluid movement (Figure 32).

It is possible to measure different scales in the SMLP plot. There are higher and
lower orders of slope variations, Penna and Lupinacci (2021) considered the number of
four main FUs in a lower-frequency (black lines) as a minimum number of units, even
though it is possible to observe more FUs as a higher-frequency (green lines) order
(Figure 29). Besides, they set down this number of four FUs to guarantee a better
correlation with the seismic data which has a lower vertical resolution. It is worth
mentioning that in the literature when the main goal is to do an upscale and identify the
flow units in the seismic volume, the maximum number of FUs found are between 4 and
6 (see Ratergarnia et al., 2016; Aggoun et al., 2006; Dezfoolian., 2013; Hatampour et al.,
2014).

Due to the high heterogeneity of the field that ends up producing a large number
of FU, Penna and Lupinacci (2020) preferred to discretize the FZI rock typing in the
permeability cumulative S-curve, using percentiles of the permeability and porosity
datasets and analyzing the slope variation, like the workflow described in section 2. The

steps to build an FZI S-curve are:
I. Calculate porosity and permeability percentiles of the core dataset.

ii. Calculate RQI and FZI values using Egs. 8 and 10, and the percentiles

values.
iii. Order the data with increasing values of Ln(FZI).
iv. Accumulate and normalize the percentiles of permeability values.

V. Calculate the slope of the curve for each sample.
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Figure 32 shows the RQI/FZI S-curve percentiles plot of permeability versus
Ln(FZI) (Figure 32-a) with the corresponding slope variation (Figure 32-b). Two ranges
are observable in the derivative data: one on a small scale (higher-order) related to metric
variations, and the other on a large scale (lower-order) related to decametre variations.
The four decameters flow units (FU) were discretized by analyzing the values of Ln(FZI)

corresponding to major changes in the slope.

It is important to mention that this dissertation is going to use the flow facies (FF)
nomenclature to characterize the wells according to the different facies associated with
the flow performance they may present. The flow facies concept that will be used in this
work is based on the flow units model described above. Therefore, the four flow units
identified in the work developed by Penna and Lupinacci (2020; 2021) will be called flow
facies and will be divided into FF1, FF2, FF3, and FF4.

FF1 is considered a barrier zone with near-zero permeability. FF2 relates to the
initial detachment of the curve, with very reduced flow capacity in the decametre scale.
FF3 corresponds to the first ramp up after the FF2 cut-off value and an increasingly steep
curve being able to represent a reservoir rock with good permeability and flow
performance. Lastly, FF4 corresponds to the better flow characteristics and relates to the

final step of the S-curve (Figure 38) (Penna and Lupinacci, 2020). The cut-offs values of

Ln(FZI) and its corresponding colors used for the segmentation of each rock typing are

shown in Table 5.

Thus, the cut-offs for the flow units pre-established by Penna and Lupinacci
(2020) were applied to well-log data to estimate the flow facies (FF). It is important to
highlight that incorporating flow facies into geological models is a difficult task because
each FF shows a wide variety of lithological facies, with little or no relationship between
them. That is, the same flow facies can be associated with different geological facies and

different flow facies might group the same geological facies.
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Figure 38: (a) Cumulative permeability S-Curve plot; (b) The Ln(FZI) cut-offs to discretize the FF were

interpreted as the major changes in the slope (Modified from Penna and Lupinacci, 2020).

Table 5: FUs and Ln(FZI) cut-offs used in the S-curve of Figure 38.

Flow facies Ln (FZI) cutoffs values

below -0.5

-0.5t0 0.67

0.67t0 1.49

above 1.49
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4.1.7. Qualitative and quantitative classifications of flow facies

Carrying out the qualitative and quantitative classification of the flow facies in
carbonates, which are rocks with little variation of chemical composition, texturally
complex, heterogeneous, and strongly affected by diagenesis, it was necessary to consider
the geophysical well logs that may help to identify the presence of some diagenetic
activity. Therefore, rock data such as thin-sections and sidewall core samples, in addition
to ECS logs (Mg, Si, and Ca), clay volume (Vclay), gamma-ray (GR), porosity,
permeability, and acoustic impedance (P1) were the main well logs used in the qualitative
and quantitative analyzes. The gquantitative response of the well-logs, together with the
analysis of the rock data, helped to understand the flow responses found in each interval
and each formation of the analyzed wells. Although flow facies have no direct correlation
with lithologic facies, understanding the environments and diagenetic processes present
in each lithotype is important because it can help identify the predominant flow facies

cycles in both Barra Velha and Itapema formations of each well.

The well logs used to estimate the flow facies were the effective porosity and
permeability by resonance (CMRP_3MS/PHIE_NMR, and KTIM/KTIM_NMR,
respectively) in wells without the presence of igneous rocks and in wells with the presence
of igneous rocks, the porosity and permeability logs merged (PHIE_MERGED and
KTIM_MERGED) were used.

The quantitative analysis of the curves was made by the arithmetic mean and
median values of the main parameters (acoustic and reservoir) and the main lithology and
type of cement present in each flow facies in the Barra Velha and Itapema formations in

the four wells studied.

The arithmetic mean was calculated by summing all the values of a given dataset
and dividing them by the number of elements of this set (Figure 39-b). The median is a
statistical measure that represents the value between the greater half and the lower half of
a sample, a population, or a probability distribution. In simple terms, the median can be
a single middle value of an odd dataset or can also be the mean of the two numbers located
in the middle when the dataset is even (Figure 39-a). These numbers must be listed from

the smallest to largest values.
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Figure 39: Geometric visualization of the a) median and b) mean of an arbitrary probability density function
(Source: Modified from Cmglee, CC BY-SA 3.0 via Wikimedia Commons).

As the reservoir properties present great variability along the analyzed wells, a
quantitatively comparison of these properties between the Itapema and Barra Velha
formations in the studied field was made. For this purpose, arithmetic means and medians
of the following properties were calculated: PHIE, silica (Si), calcium (Ca), magnesium

(Mg), KTIM, Acoustic Impedance (PI), GR, V., for each flow facies. The calculation

of the arithmetic mean () was performed using the following equation:

n .
o= i=1Xj (20)

)
n

in which i is the number of each sample; x is the measured property of a given dataset; n

is the total number of samples.

In the median calculation for the odd dataset, the middle number will represent

the median of the dataset, and is represented by the equation below:

Median (X) = X(n+1)/2, (21)
For a set x of n elements.

For even observation numbers, there is no distinct middle value, so the median is

generally defined by the arithmetic mean of the two middle values, represented by:

3 T 22)

Median (x) = > ,
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It is important to point out that the choice for the use of the median was made
because the curves with asymmetric values (e.g. permeability logs) usually present large
amounts of spurious points and may end up pulling the mean, generating overestimated
values. In lithological and depositional complex contexts such as those found in some
pre-salt carbonate reservoirs, it is necessary to use the median to find more reliable values,
since this statistical measure does not take into account either very high values or very
low values that can pull the average up or down. The quantitative analyzes were presented
in table shapes, pie charts, as well as in bar graphs, and were made for each flow facies

for both Itapema and Barra Velha formations.
4.1.8. Rock physics crossplot and flow facies upscaling

Rock physics allows us to correlate petrophysical parameters with elastic
parameters, representing an important step in the characterization of reservoirs.
According to Avseth et al. (2005), the correlation between such parameters can avoid
ambiguities in seismic interpretation, in addition to playing an important role in seismic
inversion. In this work, the calculation of acoustic impedance (Pl), acoustic inversion, as
well as the generation of probability and density functions (PDFs), and the seismic model
of the probability of occurrence of flow facies through the Bayesian classification were
made using only one acoustic parameter. Thus, at this stage, when using density curves
(RHOZ) and compressional sonic transit times (DTCO) the following acoustic parameters

were calculated:
(1) P wave velocity (V)

The primary or P waves are so-called because they are the first to be recorded by
seismographs. Also known as compressional or longitudinal waves, they propagate by
uniaxial deformation (compression and expansion) in the direction of wave propagation.
The movement of particles associated with the passage of this wave involves oscillation,
around a fixed point, in the propagation direction (Kearey et al., 2009). P wave velocity
can be determined from the compressional sonic log (DTCO) since it corresponds to the
inverse of the sonic transit time, that is:

1

_ 23
Yo = Do (23)
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Also, to calculate the compressional velocity (V,,) it is necessary to pay attention
to the unit. In general, transit time curves are in ps/ft. Therefore, unit conversion was

necessary to obtain speeds in m/s. For this, the calculated values of V,, (Eq. (23) were

multiplied by the constant 304.800.
(11) Acoustic Impedance (PI)

In an interface between different layers of rocks, lithologies, and elastic
parameters, there is usually a change in the speed of wave propagation. This variation is
a result of the different physical properties of lithologies. In such an interface, the energy
contained in an incident seismic pulse is separated into transmitted and reflected pulses.
The relative proportions of transmitted and reflected energies are determined by the
contrasts of compression and shear velocities, densities, and angle of incidence (Aki and
Richards, 1980). Acoustic impedance (PI) depends on the compressional propagation
speed (V) and rock density (RHOZ), being defined as:

PI = RHOZXV,, (24)

The analyzes of the crossplots of PHIE_NMR vs. Pl and Ln(FZI) vs. Pl performed
in this work aims to obtain information about the flow facies of each well and their
relationships with acoustic and petrophysical properties. In addition, it is sought to
understand how these aspects are related to the observed heterogeneities, assisting in the
identification of patterns that can be recognized and reflected in the seismic volume.

In order to minimize the errors between the well and seismic scales and to
visualize the flow facies in the seismic volume without losing vertical resolution, the main
geophysical well-logs used for the evaluation and quantitative analysis such as porosity
(PHIE), permeability (KTIM), acoustic impedance (PI), clay volume (Vclay) and Ln(FZI)
were upscaled to seismic scale. Thus, from the upscale of the Ln(FZI), and using the
cutoff values present in Table 5 as a constrain, it was possible to obtain the flow facies in
seismic scale. These curves will be identified from the suffix _UPS, which indicates that

the upscale was made.

The upscale of the acoustic impedance was performed through the Backus average
(Backus, 1962; Tiwary et al., 2011), with a frequency of 100Hz and a sampling rate of 5
meters, and the upscaled used for the other curves such as Vclay, porosity, permeability
and Ln(FZI) were done using a simple moving average, also taking the same window size

used in Backus. Figure 40 shows the curves in the well-domain and after applying the
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upscale (blue curves) for just one well as an example, since the upscale was made for all
the four wells. In all wells, the upscale curves showed good responses when compared to
the original ones, maintaining the main characteristics of the original curves. However,

we observed that several thinner layers of FF ceased to exist after the upscale.

Vclay UPST 1P UPS [PHIE_UPS [KTIM_UPS

o | <o L

ggg Eg g 0 1 [7000  2000] 0 04 |oor mp 100w

Fegq|8d E Vclay Irv 1P PHIE_NMR| KTIM Flow Facies |Flow Facies_UPS
- - - 0 VvV 1 |00 gmemisom|0 m3/m3 04001 mD 10000
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Figure 40: Layout with the geophysical logs in well domain and after the upscale (blue curves; suffix_UPS)
in Well A. Tracks: 1 and 2) depth by TVDSS and TVD, respectively; 3) formations (Itapema and Barra
Velha); 4) Vclay in well domain (black curve) and with upscaling (blue curve); 5) acoustic impedance (in
well domain (red curve) and with upscaling (blue curve); 6) effective porosity by NMR (PHIE_NMR) in
well domain (green curve) and with upscaling (blue curve); 7) permeability by NMR (KTIM) in well
domain (marsala curve) and with upscaling (blue curve); 8) Flow facies in well domain; 9) Flow facies with

upscaling (Flow facies_UPS).
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4.1.9. Rock-well-seismic extrapolation

Data integration is decisive for an adequate characterization of reservoirs. In
carbonate reservoirs, which present great lateral and vertical variation, this procedure is

essential for a more robust representation of its properties.

Core or sidewall sample data provides direct and accurate information about the
composition and properties of the rock. Thus, rock data are essential for reducing

uncertainties and for calibrating with analyzes from well logs.

The integration between well and seismic data is also of great relevance. Well data
has a high vertical resolution when compared to seismic data. These, in turn, have great
spatial continuity and lateral resolution. This property of the seismic data allows the
identification of structural aspects, the geometry of the deposits, and their lateral
variations. Thus, the integration between well and seismic allows features observed in the
wells to be correlated with certain reflectors in the seismic sections. In addition, this
correlation allows the identification of the possible lateral continuity of certain patterns

observed in the geophysical well logs.

Strasser (2006) and Catuneanu (2019) clarify that the geological stratigraphic
cyclicity can be observed at different scales. At each scale of observation (i.e., core and
plug data, well log, and seismic data), the construction of a stratigraphic framework for a
reservoir is represented by sequences, and their component systems tracts and

depositional systems.

According to Catuneanu (2019), the core plug-scales, system tracts and
component depositional systems consist of sedimentological cycles (such as beds and bed
sets), typically observed at scales of 1 to 10 m. At large scales, the systems tracts and
depositional systems consist of lower-rank stratigraphic cycles, also known as sequences
(hundreds of meters thick). For instance, on shorter time scales, stratigraphic cyclicity is
usually controlled by tidal cycles, storm/fair-weather cycles, and climate changes.
Tectonic events, compaction, and long glacial cycles define long-term changes, which
define the sequences. This cyclicity reasoning can also be applied to the FUs definition
as one of the major factors controlling porosity obliteration and dissolution are possibly

related to stratigraphic events, in shorter or longer time scales of observations.

Rock typing for flow units in centimetric data and metric data produces different

results, although all may represent the same geological construction process. Thus,
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determining the large-scale and core-plug-scale flow performance are equally important
and comprise different stages of the geological building process from a reservoir (Penna
and Lupinacci, 2020).

From the correlation between the rock, well and the seismic data, this present work
intends to verify if the heterogeneities observed in the well domain can be identified in
the seismic domain and whether these characteristics have lateral continuity or not.
Furthermore, one of the objectives of this correlation is to evaluate the behavior of the
flow facies observed in the wells and in the seismic volume in both Barra Velha and

Itapema formations.

Since the seismic data used was in depth, there was no need to generate a velocity
model, time-to-depth conversion, or do the seismic-well tie. Thus, the seismic
interpretation was carried out in depth and consisted of identifying the main faults,
recognizing the main reflectors — which in general are those with greater amplitude and
great lateral continuity — and interpreting the stratigraphic units delimited by well data.

An interpretation of arbitrary lines that cross the regions where the wells are
located was made. These lines were generated in the SW-NE direction to better visualize
the regional faults and fractures that cut through the study area since these same faults
and fractures have an SW-NE preferential trend, being almost South-North. The main
unconformities and faults were mapped and the types of seismic features in the vicinity

of the wells in the arbitrary lines were identified, aiming to analyze them.

In addition to the upscale of the geophysical well logs, the Bayesian classification
was made with the aim of providing a quantitative analysis of the probability of
occurrence of each flow facies, given the upscaled well logs as input. Bayes' theorem
describes the conditional probability of some event occurring given that a previous event
has already occurred, that is, it describes the posterior probability considering an a priori
probability. The posterior probability of the model m given the observed data z, P (m | 2),

described by the Bayes theorem would be assumed by:

P (mlz) = P(m):(;(zlm)’

where P(m) and P(z) are the probabilities of observing m and z independently,

(25)

respectively, and P(z|m) is the conditional probability of z given m.
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Given the discretization of FF using seismic-derived acoustic property volume, it

Is possible to rewrite Eq.(25 as:

P(FF) x P (PI|FF)
P(PI) ’

PP(FF|PI) = (26)

where P(FF) is an a priori estimate of the probability of occurrence for each flow facies
with the upscale. For this, a relative flow facies count is made for each well. The term
P(PI | FF) is the likelihood and corresponds to the adjusted a priori probability density
function (PDF) for each FF based on the P-impedance (PI) values.

As stated before, the Bayesian classification uses the Bayes Theorem to estimate
the probability that a pattern of variables is related to a certain class. For that, first, it is
necessary to define these classes. Their respective probabilities and likelihoods must be

known or, practically, estimated (Mello, 2020).

When doing a simple experiment with four different classes, represented by the
four flow facies (C1, C2, C3, and C4, for example), and only one continuous variable, the
acoustic impedance (x, hypothetically), the distribution of sampled measures in each of
the classes could be transformed into a probability density function (PDF). The integral
(Eq. (27) of this function would describe for each class, the probability of the impedance
variable being sampled within a given interval, and the total area under the complete

function must be equal to 1 (Figure 41):

b
Pla<x<b)= f f(x| C))dx, (27)

a

fx[C)

a b
[
I I

Figure 41: Probability density function of a class C analyzed in an interval between a and b (Source: Mello,
2020).
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Therefore, in this work, the acoustic parameter (Pl), which is a continuous
variable, was used to calculate the probabilities associated with the different classes

represented by the petrophysical characteristics of the rock group in different flow facies.

After carrying out the Bayesian classification and the PDFs, a flow facies
probability occurrence model from the results of the acoustic impedance volume
inversion will be generated for the four wells analyzed in this dissertation. This will be
done with the aim of analyzing the lateral distribution of these flow facies along the wells

in the seismic volume.

Finally, this section will be covered and discussed in more detail in chapter 5. It
is important to mention that a detailed bibliographical review was not carried out
regarding the bayesian classification or the probability density function (PDF) since it is
not the main objective of this work, being just an increment aiming at a more robust

discussion.
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5. Results

In this chapter, the results referring to the phases described in section 4 will be
presented. These analyzes were done for each formation as well as for the entire well.
These results are the outcome of qualitative and quantitative rock and well-log data

analysis of four wells in the pre-salt region of a field in the Santos Basin.

The estimation of the flow facies in the wells was performed from the NMR
effective porosity and permeability, named PHIE_NMR and KTIM_NMR, respectively,
in cases where there was no occurrence of igneous rocks along the formations (wells A
and C). In cases where the presence of igneous rocks was noted (wells B and D), the
suffix “merged” was used (PHIE_merged and KTIM_merged, i.e., merge of the Sonic
and the NMR curves in igneous intervals). It is noteworthy that at this stage, all curves
have already gone through all steps of quality control. For each studied well, qualitative,
and quantitative analyzes were made at the well scale, and for the seismic scale (upscaled
curves) only the quantitative ones. Then, a statistical analysis of each well and for all
wells together was performed, and at last, a Bayesian classification of the flow facies in

the seismic volume was made.

Two layouts were generated for each well and will be shown in similar ways, the
first contains conventional logs, the nuclear magnetic resonance logs, the ECS logs (Ca,
Mg, and Si), porosity and permeability data measured in the laboratory (Por_sd and
Perm_sd, respectively), as well as some estimated logs, such as porosity and permeability
by the sonic (DT), acoustic impedance (PI), and clay volume (Vclay). The second layout
presents the flow facies and the main curves used to estimate them. In addition, it has the
main curves considered to perform quantitative analyzes such as gamma-ray (GR), clay
volume (Vclay), acoustic impedance (PI), types of cement, main lithologies, as well as
the ECS logs of calcium (Ca), magnesium (Mg) and Silica (Si). Putting all this
information together, it was possible to identify patterns and trends, as well as cycles
associated with changes in the behavior of these curves, which end up directly reflecting
in the flow facies behavior. Finally, it is noteworthy that the second layout also displayed
the curves with the upscale made from the Backus average, with the final aim of
extrapolating the results to the seismic volume. The upscale curves are on the same track

as the original curves but differentiated by the blue color.
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As already seen, flow facies have no direct correlation with lithological facies.
However, the diagenetic effects that occur in rocks over time, such as silicification,
dolomitization, dissolution, and cementation are indirectly estimated using them. Hence,
an important step in understanding the flow facies bahvaior is to comprehend the

diagenetic action in both Itapema and Barra Velha formations for the four wells.
5.1. Formation evaluation

Before the interpretation and generation of results from the geophysical well-logs,
the analysis of the reports available for the four wells was carried out. Such analysis was
fundamental for the initial recognition of the main lithologies present in the Itapema and
Barra Velha formations, as well as their corresponding depths. The reports used
correspond to composite logs, sidewall core samples, core plug samples, petrographic

analysis reports, final exploratory well reports, and petrophysics reports.

Only three of the four wells have the Itapema Formation (wells A, B, and C), and
they have coquinas as the most predominant lithology. These coquinas can be found in
the form of rudstones, grainstones, floatstones, and packstones. Rudstones, grainstones,
and floatstones are predominant in the formation in the three analyzed wells. The second
most recurrent lithology is mudstones and laminites, which also make up a significant
part of the formation. There is also the occurrence of intervals with the presence of shales
rich in organic matter and limestone that appear in more than one well, but with a lower
frequency. Such limestones are different from those found in the Barra Velha Formation.
Thus, it is observed that the presence of coquinas, mainly in the form of rudstones,
grainstones, and floatstones, is always the majority at Itapema Formation in the wells
analyzed in this work. Other lithologies described in Itapema Formation correspond to
dolomites that occur punctually, and unidentified igneous that appears only in a well at
the base of the Itapema Formation.

All the wells have Barra Velha Formation and limestones are the predominant
lithology, composing an average of 75% of the formation in the analyzed wells. The vast
majority of these limestones are described as in situ shrubs and spherulites, as well as
reworked of these shrubs and spherulites in the form of grainstones. Furthermore, it is
common to find cherts, and laminites in smaller proportions. Dolomite was found in three

of the four wells, but it occurs with low frequency. Basalt and diabase were identified
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only in one well. Other lithologies such as carbonate breccia, wackestones, and
packstones occur punctually and with little significance.

From the analysis of the reports, it was possible to relate the response of the
geophysical well logs with the descriptions of the sidewall core sample. In some wells,
significant increases in the GR log were identified in the middle of the Itapema Formation
and near the top of Barra Velha Formation According to the information in the sidewall
core sample descriptions, in some wells such peaks are associated with shales, mudstones,
and/or laminites from Itapema Formation and in other wells, they correspond to
mudstones or laminated rich carbonates from Barra Velha Formation The characteristic
GR peaks near the top of the latter formation may be associated with the 2Lula Mark that

occurs typically in several wells in the Santos Basin.

In addition to the behavior of the GR log, it was possible to observe that in all
wells the increase in the ECS log of silica in the Itapema Formation represented a decrease
in permoporosity and calcium content. Furthermore, the base of this formation appears to
be more cemented and/or more closed, due to the low porosity and permeability values.
In some wells, this decrease in permoporosity may be associated with the presence of
calcite cement and/or fine grains. The magnesium content does not show any significant
trend in this formation, and it is not possible to find a plausible relationship between its
increase or decrease influencing permoporosity. In the Barra Velha Formation, it was
observed that the ECS logs of silica and magnesium are considerably higher than in the
Itapema Formation and both generate a negative impact on permoporosity, reducing it.
The calcium content is lower in the Barra Velha than in Itapema Formation and in the
intervals where it increases, there is a consequent increase in porosity and permeability.
The silica and magnesium content tends to increase from the middle to the top of the
Barra Velha Formation in some wells. It is noteworthy that these analyzes are more
effective for intervals without the presence of igneous rocks, however, in general, where
there are igneous rocks or their influence (contact metamorphism), the porosities and

permeabilities are usually low and the silica and magnesium contents higher.

2 According to Wright and Barnett (2017), Neves et al. (2019) and Wright (2020) the Lula Mark
is a package of about 20.8 to 28.5m, characterized by a series of shallowing and drowning cycles towards
the top that presents nine GR peaks and occurs in several Wells in the Santos Basin.
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5.2. Qualitative evaluation of flow facies

After analyzing the reports, interpretation and calculations were performed using
the geophysical well-logs. In a first visual analysis of the curves, it was possible to
identify some main patterns and behaviors in the Itapema and Barra Velha formations.

The Itapema Formation, except for Well B - which has the presence of
unidentified igneous at its base - has similar characteristics showing intervals with the
presence of fines and/or clay rich in organic matter, sometimes in the base, sometimes in
the middle of the formation, and consequently worst permoporosities. With the
exceptions of these intervals, the formation has good permoporous properties and lower

GR values.

