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Resumo de dissertacao apresentado ao Programa de Pds-Graduacgdo em Geofisica do
Observatério Nacional como parte dos requisitos necessarios para a obtenc¢do do

titulo de Mestre em Geofisica.

CICLOSTRATIGRAPHY OF SEDIMENTARY RECORDS IN ALBACORA FIELD,
CAMPOS BASIN
Ciro Climaco Rodrigues
Junho/2023
A presente dissertacdo integra interpretacdes sismicas e cicloestratigraficas
realizadas na regido de quebra de talude da porc¢do norte da Bacia de Campos,
Brasil. Para tal, utilizou-se dados de raio gama de trés pog¢os, dispostos em um
perfil dip, e aquisi¢des sismicas 3D localizados nos depdsitos miocénicos da
jazida de hidrocarbonetos de Albacora. Apenas o po¢o localizado mais proximal
(1-RJS-297) possui controle cronoestratigrafico (biozonas) para a geracao da
escala de tempo astronémica. Os outros dois po¢os, ndo possuem registro de tie-
points e, portanto, tinham escalas de tempo astronoémica flutuantes. Esta questao
foi contornada a partir da associacao de idades para refletores sismicos comum
a todos os pocos. A associacdo destas idades foi por meio da cicloestratigrafia e
das biozonas presentes no pog¢o 1-R]JS-297. Os resultados das analises
cicloestratigraficas demonstraram que ha a influéncia de forgantes orbitais
modulando a deposicdo dos sedimentos. A andlise espectral em conjunto com a
analise harmodnica evolucionaria revelou ciclos sedimentares interpretados
como ciclos de excentricidade longa e curta, obliquidade e precessado. As analises
de taxa de acumulacdo de sedimentos confirmaram a modulagao por ciclos de
Milankovitch e geraram valores entre 28 e 45 cm/kyr, o que corrobora com a
literatura. A intepretacdo sismica foi essencial para a correlacdo entre pogos e
para a amarrag¢do dos ciclos de Milancovitch no tempo geolégico. A integracao
destes dois métodos de andlise de depdsitos, cicloestratigrafia e
sismoestratigrafia, possibilitou a realizacao de uma cronoestratigrafia 2D de alta
resolucdo para a area de estudo compreendendo um periodo de 3 Myr. A série

de dados estudada compreende os depdsitos do Mioceno médio e registra o
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Otimo Climatico do Mioceno e as importantes quedas do nivel do mar que o
delimitam. A interpretacdo destes registros forneceu importantes inferéncias

sobre a evolucdo sedimentar e paleoclimatica da regiao.
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Abstract of the dissertation presented to the National Observatory’s Graduate
Program in Geophysics as a partial fulfillment of the requirements for the degree of

Master in Geophysics.

CICLOSTRATIGRAPHY OF SEDIMENTARY RECORDS IN ALBACORA FIELD,
CAMPOS BASIN

Ciro Climaco Rodrigues

In this work, we integrate seismic and cyclostratigraphic interpretations carried out
in the thinning region of the northern portion of the Campos Basin, Brazil. For this
purpose, gamma-ray data from three wells, arranged in a dip profile, and 3D seismic
acquisitions located in the Miocene deposits of the Albacora hydrocarbon field were
used. Only the most onshore well (1-RJS-297) has chronostratigraphic control
through biozones that have been used as tie-points in the generation of the
astronomical time scale. The other two wells did not have tie-point records and
therefore had floating astronomical time scale. This issue has been addressed by
associating ages with seismic reflectors common to all wells. The association
between these ages was made through cyclostratigraphy and the biozones present
in well 1-RJS-297. The results of cyclostratigraphic analyses have shown that orbital
forces modulate the deposition of sediments. Spectral analysis, in conjunction with
evolutionary harmonic analysis, revealed sedimentary cycles interpreted as cycles
oflong and short eccentricity, obliquity, and precession. Sediment accumulation rate
analyses confirmed Milankovitch cycle modulation and generated values between
28 and 45 cm/kyr, which corroborate the literature. Thus, seismic interpretation
was essential for the correlation between wells and the establishment of
Milankovitch cycles in geological time. The integration of these two methods of
deposit analysis, sismostratigraphic and cyclostratigraphic, made it possible to
perform a high-resolution 2D chronostratigraphy for the study area, comprising a
period of 3 Myr. The data series studied comprise the deposits of the middle Miocene

and record the Optimal Climate of the Miocene, as well as the significant sea-level
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falls that define it. The interpretation of these records provided important

inferences on the sedimentary and paleoclimatic evolution of the region.
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General Outlines

This dissertation was prepared in the form of a scientific article following the
norms of the Graduate Program in Geophysics of the National Observatory. The
research is presented in six chapters, where I initially addressed the generalities and
theoretical concepts of the work. The initial chapters contain an introduction,
objectives, the study area's geological characterization, cyclostratigraphic concepts,
and details of the methods used. The last chapters of the dissertation comprise the
manuscript entitled "INTEGRATION OF SEISMIC AND CYCLOSTRATIGRAPHY FOR
HIGH RESOLUTION CHRONOSTRATIGRAPHIC CORRELATION: THE ABACORA RING
FENCE, CAMPOS BASIN, BRAZIL," submitted to the international, peer-reviewed
journal Marine and Petroleum Geology and the final considerations about the

dissertation.



Chapter 1

Introduction

The Campos Basin is situated between the northern coast of Rio de Janeiro
and the southern coast of Espirito Santo, and its formation is associated with
tectonic movements that culminated in the opening of the Atlantic Ocean (Winter et
al., 2007). The Albacora Field, one of the hydrocarbon exploration provinces in this
basin, is located 110 km east of Cabo de Sdo Tomé, in the state of Rio de Janeiro (Fig.
1). The hydrocarbon exploration block covers an area of approximately 455 km? and
is located at the slope break, with water depths ranging from 100 to 1050 m (De
Gasperi and Catuneanu, 2014).
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Figure 1 - Sdo Paulo Plateau and highlighted 3D seismic survey limits with sea bottom
surface and wells. The studied area is represented by 2D seismic section A -A’ and wells 1-

RJS-297, 4-R]S-330A and 3-AB-68 (modified from Almeida and Kowsmann, 2014).
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Understanding the development of the Campos Basin is crucial for
hydrocarbon exploration. For exploration and development of deposits, the
subsurface modeling process includes duties such as seismic data processing and
interpretation, building geological static models, and conducting dynamic fluid flow
simulations (Magalhaes et al., 2020). Its architecture and evolution have been the
subject of numerous studies (e.g., De Gasperi and Catuneanu, 2014; Osério, 2017;
Linhares et al, 2018). Understanding the dynamics associated with slope break
deposition is vital to this topic. This pertains to the stratigraphy of recently
deposited sediments in the proximal portions of the basin, which are characterized
by modest to moderate water depths, and the distal portions, which are
characterized by significant variations in ocean depths (Menezes, 2004). This
disparity results from the two systems' opposing energies. Consequently,
stratigraphic studies focusing on these slope break characteristics can contribute to
geohazard assessments, geomechanical analysis, and depositional models.

Another crucial point is that the zoning employed in these models, for the
most part, relies on lithostratigraphy. Magalhdes et al. (2020) proposed a vertical
zoning approach in the geological model using high-resolution chronostratigraphy
to achieve more refined results. However, conducting radiometric dating is not
always feasible. Biostratigraphy assists in addressing these challenges, but it also
has limitations due to the scarcity of records and the chronostratigraphic resolution
it provides. One way to overcome this issue is by integrating cyclostratigraphic
analysis techniques with other analytical methods, such as seismostratigraphy,
biostratigraphy, and cyclostratigraphy. This integrated approach allows for the
generation of high-resolution chronostratigraphic frameworks, thereby facilitating
the identification and exploration of hydrocarbon deposits.