In the Barra Velha Formation, the Well A has very peculiar characteristics
regarding the behavior of the silica log as well as GR, Well B has a more homogeneous
characteristic in this formation, with few variations of GR and good flow facies over the
entire range. Well C presents significant variations in GR, as well as a higher content of
magnesium than silica, a characteristic that is uncommon to be found in the Barra Velha
Formation along the wells. And finally, Well D presents intercalations of diabase and
basalt, mainly at the base to the middle of the formation, in addition to intervals with high
gamma-ray values that configure the presence of fines, also presenting high values of

silica throughout the entire interval.

In general, the Itapema Formation varied more significantly across the analyzed
wells. In two out of three wells (A and B), the Itapema Formation is more heterogeneous,
presenting specific intervals with high values of gamma rays — which seem to reflect a
formation with a high clay content — and presenting low permoporous properties. One of
these two wells, in addition to exhibiting an interval with the presence of fines and/or
clay, has at its base an unidentified igneous rock that ends up influencing in the
heterogeneity found in this well. Only the Well C has low gamma-ray values throughout
the formation and a more homogeneous behavior, typical of the Itapema Formation, and,
therefore, better permoporous properties. In addition, the ECS logs of magnesium and
silica are higher in the first two wells, where there is a more heterogeneous behavior
regarding the Itapema Formation in this well than in the last well mentioned. Thus, in
general, the worst flow facies have their highest concentrations from the base to the

middle of the formation.
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Previous analysis of the curves in the Barra Velha Formation showed a more
heterogeneous character for this formation, mainly concerning the behavior of the GR
and ECS logs. Thus, it was possible to identify some distinct behaviors. Three of the four
wells (A, C and D) that have the Barra Velha Formation, presented permoporous
properties well distributed throughout the entire formation interval, despite exhibiting
considerable variations in gamma-ray values and a higher fines content, especially in the
middle and near the top of the formation. These wells showed a drop in the quality of
permoporous properties, with a considerable decrease in the region closest to the top of
the formation. Also, in two of these three wells (A and D), there is a very peculiar behavior
of the silica log in the middle to the top part of this formation, which considerably affects
almost all geophysical logs. Among these two wells, one of them shows the presence of
igneous rocks described as diabase and basalt throughout almost the entire formation, in
addition to an outstanding interval with the presence of fines, which ends up affecting,
even more, the response of the logs. Finally, the Well C has a more homogeneous
character, low gamma-ray values, and a good distribution of permo-porous properties

throughout the formation, without considerably changes in the well logs.

The four wells mentioned above and in the previous sections were selected
according to the amount of information and well logs available that would assist in the
development of this work. Therefore, the criterion used to choose these four wells was to
give greater emphasis to wells that have behavior that can impact the flow facies

estimates.

WELL A

The data and results of the formation evaluation for Well A are presented in Figure
42. The caliper log (HCAL) has a good response over the interval, showing no
considerable changes. In the Itapema Formation, only small punctual washovers zones
are observed, visualized through spikes in the curves, but nothing that compromises the
final result. The effective porosity curves from the resonance log (PHIE_NMR) and the
sonic log (PHIE_DT) are well-calibrated with laboratory data, with PHIE_NMR being
slightly more calibrated than PHIE_DT. In addition to porosity, the permeability through
the resonance log (KTIM_NMR) is also visually better calibrated than the permeability
through the sonic (KTIM_DT).
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Figure 42: Layout with conventional, NMR, and estimated well-logs and porosity and permeability side
core samples (red and blue dots, respectively). Tracks: 1) depth by TVDSS; 2) formations; 3) Gamma rays
(GR_EDTC) and caliper (HCAL); 4) Lithology by composite log; 5) Sonic transit time (DTCO and
DTSM); 6) Density and neutron (RHOZ and NPHI); 7) Deep resistivity (AT90); 8) Photoelectric (PEFZ);
9) Mg ECS log; 10) Ca ECS log; 11) Si ECS log; 12) Total porosity (PHIT_NMR), effective porosity
(PHIE_NMR) and Free Fluid (CMFF) by NMR; 13) Effective porosity by Sonic (PHIE_DT); 14) Micro,
Meso and Macro porosity by NMR; 15) permeability by NMR (KTIM_NMR); 16) Permeability by Sonic
(KTIM_DT); 17) clay volume (Vclay); and 18) Acoustic Impedance (7000-20000 g.m/cm3.s).

The Itapema Formation reveals some heterogeneous behavior, having intervals
with greater GR values and low porosity and permeability, as well as low GR values
related to low permoporosity. The base of the formation is where it can be observed the
gamma-ray log with considerably low values as well as the porosity and permeability. In
the middle of the formation, it is possible to see that the GR value increases significantly,
as well as the permoporosity decreases. In these intervals, samples of mudstones and
laminites were collected. It is also possible to notice that the permoporosity increases

towards the top of the formation.

Figure 43 shows the main flow facies associated with this formation and the
curves after performing the upscale (blue curves). It is possible to notice that the
geophysical well logs with the upscale showed good responses when compared to the
original curves. The worst flow facies are in an area comprising the base and the middle
of the formation. The base of the Itapema (X800 to X745m) has a predominance of FF1,
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associated with low values of porosity, permeability, and Vclay, as well as high values of
calcium content (Ca), presence of calcitic cement, and thin sections and sidewall samples
described mostly as grainstones. In addition, it was identified through the pressure
gradient graph that the oil/water contact is close to the base of this formation, making it
possible, then, to raise the hypothesis of a possible contribution of water in the
cementation of the coquinas at the base of this zone. It is important to highlight that these
calculations were made by a colleague from the same project using the same dataset and

measurements.
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Figure 43: Layout with the main curves used to estimate the flow facies in Well A and their respective
upscaled curves (blue). Tracks: 1) depth by TVDSS; 2) formations; 3) GR and HCAL; 4) Lithology; 5)
Vclay (v/v); 6) Pl (7000-20000 g.m/cm3.s); 7) Porosity NMR (PHIE_NMR); 8) Permeability NMR
(KTIM); 9) ECS logs (Si, Ca and Mg); 10) Types of cement according to the petrographic report;11)
Lithology according to the thin section description; 12) flow facies in well-domain; 13) Upscaled flow
facies.
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Although some intervals have layers of FF3 and FF4 associated with a sudden
improvement in permoporous properties, the region where mudstone samples were
collected (X731 — X675m) has a predominance of FF1 and FF2, combined with high
values of GR, Vclay, low values of PHIE and KTIM, as well as sometimes low to medium
values of PI. In these intervals, calcite, quartz, and chalcedony cement were found with
the latter two possibly being associated with the presence of high silica (Si) content as
observed in the Si ECS log.

Toward the top of this formation, there is an improvement in permoporous
properties as well as a decrease in GR and Vclay, and lower values of PI, with a
predominance of FF3 e FF4. Near the interface of the top of the Itapema Formation and
the base of the Barra Velha Formation (X580 — X560m), there is an FF4 interval of
approximately ~20m, a decrease in the silica content, and an increase in the calcium
content. In this interval samples of grainstones, floatstones, and few occurrences of

laminite were interpreted, in addition, the predominant cement is dolomite.

Throughout the Barra Velha formation, it is possible to notice the predominance
of quartz cement, which may denote the strong influence of silica across the interval. The
values of Si and Ca show opposite directions, influencing the changes in the behavior of
the porosity and permeability logs, and, therefore, the estimated flow facies. The Mg
content along the formation is greater than in Itapema Formation Finally, the GR and
Vclay tend to decrease towards the top of the formation, having the highest values in the
middle of the formation.

This formation has, in general, a more peculiar behavior when compared to the
Itapema Formation, especially for the ECS and GR logs. It is observed that the best
permoporosities are present at the base of this formation, where samples of grainstones,
shrubs, and few samples of laminite were described. On the other hand, the middle part
of the formation shows lower and more variable values of porosity and, mainly of
permeability related to samples of cherts and shrubs with the presence of quartz and
chalcedony cement. Basically, where there is a considerable increase in the content of Si

and Mg, there are more continuous values of GR (Figure 43).

In this formation, it is possible to notice a more significant effect of the ECS logs,

mainly of calcium and silica, in the calculated flow facies. There are three different types
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of behavior associated with these logs. There is a cycle that relates the low silica and the
high calcium content values with high permoporosity (X557 — X490 m), another that
presents an increase in silica, decrease in calcium and lower porosity and permeability
values (X480 — X450 m), and a third one that denotes a mixed behavior, where there are
intervals in which the silica content is considered the highest of the formation, the calcium
content the lowest and the porosity and permeability have reasonable values, presenting
a slight decrease when compared to the previous interval (X420 — X325 m). Furthermore,
it was observed that throughout the formation, permeability values are more susceptible

to more sudden variations than porosity values.

At the base (X561 — X506m) there is a predominance of FF4, lower silica content,
higher Ca values, low Vclay and Pl values. The sidewall core and thin section samples in
this interval mention the predominant presence of grainstones, shrubs, and laminites, only
one occurrence of dolomite, and the predominance of dolomite cement followed by quartz

cement.

Then, from X506 to X418m there are intercalations between FF2 and FF3,
medium Si values (with the presence of some high peaks), lower Ca content values, lower
porosity, and permeability values. The behavior of these curves indicates that the presence
of silica possibly causes an effect on the permoporosity of this interval. The values of GR
and Vclay show a slight increase, not significantly impacting the values of the other logs.
The samples collected at these depths point to shrubs and chert, as well as to the presence

of quartz cement and dolomite.

Between X412.4 and X329.3m a peculiar behavior of the logs is observed. In this
interval, it is possible to notice a slight decrease in porosity and permeability values when
compared to the previous interval, as well as the predominance of FF2 interspersed with
FF3 and FF1. In addition, there is a decrease in GR, and Vclay values. The silica content
is the highest of the entire formation, reaching an average of around 50%, while the
calcium content has the lowest formation value (~30%). The sidewall core and thin
section samples mention the presence of cherts, shrubs with quartz and chalcedony

cementation, and dolomite.

Finally, very close to the top of the formation, in the range of X325 and X289m,
there is a greater presence of FF4 interspersed with FF3, with GR values gradually

decreasing and Vclay with values close to zero, the PHIE, KTIM, and Ca increasing as
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well as the significant decrease of Si from the base towards the top of this interval. The
presence of shrubs is predominant in this interval, in addition to the presence of calcite
cement, quartz, and dolomite that possibly did not fill the pore space completely and/or

were partially dissolved.
WELL B

Figure 44 shows the data and results of the formation evaluation for Well B. The
caliper log has some washover zones intervals in the Itapema Formation, mainly in the
area where an igneous rock was identified, while in the Barra VVelha Formation the HCAL
appears be more continuous. This well has laboratory analysis of porosity and
permeability in plug, making the rock and well log correlation possible. Then, it could be
observed that both the NMR and sonic logs had, in general, a good fit with the rock data.
It is noteworthy that, visually, the NMR porosity and permeability logs showed a slightly
more refined fit than the sonic, except for the base of Itapema, where a sample of

unidentified igneous rock was collected.
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Figure 44: Layout with conventional, NMR, and estimated well logs and porosity and permeability side
core samples (red and blue dots, respectively). Tracks: 1) depth by TVDSS; 2) formations; 3) Gamma rays
(GR_EDTC) and caliper (HCAL); 4) Lithology by composite log; 5) Sonic transit time (DTCO and
DTSM); 6) Density and neutron (RHOZ and NPHI); 7) Photoelectric (PEFZ); 8) Mg ECS log; 9) Ca ECS
log; 10) Si ECS log; 11) Deep Resistivity (AF90) 12) Total porosity (PHIT _NMR), effective porosity
(PHIE_NMR) and Free Fluid (CMFF) by NMR; 13) Effective porosity by Sonic (PHIE_DT); 14) merged
porosity (PHIE_NMR and PHIE_DT); 15) permeability by NMR (KTIM_NMR); 16) Permeability by
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Sonic (KTIM_DT); 17) merged permeability (KTIM_NMR and KTIM_DT); 18) clay volume (Vclay); and
19) Acoustic Impedance (7000-20000 g.m/cm3.s).

In this well, the Itapema Formation presents high values of GR at its base,
decreasing towards the top. The base of the formation is marked by the presence of
igneous rocks and a breakout in the caliper log, which ends up influencing the reading of
some geophysical logs such as NMR. In the igneous interval, the merge between the
curves of the sonic and NMR logs was made, being the sonic log to be used in this specific
region. Note that porosity and permeability values are extremely low, being close to zero.
In the region covering depths between X575.83 and X500.56m, sidewall core samples of
unidentified igneous, volcanic breccia, and packstones were collected. This region has
low permoporosity, in addition to low calcium content, very high PIl, and high silica
content. It is important to highlight that the contact metamorphism caused by the igneous
rocks may be responsible for the decrease in permoporosity in this interval.

Right after this interval, there is a zone where the GR values are very high,
inferring the presence of fines grains and muddy facies, corroborated by the high values
of VVclay. This region (X500.56 to X471.62m) is also characterized by low permoporosity,
low Ca, high Si, and higher Mg content. The analyzes of the descriptions of lateral

samples point to intercalations of mudstones, shales, and siltstones.

The clean character of the region near the top of the formation, between the depths
of X471.62 to X332.53m, is confirmed by the clay volume (Vclay), which presents very
low values. In addition, this interval has excellent permo-porous characteristics, as well
as a significant increase in calcium content and a sharp decrease in silica content. In
general, porosity and permeability as well as calcium content increase towards the top of
the formation while Si content and PI decrease. In this interval, samples of grainstones

coquinas were identified.

The Barra Velha Formation presents a more homogeneous behavior when
compared to the Itapema Formation, with low GR and Vclay values, good permoporosity,
low silica content, high calcium content, and higher magnesium content, in addition to
lower PI values. Permoporosity decreases at the top and Pl increases due to the presence
of igneous rock. The main samples collected point to the presence of spherulites, shrubs,

and grainstones.

Figure 45 shows the main flow facies associated with Itapema and Barra Velha

formations and the curves after performing the upscale (blue curves). It is possible to
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notice that for both formations, the well logs with the upscale showed good responses
when compared to the original curves. It can be observed that in the same way that the
intervals with the presence of muddy facies and/or fine grains represented the worst flow
facies (FF1, and FF2) in Well A, this also occurs in Well B.
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Figure 45: Layout with the main curves used to estimate the flow facies in Well B, and their respective
upscaled curves (blue). Tracks: 1) depth by TVDSS; 2) formations; 3) GR and HCAL,; 4) Lithology from
composite log; 5) Vclay (v/v); 6) PI (7000-20000 g.m/cm3.s); 7) Porosity merged; 8) Permeability merged,;
9) ECS logs (Si, Ca and Mg); 10) Lithology according to the composite log’s description; 12) flow facies
in well-domain; 13) Upscaled flow facies.

The base of the Itapema Formation has the presence of igneous rocks, in addition
to shales, mudstones, siltite and volcanic breccias. The GR and Vclay values are
considerably high, as well as the silica content, which mostly represents FF1. It is possible
to notice that in the region between X439.9 — X415.22m, where the permoporosity starts
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to increase, the silica content decreases, and the calcium content increases, FF4 layers
start to appear. Soon after this interval, from X415.22 to X327.69m, it is possible to see
FF2 layers, associated with a decrease in permoporosity. Finally, near the top of the
formation, the porosities and permeabilities increase again, and, thus, layers of FF4
interspersed with FF3 reappear. Therefore, it can be observed that there is a trend from
the bottom to the top of the improvement in permoporous properties, decrease in Si,

increase in Ca, and improvement in flow facies.

As the Barra Velha Formation presents a more homogeneous behavior of the
curves, it was to be expected that there would not be great variations in the flow facies.
The porosities and permeabilities are considered good throughout the formation, the silica
content increases towards the top, the calcium content decreases and there is a

predominance of intercalations of FF3 and FF4, with thin and few layers of FF2.

It is noteworthy that this well has neither a detailed description of a sidewall core
sample nor a description of petrographic thin section, which makes it difficult to interpret
and understand the possible diagenetic processes that may have occurred along the
formations. On the other hand, it is possible to notice that the presence of igneous rock
has a great influence on the logs and that, in general, it presents itself as FF1. In addition
to this, facies described as mudstones, siltstones and shales also represent FF1.
Furthermore, it is noted that where high Si content and low Ca are predominant, the worst
flow facies (FF1 and FF2) are more usual to be found. The high values of silica and
magnesium at the base of Itapema Formation may be linked to hydrothermal fluids due
to the strong presence of igneous which may have served as a source of these minerals.
Furthermore, in the Itapema Formation, a higher magnesium content is associated with
the worst flow facies, but in Barra Velha Formation although the Mg content is higher
than in the Itapema Formation, it does not have a significant influence on the porosity and

permeability logs.
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WELL C

The data and results of the evaluation of formations and the main well logs for
Well C are shown in Figure 46. The HCAL has small changes throughout the formations,
not significantly compromising the responses of the geophysical well logs in these
intervals. The available laboratory porosity data show a good correlation with the
effective porosity curve calculated by the NMR (PHIE_NMR). In turn, in the Itapema
Formation, the permeability measured in the laboratory has a reasonable correlation with
the permeability curve of the NMR (KTIM_NMR).

PHIT_NMR
0 v 04
DTSM RHOZ PHIE.NMR |* Porsd «/ Permsd o
140 us/k 40| 2 g/em3 3 0 wiv 04 W 04 [001 w0 oo
NP GR_EDTC | _Lithology DTCO NPHI PEFZ_ | Mg G si AF90 M PHIE_DT |KTIM_NMR| Vclay Irv P
1:1600.0 0 gAPI 150 140 us/t 40 |45 v -0 | wlo vw 1o vw 1[0 vv 1[0z omm a0 110 wviv 04 000 |
oM 13 -
< 3 =
P
£ <
<
= 1 =
8 £ <
3 5 $ .
= 3 F
= I
i &
2 } 4 :
s Z b
2 % T
e E»
g { i
t
2 5 LA
£
a 3
wn
X

X600
S—

X650

X700

X750

X800

|
i

Figure 46: Layout with conventional, NMR, and estimated well logs and porosity and permeability side
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core samples (red and blue dots, respectively). Tracks: 1) depth by TVDSS; 2) formations; 3) Gamma rays
(GR_EDTC) and caliper (HCAL); 4) Lithology by composite log; 5) Sonic transit time (DTCO and
DTSM); 6) Density and neutron (RHOZ and NPHI); 7) Photoelectric (PEFZ); 8) Mg ECS log; 9) Ca ECS
log; 10) Si ECS log; 11) Deep resistivity (AF90); 12) Total porosity (PHIT_NMR), effective porosity
(PHIE_NMR) and Free Fluid (CMFF) by NMR; 13) Effective porosity by Sonic (PHIE_DT); 14)
permeability by NMR (KTIM_NMR); 15) clay volume (v/v); and 16) Acoustic Impedance (7000-20000
g.m/cm3.s).
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The Itapema Formation presents, in general, low values of the GR and Vclay logs
throughout the formation. At the base, it is possible to observe higher values of GR and
Vclay, as well as high silica content, and on the other hand, low permoporosity and
calcium content. Furthermore, there is a tendency of the GR, Vclay, and Si values to
decrease towards the top. Permeability, as well as the porosity, increases towards the top
of the formation, in addition, the calcium content is high for the entire range, except for
the intervals where there is a slight increase in Si, GR, and a decrease in permoporosity.
It is noteworthy that in a small interval, very close to the transition of the Itapema to Barra

Velha Formation, there is a subtle decrease in porosity and permeability values.

The Barra Velha Formation, on the other hand, exhibits GR and Vclay values a
little higher than those seen in Itapema Formation. Furthermore, it is observed that the
values of the ECS logs of silica and magnesium are considerably higher than in the
Itapema Formation and, conversely, the calcium content appears to be lower. Likewise,
it is possible to observe, overall, a trend of decreasing permoporosity from the base to the
top. Near the top of the formation, it is easy to identify a pulsed behavior of the GR log,
also known as Lula Mark, which may be responsible for this decrease in permoporosity,

possibly associated with the presence of clay.

Figure 47 shows that in the Itapema Formation most of the worst flow facies (FF1
and FF2) are located at the base and in the middle of the formation and these facies are
mainly associated with high values of Si and/or GR and Vclay. At the base of this
formation (X826 to X805.9m), there is a predominance of FF1, associated with low
permoporosity, low calcium content, and high values of GR, Vclay, and silica. In this
interval samples of shales, rudstones with the presence of calcite cement, and mudstones

were interpreted.

In addition to the basal part, another interval that draws attention to the Itapema
Formation is between depths X710 and X665m. In this interval, it is possible to observe
a greater presence of FF2 interspersed with FF3 and FF4, which seem to be linked to the
fact that the silica content significantly increases while the calcium content and
permoporosity decrease. As much as the silica content does not present such high values
throughout the entire formation, it is remarkable that in this specific interval, the silica
content influences the permoporosity and, consequently, the flow facies. The samples

interpreted in this interval point to a predominance of rudstones and floatstones with an
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abundance of calcite and quartz cementation followed by little presence of dolomitic

cement.
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Figure 47: Layout with the main curves used to estimate the flow facies in Well C and their respective
upscaled curves (blue). Tracks: 1) depth by TVDSS; 2) formations; 3) GR and HCAL,; 4) Lithology; 5)
Vclay (v/v); 6) IP (7000-20000 g.m/cm3.s); 7) Porosity NMR (PHIE_NMR); 8) Permeability NMR
(KTIM); 9) ECS logs (Si, Ca and Mg); 10) Types of cement according to the petrographic report;11)
Lithology according to the thin section description; 12) Flow facies in well-domain; 13) Upscaled flow
facies.

Towards the top of this formation (X665 to X565m), as observed in wells A and
B, there is an improvement in permoporous properties, lower and more stable GR and
Vclay values, in addition to an increase in calcium content and a decrease in Si. This
interval has a predominance of FF4, with zones that reach more than 20m of thickness,

interspersed with thin layers of FF3 and only a few layers of FF2. Sidewall sample
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descriptions point to a greater presence of rudstones, grainstones, and floatstones, in
addition to a predominance of calcite cement.

The Barra Velha Formation exhibit, in general, a more heterogeneous behavior of
the well logs when compared to the Itapema Formation. It is possible to observe that the
gamma-ray curves have spikes practically throughout the entire formation, being
reflected in the VVclay log as well. Furthermore, are intercalations between FF2, FF3, and
FF4 in practically the entire formation. These intercalations between the flow facies also
reflect a more heterogeneous character of the porosity and permeability logs.
Permoporosity presents a decrease in two intervals near the top, where an increase in
silica and magnesium content and a decrease in calcium content can be observed, as well
as an increase in GR and PI values. Also, silica and magnesium logs have higher values

than those found in the Itapema Formation.

Despite this intense intercalation between the flow facies, it is noted that the base
of the formation, between the depths of X564.76 and X480.96m, there is a predominance
of FF4 and FF3 with little presence of thin layers of FF2. In this range, calcium content
is high, and silica and magnesium content are lower. In addition, the predominant
lithologies are reworked from shrubs and spherulites, being essentially classified as
grainstones, floatstones, and packstones, in addition to spherulites and shrubs in situ, and
laminites in small quantities. The predominant cement in this region is dolomitic,

followed by calcite and quartz cement.

Soon after this interval, no very significant changes in the behavior of the curves
and flow facies are identified, except at the depths of X430.83 and X403.85m where a
drop in porosity and permeability values and calcium content is noticed, as well as an
increase in the values of the magnesium and silica. As a result, there is a predominance
of FF2 interspersed with FF3 and some layers of FF1. The predominant lithology is
composed of reworked (grainstones), shrubs, and spherulites and the predominant cement

is dolomite, in addition to containing quartz and calcite cement.

Between X403.85 and X380.96m, the behavior of the well logs are opposite to
that found in the previous depths. There is an increase in permoporosity, a slight increase
in calcium content, and a slight decrease in magnesium and silica contents. Furthermore,
in this range, the GR and Vclay values appear to be smaller than in the previous range.
Therefore, there is the presence of FF4 and FF3 interspersed with few FF2 layers. The
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predominant lithology is reworked from shrubs, being classified as grainstones and few
samples of spherulite. The predominant cement is dolomite.

Finally, near the top of the Barra Velha Formation, in the interval between
X380.96 m to the top, it is possible to observe a significant decrease in permoporosity, as
well as an increase in GR and Vclay presented in the form of nine spikes (Lula Mark), a
significant increase in magnesium content, increase in silica and PI logs. The FF2 has
become predominant in this region and the most present lithologies are laminites,
followed by grainstones. It is noteworthy that no cement samples were interpreted in this

interval.

It is worth paying attention to the fact that the clay matrix is quite common in the
Barra Velha Formation which was diagnosed by the increase in the GR and Vclay logs as
well as through the thin section descriptions collected at these intervals. This increase in
the GR log, in addition to the relative increase in silica and magnesium, ends up affecting
the permoporosity, decreasing it. In addition, it is good to highlight that fourteen samples
of spherulites with dolomite and clay were collected along the Barra Velha Formation, as
well as two samples of laminite near the top of the formation, where peaks of GR and

V/clay were observed.
WELL D

The Well D contains only the Barra VVelha Formation, then the well log evaluation,
as well as the flow facies, will be analyzed and compared with the other wells only
considering this formation. Figure 48 presents the conventional, NMR and some
estimated curves. It is important to highlight the presence of igneous rocks throughout the
formation influencing, in a certain way, all well-log responses and, mostly in the caliper
(HCAL) tool reading. As the igneous rocks are naturally fractured, the presence of
breakout in caliper logs can be usual. This well shows the presence of basalt near the base
and diabase found in the middle part and the top of the formation. In the intervals that
showed the presence of caliper breakout along with the presence of igneous rocks was
decided to do a split of the NMR and Sonic curves and after a merge of the curves in the
proposed interval. Therefore, in this well, as well as in Well B, it was used the

PHIE_merged and KTIM_merged to estimate the flow facies and evaluate the responses.
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Figure 48: Layout with conventional, NMR, and estimated well-logs and porosity and permeability side
core samples (red and blue dots, respectively). Tracks: 1) depth by TVDSS; 2) formations; 3) Gamma rays
(GR_EDTC) and caliper (HCAL); 4) Lithology by composite log; 5) Sonic transit time (DTCO and
DTSM); 6) Density and neutron (RHOZ and NPHI); 7) Photoelectric (PEFZ); 8) Deep resistivity (AF90);
9) Mg ECS log; 10) Ca ECS log; 11) Si ECS log; 12) Total porosity (PHIT_NMR), effective porosity
(PHIE_NMR) and Free Fluid (CMFF) by NMR; 13) Effective porosity by Sonic (PHIE_DT); 14) merged
porosity (PHIE_NMR and PHIE_DT); 15) permeability by NMR (KTIM_NMR); 16) Permeability by
Sonic (KTIM_DT); 17) merged permeability (KTIM_NMR and KTIM_DT); 18) clay volume (Vclay); and
19) Acoustic Impedance (7000-20000 g.m/cm3.s).
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It is noteworthy that, in general, this work presented intervals with the presence
of igneous rocks associated with low porosity and permeability and, therefore, worse flow
facies (FF1 and FF2). Also, in some intervals, these igneous rocks were related to
breakouts in the caliper log that end up influencing the responses of other well logs as
well as the flow facies. However, these intervals were not disregarded. Besides, the
presence of these rocks end up influencing the petrophysical properties of the surrounding

rocks, generally worsening the permoporosity, due to the contact metamorphism.

Figure 48 shows that, overall, the laboratory porosity and permeability
measurements correlate reasonably well with the NMR porosity and permeability curves
in the intervals without the presence of igneous since there are no laboratory samples in
these intervals. Furthermore, it is worth noting that the GR, Vclay, and Pl values tend to
decrease from the bottom to the top, while the PHIE_merged, KTIM_merged, and
calcium content increase. The magnesium content does not show many variations, being
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higher near the base of the formation. The silica content is high at the base, decreases in

the middle, and returns to increase towards the top of the Barra Velha Formation.

Figure 49 shows the estimated flow facies from the porosity and permeability log,
in addition to the type of lithology and cement for the purposes of comparison and
evaluation of these facies. Note that from the base to the middle of the Barra Velha
Formation (X725.85 - X470.61m) there is a predominance of FF1 with FF2 intercalations.
The majority presence of FF1 may be associated with the presence of igneous rock, as
well as high values of GR, Vclay, PI, and silica content and low values of porosity,
permeability, and calcium. The sidewall samples collected in this interval point to the
presence of diabase and basalt intercalated with laminites and mudstones and the presence
of few samples of breccia, and floatstone. Quartz, calcite, and dolomite cement are the
most common in this range. Remarkably, the low permoporosities found in the areas
without the presence of igneous rocks, in this interval, must be associated with contact

metamorphism.

Between depths X470.61 and X409.17 m, it is possible to notice an interval where
there is a significant presence of FF4 with little or no presence of FF1 and FF2. In this
depth, there is a considerable decrease in the logs of GR, Vclay, PI, and Si, in addition to
high values of calcium content, porosity, and permeability. Note that this interval is
mainly formed by shrubs and spherulites (in situ), also containing samples of grainstones.
The main type of cement found is dolomitic, also containing a few samples of calcite and

quartz cement.

From X409.17 to X381.87 m it is possible to observe that there are some intervals
with the presence of FF2, the permoporosity and the calcium content decrease compared
to the previous interval, while the logs of GR, Vclay, Si, and PI increase. This region can
be interpreted as constituted by more clayey carbonates, as they have higher GR values
and lower permoporosity. The few samples collected in this interval are described as

shrubs with quartz and dolomitic cement.
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Figure 49: Layout with the main curves used to estimate the flow facies in Well D and their respective
upscaled curves in blue. Tracks: 1) depth by TVDSS; 2) formations; 3) GR and HCAL,; 4) Lithology; 5)
clay volume (v/v); 6) PI (7000-20000 g.m/cm3.s); 7) Porosity NMR (PHIE_NMR); 8) Permeability NMR
(KTIM); 9) ECS logs (Si, Ca and Mg); 10) Types of cement according to the petrographic report;11)
Lithology according to the thin section description; 12) Flow facies in well-domain; 13) Upscaled flow
facies.

Between X381.87 and X194.73m, a greater intercalation between the flow facies
is visualized, especially FF4, FF3, and FF2. This may happen due to the large
intercalation between "cleaner" carbonates with carbonates of higher silica content and/or
laminated carbonates. This assumption can be supported by the low and high values of
silica related to permoporosity variation. Furthermore, there is a significant presence of
cherts, as well as a predominance of quartz cement. The values of GR and Vclay are not
high and shows a decrease towards the top, so the occurrence of fine and/or clayey grains,
in this case, are not considered a crucial factor for the decrease in permoporosity. In
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addition to the above samples, the presence of grainstones (reworked facies) and dolomite

were also observed.

Finally, from X194.73 m to the top of the formation, there is an igneous rock and
consequently FF1. The permoporosity is close to zero both in the interval where there is
igneous and in the immediately inferior and superior intervals due to the contact
metamorphism that ends up tighten the pores. Silica content increases significantly and

calcium content decreases.
5.3. Quantitative evaluation of flow facies

The quantitative analyzes were made for each flow facies and performed by
calculating the means and medians of the main geophysical logs used to quantify and
qualify them, as well as the main lithologies and types of cement found in each of these
flow facies, in both Barra Velha and Itapema formations. These calculations were
performed for the well logs in the well scale and with the upscale. The analyzes were
done for both the four wells separately and all together. In addition to the quantitative
analyses, some thin sections images from the petrography report and core plug images

provided by the ANP were attached.

It should be noted that the main objective of this statistical analysis is to enable a
comparison between the main properties of the Barra Velha and Itapema formations and
their relationships with each estimated flow facies. In addition, it is worth noting that the
arithmetic mean is sensitive to samples that have very different values, so its use is more
appropriate in situations where the values do not show a large discrepancy. Therefore,
even though the median also has its limitations, it was more optimistic for not considering
spurious values that may occur due to breakout of the caliper and/or by the large variation
of the tool, as occurs with permeability. Among all the calculated curves, permeability
presented values that were farther between the mean and the median (e.g. for FF4, the
permeability presented the mean of 331 mD and the median of 187 mD), so we will
consider the median as the main measure just for this curve, and for the rest of the curves

the arithmetic mean will be considered.
5.3.1. Quantitative evaluation in Well A

Figure 50 presents a pie chart with the means of each flow facies in both Barra
Velha and Itapema formations. It is possible to observe that the Barra Velha Formation
has a higher percentage of FF3 and FF4 than the Itapema Formation and, therefore, a
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lower percentage of the worst flow facies (FF1 and FF2) when compared to the Itapema
Formation The sum of the percentages of FF3 and FF4 is 68%, representing more than
half of the formation, while the Itapema Formation sums only 46% and is composed of
more than half of FF1 and FF2.

As previously seen, the FF1 located at the base of the Itapema Formation may be
associated with the presence of laminite, grainstones, and rudstones with low porosity
and calcite cement (Figure 43). In the middle of this formation, there is an interval with a
large presence of mudstone samples and a predominance of FF1 and FF2. The flow facies
tend to improve towards the top, where the highest percentage of FF3 and FF4 is found,

especially in the transition from the Itapema to Barra Velha Formation.

The Barra Velha Formation has only 4% of FF1 and 28% of FF2 which are
concentrated in the middle of the formation, where there is a predominance of higher Si
values, lower Ca values, and lower porosities and permeabilities (Figure 43). On the other
hand, FF3 and FF4 are at intervals where there is a considerably opposite scenario to the
previous one (Figure 43). FF2 represents 28% of the formation and is mostly intercalated
with FF3 and may be associated with sudden increases in silica content caused by the
presence of chert as well as quartz, and chalcedony cement. Both the FF3 and FF4 have

a mean of 34% along the interval.

a) b)

Flow Facies - Barra Velha FM. Flow Facies - Itapema FM.

W FF1 WFF2 mFF3 ®mFF4 ®FF1 WFF?2 mFF3 WmFF4

Figure 50: Pie charts with the percentage means of the flow facies for a) the Barra VVelha Formation and b)

for the Itapema Formation in Well A.

Table 6 shows the mean and median values for the GR, Pl, KTIM, PHIE, Vclay,
Ca, Mg, and Si logs of the Barra Velha and Itapema formations in Well A.
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In the Itapema Formation, something that stands out is that the values of GR and
Vclay are much higher than those found in the Barra Velha Formation with the highest
mean of 42,7 gAPI and 22%, respectively, for FF1 and the lowest of 31,2 gAPI and 10%

for FF4, while the values of PI are lower in the Itapema Formation

Table 6: Table with the arithmetic mean and median of the main well-logs used in this work, for each flow

facies in the Barra Velha and Itapema formations in Well A.

Flow GR (gAPI) Pl{g.m/cm3.s) KTIM (mD) PHIE (m3/m3) Velay (v/v) Ca (v/v) Mg (v/v) Si (v/v)

Facies Zones Mean | Median | Mean | Median | Mean | Median [ Mean | Median | Mean | Median | Mmean [ Median | Mean | Median [ mean | Median
B. Velha 264 | 249 | 12285 | 12324 | 1.36 | 0.88 | 19% | 18% 8% 7% 33% | 28% 14% | 14% | 52% | 57%
ltapema | 457 | 28.2 | 11706 | 11963 | 0.075 | 0.05 6% 6% 22% 8% 75% | 88% 9% 4% 12% 4%
B. Velha 30.7 | 27.9 | 12422 | 12524 | 3.39 | 1.92 | 10% 9% 12% 9% 45% | 41% 14% | 13% | 40% | 44%
ltapema | 445 | 355 | 12509 | 12682 | 4.4 | 088 | 9% | 8% | 21% | 12% | 64% | 64% | 12% | 10% | 20% | 19%
B. Velha 30.5 | 29.4 | 12093 | 11991 | 249 | 165 | 11% | 11% | 11% | 10% | 48% | 47% 18% | 18% | 33% | 28%
ltapema | 356 30.4 | 11686 | 11689 | 32.7 15.7 12% 11% 14% 9% 69% 70% 9% 8% 20% 19%
B.Velha | 565 | 25.7 [ 11115 | 11054 | 331 | 187 | 15% | 15% | 9% | 8% | 62% | ea% | 21% | 21% | 16% | 13%
ltapema | 395 | 283 | 9838 | 9770 | 1484 | 524 | 18% | 18% | 10% | 8% | 75% | 75% | 11% | 10% | 13% | 12%

The median permeability grows from FF1 (0.05 mD) to FF4 (524 mD). Porosity
also increases from FF1 (6%) to FF4 (18%) and presents lower arithmetic mean and
median values for FF1 and FF2 when compared to the values found in the Barra Velha
formation. The calcium content is higher in all flow facies, with all measurements being
greater than 64%. The magnesium content has lower values in the Itapema Formation

than in the Barra Velha Formation and there is no growth trend from FF1 to FF4.

The silica content is significantly lower than that found in the Barra Velha
Formation, having the lowest values associated with FF1 and FF4. Therefore, in the
Itapema Formation, the silica content does not seem to be the main factor that exerts a
strong influence on permoporosity as the clay content and the presence of calcite cement
do. In addition, there is no pattern of increased calcium content and decreased
permoporosity and vice versa, which may contribute to the idea that some diagenetic
factors such as silicification, dolomitization, and dissolution may not have influenced this

formation as much as in the Barra VVelha Formation.

Two factors that possibly assume responsibility for decreasing permoporosity are
the significant presence of calcite cement throughout the Itapema Formation, especially

at the base of the formation (where there is greater FF1 thickness), and the presence of
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fine grains and/or muddy facies, found in the middle of the formation (where there is the
predominance of FF1 and FF2).

In the Barra Velha Formation, the GR does not present great variations from one
flow facies to another, having its maximum values with an average of around 30.7 and
30.5 gAPI (FF2 and FF3, respectively). The Pl log decreases from FF1 to FF4, with lower
mean and median values for FF4 (11115 and 11054 gm/cma3.s, respectively) and higher
values for FF2 (average of 12422 gm/cm3.s) and FF1 (average of 12285 gm/cma3.s).

Note that FF1 and FF2 have low permeabilities, with a median of 0.88 mD and
1.92 mD, respectively, while FF3 and FF4 show a jump in permeability values, with 16.5
and 187 mD. According to North (1985 apud Ahr, 2008), the permeability for oil
reservoirs can be described, in mD, as: Low (1.0 — 15.0); Moderate (15.0 - 50.0); Good
(50.0 - 250.0); Very Good (250.0 - 1,000.0) and excellent (> 1,000.0). Therefore, the
Barra Velha Formation in Well A points to a low permeability for FF1 and FF2, moderate
for FF3, and good for FF4. The porosities, in general, present good values for all flow

facies.

According to the electrofacies defined by Dias (2021) carbonates considered
reservoirs have porosities above 6% and Vclay below 20%, therefore, according to these
pre-established cutoffs, all flow facies of the Barra Velha Formation would be considered
reservoir carbonates, however, the permeability values considered in the calculations of
these facies may refute this premise based only in the porosity and Vclay values. In that
sense, this well presents the highest mean and median values of porosity for FF1 and the
lowest mean and median for FF2, while permeability has the lowest mean and median
values for FF1 and FF2. These high porosity and low permeability values, especially in
FF1 and FF2 may be related to the presence of diagenetic factors such as cementation and
silicification that may obstruct the primary porosity, as well as dissolution and
dolomitization that may generate secondary porosity, such as vug and moldic, that may

have interconnectivity or not.

The means and medians of the ECS logs of Ca, Mg, and Si present very close
values. Ca and Si logs show more significant opposite behaviors when compared to the
magnesium. Calcium and magnesium contents follow a trend of increase from FF1 to FF4
whereas silica content decrease from FF1 to FF4. It is worth mentioning that, as seen in

Figure 50, the percentage of FF1 in the Barra Velha Formation is only 4%, and therefore,
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not very representative. In addition to the low representativeness of this facies, it is
possible to observe that the arithmetic mean of Si content (~52%) is high, and the median

of permeability (~0.88) is low, even with high porosities (~19%).

Aiming to facilitate the visualization and comparison between the data, the
parameters observed for each flow facies will be presented in the form of bar graphs
(Figure 51), they were constructed from the arithmetic mean values of the logs of GR, Pl,
Vclay, PHIE, Ca, Si and Mg, and the median of KTIM which are also shown in Table 6.
It is important to emphasize that in these bar graphs, each curve has its own range of
values on the y axis, which, in turn, is the same for all flow facies. However, as
permeability values vary greatly, generally between 0.01 and 10000 mD, it was not
possible to adopt the same scale on the y-axis for this log, thus, it requires more careful
analysis. This large variation in permeability curve values, and therefore different values

on the y-axis, occurred in the four wells analyzed in this dissertation.

60 20000 0.6 0.2 1 0.8
40 0.4 0.6
0000 s 0.4
20 10000 0.2 0.1 0.5 v.
I 0 = | [ | o2 Il
0 0 0 ) - 0 [ ]
BVE ™ BVE ITP BVE ITP BVE 1 BVE TP BVE ITP
mGR mPl m Vclay W PHIE mKTIM Si mCa mMg
60 20000 0.6 0.2 10 0.8
40 0.4 o6
10000 0.1 5 0.4
o 11| i 1 1 I
0 0 u a 0 u - 0 L] ~
BVE P BVE ITP BVE ITP BVE 1P BVE ITP BVE ™
B GR P W Vclay EPHIE BKTIM Si mCa mMg
60 20000 0.6 0.2 0.8
’ 40 0.6
a0 ) 0.4 o
S A I N B R
) 0
0 o] a n 0 0 0 i m
BVE TP BVE ™ BVE 1P BVE 1P BVE ITP BVE ITP
BGR mPl | Vclay mPHIE BKTIM Si mCa mMg
50 20000 0.6 0.2 1000 0.8
0.6
0.4
40 10000 0 0.1 500 0.4
. 1 1 I |=
I o 0 ] ] o o | | o ] »
0 BVE I BVE ITP BVE TP BVE TP BVE TP
BVE 1P
mGR Pl W Vclay m PHIE mKTIM Si mCa mMg

Figure 51: Bar graphs comparing different properties (GR (gAPI), PI (gm/cm3), Vclay (%), PHIE (v/v),
KTIM (mD), and Ca, Si, Mg, respectively) by formations (Barra Velha - BVE and Itapema — ITP,
consecutively) for each flow facies in Well A. It is worth mentioning that the y-axis of the permeability

values is on different ranges. Therefore, it is necessary to be careful when interpreting this specific curve.
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Table 7 shows the main lithologies and type of cement found in each flow facies
as well as their average for the entire well, covering the two formations, Barra Velha and
Itapema. Figure 52 shows some thin section images taken from the petrography report of

the most present lithologies in each flow facies for each formation.

In the FF1 of the Barra Velha Formation, the predominant lithology is chert and
shrubs that contain mostly quartz and chalcedony cement, whereas, in the Itapema
Formation, the dominant lithologies are laminites, mudstones, and grainstones with the
presence of calcite cement. In addition to chert and shrubs, FF2 has the presence of
spherulite, with quartz cementation in the Barra Velha Formation, and a predominance of
grainstones and laminites with calcite cementation in the Itapema Formation FF3 has
shrubs and spherulites with some samples containing quartz cement in the Barra Velha
Formation and grainstones and floatstones in the Itapema Formation. The FF4 presents a
greater presence of reworked facies (grainstones), shrubs, and spherulitites in situ with
dolomite cement being the predominant in the Barra Velha Formation, and in the Itapema

Formation, there are facies similar to those found in FF3.

Finally, it is noted that the predominant cement throughout the Barra Velha
Formation is quartz cement, whereas, in the Itapema Formation, the most common
cement is calcite. Furthermore, the idea that flow facies have no direct correlation with
lithology is supported, as it is possible to find the same lithologies responding to flow in
different ways, and different lithologies having the same flow responses due to the
diagenetic history they have gone through.

Table 7: Table with the main lithologies and types of cement present in each flow facies for both Barra

Velha and Itapema formations, in addition to the percentage of each flow facies for the entire well.

. . spherulitite,
chert, dolomite, | chert, shrubs, spherulitite, P .
B. Velha . grainstone,
shrubs spherulitite chert, shrubs
. shrubs
Lithology -
grainstone, . . .
. grainstone, grainstone and | grainstone and
Itapema laminite L
laminite floatstone floatstone
mudstone
quartz, . .. _|dolomite, quartz
B. Velha quartz, dolomite |quartz, dolomite )
Cement chalcedony e calcite
ltapema calcite and calcite and calcite and calcite, dolomite
P dolomite dolomite quartz and quartz
Flow Facies Well A 16% 26% 27% 31%
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Figure 52: Images of some of the main thin section samples found in each flow facies in Well A for the
Barra Velha Formation a) Chert with chalcedony as the main component, and spherulites and quartz as
secondary; b) Shrubs with optical fascicular texture and mosaic, quartz and chalcedony cementation in
interelement pore and quartz cementation in vugular pore; c) Shrubs with optical fascicular texture,
interelement pore dolomite cementation; d) Grainstones with intraclasts and fragments of shrubs and
peloids, dolomite cement and calcite in the form of sparse crystals in interparticle pore, and the Itapema €)
laminite with lamination characterized by calcite, dolomite, clay, and siliciclastic grains; f) Grainstone
consisting mainly of peloids, intraclasts, and bivalve mollusk bioclasts; g) Grainstone consisting mainly of
bivalve mollusk bioclasts, intraclasts and with the presence of dolomitic cement; h) Floatstone with bivalve

mollusc bioclasts with occurrence of calcite and quartz cement in interparticle pore.
5.3.2. Quantitative evaluation in Well B

Well B does not have a petrographic thin section analysis, nor a detailed
description of the sidewall core samples. Therefore, as there is no information about the
type of cement, matrix, or main constituents of the lithotypes, it is difficult to analyze and
describe possible diagenetic processes. For this well, a table was created with the
calculations of the mean and median of the main curves used to evaluate and estimate the
flow facies. In addition to this table, two images, one containing pie charts with the mean
of flow facies for each formation and the other containing some photos representing the

sidewall core transversal samples collected in each flow facies, were also produced.

As previously seen in Figure 45, the Itapema Formation has both the base and the
middle dominated by FF1 with some layers of FF2. The base of this formation is mostly
composed of unidentified igneous rock, and volcanic breccia, and towards the middle of
the formation, there is an interval where with a significant presence of mudstones, shales,
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and siltstones. Given that, Figure 53 shows that the Itapema Formation presents a higher
percentage of FF1 and FF2, totaling 68% of the entire formation. On the other hand, the
Barra Velha Formation has a higher percentage of FF3 and FF4 than the Itapema
Formation, totaling 81%. Besides, the Barra Velha Formation has only 7% of FF1 and
12% of FF2, and these facies are more concentrated at the top of the formation. This
interval has the presence of igneous rocks, increased silica content, and reduced calcium,
as well as lower porosities and permeabilities. Conversely, FF3 and FF4 are found in
regions where silica content and Pl are low and calcium content and permoporosity are

higher.

a) b)

Flow Facies - Barra Velha FM. Flow Facies - Itapema FM.

mFF1 mFF2 mFF3 mFF4 mFFl mFF2 ®mFF3 mFF4

Figure 53: Pie charts with the percentage means of the flow facies for a) the Barra VVelha Formation and b)
for the Itapema Formation in Well B.