Cyclostratigraphy lets scientists look at periodic and/or quasi-periodic
changes in sedimentary sequences. These changes are caused by climate forcing
processes that affect the sedimentation process and are preserved in sedimentary
sequences. One of its primary applications involves the identification of
astronomical cycles, known as Milankovitch Cycles, whose periodicities have been
reasonably well determined for the past 50 Ma. After the LASKAR 2010d (Laskar et
al,, 2011) solution with 405 kyr of metronome up to 250 Ma, by utilizing these cycles,



it becomes possible to achieve high-resolution temporal calibration of data series
originally situated within the stratigraphic domain (Hinnov and Hilgen, 2012;
Hinnov, 2013; Hinnov, 2018). Based on these factors, it can be affirmed that
cyclostratigraphy plays a pivotal role in studies related to depositional processes
(e.g., Locklair et al., 2008; Liu et al., 2017).

The Albacora Field (Fig. 1), located in the Campos Basin, has been under
study for approximately three decades, resulting in the establishment of an
extensive seismic network and a significant number of exploratory wells (Brunh et
al, 2017). This provides an excellent opportunity for integrating
seismostratigraphic, biostratigraphic, and cyclostratigraphic investigations in the
region.

In this context, the present research focuses on the cyclostratigraphic and
seismostratigraphic analysis of data obtained from three wells situated in the
southern section of the Albacora Field (Fig. 1). Through the integration of these
analyses with pre-existing biostratigraphic data, a 2D high-resolution

chronostratigraphic model for the Miocene period in the Albacora Field is proposed.

Objectives

This master's dissertation aims to investigate the sedimentary evolution of
the lower Miocene section within the Albacora Field in the Campos Basin. The
primary objective is to conduct a high-resolution chronostratigraphy of the lower
Miocene section, integrate existing biostratigraphic studies and cyclostratigraphic
analysis, and subsequently propose an astronomical time scale (ATS) for the studied
geological interval. The specific objectives of this research are as follows:

a) Identify the periodic and quasi-periodic cycles captured in the gamma ray
data from the Albacora Field by employing spectral analysis.

b) Determine the sedimentary accumulation rates in each well and assess
their variations throughout the entire sedimentary section.

c) Validate the applicability of cyclostratigraphy methodology in a marine

siliciclastic sedimentary environment at reservoir resolution.



d) Investigate the paleoclimate and paleoenvironmental changes associated

with the slope break of the central-northern region of the Campos Basin.

Chapter 2
Geological Setting

The Campos Basin is a passive margin basin situated on the southeastern
coast of Brazil, bounded by the Vitéria High to the north and the Cabo Frio High to
the south. This basin is renowned as one of the country's major oil producers. Given
its significant economic importance, its tectono-sedimentary evolution has been
extensively studied and documented (e.g., Asmus, 1975; Menezes, 1985; Guardado
et al.,, 1990; Rangel et al., 1994; Winter et al., 2007).

The Campos Basin can be divided into three depositional supersequences:
the rift, post-rift, and drift phases (Rangel et al., 1994; Winter et al., 2007). The rift
phase is deposited on the crystalline basement of the Campos Basin, which consists
of Proterozoic Ribeira Province gneisses. It is composed of the Lagoa Feia Group,
which comprises the Itabapoana, Atafona, and Coqueiros Formations. The post-rift
phase consists of the Itabapoana, Gargad, Macabui, and Retiro Formations,
representing evaporitic deposits. The drift phase is characterized by the deposition
of the Macaé and Campos Groups. The Macaé Group is predominantly composed of
carbonate sediments and includes the Goitacas, Quissama, Outeiro, Imbetiba, and
Namorado Formations. The Campos Group, the focus of this dissertation, consists of
the Ubatuba (UBT), Emboré (EBR), and Carapebus Formations. The Ubatuba
Formation is primarily composed of a thick sand unit known as the Siri Member
(SR), with a carbonate component in the Grussai Member (GRU). The Emboré
Formation is characterized by siltstones and shales of the Geriba Member (BGA),
with occasional sand occurrences from the Siri Member. The Carapebus Formation
is composed of shaly deposits of the Geriba Member (GBA).

The sedimentary succession under investigation comprises Miocene deposits
from the Aquitanian, Langhian, and Burdigalian stages (Fig. 2). The dominant

lithologies include sands deposited by dense flows and boundary currents, as well



as siltstones and shales. Within the sedimentary record, there are extensive
accumulations of amalgamated sandy bodies, forming thick rock layers reaching
several hundred meters in thickness. Additionally, diamictites representing
portions of the slope base and deep-water marls are observed in the sedimentary
sequence (Winter et al., 2017).

The Albacora Field is situated in the northern part of the Campos Basin (Fig.
1), located approximately 110 km offshore, with a water column ranging from 100
to 1050 m (De Gasperi and Catuneanu, 2014). Above the reservoir interval, the slope
exhibits unique cliniform geometries, resulting in the bypass of turbidite sands and
the development of diamictites and clay-rich onlap geometries within the Miocene-

aged rocks (De Gasperi and Catuneanu, 2014).
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Figure 2- Campos Basin stratigraphic chart. The study marked in red square (Modified from Winter et al., 2017).




Chapter 3
Chronostratigraphy of Albacora

Terrace

Chronostratigraphy is a crucial tool for analyzing the sedimentary record as it
provides detailed insights into the spatial distribution, internal variations, and overall
evolution of sedimentary basins. However, the availability of radiometric dating, which
is often limited due to operational factors such as costs and time, can be a challenge
(Hinnov, 2013). As a result, the integration of microfossil and seismic data
(allostratigraphy) along with cyclostratigraphic analysis becomes an important
approach for conducting such analysis. This chapter aims to discuss the presence of
chronostratigraphic information in the Albacora ring fence within the Campos Basin,
which is crucial for correlating the analyzed wells in this dissertation.

The analysis of accumulated and sedimented biodiversity, along with the
associated grains, provides valuable information about the deposition period of marine
sediments. This field of study is known as biostratigraphy. Nannometer-sized fossils are
widespread in the sedimentary basins along the Brazilian coast (Oliveira, 2004). These
fossils, known as nannofossils, have been extensively utilized by the petroleum industry
since the late 1960s to understand basin dynamics. They possess characteristics such
as abundant occurrence, rapid evolutionary rate, wide spatial distribution, and good
preservation in rocks deposited in the open ocean, such as shales and turbidites
(Batiston et al., 2016). The ease of species identification and efficient processing of
samples enable the dating and recognition of stratigraphic markers during well drilling,
a technique known as biosteering.

The Campos Basin has been extensively studied regarding nannofossil analysis
(e.g., de Oliveira, 2004; Alves, 2016; Gennari, 2018), which has provided crucial data for
understanding the basin. The comprehension of the geometry and evolution of turbidite
reservoirs in the Marlim and Albacora fields is an example of the contribution of these
studies (Dias-Brito, 1989; De Gasperi and Catuneanu, 2014; Bruhn, 2017; Luna, 2019;
Torres, 2021).



In the specific section being studied, the biozones are defined by the presence of
specific taxa, namely Sphenolithus belemnos, corresponding to zone N560 (18.3 - 17.95
Ma), and Helicosphaera ampliaperta, corresponding to zone N570 (17.95 - 14.9 Ma)
(Martini, 1971; Cohen, 2013; De Gasperi and Catuneanu, 2014; Batiston et al., 2016).