Table 8 shows the arithmetic mean and the median from the logs shown in Figure
45, of the Barra Velha and Itapema formations in Well B. The Itapema Formation presents
GR and Vclay values for the FF1 significantly higher than those found in the Barra VVelha
Formation, as shown in Well A. In addition, the PI values for all the flow facies are lower
when compared to the arithmetic means and medians found in the Barra VVelha Formation.
The means and medians for both the GR and Vclay logs and the Pl log decrease from FF1
to FF4. The median of permeability has a trend of increasing from FF1 (0.009 mD, low
permeability) to FF4 (83.3, mD, good permeability).

Porosity exhibits the same increasing trend. The average porosity for FF1 is 3.6%,
FF2, 7%, FF3, 9.3%, and FF4, 12.8%. Furthermore, it has the arithmetic mean and median
for all flow facies pretty close to those found in the Barra Velha Formation. The average
of calcium content grows from FF1 (~19%) to FF4 (~92%). The magnesium content

presents much lower values for all flow facies when compared to the Barra Velha
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Formation, having a decreasing trend from FF1 to FF4, with an average of 14% for FF1,
and only 3% for FF4. Unlike what was found in the Barra Velha Formation, the
magnesium content in the Itapema Formation seems to have a more direct relationship
with permoporosity, that is, as there is an improvement in the flow facies, the Mg content
decreases. Finally, the Si content has a decreasing pattern from FF1 to FF4, with the
highest mean value for FF1, with 42%, and the lowest for FF4, with only 4%.

As in Well A, Well B does not present large variations in the means and medians
of the GR log in the four flow facies of the Barra VVelha Formation. The highest mean and
median values of the GR belong to FF1 and are respectively 23.8 and 21.1 gAPI. For the
rest of the flow facies, the means and medians are considerably low, being around ~20
gAPI. The same occurs for the clay volume (Vclay), having mean and median values that
do not exceed 7% considering all flow facies. This behavior corroborates with the idea
that the Barra Velha Formation, in this well, does not appear to have much presence of
fine grains and/or muddy facies as it can be seen in Figure 45.

The mean and median of the acoustic impedance (PI) log decreases from FF1 to
FF4, with an average of 16603 g.m/cm3.s in FF1 and 11689 g.m/cm3.s in FF4. Alongside
Well A, Well B also presents significant variations regarding the means and medians of
the permeability curves. Permeability increases from FF1 to FF4, with median close to 0
mD for FF1, 0.72 mD for FF2 (low permeability), 12.9 mD for FF3 (moderate) and 117.2
mD for FF4 (good). Porosities also follow the same pattern as the permeability, increasing
from FF1 to FF4. The means and medians of porosities are not considered substantially
low (except for FF1) and FF4 presents an average of 13.4%. The ECS logs have very

close mean and median.

The calcium content increases from FF1 to FF4 while the magnesium and silica
content behave oppositely. It is noteworthy that the magnesium log does not present
significant differences in values between the flow facies, and of the three ECS logs, it is
the least showing contrast from one flow facies to another. Despite this, is possible to see
that the FF4 has the lowest Mg arithmetic mean, but for the other flow facies is still hard

to conclude whether it is associated with worse or better flow responses.

The visualization and comparison between the data presented in the table above
will be also presented in bar graphs form (Figure 54). The geophysical logs of GR, PI,
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PHIE, Vclay, Ca, Mg e Si are distributed according to their arithmetic means, and for
KTIM the median was used.

Table 8: Table with the arithmetic mean and median of the main well-logs used in this work, for each flow

facies in the Barra Velha and Itapema formations in Well B.

A GR (gAPI) Pl(g.m/cm3.) KTIM (mD) PHIE (m3/m3) Velay (v/v) Ca (v/v) Mg (v/v) Si (v/v)
O,w Zones
Facies
mean | median [ mean | median | mean | median | mean | median | mean | median | mean | median [ mean | median | mean | median
B.Velha | 238 211 | 16603 | 17462 | 0.018 | 0.00 5.4% 3.1% 7% 5% 45% 47% 23% 23% 23% 21%
Itapema | 56.2 49.7 | 12880 | 12980 | 0.11 0.009 | 3.6% 2.3% 28% 17% 19% 14% 14% 11% 42% 44%
B.Velha | 199 18.9 | 13773 | 13751 ( 1.49 0.72 6.9% 6.4% 4% 3% 54% 53% 23% 23% 21% 19%
|tapema 21.7 16.1 | 12655 | 12787 | 1.02 0.6 7% 6.8% 7% 3% 75% 87% 7% 1% 14% 10%
B.Velha | 207 19.3 | 12782 | 12836 | 129 9.68 9.3% 9.2% 4% 4% 61% 60% 22% 22% 17% 15%
Itapema | 159 15.0 | 12405 | 12259 | 14.1 113 9.3% 9.6% 3% 3% 85% 91% 5% 0% 8% 6%
B.Velha | 203 15.2 | 11689 | 11662 181 117.2 | 13.4% | 13.3% 4% 4% 70% 72% 19% 19% 10% 9%
Itapema | 14.9 15.2 | 11395 | 11400 | 1154 833 | 12.8% | 12.6% 3% 3% 92% 94% 3% 0% 4% 4%
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Figure 54: Bar graphs comparing different properties (GR (gAPI), PI (gm/cm3), Vclay (%), PHIE (v/v),
KTIM (mD), and Ca, Si, Mg, respectively) by formations (Barra Velha - BVE and Itapema — ITP,
consecutively) for each flow facies in Well B. It is worth mentioning that the y-axis of the permeability

values is on different ranges. Therefore, it is necessary to be careful when interpreting this specific curve.
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Table 9 shows the main lithologies in each flow facies as well as the average of
each of them for the entire well, covering the two formations, Barra Velha and Itapema.

Table 9: Table with the main lithologies present in each flow facies for both Barra Velha and Itapema

formations, in addition to the percentage of each flow facies for the entire well.

Zones
Silicified Spherulite, | Spherulite
limestone, shrubs and and
B. Velha Spherulite and shrubs | grainstone | grainstone
thhology NI igneous,
shale, and | Coquina and |Coquinas and|Coquinas and
Itapema ; . .
coquinas mudstone grainstone | grainstone
Flow
. Well B 32% 20% 28% 20%
Facies

Figure 55 displays the transverse sidewall core sample images corresponding to
the most present lithologies in each flow facies for each formation. As mentioned before,
no report contains a detailed description of these photos, only a generalized description
of the sidewall samples contained in the final well report provided by the ANP.

The Barra Velha Formation presents, as the predominant lithology of the FF1,
spherulites with closed porosity and fissural silicification (Figure 55-a), while in the
Itapema Formation the dominant lithology for this facies is shale (Figure 55-¢), being
possible to observe the dark color, possibly showing the presence of organic matter. A
sample was collected where there is the presence of FF2 and points to silicified limestone
with closed porosity in the Barra Velha Formation (Figure 55-b) while in the Itapema
Formation poinst to the presence of mudstone with laminated dark gray grainstone and
closed porosity (Figure 55-f). A sample corresponding to FF3, in the Barra Velha
Formation, is described as limestone with spherulitic texture (Figure 55-c), and in the
Itapema Formation, described as coquina with light color, good porosity (Figure 55-g).
FF4 count with the presence of spherulite described as probable grainstone with good and
interparticle porosity in Barra Velha Formation (Figure 55-d) and, in Itapema Formation
the coquina possibly reworked with good porosity is more likely to represents this facies
(Figure 55-h).
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Barra Velha Formation Itapema Formation

a) Fr1 b) Fr2 e) Fr1 f) 2

Spherulite Silicified limestone Shale Mudstone
o) Fr3 d) Fra W g) Fr3 W h) Fra M

)

Limestone Spherulite Coquina Coquina

Figure 55: Images of transverse sidewall core samples for each flow facies and both Barra Velha and

Itapema Formation in Well B.
5.3.3. Quantitative evaluation in Well C

This well contains information on petrographic thin sections as well as core
images and sidewall core samples, so it was possible to identify the type of cement and
predominant lithology in each flow facies, in addition to quantifying, through the
arithmetic mean and median, patterns and behaviors of the main geophysical logs in the

four estimated flow facies in both the Barra Velha and Itapema formations.

Figure 56 shows two pie charts corresponding to the two formations present in
Well C. It is possible to observe that both in the Barra Velha and Itapema formations the
percentages of FF3 and FF4 are much higher than those of FF1 and FF2 together. This
behavior differs from wells A and B, which have higher averages of FF3 and FF4 only in
the Barra Velha Formation. The sum of the percentages of FF3 and FF4 reaches 85% and
this same sum in the Itapema Formation reaches 90%. From this, it is understood that

Well C presents better permoporosity when compared to the other wells.

The Itapema Formation has only the base dominated by FF1, showing where the
small percentage of FF1 (6%) of this formation probably came from. As seen previously,
the basal part of this formation is composed of samples of shale and rudstones with the
presence of calcite cement (Figure 47). The FF2 has a percentage of 14% being found

scattered all around the formation, generally interspersed with FF3. The layers of FF2
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may represent areas where possible decreases in permoporosity and calcium content, as
well as an increase in silica content and GR logs have occurred. These decreases in
permoporous properties and consequent worsening in flow facies may occur due to the
presence of fine and/or clayey grains, that increase the values of the GR log, as well as

the presence of diagenetic processes such as silicification or cementation.

The Barra Velha Formation has only 1% of FF1 and 24% of FF2. The FF2 layers
are present throughout the entire interval but are more concentrated from the middle to
the top of the formation (Figure 47). 1t was also noted that when there were local increases
in the Mg and Si contents and the consequent decrease in Ca, the highest concentrations
of the worst flow facies were found. As observed in wells A and B, in Well C the FF3
and FF4 have the highest percentage averages of this formation, indicating that the Barra

Velha Formation in Well C has, in general, good permoporous conditions.

a) b)

Flow Facies - Barra Velha FM. Flow Facies - Iltapema FM.

=FF1 mFF2 mFF3 mFF4 mFF1 WFF2 mFF3 mFF4

Figure 56: Pie charts with the percentage means of the flow facies for a) the Barra VVelha Formation and b)

for the Itapema Formation in Well C.

Through
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Table 10, it is possible to identify a decreasing trend in the GR, Vclay, silica, and
magnesium logs from FF1 to FF4, and, in a conversely way, there is an increase in
permoporosity, as well as in the calcium content from FF1 to FF4. This pattern is noted

both in the Barra Velha and in Itapema formations in Well C.

The Itapema Formation has considerably higher GR and Vclay values in FF1 than
the Barra Velha Formation. This same characteristic was found in Well B. The means and
medians of the GR and Vclay log decrease from FF1 to FF4, having an average of 63.2
gAPI for FF1 and 23.7 gAPI for FF4. The PI values do not tend to decrease from the
worst flow facies (FF1) to the best (FF4). This possibly happens because the muddy facies
are not well distinguished by acoustic impedance, sometimes presenting high or low
values of Pl. Permeability medians increase from FF1 (~0 mD, low permeability) to FF4

(157 mD, good permeability).

Contrary to what was found in Well B, the permeability for FF3 and FF4 is greater
in the Itapema Formation than in the Barra Velha Formation. The porosity values show
the same permeability trend, increasing towards FF4, having a mean of 2% for FF1 and
14% for FF4. The arithmetic mean of the calcium content is considerably high in all flow
facies all along the Barra Velha and Itapema formations. However, it is noted that the
Itapema Formation has higher values of calcium content than the Barra VVelha Formation,
in contrast, it has lower values of magnesium and silica. The calcium log increases from
FF1 (~49%) to FF4 (~89%) and that of silica decreases from FF1 (27%) to FF4 (8%). The
magnesium log does not have high values, with averages of 12.8% for FF1 and around
2% for FF2, FF3, and FF4.

As observed in Well A and Well B, Well C does not present large variations in
the GR log for the four flow facies in the Barra Velha Formation. The highest mean values
of the GR log belong to FF1 and FF2 with 33.31 and 32.2 gAPI, respectively, and the
lowest belongs to FF4 with 24.3 gAPI. The same happens with Vclay, having an average
of 26% for FF1 and 11% for FF4. Note that the GR and Vclay values are higher in Barra
Velha Formation of Well C than in Well A and B, possibly due to the intervals with the
presence of laminites and clay matrix diagnosed by the core and petrographic thin section

descriptions.

The arithmetic mean and median of the PI log, in general, also show a decrease
from FF1 to FF4, with an average of 14339 g.m/cm3.s in FF1 and 11775 g.m/cm3.s in
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FF4. As seen in the two previous wells, the means and medians of the permeability also
show significant variations in Well C. The permeability medians increase from FF1 to
FF4, with values of 0.02 mD (low permeability) for FF1, 0,51 mD (low) for FF2, 8.06
mD (good) for FF3 and 198.5 mD (good) for FF4. Porosity also follows the same trend,
increasing from FF1 to FF4. The porosities of FF1 and FF2 are below 6% while for FF3
and FF4 are above 13%. The ECS logs have means and medians considerably close, as
seen in wells A and B. The Ca content increases from FF1 to FF4 while the Mg and Si

decrease.
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Table 10: Table with the arithmetic mean and median of the main well-logs used in this work, for each flow

facies in the Barra Velha and Itapema formations in Well C.

GR (gAPI) Pl{g.m/fcm3.s) KTIM (mD) PHIE (m3/m3) Velay (v/v) Ca (v/v) Mg (v/v) Si (v/v)
Flow Facies Zones

mean | median | mean | median | mean | median | mean | median | mean | median | Mean | median | mean | median [ mean | median
B. Velha | 33.31 31.8 14339 | 14186 0.05 0.02 4.3% 4% 26% 25% 47% 49% 27% 25% 24% 22%
Itapema 63.2 70.7 11180 | 11179 0.02 0 2% 2% 66% 81% 49% 46% 12.8% | 13.3% 27% 27%
B. Velha 322 30.7 | 14084 | 14383 | 0.84 0.51 6.2% 6% 21% 19% 48% | 48,7% | 25% 24% 22% 21%
Itapema 238 22.8 | 13206 | 13265 | 0.73 0.44 6% 6% 11% 6% 78% 80% 2% 0% 19% 16%
B. Velha | 28.54 27.3 13278 | 13342 | 12.52 8.06 16% 14% 16% 14% 56% 58% 23% 23% 17% 16%
Itapema 253 24.6 | 12282 | 12424 | 13.45 | 10.14 9% 9% 12% 9% 85% B7%% 2% 0% 12% 9%
B. Velha 243 234 11775 | 11871 | 198.5 99.51 13.5% 13% 11% 10% 59% 65% 17% 17% 11% 11%
Itapema 23.7 22 10899 | 10955 | 266.6 157.8 14% 14% 11% 8% 89% 93% 2.4% 0% 8% 5%

Figure 57 shows the bar graphs corresponding to the arithmetic means of all logs

and the median of the permeability log, for each flow facies observed in
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Table 10. Table 11 shows the main lithologies and cement types found in each
flow facies in addition to their average for the entire well.
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Figure 57: Bar graphs comparing different properties (GR (gAPI), Pl (gm/cm3), Vclay (%), PHIE (v/v),
KTIM (mD), and Ca, Si, Mg, respectively) by formations (Barra Velha - BVE and Itapema — ITP,
consecutively) for each flow facies in Well C. It is worth mentioning that the y-axis of the permeability
values is on different ranges. Therefore, it is necessary to be careful when interpreting this specific curve.

Figure 58 presents images of the petrographic thin section with examples of some
of the most present lithologies in the flow facies. In the Barra Velha Formation, the FF1
contains predominantly laminites, reworked shrubs (grainstones), and shrubs in situ, with
quartz and dolomite cement as the predominant ones for this facies. FF2 has a greater
presence of grainstone, spherulite, some occurrences of laminite and dolomite, quartz
cement, and few samples of calcite cement. FF3 and FF4 have, as predominant lithology,
grainstones, shrubs, and spherulites as well as calcite, dolomite, and quartz cement. In the
Itapema Formation, the dominant lithologies for the FF1 are rudstones and grainstones
with calcite cement, as well as some occurrence of shales. FF2 is mostly composed of
rudstones with calcite cement and some occurrences of quartz cement. Finally, FF3 and
FF4 also have rudstones as dominant lithology, in addition to floatstones and calcite

cement.
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Table 11: Table with the main lithologies and types of cement present in each flow facies for both Barra

Velha and Itapema formations, in addition to the percentage of each flow facies for the entire well.

Zones
Laminite, Grainstone, Grainstone, Grainstone,
B. Velha grainstone, spherulite, spherulite, spherulite,
Lithology shrubs laminite shrubs shrubs
ltapema Rudstone, Rudstone Rudstone, Rudstone,
P grainstone floatstone floatstone
B. Velha Quartz, dolomite Dolomlte,. Calcite, q.uartz, Calcite, C|l..laI’tZ,
Cement quartz, calcite dolomite dolomite
Itapema Calcite Calcite, quartz | Calcite, quartz | Calcite, quartz
Flow Facies Well C 4% 18% 38% 40%

Barra Velha Formation Itapema Formation

’ W W $ 4 ‘ ¥ < o N
P ‘ g L AT 3 . 7 &

Grinstone Rudstone

Rudstone

Figure 58: Images of some of the main thin section samples found in each flow facies in Well C for the
Barra Velha Formation a) Spherulite with dolomite and mud with muddy matrix and quartz cementation;
b) Grainstone with peloids and dolomite cementation in interparticle pores; c) Grainstone with fragments
of shrub and spherulite, and dolomite cementation; d) Grainstones with fragments of shrubs and spherulites,
dolomite and calcite cementation, and the Itapema e) Rudstone with micritic matrix and calcite cement; f)
Rudstone consisting mainly of bioclasts, with calcite and quartz cementation; g) Rudstone consisting
mainly of bivalve mollusk bioclasts, intraclasts and with the presence of dolomitic cement; h) Rudstone
consisting mainly of bioclasts with the occurrence of calcite cement in an interparticle pore.

5.3.4. Quantitative evaluation in Well D

As previously seen, Well D was drilled only up to the Barra Velha Formation,

therefore, for comparative purposes between the Barra Velha and Itapema formations,
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this well will not be considered, being used only for comparative means of the Barra
Velha formations between the four wells. Well D contains a petrographic thin section
report in addition to images of plugs and cores, making it possible to identify the type of

lithology and cement predominant in each flow facies.

Figure 59 shows the pie chart with the average of the four flow facies of the Barra
Velha Formation in Well D. It is possible to observe that the highest percentage of flow
facies is concentrated in FF1 with 39% and in second place is FF4, with 25%. As seen
earlier, this well is full of igneous rocks at both the base, middle, and top of the formation.
The presence of igneous rocks, together with the presence of fine grains, which represents
a "dirtier" interval, are mostly responsible for the greater presence of FF1 in the well. This
behavior can also be observed in Well B, where there is a thick range of igneous rocks

and consequently of FF1 (Figure 45).

Flow Facies - Well D (Barra Velha FM.)

wFF1 WFF2 mFF3 mFF4

Figure 59: Pie charts with the percentage means of the flow facies for the Barra Velha Formation in Well
D.

The FF2, for the most part, is related to tighten carbonates cemented with quartz
and/or dolomite, as well as to rocks that have undergone diagenetic processes such as
silicification (Figure 49). Furthermore, they may be related to laminated carbonates, with
the presence of fine grains due to some areas with high GR and Vclay values. FF3 and
FF4 are related to cleaner shrubs with the presence of cement that possibly did not fill the
entire pore throat. If the thickness of the igneous rocks and FF1 related to them were not
taken into account, possibly the FF4 would represent the highest average percentage of
flow facies in Well D. The interval between the middle of the formation toward the top,

below the igneous occurrence has good permoporous properties.
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Table 12 shows the mean and medians of the main geophysical logs carried out in
the analyzes of this work. From the outset, it is possible to observe that the GR values
present higher values in the Barra Velha Formation of this well than when compared to
the previously analyzed wells. The highest means of the GR log belong to FF2 with 51.32
gAPI and FF1 with 48.7 gAPI, and the lowest mean is for FF4 with 36.9 gAPI. Thus, as
in the previous wells, both GR and Vclay values decrease from FF1 to FF4. FF2 has the
highest mean percentage of VVclay ~22%, whereas FF4 has ~12%. The high values of the
GR and Vclay logs reflect the presence of fine and/or clayey grains (e.g. laminites and

mudstones).

The means and medians of the acoustic impedance log (P1) do not differ much and
show the same tendency to decrease from FF1 to FF4. FF1 has a mean Pl of 15293
g.m/cm3.s and FF4 of 10156 g.m/cm3.s, this difference of approximately 5000 g.m/cm3.s
is due to the high acoustic impedance of some igneous rocks while cleaner and more
porous carbonates tend to have low PI values. As seen in the other wells, the merged
permeability log (KTIM_merged) presents mean and median values that vary greatly
from one flow facies to another. FF1, for example, has a median of 0.007 mD (low), FF2
of 0.72 mD (low), FF3 of 9.25 mD (low) and FF4 with 427.6 (very good).

The porosities show the same pattern of increasing from FF1 to FF4. The porosity
means for FF1, FF2, FF3 and FF4 are, respectively, 3.4%, 8%, 9.9% and 16.5%. The Ca
content has the lowest mean value for FF1 compared to wells A, B, and C, with only 16%,
possibly due to the presence of igneous rocks that generally have higher silica contents.
The highest mean of Ca belongs to the FF4 with 71%. The Mg content shows a slight
decrease from FF1 to FF4 but nothing very significant. The Mg values are relatively low

throughout the formation, with the highest percentage mean of 12% for FF1.

The silica log is interesting because, as in Well A, it presents relatively high values
for all flow facies, except for FF4. This behavior can illustrate the great influence of silica
and the silicification process in this well since samples of chert were collected and quartz
cement is the most present throughout the entire formation. In addition, the Si content
sometimes appears to significantly reduce permoporosity and sometimes not so much.

Table 12: Table with the arithmetic mean and median of the main well-logs used in this work, for each flow

facies in the Barra Velha Formation in Well D.

130



Flow
Facies

GR (gAPI) Pl{g.m/cm3.s) KTIM (mD) PHIE (m3/m3) Velay (v/v) Ca (v/v) Mg (v/v) Si (v/v)
Zone
mean median | mean | median | mean | median | mean | median [ mean | median | mean | median | mean | median mean | median
B. Velha 48.7 33.82 | 15293 | 16485 | 0.09 | 0.007 | 3.4% 2% 19% 7% 16% 12% 12% 11% 43% 43%
B.Velha | 51.32 | 45.58 | 12822 | 12773 | 2.30 0.72 8% 7% 22% 16% 38% 42% 10% 8% 40% 39%
B. Velha 40.9 38.7 | 12000 | 11938 | 17.17 | 9.25 9.9% 10% 14% 13% 52% 57% 9.1% 9% 35% 34%
B. Velha 36.9 37.4 | 10156 | 10036 | 869.6 | 427.6 | 16.5% | 17% 12% 12% 71% 71% | 10.1% | 10.1% | 17% 14%

Figure 60 shows a different way to visualize the arithmetic

mean and median

values observed in the table above for each flow facies. This well has only the Barra Velha

Formation and the arithmetic means were used for all geophysical logs, except for the

permeability in which the median was used.
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Figure 60: Bar graphs comparing different properties (GR (gAPI), PI (gm/cm3), Vclay (%), PHIE (v/v),
KTIM (mD), and Ca, Si, Mg, respectively) by formations (Barra Velha - BVE and Itapema — ITP,

consecutively) for each flow facies in Well D. It is worth mentioning that the y-axis of the permeability

values is on different ranges. Therefore, it is necessary to be careful when interpreting this specific curve.

Table 13 shows the main lithologies and types of cement for each flow facies in

the Barra Velha Formation. Figure 61 displays the images of the petrographic thin section

as well as sidewall core and plug samples. The dominant lithologies of the FF1 are
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laminites (Figure 61-a), basalt, and diabase, as well as quartz, dolomite, and bitumen

cement.

In FF2 there is a predominance of in situ shrubs with quartz cement, dolomite, as
well as a few samples of breccia with quartz, and dolomite. Furthermore, FF2 is very
characteristic due to the presence of chert, with intense quartz cementation and some
presence of chalcedony cement. In Figure 61-b it is possible to observe the chert sample

with intense quartz cementation.

The FF3 and FF4 are essentially composed of shrubs and spherulites in situ and
reworked of shrubs and spherulites (grainstones) and the predominant cement is dolomite
and quartz. Figure 61-c shows a very porous shrub with dolomitic cement. Figure 61-d
shows the thin section and plug photos of a very porous spherulite with dolomite and
dolomitic cement.

Table 13: Table with the main lithologies and types of cement present in each flow facies for Barra Velha

Formation, in addition to the percentage of each flow facies for the entire well.

Zones
- Shrubs, Shrubs,
Laminite, Shrubs, chert rainstone spherulite
Lithology B. Velha | diabase and t 8 P
and breccia and and
basalt . .
spherulite grainstone
quartz, quartz, . .
Cement B. Velha dolomite, dolomite, do'j;?;e’ do'j::,ltze‘
bitumen bitumen q q
Flow
\ Well D 39% 21% 15% 25%
Facies
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Barra Velha Formation

9 FF3 I

Figure 61: Images of some of the main thin section samples found in each flow facies in Well A for the
Barra VVelha Formation: a) Laminite characterized by calcite and organic matter, muddy and organic matrix;
b) Chert consisting mainly of quartz and chalcedony in addition to shrub fragments, 15% quartz
cementation; c)Shrub with dolomite and quartz cementation; d) Spherulite with dolomite and dolomitic

cementate.
5.3.5. Quantitative analysis in all wells

In addition to the quantitative analysis carried out in each well separately, the
arithmetic means and median of the main curves used in this work were calculated for all
wells together. Thus, analyzes were carried out for each formation, both the Barra Velha
and Itapema, considering all wells. It is noteworthy that the main objective of this
statistical analysis is to enable a comparison between the estimated flow facies and the
behavior of the main curves in each of these facies in the Barra Velha and Itapema
formations. Therefore, for comparative purposes, four wells will be considered in the
Barra Velha Formation and only three in the Itapema Formation since Well D has only

the Barra Velha Formation.

Besides the calculations performed on the well domain, quantitative analyzes were
performed for the seismic domain. These calculations were executed in order to compare
the results obtained at both the well and seismic scales. In addition, the last section of this
chapter will address, in more detail, the behavior of flow facies in the seismic volume as
well as the prediction of the probability of occurrence of each flow facies.
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Table 14 considers the Itapema and Barra Velha formations and it contains the
data for the four wells. It is noted that, in general, for the four wells, both the Barra Velha
and the Itapema show a trend to decrease the GR, Vclay, PI, and Si logs from FF1 to FF4
while the porosity, permeability, and calcium content exhibit opposite behavior. The Mg
content appears sometimes decreasing towards FF4, sometimes increasing. In general,
the magnesium content tends to decrease from FF1 to FF4. Furthermore, it was observed
that the calcium content is higher in the Itapema Formation in all wells than in the Barra
Velha Formation, on the other hand, the high silica content is, in general, more common

in the Barra Velha Formation than in Itapema.

Table 14: Table with arithmetic means of well logs by flow facies for wells A, B, C and D, and the median

of permeability.
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Pl(g. PHIE
GR m/cm (m3/ Viclay Ca Mg Si
(gAPI) 3.s) KTIM (mD) m3) (v/v) (v/v) (v/v) (v/v)
Flow
Wells : Zones
Facies
mean mean mean median mean mean mean mean mean

B. Velha | 26.44 | 12285 | 1.36 0.88 19% 8% 33% 14% 52%

ltapema 42.7 11706 | 0.075 0.05 6% 22% 75% 9% 12%

B. Velha 30.7 | 12422 | 3.39 192 10% 12% 45% 14% 40%

ltapema 448 | 12509 4.4 0.88 9% 21% 64% 12% 20%

Well A
B. Velha 30.5 12093 249 16.5 11% 11% 48% 18% 33%

Itapema 35.67 | 11686 | 32.7 15.7 12% 14% 69% 9% 20%

B. Velha 26.8 | 11115 | 331.2 | 187.7 15% 9% 62% 21% 16%

ltapema 31.2 9838 1484 | 524.8 18% 10% 75% 11% 13%

B. Velha 23.8 | 16603 | 0.018 | 0.00 5.4% 7% 45% 23% 23%

ltapema 56.2 12880 | 0.11 0.009 | 3.6% 28% 19% 14% 42%

B. Velha 19.96 | 13773 1.49 0.72 6.9% 4% 54% 23% 21%

ltapema 21.7 | 12655 1.02 0.6 % 1% 75% 1% 14%

Well B
B. Velha 20.75 | 12782 12.9 9.68 9.3% 4% 61% 22% 17%

ltapema 15.9 12405 14.1 113 9.3% 3% 85% 5% 8%

B. Velha 20.3 11689 181 117.2 | 13.4% 4% 70% 19% 10%

Itapema 14.9 11395 | 1154 833 12.8% 3% 92% 3% 4%

B. Velha | 33.31 | 14339 | 0.05 0.02 4.3% 26% 47% 27% 24%

ltapema 63.2 11180 | 0.02 0 2% 66% 49% 12,8% 27%

B. Velha 32.2 14084 | 0.84 0.51 6.2% 21% 48% 25% 22%

ltapema 23.8 | 13206 | 0.73 0.44 6% 11% 78% 2% 19%

Well C
B. Velha 28.54 | 13278 | 12.52 8.06 16% 16% 56% 23% 17%

ltapema 25.3 12282 | 13.45 | 10.14 9% 12% 85% 2% 12%

B. Velha 243 11775 | 1985 | 99.51 | 13.5% | 11% 59% 17% 11%

ltapema 23.7 | 10899 | 266.6 | 157.8 14% 11% 89% 2,4% 8%

B. Velha

48.7 15293 0.09 0.007 3.4% 19% 16% 12% 43%
B. Velha

51.32 | 12822 2.30 0.72 8% 22% 38% 10% 40%

Well D m

B. Velha

40.9 12000 | 17.17 9.25 9.9% 14% 52% 9.1% 35%
B. Velha

36.9 | 10156 | 869.6 | 427.6 | 16.5% | 12% 71% 10.1% 17%

Wells C and D have a dirtier Barra VVelha Formation when compared to the other
wells, with the highest percentage of GR in the four flow facies. In general, the Itapema
Formation has higher percentages of GR when compare to Barra Velha formation and

these values generally belong to FF1 (above 42 gAPI). This behavior can be noted in the
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four wells analyzed in this work and can be related to the presence of intervals with fine
grains (ex: mudstones, and laminites). Well A presents a peculiar behavior when
compared to the other wells, mainly in the Barra Velha Formation. It has the highest
means of Si content that, given the porosity values, appear sometimes affecting
significantly, filling the pores, and sometimes not changing much. An example of this is
the fact that FF1 has a percentage of porosity (19%) higher than FF3 and FF4. However,
when analyzing the permeability values it is possible to observe that even though FF1 has
good porosity, permeability has a median of 0.88 mD, whereas FF4 has a median of 187.7
mD. Therefore, there may have occurred some diagenetic processes generating secondary
porosities without great interconnectivity between them.

After estimating the arithmetic means and median in each well separately, the
same statistical measurements were performed for all wells together. In Table 15 is
possible to notice that the Itapema Formation has the same characteristics concerning the
trends of the curves as the Barra Velha Formation, that is, at this point, it is already
possible to see that the GR, Vclay, and Si curves behave in an opposite way to the porosity
and permeability curves, as well as calcium content. Therefore, it is noted that the factors
responsible for the decrease in permoporosity are, in general, the silica content, and the
presence of fines and/or clay in both formations.

The percentages of the GR and Vclay for FF1 are higher in Itapema Formation,
with 54.03 gAPI and 39%, respectively. In contrast, the average of the PI for FF1 is lower
than for FF2 and FF3. This result is different than the expected because, in general, as the
porosity increases, the Pl decreases, therefore, the FF1 should present the highest values
of Pl among all the flow facies because they represent the worst permoporosity. This
distinct behavior can be explained by the GR and Vclay because their high values indicate
the presence of clay, and the elastic parameters do not show good responses with regard
to distinguishing muddy carbonates from porous carbonates, since they both have low

impedances. This behavior will be noted in more detail in the next section.

In the Barra Velha Formation, the GR, Vclay, and Pl logs decrease from FF1 to
FF4, reaching averages of 33.06 gAPI, 15%, and 14630 g.m/cm3.s, respectively, for FF1,
and 27.07 gAPI, 9%, and 11184 gm /cm3.s for FF4. The mean porosities for FF1 and FF2
are equal, 8%, but the median shows a difference of 3%. The porosity means and medians

for FF3 and FF4 are very close, 12% and 15%, respectively. It is interesting to note that
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the mean of Vclay is no more than 15% and the average porosity is greater than 8% in all

flow facies.

The medians of the permeability for FF1 and FF2 are considered low according
to North (1985) apud Ahr (2008), with medians of 0.01 and 0.72 mD, respectively. FF3
has a permeability considered moderate (median of 9.5 mD) and FF4 has a good
permeability (median of 152.45 mD). The ECS log of calcium shows an increase pattern
from FF1 to FF4 with an overall mean of 35% and 66%, respectively. Roughly speaking
it can be said that the magnesium content has a slight tendency of decreasing from FF1
to FF4. Finally, the silica content, as previously observed, presents a decrease pattern
from FF1 to FF4.

Table 15: Arithmetic means and medians of the geophysical logs in each flow facies for the four wells

together in both Barra Velha and Itapema formations.

Flow GR (gAPI) Pl(g.m/cm3.s) KTIM (mD) PHIE (m3/m3) Velay (v/v) Ca (v/v) Mg (v/v) Si (v/v)

Facies

(Four Zones

Wells)c mean | median | mean | median | mean | median | mean | median | mean | median [ mean | median | mean | median | mean | median

B.Velha |33.06 | 28.4 |14630|15336| 0.37 | 0.01 | 8% 4% 15% | 7% | 35% | 38% | 19% | 19% | 36% | 33%

FF1
Itapema | 54.03 | 49.7 |11922|11963 | 0.068 |0.0009| 4% 2% 39% | 17% | 48% | 46% | 12% | 11% | 27% | 27%

B.Velha | 33.54 | 29.3 [13275(13263 2 0.72 8% 7% 15% | 13% | 46% | 45% | 18% | 18% | 31% | 30%

Itapema | 30.1 | 22.8 |12790|12787| 2.05 0.6 7% 7% 13% 6% 72% | 80% 7% 1% 18% | 16%

B.Velha |30.17 | 28.37 [12539(12414| 1687 | 9.5 | 12% | 11% | 11% | 12% | 54% | 58% | 18% | 20% | 26% | 22%

Itapema | 25.62 | 24.6 |12124(12259| 20.1 | 11.3 | 10% | 10% | 10% 9% 80% | 81% 5% 0% 13% 9%

B.Velha |27.075| 24.55 | 11184 |11358| 395.1 |152.45| 15% | 14% 9% 9% 66% | 68% | 17% | 18% | 14% | 12%

ltapema |23.26 | 22 |10710|10955| 622 |157.8 | 15% | 14% | 8% 8% | 85% | 93% | 5% 0% 8% 5%

Figure 62 shows the bar graphs for the four wells together. As observed in each
separate well, it is possible to notice some trends in the analyzed curves. In general, the
GR and the Vclay are higher in the Barra Velha Formation for all flow facies, except for
the FF1, and in both formations there is a tendency for values to decrease from FF1 to
FF4. The same behavior observed in the GR and Vclay curves can be seen in the PI values,
in addition, the Barra Velha Formation presents higher values of PI for all flow facies,
when compared to Itapema Formation. The values of Si and Mg also show the same
behavior, decreasing from FF1 to FF4, being higher in the Barra Velha Formation. Unlike
the curves mentioned above, PHIE, KTIM and Ca increase from FF1 to FF4, and the
calcium content in the Barra Velha Formation is lower than that found in the Itapema

Formation, for all flow facies.
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Figure 62: Bar graphs comparing different properties (GR (gAPI), Pl (gm/cm3), Vclay (%), PHIE (v/v),
KTIM (mD), and Ca, Si, Mg, respectively) by formations (Barra Velha - BVE and Itapema — ITP,
consecutively) for each flow facies in the four wells together. It is worth mentioning that the y-axis of the
permeability values is on different ranges. Therefore, it is necessary to be careful when interpreting this

specific curve.
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Table 16 shows the percentage averages of each flow facies in each well for both
Barra Velha and Itapema formations. In the last column of this table are the means for all
wells together, at the well scale. In general, the percentage of FF1 in the Itapema
Formation is higher (25%) than in the Barra VVelha Formation (13%) for all wells together.
In wells A, B, and C, separated, this pattern is also observed. In wells A, B, the sum of
percentages of FF1 and FF2 are higher in the Itapema Formation than in the Barra Velha.
It is worth remembering that in the Itapema Formation of Well A there is a significant
interval with the presence of fine grains and/or clay with organic matter. Moreover, Well
B also has a considerable interval with the presence of muddy facies, as well as igneous

rocks.

On the other hand, Well C has a higher percentage of the sum of FF3 and FF4 in
the Itapema Formation than the Barra Velha Formation, and this is probably related to the
presence of higher values of the GR and Vclay logs in this formation, in addition to the
significant presence of laminites. Also, the silica and magnesium content are higher than
in the Itapema Formation. In this well, FF3 and FF4 have the highest percentages of flow
facies in both formations when compared to the other wells. Well D has only the Barra
Velha Formation and behaves differently from the other wells. The FF1 and FF2 summed
to represent the highest percentages of flow facies for this well. This is due to the fact that
the well is covered with igneous rocks that, in this work, are acting as permeability
barriers, in addition to the strong presence of intervals with mudstones, shales, and
laminites along this formation. Furthermore, the silica and magnesium content are higher
than those found in the Barra Velha Formation of wells B and C. Finally, the average of
the flow facies of all the wells together points to a higher percentage of FF3 and FF4 in
the Barra Velha Formation and of FF1 and FF4 in the Itapema Formation, but when
adding the best flow facies (FF3 and FF4) and the worse (FF1 and FF2) it is noted that
the sum of FF3 and FF4 are greater than that of FF1 and FF2 in both formations.

Table 17 presents the same results as the previous one, but with the flow facies at
the seismic scale, that is, after the curves have been upscaled. It is possible to observe that
in the Itapema Formation the FF3 increased in all wells, FF1 practically remained the
same, FF2 did not show very significant changes, and the FF4 decreases for wells A, B,
and C. In the Barra Velha Formation of all wells, it can be noticed the same behavior,
there was a significant increase in the percentage averages of FF3 with the upscale. Along

with this, FF4 decreased, FF1 either showed a decrease or remained practically the same
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and FF2 increased only in Well A. Finally, with the sum and averages of all wells, in both
the Itapema and Barra Velha formations, the highest percentage averages belong to FF3.
FF4 decreases significantly and FF1 and FF2 do not show major changes when compared
to the well scale. It is noteworthy that both at the seismic and well scale, the sum of the

percentages of FF3 and FF4 are greater for the two formations.
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Table 16: Pie charts with the percentages of each flow facies at the well scale, by Formation and by well

with the corresponding thicknesses for each Formation.

Zones WELLA WELLB WELLC WELLD ALL WELLS
~273m ~132m ~218m ~573m Flow Facies
Barra
Velha
WFFL WFF2 WFF3 WFF4 WFF1 WFF2 WFF3 WFF4 WFF1 WFF2 WFF3 WFF4 WFF1 WFF2 WFF3 WFF4 WFF1 WFF2 WFF3 WFFA
~242m ~243m ~262m Flow Facies
o . .
WFF1 WFF2 WFF3 WFF4 WFF1 WFF2 MFF3 WFF4 WFF1 WFF2 WFF3 WFF4 WFF1 mFF2 mFF3 mFF4

Table 17: Pie charts with the percentages of each flow facies with the upscale, by Formation and by well

with the thicknesses corresponding to each Formation.

Zones WELLA_UPS WELL B_UPS WELL C_UPS WELL D_UPS ALL WELLS_UPS
~273m ~132m ~218m ~573m Flow Facies_UPS
Barra
Velha
wFF1 mFF2 mFF3 mFF4 ®FF1 WFF2 mFF3 mFF4 WEFL WFF2 wEF3 mEF4 ®FF1 WFF2 WFF3 mFF4 WFF1 WFF2 WFF3 mFF4
~242m ~243m ~262m Flow Facies_UPS
o . .
WFF1 WFF2 WFF3 WFF4 ®FF1 WFF2 mFF3 mFF4 HFF1 MFF2 MFF3 WFF4 WFF1 WFF2 mFF3 mFF4

5.4. Rock physics crossplot

The crossplots that will be shown in this section were built by using acoustic and

petrophysics parameters calculated from the geophysical well logs. The Pl versus Ln(FZI)

and PI versus PHIE crossplots were made in the four wells presented in the previous

sections. The construction and analysis of crossplots aim to help understand how the flow

facies distribution will be, and whether there is a visible separation of these facies when

using acoustic and petrophysical parameters. The information obtained from these

crossplots can serve as a basis for building a distribution model of flow facies in the

seismic volume for both Barra Velha and Itapema formations.
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Crossplots data were carried out for the Barra Velha and Itapema formations
together, in each well, and for the four wells together. The Ln(FZI) was obtained from
the NMR effective porosity and permeability curves, and in the wells with the presence
of igneous, the porosity and permeability logs were used with the merge of the NMR and

DT curves.
P1 x Ln(FZI) crossplots

Figure 63 shows the Pl versus Ln(FZI) crossplots performed in wells A, B, C, and
D. As expected, the flow facies have a good correlation and, in general, it is possible to
observe the behavior of each of these facies in relation to the acoustic impedance and
Ln(FZI) logs. It is noteworthy that higher values of Ln(FZI) represent higher
permoporosity and lower values of Ln(FZI) otherwise. The acoustic impedance values
are generally influenced by the porosity of the rock, that is, more porous rocks tend to
have a lower Pl value and less porous and/or tighten rocks, as well as some igneous rocks,
tend to have higher Pl values. In other words, porosity generally has an inverse
relationship with acoustic impedance. However, it is possible to see in some wells that
FF1, which represents the smallest porosity or zero porosity, sometimes has high and

sometimes low Pl values.

This happens because in some wells the presence of fine grains and/or muddy
facies, that belong to FF1, end up hinders the good relationship that exists between
acoustic impedance and some petrophysical parameters such as porosity. Thus, when
there is the presence of muddy facies or fine grains, FF1 can be confused with the
behavior of the FF3 and FF4 which, in turn, would represent the reservoir rocks, making
it a great challenge to use porosity modeling and facies classification techniques based
only on the acoustic volume of PI. This superposition of Pl values in pre-salt carbonates
between the reservoir and non-reservoir rocks was also reported in the works by Teixeira
et al. (2017), Castro and Lupinacci (2019), Mello (2020), and Penna and Lupinacci
(2021).

In Well A (Figure 63-A), there is a trend of decreasing PI values and increasing
Ln(FZI) values. It is possible to observe that FF2, FF3, and FF4 respect this trend,
however, FF1 presents a different behavior. FF1 is between the 10,000 and 13,500
g.m/cm3.s, having PI values equal to or even lower than those found for FF3. On the other

hand, FF3 is among high values of Ln(FZI) while FF1 is among lower values. It should
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be remembered that Well A has an interval, in the Itapema Formation, with the presence
of muddy facies, such as shales and mudstones, which, according to some works such as

Dias (2021), the muddy facies may have low impedance and low porosities.

The behavior observed in Well B (Figure 63-B) is similar to that found in Well A,
however, it is noted that, in general, all the flow facies present P1 values higher than those
in Well A. It is noteworthy that at the base of the Itapema Formation in Well B, there is
an unidentified igneous rock in addition to an interval with the presence of shales and
siltstones. The presence of these muddy facies may have been responsible for the low Pl
values as well as the presence of the igneous ones, which, depending on their
characteristics, can either generate very high P1 values or low values. In general, intrusive
igneous ones such as diabase will present high values of PI, and extrusive igneous ones,
such as basalt, low values. As we do not have information about the type of igneous rock

in this well, it is difficult to conclude anything.

Well C (Figure 63-C) presents the most representative behavior of the relationship
between acoustic impedance and petrophysical parameters. It is possible to observe that
the few FF1 samples have higher impedance values than those observed in wells A and
B, with PI values between 16,000 and 13,000 g.m/cm3.s. In addition, it is noted that the
PI for FF4 is between 13,000 and 9,000 gm/cm3.s, therefore, it is possible to say that due
to the small presence of muddy facies in the Itapema Formation and the presence of
muddy carbonates in the Barra Velha Formation, Well C shows a better correlation
between the parameters so far. It is worth mentioning that according to the PI vs. PHIE
crossplots carried out by Dias (2021), sometimes, the muddy carbonates of the Barra
Velha Formation present higher PI values than the muddy facies found in the Itapema

Formation which are generally associated with shales and mudstones.

Finally, Well D (Figure 63-D) is more similar to Well B due to the fact that it has
igneous rocks throughout the formation and muddy carbonates such as laminites and
mudstones. In this well, both intrusive (diabase) and extrusive (basalt) rocks are present.
Intrusive rocks usually have high PI values, which may explain, the FF1 “cloud” between
the values of 18,000 and 16,000 g.m/cm3.s. On the other hand, extrusive rocks usually
have lower PI values that may justify, along with the muddy carbonates, the FF1 also
scattered around lower PI values. Also, this well does not show good correlations that

make distinctions and trends of the FF2 and FF3 very clear.
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Figure 63: Crossplots of PI versus Ln(FZI) by flow facies for both Barra Velha and Itapema formations. A)
Well A; B) Well B; C) Well C; D) Well D.

Figure 64 shows the PI versus Ln(FZI) crossplot for the four wells together. It is
possible to observe that, as seen in each well separately, FF4 has higher values of Ln(FZ1),
that is, better permoporosity, and lower values of Pl, being the flow facies with the most
distinguishable behavior in relation to the others. It is noted that FF3 presents lower Pl
values, but also shows Pl values pretty close to FF2. FF1 and FF2, which should be
distributed between higher values of PI, have a significant portion of facies with
impedance values belonging to the same range of values as FF3, and this happens due to
the expressive presence of muddy facies in FF1, as well as in FF2. In contrast, there is a
“cloud” of points belonging to FF1 that falls in the range of higher acoustic impedance
values. As already observed in wells B and D, the presence of intrusive igneous rocks,
defined as FF1, may have been responsible for these high PI values. Therefore, analyzing
all wells together, FF1 has PI values between 18,000 and 10,000 gm/cm3.s, FF2 between
16,000 and 10,000 gm/cma3.s, FF3 between 15,000 and 9,500 gm/cm3.s and FF4 between
13,000 and 8,000 gm/cm3.s.
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Figure 64: Crossplots of Pl versus Ln(FZI) by flow facies for both Barra Velha and Itapema formations in

the four wells together.

P1 x PHIE crossplots

The crossplots of Pl versus PHIE by flow facies were performed for the two
formations (Itapema and Barra Velha) in each well (A, B, C, and D) and the four wells

together.

Figure 65 shows the PI versus PHIE crossplots for wells A, B, C, and D (Figure
65-A, Figure 65-B, Figure 65-C, and Figure 65-D, respectively). Again, it is noted that
the lowest values of acoustic impedance are associated with FF3 and, mainly, with FF4.
Moreover, it can be seen that the wells where a greater presence of muddy facies, igneous
rocks, and/or a greater diagenetic action (e.g., silicification and/or cementation) were
observed, presented a greater dispersion of data. This means that FF1 and FF2 may
present, in addition to high PI values which would be expected for these lithologies, low
Pl values. The muddy facies represented, for the most part, by FF1 presented low Pl
values between 12,000 and 8,000 g.m/cm3.s, whereas the intrusive igneous rocks, also
represented by FF1, have high values of PI (Dias, 2021).
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Well A (Figure 65-A), as seen above, has a relatively good distribution for FF2,
FF3, and FF4, where it is possible to observe that FF2 is distributed between the highest
Pl values (~15,000 and 12,000 g.m/cm3.s) and consequently lower porosity, while FF3
and FF4 show a trend of decreasing Pl values and increasing porosity. FF1, on the other
hand, presents low PI values and lower porosity values, not presenting a good distribution,
being mixed with FF2. The thin section description from Well A points to a significant
presence of muddy facies in the Itapema Formation, in addition to the occurrence of some
diagenetic processes such as silicification and dolomitization due to the presence of chert
and dolomite samples in the Barra Velha Formation. The presence of muddy facies as
well as these diagenetic processes may have caused this behavior in FF1 and FF2.

Well B (Figure 65-B) is marked by the presence of an unidentified igneous rock
as well as muddy facies described as siltstones, mudstones, and shales. It is possible to
notice the presence of few FF1 scattered in intervals with high porosities that may be
related to an intense washover zone, in addition to the presence of the igneous rocks,
which may not have been able to be calibrated by the merge of the curves, and the porosity
and permeability values may have been overestimated. Furthermore, there is a greater
spread of FF1 between high PI values as well as low PI values. Possibly, the high PI
values are related to the presence of igneous rock at the base of the Itapema Formation,
and the low PI values to the presence of the muddy facies. Apart from the atypical
behavior found for FF1, the FF2, FF3, and FF4 seem to have good distributions. FF2 has
PI values between ~15,000 and 12,000 g.m/cm3.s, and FF4 between ~12,000 and 10,000
g.m/cm3.s. Furthermore, it is possible to notice that compared to Well A, the Pl values

for all flow facies present, in general, higher values in Well B (Table 14).

Based on some characteristics observed in the geophysical logs and the crossplots
of Pl vs. Ln(FZI), it is believed that Well B would present a similar behavior to Well D,

due to the presence of igneous and muddy facies in both wells.

Well C (Figure 65-C) is the well that has the best flow facies distributions through
the PI versus PHIE crossplot. The flow facies are well delimited and easy to distinguish
in their corresponding intervals. The PI values for FF2 are between 15,000 and 13,000
g.m/cm3.s, for FF3 between ~14,000 and 12,000 g.m/cm3.s and for FF4 between ~12,000
and 9,000 g.m/cm3.s. The PI values along all the flow facies are also higher than those
found in Well A, but there is a trend towards a decrease in Pl and an increase in PHIE

that is better defined between the flow facies. Furthermore, unlike Well B, Well C has no
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igneous rocks in the Itapema Formation and has a narrow range of muddy facies that can
correspond to this range of FF1 with low acoustic impedance values (between ~12,000
and 8000 gm/cm3.s). In addition, the Barra Velha Formation has the presence of
laminated carbonates (e.g., laminite) evidenced by GR peaks, which may explain the
lower porosity values for FF2 when compared to the same flow facies in the other wells
(Table 14).

Finally, Well D, has both intrusive and extrusive igneous rocks throughout the
Barra Velha Formation, so it has some characteristics similar to Well B. In addition to the
presence of igneous rocks, this well has a significant interval of muddy carbonates with
samples described as laminites and mudstones. The high PI values associated with FF1
are possibly linked to these intrusive igneous rocks (e.g., diabase) while the low Pl may
be associated with the muddy and extrusive igneous facies. FF2, in general, presents
higher values of Pl and may be associated with tight carbonates, with low permoporosity.
FF3 and FF4 represent the carbonates reservoir, with good permoporosity and low Pl
values. FF1 has a range of Pl values between ~19,000 and 10,000 g.m/cm3.s; FF2
between ~16,000 and 12,000 g.m/cm3.s; FF3 between ~13,000 and 10,000 g.m/cma3.s;
and, finally, the FF4 between 12,000 and 8000 g.m/cm3.s.
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Figure 65: Crossplots of Pl versus PHIE by flow facies for both Barra Velha and Itapema formations. A)
Well A; B) Well B; C) Well C; D) Well D.
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Finally, Figure 66 shows the PI versus PHIE crossplot for all wells together. Note
that there is a good distribution between FF2, FF3, and FF4, which follow the trend of
relating the improvement in the flow facies with the decrease in the acoustic impedance
values. FF1, as observed in Well A, and especially in Wells B and D, presents scattered
values and a more chaotic distribution, sometimes having high P1 values, sometimes low.
It is noteworthy that the objective of crossplots is to evaluate and visualize how the
distribution of flow facies in the seismic volume could be. In this work, this distribution
will be performed using the Bayesian classification. The crossplots have already shown
that there is a difficulty in separating FF1 and FF2 with low PI values which may end up
being confused with FF3 or FF4 in seismic modeling when based only on the acoustic

impedance volume.
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Figure 66: Crossplots of Pl versus PHIE by flow facies for both Barra Velha and Itapema formations in the

four wells together.
5.5. Evaluation of the model with the probability of occurrence of

flow facies in the seismic volume

In section 4, it was seen that the integration of rock-log-seismic data is decisive
for a proper characterization of reservoirs. In carbonate reservoirs, as they present great

lateral and vertical variation, this procedure is essential for a more robust representation
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of their properties. Seismic data have great spatial continuity and lateral resolution,
allowing the identification of structural aspects, deposit geometry, and their lateral
variations. This section will show the results of the well-seismic correlation, aiming to
identify some features that can be correlated with the spatial distribution of the wells in
the seismic section and their respective characteristics. Besides, aims to identify whether
the wells are located near faults, in structural highs, debris zones, among others. This
correlation also helps to understand the heterogeneities and distribution of the flow facies
observed in the wells, bringing now to the seismic scale. Furthermore, it is necessary to
emphasize that in this section, in addition to evaluating the results, brief discussions and
references of authors who have developed works related to this theme will be presented

with the aim of giving greater support to the results obtained.

Figure 67 presents an arbitrary section through the four wells, uninterpreted
(Figure 67-A) and interpreted (Figure 67-B). In order to aid in the discussions of this
arbitrary section, the upscaled flow facies track was added, representing the correct depths
of each formation and unconformities. It is worth remembering that the upscale was
performed using the Backus average, considering a cutoff frequency equal to 100Hz and

a sampling rate of 5 meters.

The arbitrary section is practically South-North oriented and cuts the carbonate
platform where wells A, B, C, and D are located. This carbonate platform is in the main
structural high of the study area. Well A is located in the southernmost and in a lower
portion of the carbonate platform concerning the wells B and D. Moreover, it has a thinner
Itapema Formation when compared to the other wells, presenting at its base a greater
presence of FF1 associated with the base of the coquinas which, as seen above, are
possibly cemented. In addition, the presence of fines and/or clay towards the middle of

the formation, which may suggest a deeper lake deposition environment.

Near the Pre-Alagoas unconformity, it is possible to identify an improvement in
the flow facies, with a predominance of FF3 and FF4, possibly related to the area close
to coquina banks, deposited in high energy shallower environments, where the action of
waves could favor the reworking of these coquinas, increasing porosity and/or displacing
finer sediments (Chinelatto et al., 2020), and therefore representing zones of greater
permoporosity. The collected samples are mostly described as grainstones and rudstones.
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The Pre-Alagoas unconformity that marks the base of the Barra Velha Formation
Is characterized by intercalations between FF3 and FF4. Towards the top of this
formation, there is a tendency to worsen these facies associated with intense diagenetic
processes such as silicification and mainly quartz cementation. This behavior can infer
bottom-to-top shallowing and drowning cycles (Wright & Barnett, 2017; Neves et al.,
2019; and Wright, 2020).

Well B was drilled under a higher location in the carbonate platform when
compared to Well A. This well is located between two normal faults and the base of the
Itapema Formation is extremely close to one of the faults. The base of this formation is
precisely marked by the presence of igneous rock that is translated into FF1, just above
this igneous rock there is a thick block of FF1 interspersed with thin layers of FF2,
possibly associated with the presence of tight carbonates because of the contact
metamorphism, in addition, the collected sidewall samples are described as shales,

mudstones and siltstones.

The deposition of these facies may be linked to restricted lake environments
and/or deposition in deeper lakes, accumulating a greater presence of fines and peloids
(Chinelatto et al., 2020). Near the top of this formation, it is possible to suggest the
presence of the coquinas banks structure dominated by FF3, representing better
permoporosity, with possible wave action, greater reworking, and a deposition in a

shallower lake configuration (Oliveira et al., 2019; Barnett et al., 2020).

The Barra Velha Formation has the smallest extension when compared to the other
wells, with a predominance of FF3 with FF4 intercalations. The sidewall samples
collected point to the presence of shrubs and spherulites in situ, as well as reworked facies
such as grainstones, which may suggest deposition in a shallower environment (Wright
and Barnett, 2015; Wright and Rodriguez, 2018). Furthermore, there is a worsening in
the flow facies towards the top of this formation but mainly associated with the presence

of igneous rock.

Well C is in a region of seismic debris facies that occurs close to border faults
(Nevesetal., 2019, Ferreiraetal., 2021), with FF3 and FF4 as the major flow facies along
the entire well. The Itapema Formation has low permoporosity at its base, being reflected
in FF1. In this interval, laminites samples were collected. Near the top of this formation,

there is an improvement in the flow facies with FF4 predominating. The Itapema
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Formation may be located at a region where intense reworking of coquinas may have
occurred and is characterized by good permoporosity. The Barra Velha Formation
presents excellent flow facies (FF3 and FF4) close to the Pre-Alagoas unconformity,
towards the base of salt there is a worsening of these flow facies which can be translated
in the presence of FF2 intercalated with FF3 and FF4. These intercalations may be
associated with variations at the base level of the lake (Wright and Barnett, 2015; Wright
and Rodriguez, 2018).

In the region of Well D, the Barra Velha Formation has the greatest thickness
among all the wells analyzed in this work. It is located under an isolated horst conditioned
by two normal faults. This well also has the presence of igneous rocks throughout the
formation, mainly in the most basal part. This interval presents a predominance of FF1,

and thin sections samples described as diabase and laminite.

Well D is characterized by a mound-like structure but does not have all the
characteristics of a carbonate mound. This mound has igneous rocks which makes it an
exception. Due to the presence of these igneous rocks and the contact metamorphism
associated with them, it turns out that this seismic structure does not have such good flow
facies in the places where these lithologies are found. Despite the influence of the igneous
rocks, there is an improvement of the flow facies in the middle of the formation, as it is
possible to notice through the greater presence of FF3 and FF4. This behavior may be
associated with high fracturing in carbonate mounds in the Santos Basin observed in the
works of Buckley et al. (2015), Jesus et. al (2019) and Ferreiraetal. (2021) who presented
the carbonate mounds as being important reservoirs, with good permoporous conditions

in the pre-salt area.

For discrete well logs, like the flow facies, the upscaled facies was considered as
the one that occurs with the greatest frequency given a running analysis window. Figure
64 shows how each flow facies separates in the well domain, considering the P-impedance
values. As seen also in well logs in Figure 43, Figure 45, Figure 47 and Figure 49, FF1
tends to present higher values of impedances, while FF4 corresponds to lower values.
This is expected, considering that FF1 and FF2 are mostly comprised of low porosity and
silica cemented carbonates and igneous rocks, while FF3 and FF4 correspond to higher
porosity and clean, calcium-pure carbonates. Due to the ambiguity that the presence of
muddy facies as well as igneous facies with high and sometimes low Pl values (Penna et

al., 2019), superimposed zones between each of the four FF in the elastic domain, will
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possibly occur. This mean that a single P-impedance value can relate different flow facies,
resulting in some level of classification errors when predicting petrophysical parameters
within FF. This same analysis from the elastic characteristics was made for the
lithological facies from Mero reservoir and can be seen in Penna et al. (2019).
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Figure 67: Arbitrary section, passing through wells A, B, C and D. (a) Uninterpreted data; (b) Seismic data
with the interpretation of the main unconformities and faults, as well as a track with the upscaled flow
facies, in each well.
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A Bayesian classification was performed to provide a quantitative analysis of the
probability occurrence from each flow facies, given the upscaled version of the well logs
as inputs. As seen in section 4.1.9, Bayesian’s theorem describes the posterior probability
P(m|z) of the parameters model m given the observed data z. Given the discretization of
FF using seismic derived elastic property volume, it is possible to rewrite the equation as
follows:

P(FF;)xXP(PI|FF))

P (FF;|PI) = PPD) ,

(26)

where P (FF;|PI) is the posterior probability of FF; given PI, P(FF,) is a priori probability
for i flow facies, the term P(PI|FF;) corresponds to the likelihood probability density
function (PDFs) adjusted for FF; to P-impedance (PI) values, and P(PI) is the occurrence

probability of PI, a normalization factor.

First, the likelihood probability density functions (PDFs) of each flow facies were
calculated using the term P(PI|FF;). The distinct PDFs were calculated from ten wells,
the four wells presented in this work and six more, for both the Barra VVelha and Itapema
formations, and they are shown in Figure 68. The PDFs allow assessing to what extent it
is possible to separate the different flow facies based, for example, on the Bayesian

classification from the acoustic impedance.

The overlapping of PDFs, mainly of FF1, FF2 and FF3, due to the presence of
intrusive igneous rocks as well as muddy facies, is a challenge for the flow facies
modeling in the pre-salt interval using the acoustic impedance volume. When the overlap
is too large, it becomes very difficult to define which PI values correspond to which
facies. As an alternative, it is possible to condition a facies modeling with more than one
elastic parameter a priori, using, for example, besides PI, the SI (shear impedance), or a

geological model as a priori information.

In the Barra Velha Formation (Figure 68-A), there is a better separation of the
FF1, FF2 and FF3, possibly due to the lower presence of muddy intervals (e.g.,
mudstones, laminites) when compared to the Itapema Formation. Furthermore, the
igneous rocks in the Barra Velha Formation were classified mainly as diabase (igneous
intrusions) with high PI values, being easier to be distinguished. However, even with the

lower presence of fines, the separation between the flow facies associated with these
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lithologies (FF1 and FF2) and the flow facies associated with good permoporosity (FF3),
is still a challenge.

The Itapema Formation, on the other hand, (Figure 68-B) shows a greater conflict
between the FF1, FF2 and FF3 PDFs, as there are significant intervals with the presence
of shales, mudstones, and siltstones, which have low PI, being easily overlapped with FF3
that has also low PI values. As seen before, the PI for the Itapema Formation are lower
than those of the Barra Velha Formation and belong to a range of 9000 to 14000
g.m/cm3.s. Furthermore, the Itapema Formation has a greater overlap of FF1 and FF3,
possibly associated with the bimodal behavior of tight carbonates. This bimodal behavior
is also observed in Barra Velha Formation and is associated with the great heterogeneity
of pre-salt carbonates due to silicification, dolomitization and/or cementation processes.
Mello (2020) showed how the mineralogical composition of carbonates from Barra Velha
Formation impact the elastic parameters of these rocks, where it is found that rocks with
greater presence of dolomite have higher values of elastic parameters than rocks with the

presence of quartz.
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Figure 68: Prior probability density functions using data from ten wells. (A) Barra Velha Formation (B)
Itapema Formation

Then, after having calculated the likelihood (PDFs), a priori probability of 25%
(i.e. the same probability of occurrence for each flow facies) was established for each
flow facies, represented by P(FF;). This choice was made to reproduce a more
exploratory scenario since, generally, wells are drilled in the best areas, in structural
highs. Then, if the statistic is based on the ten wells in which the flow facies estimates

were considered, the results would probably be biased and underestimated. Also, if the a
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priori probability of the ten wells together were chosen, possibly the flow facies that
encompass greater heterogeneity could be extinct or represent very small percentages.

Figure 69 shows the posteriori probability density functions (PDFs), calculated
through Eq. (26. With the results provided by this equation, it is possible to classify the
flow facies from an acoustic impedance volume. This means that for each known Pl value,
there is a probability of each flow facies occurring from that given PI value, in a certain
depth. For example, in Figure 69-A, for a Pl value of 18000 gm/cm3.s, the probability of
being FF1 is around 0.8, FF3 is less than 0.1, FF2 is nearly 0.2, and of being FF4 is zero.
The sum of these probability densities for these flow facies must always be one, and when
evaluating the facies that have the highest probability density, FF1 is the highest,
therefore, considering that given value of PI, for a certain depth, you are more likely to
have FF1.
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Figure 69: Posterior probability density functions using ten wells. (A) Barra Velha Formation (B) Itapema
Formation

From these calculated PDFs, it is possible to estimate a matrix that provides
information on the probability of errors and successes for each flow facies, by comparing
the observed and estimated flow facies. Figure 70 shows the confusion matrix considering
the well-log inputs. The main diagonal will tell you the success rate of each flow facies.
The y-axis represents the observed flow facies, and the x-axis the classified flow facies

through the posterioi PDFs.

In short, a confusion matrix is a table with two rows and two columns that reports
the number of false positives, false negatives, true positives, and true negatives. This
allows for more detailed analysis than a mere proportion of correct classifications

(accuracy). The main diagonal informs the hit percentage for each flow facies. Thus, it is
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possible to see that in the upper part of Figure 70-A, when analyzing the first line, which
compares the observed FF1 with all classified flow facies, it is observed that the hit rate
for FF1 was 63.7%. It had an error of 13.1% when classifying samples as FF2, 14.6%
was classified as FF3, and 8.6% as FF4. When analyzing the last line, that of FF4, it can
be seen that there was a 1.4% error classifying where it was FF4 as FF1, 18.3% as FF2,
9.5% as FF3, and 70.8% classifying FF4 as FF4.
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Figure 70: Confusion matrix in the upper part, and distribution of observed flow facies classified in the
form of bars; A) Barra Velha Formation and B) Itapema Formation

The lower part of Figure 70-A shows four bars, the x-axis represents the original
flow facies and the y-axis the classified ones. Note that in the first column, in FF1, more
than 60% of the samples were classified as FF1, a result that could be observed in the
confusion matrix. Thus, it is noted that, in the Barra Velha Formation, there is greater
difficulty in classifying the FF2 and FF3, while the FF1 and FF4 are more likely to be
correct. In the Itapema Formation (Figure 70-B), the FF3 has a probability of success
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greater than 50%. In both formations, the FF4 appears with good percentages of success,
above 70%. Both the confusion matrix and the bar graphs were made for ten wells in a

field in the Santos Basin.

Figure 71 shows the upscaled PI log, coming from the well-logs, the original flow
facies estimated from the well data with the upscale, the probability of occurrence of each
flow facies, the classified flow facies and finally, the accuracy rate in the Well C, in which
the red bars indicate where there was a misclassification. This figure shows a different
way to visualize the results obtained from the posterior probability density. It is possible
to observe that the base of the Itapema Formation, which presents intercalations between
FF1, FF2 and FF3, showed a lot of error, classifying what was FF1 as FF4 and what was
FF3 as FF2. In addition, there is a difficulty in classifying correctly FF3, which often

appear to be classified as FF2.
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Figure 71: Layout with the PI curve and the original flow facies used to calculate the PDFs. Track 1: TVDSS
(m); Track 2: Barra Velha and Itapema formations; Track 3: Ip log with upscale; Track 4: Original upscaled
FF; Track 5: Occurrence probability of each flow facies; Track 6: Classified FU and Track 6: Accuracy,
the red squares indicate the errors.

In the Barra Velha Formation, it is observed a greater error, towards the top of this

formation and, as in the Itapema Formation, many FF3 intervals end up being classified
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as FF2. In this well, the GR and Vclay logs tend to increase towards the top in the Barra
Velha Formation and at the base of the Itapema Formation. Besides that, the description
of some thin section samples presents some evidence of laminites. As seen earlier, the
presence of fine grains and/or clay is a problem for modeling, especially using PI. This
may explain a larger error at the top of the Barra Velha Formation and the base of the
Itapema Formation. Finally, the entire well presented an accuracy of 45.97%.

Thus, in short, the output of the Bayesian inference was one volume that held the
most probable FF volume among the four flow facies. The most probable FF volume
consists of the corresponding discrete data that present a higher occurrence probability
for a given sample. Each occurrence probability volume varies from zero to one, and the

sum of all the probabilities for a given sample is always one.

Figure 72-A exemplifies one S-N section resulting from acoustic inversion in
Wells A, B, C and D. In general, the results show a good correlation between the upscaled
flow facies and the inversion impedance values, which confirm the robustness of the
seismic inversion results. Most of the P-impedance errors are concentrated in the high
values of the intrusive rocks or the presence of muddy facies. This happens because the
intrusive rocks use to be found near the base of salt, where occurs a lot of tuning effects
and high impedance contrasts between the salt and carbonate layers. In the same way, the
muddy facies represents a challenge to reservoir modeling when it is done only using the
acoustic impedance volume. Even though the vertical resolution is increasing with the
seismic inversion, it is hard to correctly reproduce the real thickness and impedance

values in these conditions.

In the Itapema Formation of Well A, predominantly low PI values are observed at
the base and near the top, with some intercalations of higher values in the middle of the
formation. This result is interesting since the predominant flow facies from the base to
the middle of the formation is the FF1 which is characterized by the presence of fine
grains and/or clayey sediments. In the Barra Velha Formation, around Well A, it is
possible to notice that the base has lower Pl values (orange color) and that there is an
increase in PI values towards the top. This increase in Pl has a good correlation with FF2,
found in the middle of this formation. The top of the Barra VVelha Formation has very high
P1 values, possibly related to its proximity to the base of the salt.
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Heading north towards Well B, it is possible to notice that Itapema Formation has
also low PI values, with some layers of higher PI values close to the basal part, possibly
related to the presence of igneous rock. As in Well A, Well B also has intervals with the
presence of muddy facies (e.g., laminites, mudstones and shale) with FF1, associated with
lower Pl values. Near the top of this formation, it is possible to notice a decrease in Pl
values, as well as an improvement in the flow facies (FF3). The Barra Velha Formation
has medium to high PI values throughout almost the entire formation that end up showing
an interesting behavior since there is a predominance of FF3 and FF4. The basal part has

lower PI values that tend to increase towards the top.
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Figure 72: Interpreted arbitrary section, passing through Wells A, B, C and D. (a) P-impedance section
resulting from the acoustic inversion; (b) Section S-N showing the Bayesian classification of flows facies.

Well C has higher PI values close to the base of the Itapema Formation, and a
tendency to decrease towards the top with FF4 being predominant at the top of this
formation. The Barra Velha Formation has low Pl values at the base, which tends to

increase towards the top.

Well D has two contrasting behaviors concerning PI. In the lower part, the PI
values are high (dark blue color) which corresponds to intrusive igneous intercalations,
and in the upper part, due to the mound-type structure characteristics, has low values (red
color) of PI, correlated with the high permoporosity, evidenced by the greater presence
of FF3 and FF4.

Figure 72-B exemplifies an S-N section with the Bayesian classification from the
inversion of the acoustic impedance volume mentioned in the paragraph above. By
analyzing the classifications of the flow facies in the Itapema formation, close to Well A,
it is possible to see that from the base to the middle, FF1 was classified as FF3 and FF4.
This discrepancy between the Bayesian classification of flow facies and the flow facies
estimated in the well may have occurred due to the strong presence of muddy facies (e.g.
mudstones, shale and laminites) in these intervals, which end up hindering the results as
they have low PI values. At the top of this formation, the FF3 and FF4 estimated in the
well were generally classified as FF2 and FF3, with some layers where both
classifications match each other. The Barra Velha formation showed good classifications
and a good match of the flow facies estimated from the Bayesian classification with those
estimated in the well. The interleavings between FF2 and FF3 in the upper-middle part

seemed to be well classified.

In the Itapema Formation of Well B, it is noted that from the base to the middle,
the interval with the presence of igneous rock as well as siltite and mudstone was not
modeled. From the middle to the top of the formation, it is possible to see that the FF2
and FF3 layers estimated in the well correspond very well to those estimated by the
Bayesian classification. Next to the Pre-Alagoas unconformity, where it can be
considered a coquina bank structure, the FF3 and FF2 were very well classified. The base
of the Barra Velha Formation was also very well classified, however, towards the top of
the formation the same does not happen. In the well, the predominant flow facies in this

well is FF3 with few layers of FF4. However, it is observed that the flow facies estimated
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by the Bayesian classification resulted in a majority of FF1 and FF2, in a few areas where
it was classified as FF3. This behavior may have been a result of the presence of high PI
igneous at the top, as well as very close acoustic impedance values in the carbonates along

and around this formation.

At the base of the Itapema Formation of Well C, the flow facies results through
the Bayesian classification do not seem to match very much with those found in the well.
In the middle, the results obtained through the Bayesian classification seem to match
more. At the top of this formation, the same behavior can be observed, the FF4 were very
well classified around the well, which may reflect a zone where an intense rework may
have occurred, thus improving the permoporosity of the region. Furthermore, the entire
extent of the Pre-Alagoas unconformity that passes through this well appears to represent
a configuration of an extensive reworking zone similar to that found under storm
conditions in the article by Chinelatto et al. (2020). In the Barra Velha Formation, the
base is also very well classified, containing only small layers where FF3 was classified
around as FF2. Towards the top of this formation, the Bayesian classification does not
match the results obtained in the well, this may be due to the proximity to the base of the

salt, as well as the presence of laminated carbonates that can generate lower IP values.

In general, Well D showed good flow facies responses from the Bayesian
classification compared to the FF found in the well. It is possible to see that at the base,
where there is large intercalation of igneous rocks and the P1 has considerably high values,
the classifications were very good. The upper part of this formation was more classified
as FF4, possibly due to the presence of the mound-type structure under which this well
and its surroundings lie. Mound structures are characterized by excellent permoporous
quality (Ferreira et al. 2019 and Jesus et al. 2019). In addition, some FF2 ranges in the

well were also well ranked.

The predominance of FF1 is notable, in the northern part, close to the Pre-Alagoas
and the Jiquia- Buracia unconformities. Besides, in the southern part, the FF1 and FF2
seem to be closer to the base of Salt. The best flow facies (FF3 and FF4) are usually found
near the top of the Itapema Formation and the base of the Barra VVelha Formation, except

for the surroundings of Well D.

By comparing the flow facies obtained in the seismic section through the Bayesian

classification (Figure 72-B) with the results obtained in Table 17, where the percentages
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of the flow facies with the upscale are presented, it is possible to observe that the Barra
Velha Formation in the wells A, B and C have small or no percentage of FF1, whereas
when evaluating the flow facies through the Bayesian classification, in the seismic
section, (Figure 72-B) there is the presence of FF1 around these wells. Therefore, it is
noted that when analyzing well by well, the flow facies may not be as representative on
some occasions, but when analyzing the flow facies in a seismic volume, these FF become

much more representative.
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6. Discussions

This chapter seeks, in addition to interpreting, analyzing, and discussing the
results shown in chapter 5 to bring further discussions about the main diagenetic effects
of dissolution, cementation, and silicification in the estimated flow facies. Moreover, an
attempt was made to contextualize the flow facies estimated in this work with the

depositional environments of the Barra Velha and Itapema formations.

First, the diagenetic effects that silica and dolomite can exert on the flow facies in
the Barra Velha and Itapema formations were addressed. Then, the correlation between
the wells and the identification of possible flow facies cyclicities were presented and
analyzed. Finally, some ideas were shown regarding the characteristics of depositional
environments, in both Barra Velha and Itapema formations.

6.1. The diagenetic effects of silica and dolomite in the flow facies

The main diagenetic effects acting in the Barra Velha Formation in Wells A, C,
and D are cementation mainly of dolomite, quartz and calcite, as well as silicification
which is observed in all wells, but with more prominence, in Wells A and D. It is worth
mentioning that there are several records of the occurrence of diagenetic processes that
act influencing the distribution of porosity and permeability in the pre-salt lacustrine
carbonate reservoirs over the years (Lima and De Ros, 2019). In addition, the
environments in which these carbonates were formed have extremely complex
configurations that are still the subject of study and discussion to this present day.
Therefore, aiming to understand all this complexity, a deeper study based on studies of
petrographic thin section as well as a complete analysis of core and plugs would be
necessary. Thus, the entire discussion that will be presented in this work is based on the

diagenetic processes that can be observed in the rock data, and especially in the well logs.

The Itapema Formation does not show a significant presence of dolomite cement
in Well C and the Mg content is extremely low. On the other hand, Well A has a greater
presence of dolomitic cement in Itapema Formation when compared to the Barra Velha
Formation However, even with the presence of dolomite cement, there are only two
samples of dolomite. Therefore, dolomite does not seem to have much influence on the
permoporosity and flow facies distribution in the Itapema Formation for both wells A and
C. The silica content occasionally increases and generally causes a reduction in

permoporosity resulting in worse flow facies in all the four wells. This increase in silica,
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in the Itapema Formation, can be mainly associated with the presence of igneous rocks,
as can be seen in the basal part of this formation in Well B. The presence of Mg-clays is
not common in the Itapema Formation, then, the main source of silica and magnesium

may be related to hydrothermal fluids from igneous intrusions.

In addition, Herlinger et al. (2017) and Lima and De Ros (2019) state that the
bioclasts of the Itapema Formation were either dissolved or neomorphosed (calcitized),
commonly showing a heterogeneous range of total dissolution, with variable intensity of
calcite cementation of the intraparticle porosity, well connected, and moldic, poor
connected, to total neomorphism. In Wells A and C in the Itapema Formation, it noticed
a more cemented base, with very low porosity and permeability, with a predominance of
FF1 and calcite cement. Furthermore, calcite cement is predominant in these wells in the

Itapema Formation (Figure 43 andFigure 47).

The effects of the presence of silica in carbonates are even more evident with the
estimation of the flow facies. In most cases, the increase in silica content leads to a
reduction in permoporosity and therefore worse flow facies (FF1 and FF2). There are few
exceptions, in the Barra Velha Formation, where the increase in silica does not generate
significant changes in porosity yet exert a certain influence on permeability.
Characteristics like these have already been reported by Herlinger et al. (2017) where
they stated that the porosity in some samples of shrubs, which was dominantly developed
by the dissolution of stevensite, had an average above 6% and the permeabilities were
considered low, with an average of 0.8 mD. Another factor that may be associated with
increased silica and little influence on permoporosity is the presence of fractures in the
interval where there is a significant silica content (Fatah, 2020). Moreover, a question that
can be raised is whether the fractures were already there or were generated due to the
presence of silica. Lima and De Ros (2019) enunciate that in the samples analyzed by
them, silicification was responsible for the extensive, yet heterogeneous formation of
fractures and vugular porosity. One way to confirm the significant action of silicification,
especially in the Barra Velha Formation, is the presence of quartz cement in practically

all wells, but with greater expression in Wells A and D.

In Well A, ten samples of chert (totally silicified rocks) were collected and in Well
D nine samples of chert were collected in addition to twelve samples described as
silicified. In Well C, only three samples are described as silicified, and the presence of

chert is not very common. Well B has a smaller but significant presence of silica content
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mainly related to the igneous rock, however, there is no detailed information of the type
of cement, in addition to not presenting a description of the petrographic thin sections.

The presence of dolomite did not show a direct relationship with the reduction or
increase in porosity and consequent worsening or an improvement of the flow facies. In
the Barra Velha Formation, dolomitic cement is common in wells A, C, and D, but
dolomitization is recurrent only in well A and is confirmed by the presence of a large
number of collected samples described as spherulite with dolomite. Well C has just one
sample described as dolomitized and few samples of spherulite with dolomite. Well D

has only two samples described as dolomitized.

In the upper part of the Barra Velha Formation, in Wells A and D, high silica
values are observed associated with FF3, that is, with good permoporous characteristics.
This peculiar characteristic may suggest some type of discontinuity in this portion
possibly associated with faults and/or fractures. On the other hand, as seen in Table 14,
the magnesium content, which is related to dolomite, is higher in the Barra Velha
Formation in Well C than in Wells A and D. Therefore, although the Mg content is low
compared to Si and Ca contents in the four wells, the greater presence of Mg in the Barra
Velha Formation in Well C may be associated with the greater presence of dolomitic
cement as well as the greater presence of FF2 towards the top of the Formation while the

Mg content seems to increase upwards.

The ECS log of Mg is higher in wells B and C than in wells A and D but is hard
to find a clear relationship between this log and the worsening or improvement of the
flow facies. In Well B, the higher values of Mg content could be explained by the greater
dissolution of carbonates in the Barra Velha Formation through hydrothermal fluids
arising from magmatic activities, since this well has igneous rock. This dissolution has
significant relevance to permoporosity, generating channels, intracrystalline aggregates,
moldic porosities, and vugs, as reported by some authors (Wright and Barnett, 2015;
Herlinger et al. 2017, Lima and De Ros, 2019; Wright and Barnett, 2020).

According to Herlinger et al. (2017, 2020), magnesian clays (Mg-clays) are
abundantly present throughout the lacustrine deposits of the South American pre-salt and
they precipitate under an extremely alkaline environment conditions. However, since they
are composed of minerals that are extremely unstable and sensitive to changes in the pH,

climate, and geochemistry of water, they end up being dissolved and/or replaced by other
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minerals. Herlinger et al. (2017; 2020) and Lima and De Ros (2019) also claimed that
Mg-clays are strongly affected by diagenesis and are often replaced by calcite, dolomite,
and silica. Furthermore, as they are found in silica- and magnesium-rich settings
(Herlinger et al., 2020), their dissolution may have served as a source of silica and
magnesium that together with the hydrothermal fluids, helped in the formation of
dolomitic and quartz cement, as well as contributed to the silicification and

dolomitization.

Thus, what could be seen is, in all wells, the magnesium and silica content is
generally lower, and the calcium content is higher in the Itapema Formation when
compared to the Barra Velha Formation. Also, in both Barra Velha and Itapema
formations, the increase of silica is generally associated with a decrease in permoporosity
and, consequently, the presence of FF1 and FF2. On the other hand, when the values of

calcium content increase the best flow facies (FF3 and FF4) are more easily to be found.

In order to better understand the relationship between elemental capture
spectroscopy logs (ECS) and flow facies distributions, as well as evaluate the impact of
the mineralogical composition on these facies taking into account the most abundant
minerals in carbonate rocks of the Brazilian pre-salt (calcium, magnesium, and silica),
ternary plots were made for the Barra Velha and Itapema formations as well as for the
entire well. In Figure 73-A it can be seen that in the Barra Velha Formation of Well A,
the FF3 and FF4 are related to cleaner carbonates, with a greater abundance of clean
calcite, with a lower percentage of silica and magnesium, on the other hand, there is a
predominance of FF1 and mainly FF2 spread in larger percentages of silica. In the
Itapema Formation (Figure 73-B) there is a greater mixture in the behavior of FF1, which
is sometimes related to higher percentages of calcium and sometimes of silica. This must
occur because the base of this formation is possibly cemented when presenting extremely
high calcium content values and very low permoporosity. Another thing that can happen
in this formation is the occurrence of porous rocks but with low permeability due to the
occurrence of isolated moldic pores, with very small pore throats. In this way, they can
be porous but with low permeability. FF4 and FF3 are concentrated in higher percentages
of Ca, and lower percentages of silica and magnesium, and FF1 and FF2 are concentrated

in opposite configurations.
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Figure 73: Ternary diagram of calcium (Ca), magnesium (Mg) and silica (Si) by the four FF in Well A. In
the decametric scale (A) showing some degrees of pore obliteration due to dolomitization and silicification
(Si and Mg substituting Ca) are mixed., respectively) in A) Barra Velha Formation and B) Itapema
Formation

Well B (Figure 74-A) has its Barra Velha Formation with the same configuration
as Well A, the best flow facies (FF3 and FF4) are spread over high percentages of calcium
and low percentages of silica and reasonable percentages of magnesium, while FF1 and
FF2, despite being few, are more close to the highest contents of silica and magnesium.
In the Itapema Formation (Figure 74-B) there is a peculiar behavior due to the presence
of igneous rock at the base of this formation. Unlike Well A, Well B has FF1 spread
around higher values of silica and magnesium, while FF2, FF3, and FF4 are found in low

percentages of magnesium and silica and high percentages of calcium.

In the Barra Velha Formation of the Well C (Figure 75-A), it is possible to see a
clear separation between each flow facies point clouds. The points referring to FF4 are
located where there are higher percentages of calcium and lower percentages of silica and
magnesium. The FF3 is located a little above FF4 still maintaining the same pattern. The
FF2 represents an increase in the percentages of silica and magnesium but with lower
values when compared to wells A and B. In the Itapema Formation (Figure 75-B) the FF3
and FF4 are mostly spread around 90% calcium, 0 to 10% silica, and very low percentages
of Mg. FF1, which is at the base of this formation, in turn, is distributed between higher

percentages of magnesium and silica and lower values of calcium.
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Figure 74: Ternary diagram of calcium (Ca), magnesium (Mg) and silica (Si) by the four FF in Well B,

showing some degrees of pore obliteration due to dolomitization and silicification (Si and Mg substituting

Ca, respectively) in A) Barra Velha Formation and B) Itapema Formation
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Figure 75: Ternary diagram of calcium (Ca), magnesium (Mg) and silica (Si) by the four FF in Well C,

showing some degrees of pore obliteration due to dolomitization and silicification (Si and Mg substituting

Ca, respectively) in A) Barra Velha Formation and B) Itapema Formation
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In Well D, Figure 76 shows that FF1 and FF2 are scatter around higher values of
silica and magnesium, as found in the other wells. It is more evident that the FF1 is found
around high percentages of Mg and Si and low percentages of Ca, while the FF3 and FF4

are mostly found close to high values of calcium and low values of silica and magnesium.

Barra Velha Fm.—Well D
(~573 m)
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Figure 76: Ternary diagram of calcium (Ca), magnesium (Mg) and silica (Si) by the four FF in Well D,
showing some degrees of pore obliteration due to dolomitization and silicification (Si and Mg substituting
Ca, respectively) in A) Barra Velha Formation and B) Itapema Formation

Therefore, through these ternary diagrams presented above, it is possible to
observe that the FF1 and FF2, with worse permoporous conditions, are related to intrusive
igneous rocks as well as both silicification and dolomitization processes (silica and
dolomite replacing calcite), represented as higher concentrations of magnesium, and
silica, while FF3 and FF4 present dominance of clean calcite carbonates, with little
diagenetic effects. These results are the same as those found by Vasquez et al. (2019) in
their petroacoustic studies in Brazilian pre-salt carbonates and Penna and Lupinacci
(2020) in 17 wells from pre-salt interval, Santos Basin.
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6.2. Correlation of wells and cyclicity of flow facies

To identify patterns and trends and compare the results obtained in the wells
analyzed in this work, this section aims to discuss whether there is any correlation
between the flow facies found in all wells for both the Barra Velha and Itapema
formations. By relating the main trends with the behavior of the GR and the elemental
capture spectroscopy logs (ECS) of calcium, magnesium, and silica, since the union of
these curves has a strong influence on permoporosity, it is possible to understand the types
of flow facies encountered along formations. Finally, it is noteworthy that the correlation
of these flow facies with the aforementioned logs will be made taking into account the
flow facies after the upscale has been done, thus, the last track of the layouts is the one to

be analyzed.

Flow facies estimation makes it possible to understand the dynamics of oil
reservoirs by predicting how fluids may percolate through the subsurface during the
reservoir's life cycle (Penna and Lupinacci, 2020). By considering the pore throat radius
in their calculations, the flow facies estimates become an effective method to predict the
permoporous qualities of a given oil-producing field. In addition, indirectly, these facies
considers the diagenetic changes that the rocks may face, such as silicification,

dissolution, dolomitization, cementation, among others.

Figure 77 shows the four wells, arranged according to their geographic distances
with a scale of 1:300000 cm and according to their spatial locations. As already seen in
section 5.5, each well has its characteristics according to its spatial positions. The dark
blue lines connect the base of the Itapema Formation in the wells A, B and C, and the
light blue lines link the base of the Barra Velha Formation in wells A, B, C, and D. It is
noted that, in general, the base of the Itapema Formation for wells A, B, and C have FF1
as the predominant facies.
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Figure 77: Correlation between the wells, respecting the geographic location in the S-N direction, as well as the spatial position of each well. The tracks are the same for all
layouts: Track 1: Depth in TVDSS in meters; Track 2: Barra Velha and Itapema formations; Track 3: Gamma-ray log (GR); Track 4: ECS logs of Silica (yellow), Calcium

(blue) and Magnesium (red); Track 5: well-scale flow facies; Track 6: flow facies with upscale.
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Well A has at the base of the Itapema Formation high values of calcium content
and low values of Mg, Si, and GR, in contrast, Well C has high values of GR, Si, and Mg,
and low values of Ca. It is inferred that these two wells may be related to a base of more
closed coquinas either by calcium cementation or by the presence of fines. Castro (2019)
identified closed coquinas at the base of the Itapema Formation in some wells in the
Buzios Field, Santos Basin, evidenced not only in the well logs but also through the
seismic reflectors. Other authors such as Chinelatto et al. (2020) and Barnett et al. (2020)
also found evidence of more cemented coquinas and/or the presence of peloids in the

most basal parts of the Itapema Formation.

In Well B there is the presence of igneous at the base of the formation, being
responsible, together with the high values of GR, for FF1 and FF2. Furthermore, it is
noted that in the middle of the Itapema Formation, in Wells A, B, and C, there is a greater
presence of FF2 in addition to layers of FF3, and sometimes FF4. It is also noticed that
where the silica content and GR log present greater variations, there is also a greater
variation of the flow facies presenting FF1, FF2, FF3, and FF4. Because Well B has its
base taken by igneous rocks, which greatly affects both the base and the middle of the
formation due to the contact metamorphism, intervals of FF1 and FF2 end up being

dominant.

Well C, on the other hand, has lower or little variable silica values in the middle
of the formation, in addition to low GR values, thus, it has higher intercalations between
FF3 and FF4, with only one FF2 range related to a sudden increase in silica content. In
the three wells, it is possible to notice a trend of better flow facies towards the top of the
formation, defined by the greater presence of FF3 and FF4, accompanied by a decrease

in GR values, silica and magnesium content, and an increase in calcium content.

Thus, it is possible to infer that the lithologic facies found near the top of the
Itapema Formation in wells A, B and C may be related to cleaner and/or reworked facies
located above the Fair-Weather Wave Base (FWWB) (Chinelatto et al., 2020). These
facies may have been deposited in areas close to the coquina banks or in the coquinas
banks where the wave action may have had a strong influence on the good permoporosity
of this interval. In these wells, the coquinas are represented by rudstones, floastones, and
grainstones with good permoporosity. The coquinas banks are one of the best reservoirs
of the field in terms of permoporosity, and a detailed study about the textural and

taphonomic characteristics of this type of reservoir is found in Chinelatto et al. (2020).
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Therefore, it is inferred that there is a cyclicity in the distribution of the flow facies
in the ltapema Formation of wells A, B and C. From the base to the middle of the
formation the worst flow facies (FF1 and FF2) are located, in the middle, it can be seen
greater intercalation between the flow facies, especially FF2 and FF3. Towards the top of
the formation, there is an improvement in permoporosity and, consequently, a greater
presence of FF3 and FF4.

Barnett et. al (2020), when carrying out a study on the origin of clinoforms in
lacustrine depositional environments of the Itapema Formation in three wells of the Mero
Field, in the Santos Basin, found results similar to those found in this work. According
to them, the base of the Itapema Formation has worse porosities associated with higher
values of acoustic impedance, generally related to carbonates matrix- rich or cemented,
the middle of the formation has a slight improvement in porosity and a slight decrease in
PI1, but still with low porosity values, and towards the top, a significant improvement in
porosity and decrease in Pl were found. Also, a relevant thing to be addressed in this work
is that towards the top, where there is the pre-Alagoas unconformity, there may be
exposure and consequently dissolution of the carbonates just below this unconformity.
This event is known as a karst alteration. Thus, reinforcing that in this range high porosity

and permeability values can be found.

The estimated flow facies for the Barra Velha Formation in wells A, B, and C
show similar behavior with generally a base with good permoporosity, low Si and Mg
content and higher Ca. For the three wells, the base of the Barra VVelha Formation presents
intercalation between FF3 and FF4. Well D, in turn, does not share the same
characteristics as it has a base extremely influenced by the presence of igneous rocks, in
addition to laminites and mudstones, as well as high silica and magnesium content when
compared to the rest of the interval. Contact metamorphism, due to the expressive
presence of igneous rocks in this well, especially at the base, can end up closing the pores
and reducing permoporosity in the surrounding areas, so there is a predominance of FF1

and FF2 at the base of Well D, different from what was found in the other wells.

The middle of the Barra Velha Formation in all wells shows a predominance of
FF3 with some intercalations of FF4 and FF2 associated with a decrease and increase in
silica content, respectively. Note that when there is a greater variation in the silica content,
it is more likely that there will be more intercalations between the FF2, FF3, and FF4 as

can be seen, more clearly, in wells A and D. It is possible to note that in wells A, B, C
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and D, there is a general predominance of FF3 and a slight worsening of the flow facies
towards the top. Well C, for example, has some FF2 layers that are possibly associated
with an increase in Mg, towards the top, and variations in the GR log related to the Lula
Mark. Well A presents strong intercalations between FF3 and FF2 from the middle to the
top of the formation, with thick layers of FF2 associated with an increase in silica values

and a decrease in calcium content.

It is noteworthy that there is a certain pattern of behavior of the flow facies
concerning the order in which they are presented. That is, the base of the Itapema
Formation in wells A, B, C and the base of the Barra Velha Formation in Well D begins
with FF1, after the FF1, FF2, then the FF3, and from FF3 the FF4, that is, the flow facies
never jump from the FF1 to the FF3, or from the FF2 to FF4 and vice versa. They always
respect a hierarchical order based on the values whether they are increasing or decreasing.
This pattern of behavior of the flow facies associated with the GR and ECS logs may be
related to the cyclothems based on collected core successions, proposed for the Barra
Velha Formation, which are controlled by tectonics, lake water level, erosional and
geochemical processes (Wright, 2012; Wright and Barnett, 2015; Wright and Tosca,
2016).

These successions consist of an evaporitic/shallowing upwards sequence with
basal facies of predominantly detrital laminated carbonate muds with the occasional
presence of spherulites and shrub fragments. These laminated carbonate grade into
shallow water spherulitic carbonates as well as stevensite rich lithologies and finally
shrub-like carbonate facies (Wright, 2012; Wright and Barnett, 2015; Wright and Tosca,
2016). It is noteworthy that these cyclothems are 0.75 to 5m thick and can be found
throughout all formation. That said, it is possible to understand that the facies described
by Wright and Barnett (2015) as laminated carbonates with the presence of clay (e.g.,
laminites and/or mudstones) are possibly associated with FF1 and FF2 as already seen in
chapter 5, and the facies described as spherulites and shrubs, as well as the reworked ones
(e.g., grainstones and rudstones), would represent an improvement in the permoporosity
and may be related to FF3 and FF4. Therefore, as well as the cyclothems identified by the
aforementioned authors, the flow facies also present a certain cyclicity and an alternation
pattern.
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6.3. Brief considerations on the depositional environments of the
Barra Velha and Itapema formations and their relationships

with the flow facies

The Itapema Formation, which occurs in wells A, B and C, has the presence of the
four flow facies, having, in general, a predominance of FF1 and FF2 at its base, and FF3
and FF4 at the top of its interval. As seen before, what differentiates one flow facies from
another is its permoporosity. The permeability can be a crucial factor for this distinction,
for as it was observed in chapter 5, some intervals have porosities from reasonable to
good, but low permeability. The average porosity for FF2 in the Itapema Formation,
considering all wells, for example, is around 7% and the permeability is 2.05 mD as
observed in Table 14. Some factors such as a higher amount of cement, lower degree of
dissolution of the shells, and/or lower primary porosity of FF1 and FF2 may be
responsible for the lower permoporosity, when compared to FF3 and FF4. In the Itapema
Formation, what differs in the quality of the flow facies is the presence of fines (muddy
carbonates or shales), calcitic cement, as well as the silica content, that were very present
throughout this formation and that result in lower permoporosity, reflected in FF1 and

FF2, mostly.

It is noteworthy that the lithological facies associated with the four flow facies for
the Itapema Formation usually comprise the coquinas, most of the time, in the form of
rudstones, floatstones, and grainstones, as well as mudstones, shales and laminites. Then,
making a direct association of the depositional environment to the flow facies is not
possible due to the strong diagenetic influence that these lithologies may have suffered.
Therefore, it was decided to make a comparison between the characteristics of the
geophysical logs related to each flow facies with the results of some articles that correlate
the coquina facies and the type of environment to which they are linked, both in the
Campos and Santos basins, approached in works such as Fick et al. (2018) and Chinelatto
et. al (2020). From the depositional models developed by these authors, it is possible to
expand and relate them to the flow facies found in wells A, B, and C. This correlation is
made generically and is not related to degrees of selection or orientation of the shells,
being just an attempt to link the flow facies with the depositional model of the coquina

facies studied by the aforementioned authors.
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Fick et al. (2018) investigate the role of the energy wave transformation regarding
the weather conditions (e.g., fair weather and storm wave conditions) processed in
shallow waters in shell concentrations. They built physical modeling of the coastal
environment performed in a laboratory. The experimental setup consisted of a 2D flume,
a wave generator, and a sedimentary bottom composed of quartz sand and shells
(bivalves, gastropods, and fragments). They conclude that waves, storm-induced currents,

the breaker, and the shoaling zone control the distribution of shell concentration.

Moreover, Chinelatto et al. (2020) enriched these experiments by conducting a
study of the Itapema Formation, in the Santos Basin, in which they relate shells with
preferential orientation to fair-weather conditions and, without preferential orientation
and with a more chaotic distribution, to storm conditions (Figure 11). Furthermore, the
authors observed from fair-weather to storm wave conditions, two main shell
concentration dynamics: reworking and winnowing. The reworking dynamics (erosive)
always occurred in the most proximal (and shallow) zones. These processes produce more
energetic interactions with the bottom and generate intense sediment motion in the water
column and on the bed of the upper and lower shoreface and foreshore. The winnowing
dynamics are usually restricted to the offshore transition in fair-weather wave conditions,
and offshore in storm wave conditions, occurring at an intermediate condition of energy.
Well-sorted facies are generally interpreted as belonging to rework or wave breaking
zones, while poorly selected facies can be correlated to an environment below the rework
zone, in an offshore zone, or to restricted deposits, in a zone of lagoon and washover,

especially in storm conditions (Figure 11).

In addition to the works mentioned above, others developed in the pre-salt
coquinas of the Santos and Campos basins are also noteworthy, such as the one developed
by Muniz (2013) and Barnett et al. (2020). After reviewing these works, it is inferred that
terrigenous or muddy facies, rich in organic matter or fine grains, are found in low-energy
environments, below the wave-base, where there may have been possible drowning
and/or in restricted environments protected by the coast. These facies can be related to
the base of the Itapema Formation and generally present worse permoporous conditions
and, therefore, FF1 and FF2. Besides the facies associated with the presence of fines
and/or organic matter, Barnett et al. (2020) identified, in the Itapema Formation, facies of
packstones, wackestones, and bioclastic floatstones rich in matrix or cemented, also

associated with low energy environments, below the wave-base or in a protected coastal
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environment. Since at the top of the Itapema Formation more FF3 and FF4 were found,
it can be inferred that there is an improvement in the permoporosity of the lithologic facies
associated with these flow facies. Then, in a depositional model, the grainstones,
rudstones and floatstones associated with FF3 and FF4, and observed in the wells
analyzed in this work, would possibly be in zones under the action of waves and storms,
therefore, in a high energy zone such as coquina banks or erosive surfaces.

Therefore, using the depositional model of taphofacies interpretation developed
by Chinelatto et. al (2020) based on the model by Fick et al. (2018), an adaptation of this
model was made with the aim of suggesting a correlation between the flow facies
estimated in this dissertation and the deposits analyzed by these authors in each zone for
both fair-weather and storm conditions (Figure 78-A and -B, respectively). It is
noteworthy that in this interpretation, only the depositional aspects were taken into
account. That is, considering the primary porosity this model works well, however, when
considering a diagenetic or hybrid control - when more than one mechanism affects the
formation of a pore system at different times during diagenetic history - the action of
diagenesis may favor or not the relationship between porosity and permeability.
Therefore, Figure 78 shows only a correlation of the flow facies with the model under
depositional control, that is, with the formation of pores in carbonate rocks being
controlled only by depositional processes (Ahr, 2008; Herlinger et al., 2017; Chinelatto
et al., 2020).

During fair-weather conditions (Figure 78-A) FF3 and FF4 would be probably
located at the shoreface and foreshore due to the reworking zone providing the best
permoporous conditions, while FF2 would occur in the offshore transition, below the
FWWB, where the winnowing zone is not predominant and the peloids could settle,
worsening the permoporosity. At the same time, in restricted areas, peloids, setevensitic
ooids, and shells with stevensite coatings are formed, inferring a greater accumulation of
fine grains and, thus, low porosity and permeability. Therefore, FF2 would probably be
found at the lagoon and washover, where the reworking zone is not present anymore. On
the other hand, close to the transitions of the reworking to the winnowing zone, it would
be possible to find FF3, due to the presence of some reworked facies as well as the action
of the winnowing, generating a good permoporosity. FF1 can be found at the lake margin
where mudstones may occur, as well as in the deepest parts of the lake, where the energy

is low, and the currents were not strong enough to remove or displace the fine grains.
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During storm surges (Figure 78-B), the zone of reworking is wider and storm
waves and currents are capable of eroding previously deposited facies (red lines).
Foreshore and shoreface coquinas may be eroded, transported, and deposited as washover
deposits, thus it can be suggested that FF3 would be found close to the reworking zone
and the FF2 near the lake margin where can be found some clay and/or fine grains,
transported by waves, mixed with old and fresh shells. At the lake margin, the waves are
capable of removing and transporting clay and some other terrigenous facies to this area,
therefore, FF1 could be found there. In the deepest areas of the lake, where the energy is
low as well as the wave and currents actions, mudstones may have been deposited and so
it is more likely to have FF1. FF2 can also be found below the SWB, and close to the
deepest area of the lake, where the winnowing is not predominant. The best flow facies,
FF3 and FF4 can be found in the coquinas interval between the foreshore and shoreface
to offshore transition, mainly as bioclastic bars or sheets and washover fans, where there

are high-energy, shallow water, waves actions, and more reworking.
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Figure 78: Correlation between the main zones of the depositional model of interpretation developed by
Chinelatto et al., (2020) based on Fick et al., (2018) and the flow facies estimated in this dissertation. A)
Fair-weather conditions and B) Storm conditions.

As mentioned before, Figure 78 is an attempt to correlate the flow facies with the
zones interpreted in models controlled by depositional processes. However, as pre-salt
carbonate reservoirs are known to be complex environments, with significant diagenesis
action, it is difficult to create a model that can faithfully reproduce the relationship of

diagenesis with depositional environments. Some authors such as Herlinger et al. (2017)
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and Chinelatto et al. (2020) brought discussions about the diagenetic influence on the
coquinas of the Coqueiros and Itapema formations, respectively. Herlinger et al. (2017)
developed a table with the interpreted diagenetic sequences for the rock types studied by
them (Figure 79). The authors were able to identify the main diagenetic processes
observed in the bioclastic grainstones and rudstones, associating them to the time when
diagenesis occurred, that is, whether it occurred right after the deposition, or in

association with this process (eodiagenesis), or after deposition (mesodiagenesis).

Bioclastic Grainstones and Rudstones

Diagenetic processes/products Eodiagenesis | Mesodiagenesis
Micritization - i

Drusy/rim Pore-lining Calcite ———

Aragonite Dissolution — ] =
Neomorphism/Calcitization —————

Pore-filling/replacive Silica - |
Mechanical Compaction (RN ——
Calcite Dissolution - 1 - —
Fracturing — -} _____
Moisaic/blocky Pore-filling Calcite r- —— -
Sucrosic Dolomite 1
Blocky/prismatic/mosaic Silica |

Recrystallization |

Chemical Compaction |

Saddle Dolomite 1

Barite/Celestine !

Figure 79: Diagenetic sequences interpreted for the studied rock types. Thicker lines correspond to more
significant processes and products, whilst dashed lines correspond to less intense processes and products.
Source: Modified from Herlinger et al. (2017).

Chinelatto et al. (2020) show the influence of calcite cementation and dissolution
between the depositional and the diagenetic control of porosity, and the main pore type
found in each group (Figure 12). In depositional control, the presence of fine grains,
which reduces the interparticle porosity, will determine the values of porosity and
permeability. In hybrid, control the cementation and dissolution will control the
enhancement or reduction of porosity. In diagenetic control, the high cementation
obstructs the primary pores, and only secondary porosity is observed. The diagenesis
reduces the primary pore, however, the dissolution of shells and matrix may promote the
moldic pores and vugs. According to them, the best permoporosities were found in

samples in which a great dissolution was observed.

It is noteworthy that in this dissertation, it was not possible to carry out detailed
petrographic analyzes of all samples since there was not enough information to infer the
possible porosity controls and diagenetic processes involved. Therefore, it becomes
difficult to find a direct correlation of the flow facies with each of these processes.
However, what could be observed is that calcite cementation and the silica and calcium
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contents have influenced the permoporosity of the Itapema formation in the analyzed
wells. Calcite cement is predominant throughout the formation and sometimes appears to

be responsible for the reduction of permoporosity.

Besides the Itapema Formation, in this section, some of the main depositional
models found in the literature for the Barra Velha Formation are discussed. Also, an
attempt is made to associate these environments with the flow facies. It is noteworthy that
pre-salt carbonates of the Barra Velha formation are deposited in extremely complex
environments, so this association of facies is merely an approximation to better
understand the very multiform characteristics of this formation (Do Carmo, 2021). For
this, authors such as Wright and Barnett (2015), Muniz and Bosence (2015), Wright
(2020), Gomes et al. (2020), and Ferreira et al., (2021) were used as a basis for

understanding the models in order to correlate them with the flow facies.

As seen in section 2.1, Wright and Barnett (2015) noted a statistically tested
pattern of repetition of three main lithologies in metre-scale units: ostracod-bearing
laminites, overlain by in situ spherulites, overlain by in situ shrubs (facies 3, 2, and 1,
respectively; see Figure 13, section 2.1). They proposed that the cyclothems likely
represented flooding and evaporation cycles. Wright (2020) adds that in some
cyclothems, the shrub units are overlain, by centimeter-thick, well-sorted grainstones

composed of shrub and spherulite debris, then sharply overlain by laminites.

Wright (2020) developed a model for the cyclothems in the Barra Velha
Formation shown in Figure 25, section 2.1. Stage 1 illustrates the filling of the lake with
waters of low alkalinity-salinity, introducing favorable conditions for ostracods and fish.
The reduced alkalinity triggered precipitation of interstitial silica gels favoring the
formation of silica nodules. The lighter oxygen isotope values in this unit suggest
precipitation of some calcite from these less evaporated waters. The accumulation of fine-
grained carbonates implies deposition in a lower energy setting, probably below the
wave-base. Earlier deposits were reworked in shallower areas along wave-dominated

shorelines.

Stage 2 represents the point when evaporation triggered the formation and
deposition of Mg-silicate gels, which are assumed to have been deposited below the
wave-base. During the contraction of the lake, it is assumed that the wave-base may also

have been shallower as fetch decreased. In stage 3 calcite was precipitated as spherulites
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within the gels below wave-base, and locally up-dip as shrubs where gels were not
accumulating or had been removed by falling wave-base. This is based on the
observations that shrub facies are better developed, with commonly larger shrubs, in up-
dip areas near minor paleo-topographic highs. Finally, in stage 4, gel deposition may have
ceased and spherulite growth reached the sediment-water interface allowing shrubs to
grow; further shrub growth took place in shallower settings. Later local progradation of

shoreline grainstones covered the shrubs capping the cyclothems.

Gomes et al. (2020) developed an alternative conceptual model incorporating the
distribution of detrital grains in order to explain the temporal variation of detrital material
within the Barra Velha Formation. These alternative models were made based on
modifications in the models proposed by Wright and Barnett (2015; 2017) and Farias et
al. (2019) (Figure 24, section 2.1). They divided the models into three different scenarios
related to climate change. The first one is the humid to arid climate with a fluctuating
lake-level. During a humid climate, assuming precipitation is higher than evaporation (P
> E), it would be expected an increase in fluvial detrital input associated with rising lake

level, resulting in lake water dilution and a fall in pH, leading to mud deposition.

During an arid climate, assuming P < E, there would be a decrease in fluvial
detrital input, associated with falling lake level, resulting in evaporative concentration
and a rise in pH, leading to precipitation of Mg-clay with spherulites and then shrubs. The
second is the semi-arid to arid climate, shallow-lake model. Under a semi-arid climate,
assuming P=E, there would be a decrease of aeolian detrital input (dust) and precipitation
of calci/dolo/siliceous mud. During an arid climate (P < E), there is an increase in aeolian
detrital input that raises the pH to high levels, being the precipitation of shrubs,

spherulites, and Mg-clay with spherulites growing therein expected.

The last one is a constant lake level controlled by spill points. In this case, climate-
induced changes in aeolian/fluvial detrital input, pH, and lake stratification, divorced
from changes in lake level, would lead to sediment accumulation as in the first two
models. Thus, Gomes et al. (2020) suggest that there were special phases of lake
sedimentation during which the shrubs were formed and other phases when spherulites
and Mg-clays were precipitated. The variation in thickness and facies within each basic
cycle can be related to changes in accommodation and/or water chemistry.
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Ferreira et al. (2021) proposed a schematic sediment succession moving from
shallower to deeper lake waters, Mg-rich clays (stevensite), shrubs, spherulites, and fine-
grained carbonate muds, consecutively. The first three sediments occur in a range from 7
up to 20 m in deep water whilst in the deeper/distal portions of the lake only fine-grained

carbonate mud sedimentation would take place.

In short, it can be said that Wright and Barnett (2015), Muniz and Bosence (2015),
Wright (2020), Gomes et al. (2020) and Ferreira et. al (2021) attributed the formation of
laminated carbonates to moments when the lake would be relatively deeper, due to a phase
of humid climate, where there was a precipitation rate greater than the evaporation rate.
Therefore, during this period, there was a drop in pH, greater water dilution, and greater
arrival of fluvial detrital sediments with greater continental input. The worst flow facies
(FF1), characterized mainly by very low permoporosity, higher values of GR, silica, and
magnesium content, is linked to the presence of laminites and mudstones and may be

associated with this moment.

Also, according to the aforementioned authors, the cleanest shrub and spherulite
facies are formed at times when there is a shallowing at the lake level and an arid climate
where the rate of evaporation is greater than that of precipitation and, therefore, a
consequent increase in the concentration of salts in the water, in addition to an increase
in pH and less input of fluvial detrital sediments. FF3 and FF4 have the highest porosities
and permeabilities and may be associated with this period. In addition, the lithological
facies that are most linked to these flow facies are grainstones, shrubs, and spherulites
with lower values of GR and silica content as well as higher calcium content.

In addition to the lithological facies described in the paragraph above as shrubs
and spherulites associated with the best flow facies, it is possible to find samples
described as shrubs, spherulites, and grainstones related to FF2. These facies may be
associated with the presence of clay laminations that impair permoporosity, high GR
values, in addition to high silica content. Therefore, FF2 may be associated with a moment
of drowning, where the precipitation rate is again greater than that of evaporation, thus
causing a lower concentration of salts in the water, reducing alkalinity (reduction in pH).
Furthermore, in this configuration, there may be an increase in the arrival of fluvial
detrital sediments (Wright and Barnett, 2015; Muniz and Bosence, 2015; Gomes et al.,
2020; Wright, 2020). At this moment, the lake level is deeper than at the moment

mentioned in the paragraph above, however, it can be said that it is still shallower and
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with a higher pH and concentration of salts than the laminites deposition interval, where
it is most likely to find FF1. It is possible to make this inference due to the fact that shrubs
and spherulites are not generally formed in deeper environments and/or with a low

concentration of salts and low pH.

Another important aspect to be mentioned is the diagenetic action on the lithologic
facies that end up influencing the estimated flow facies. Diagenetic effects such as
silicification and/or cementation are post-depositional processes (Herlinger et al. 2017;
Lima and De Ros, 2019), therefore, the depositional environment of these lithological
facies, as well as the flow facies, may be associated with the same environments. As an
example, facies described as in situ shrubs and spherulites, generally, have better
permoporosity than shrubs and spherulites under the effect of silicification (ex: cherts),
or with the presence of silica or dolomite cement. Therefore, even though they may
belong to the same depositional environment, these facies may be associated with good

and worst flow facies.

Taking into account the work developed by the authors mentioned above, Figure
80 shows an attempt to correlate one of the conceptual models proposed by Gomes et a.
(2020), in the Barra Velha Formation, with the simplified schematic sediment succession
developed by Ferreira et al. (2021) by positioning the flow facies according to their

behavior when the lake level rises or falls.

In the humid climate is assumed that the lake level is rise and there is a drop in
the pH that would lead to the mud deposition (Figure 80-A). In the Figure 80-C, this
climate would be associated with the deepest parts of the lake where the energy is low
and the FF1 most likely to be found. The FF2 was positioned slightly above the deepest
area that indicates low energy, and where the spherulites start to appear. The reason this
flow facies was positioned at these two locations is that in wells A, B and C, FF2 appear
almost always interspersed with FF3, so they may be also found in the transition from
humid climate to arid climate, also being considered as part of a low to moderate energy

environment.

During an arid climate, the lake level is low, evaporation is higher than
precipitation and the rise in pH would be favorable to the Mg-clay precipitation with
spherulites and then shrubs (Figure 80-B).This climate is more likely to be related to the
shallowing higher-energy trend of the lake (Figure 80-C), where the FF3 and FF4 may be
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encountered. As no evidence of Mg-clays were found in the samples collected in the wells
used in this work, no flow facies were positioned near the lake base level, where in Figure

80-C indicates the presence of shrubs intercalated with Mg-Clays.

Other important facies present in the Barra Velha Formation are the reworked
shrubs and spherulites, mostly classified by grainstones. This generally have good
permoporous characteristics, medium to low silica and magnesium contents, as well as
high values of calcium content and, therefore, a predominance of FF3 and FF4. The
reason of these reworking facies has different porosity and permeability values may be
associated with more intense diagenetic actions, which can obstruct the primary
porosities, generating secondary porosities with low interconnectivity, as well as the

presence of cement and/or dissolution that can end up releasing silica or magnesium.
>
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Figure 80: Modification of the humid (A) to arid climate (B) in the fluctuating lake-level model proposed
by Gomes et al. (2020). Also, an attempt to relate this conceptual model with the schematic sediment
succession proposed by Ferreira et al. (2021), positioning the flow facies (C) taking into account their

behavior when the lake level rises or falls.
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. Conclusions

e This dissertation highlights the importance of integrating rock, well and
seismic data for a better understanding of the characteristics of the carbonate
reservoirs in the Itapema and Barra Velha formations in terms of acoustic
impedance and, mainly, flow facies. The analyzes were performed at an
intermediate scale of the seismic data and the well logs.

e The porosity and permeability logs were correlated with the ECS logs (Si, Ca
and Mg). In general, with an increase in silica, magnesium and Vclay, porosity
and permeability tend to decrease, and then, the worst flow facies are
predominant (FF1 and FF2). However, this reduction in permoporosity is
relative and, even with high silica contents, there are intervals with good flow
facies (FF3).

e The presence of dolomite did not show a direct relationship with the reduction
of permoporosity, as did silica, but, in general, dolomite cement, which is quite
common in the Barra Velha Formation, in wells C and D, is a slight porosity
reducer, depending on its quantity. This type of cement seems to occur in
greater quantities in Barra Velha Formation than in the Itapema Formation,
possibly due to higher Mg content in the Barra Velha Formation.

e In the Itapema Formation, the presence of calcite cement is common and
seems to reduce permoporosity especially at the base of the formation.

e In the Barra Velha formation, in all wells, the FF1 and FF2 associated with
muddier facies (e.g. laminites, mudstones) with higher clay content were
inferred as coming from a relatively deep environment, humid climate, P > E,
lower concentration of salts in lake waters, decrease in pH, and greater input
from continental sediments. On the other hand, the FF3 and FF4, with little or
no clay content, characterized essentially by shrubs, spherulites and their
reworking, were inferred as coming from an intermediate to shallow
environment, an arid climate where E > P, the concentration of salts and pH
are high and the terrigenous sediment input are very low.

e In the Itapema Formation, FF3 and FF4 were related to the depositional
environment belonging to the foreshore and shoreface regions where there is

constant wave action, in addition to being inserted in the reworking and
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winnowing zones, in fair-weather conditions. In storm conditions, these flow
facies still belong to the same regions but are more concentrated in the
reworking zone, where the action of waves and currents are constant. FF1 and
FF2 can be found in the offshore transition, below the winnowing zone, in
restricted areas, or at the lake margin, in fair-weather conditions. In storm
conditions, the worst flow facies can be found in the deepest parts of the lake,
in the winnowing zone, as well as close to the washover limit to the lake
margin, being transported by intense wave action.

Most carbonates with recrystallized silica and tight carbonates were classified,
in general, as FF2 with low porosity-permeability values. Low-energy
carbonates with fine sediments, mudstones, and igneous were mostly
classified FF1. Carbonates with better permoporous conditions were classified
as FF3 or FF4, depending on the silica content and porosity/permeability

values.

Both Barra Velha and Itapema formations have good flow facies, with a
predominance of FF3, in most wells, except for wells with the presence of
large intervals of igneous rocks and/or intense silicification. Barra Velha
Formation, in general, has higher percentages of FF3 and FF4 in all wells,
apart from Well D. The Itapema Formation, in turn, has lower percentages of
silica content, lower acoustic impedance and higher calcium content.

From the seismic interpretation and the acoustic inversion, it was possible to
better understand the variation in thickness of the Itapema and Barra Velha
formations. For the most part, Itapema Formation presents low values of Pl,
mainly near its top, where the best flow facies were found (FF3 and FF4). The
layers with the highest acoustic impedance values at the base of this formation
are related to more cemented coquinas, and igneous rocks, reflected in more
FF1 and FF2.

The Barra Velha Formation is thicker in the Wells A, and D, and presents a
very heterogeneous behavior in relation to the PI, presenting higher values
than those of the Itapema Formation for all wells. In general, the base of the
Barra Velha Formation, except for Well D, has low PI, as well as FF3 and FF4
predominance. From the middle to the top of this formation, there is a more

heterogeneous behavior, assuming higher values, especially near the base of
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the salt. As a result, there is a greater presence of FF2 and FF1 around the
wells.

The acoustic impedance probability density functions (PDFs) of the flow
facies, together with the crossplots, helped in a better understanding of the
distribution of the facies in the studied interval. When considering the Itapema
and Barra Velha formations, the PDFs showed overlapping of the flow facies,
especially the FF1, FF2 and FF3 due to the presence of muddy facies in both
formations that ends up making the Bayesian classification and the separation
of the PDFs hard. This overlap is a challenge for reservoir facies modeling, as

it becomes difficult to define which PI values correspond to each facies.

Some suggestions for future work:

v" Since many environmental models only consider depositional aspects,
propose a paleoenvironmental model taking into account diagenetic
effects, since flow units reflect these effects.

v" Use the results of a stochastic inversion to obtain different flow facies
scenarios.

v Use more than one elastic parameter for the Bayesian classification of
flow facies.

v Compare the 3D modeling of reservoir properties, such as flow facies,
using Bayesian classification and neural networks.

v Use a geological model or structural attribute as a priori information
rather than using an equal probability for all flow facies when doing a

Bayesian classification.
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