Figure 3 illustrates these biozones.
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Chapter 4
Cyclostratigraphy: theoretical
background

4.1 The climate spectrum

Climate variations have a significant influence on Earth's temperature,
sedimentation patterns, and ultimately, the geological record (Kodama and Hinnov,
2015). For instance, during periods of reduced insolation, glaciation events can
occur, leading to an Icehouse era. During such times, the sea-level drops, increasing
the energy of the system and facilitating the occurrence of turbidity currents,
resulting in the deposition of coarser sediment grains. Conversely, as temperatures
rise, the sea-level increases, energy levels decrease, and the system becomes more
quiescent, leading to the enhanced deposition of finer sediments such as clay and
silt (Catuneanu, 2006).

Insolation is a crucial factor that influences climate patterns on both local and
global scales, and it is determined by the amount of solar radiation received by the
Earth. This radiation is regulated by the dynamic interactions within the solar
system (Laskar, 1993 and 2008). These interactions, including gravitational forces
exerted by other celestial bodies, contribute to the modulation of temperature
cycles. For instance, when the distance between the Sun and the Earth increases,
solar radiation decreases accordingly (Berger et al., 2012 and 2014).

In addition to insolation, various other variables interact and influence the
Earth's climate, leading to non-linear responses and highlighting the complexity of
this topic (Rial et al., 2004). These diverse factors contribute to a complex climate

spectrum characterized by quasi-periodic cycles spanning a range of frequencies,
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including high, medium, and low frequencies. Some examples of these cycles include
daily variations (e.g., tidal cycles), sub-decadal variations (e.g., El Nifio and North
Atlantic Oscillation), sub-centennial cycles (e.g., Solar cycles), and millennial cycles
(e.g., Heinrich events and astronomical cycles). Figure 4 illustrates some of these

climate cycles.

Understanding both current and past climate cycles is crucial for
comprehending the evolution of the Earth's system. Paleoclimate reconstruction
serves as a vital tool in determining sedimentation rates throughout different
geological periods. However, reconstructing paleoclimate has presented significant
challenges for scientists over the years. Attempts to reconstruct the climate
spectrum over the past 130 Ma have been made by researchers such as Mitchell
(1976), Shackleton and Imbrie (1990), and Pelletier (1997). The analyzed samples
encompass climate variations ranging from hourly to two hundred thousand-year

timescales (Weedon, 2003).
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Cycle Time Mechanism / Cause
Daily cycle 1d. Earth's rotation
Intra-season cycle 180 d. Inclination of the Earth axis
Annual cycle 365d. Earth's translation
El Nifio — Southern Oscillation (ENSO) 2t07y. Lunar/planetary influence
Schwabe cycle My Influence of planets (Jupiter and Saturn)
Saros cycle 18.1y. Lunar orbital parameter
Lunar Nodal Cycle (LNC) 18.6 y. Lunar orbital parameter
Hale cycle 22y. Influence of planets (Jupiter and Saturn)
Briickner cycle 35y. Lunar/planetary influence
" Interdecadal Pacific oscillation (IPO) 15t0 30 y. Lunar/planetary influence
%g. North Atlantic Oscillation (NAO) 25t035y. Lunar/planetary influence
8 Pacific Decadal Oscillation (PDO) 50to 70 y. Lunar/planetary influence
E Atlantic Multidecadal Oscillation (AMO) 50t0 90 y. Lunar/planetary influence
3 Lower Gleissberg cycle 88y. Influence of planets (Jupiter and Saturn)
Upper Gleissberg cycle 120 y. Influence of planets (Jupiter and Saturn)
Jose cycle 179 y. Influence of planets (Jupiter and Saturn)
Suess Cycle (or De Vries Cycle) 208y. Influence of planets (Jupiter and Saturn)
500 year cycle 500 y. Influence of planets (Jupiter and Saturn)
Eddy cycle 1,000 y. Influence of planets (Jupiter and Saturn)
Dansgaard-Oeschger events 1,500 y. Solar influence
Bond events 1,500 y. Solar influence
Hallstatt cycle 2,300 y. Influence of planets (Jupiter and Saturn)
Heinrich events 10 my. Solar influence
Milankovitch Interglacial 10 my. Combination of orbital parameters
2 cycle Glacial 100 my. Combination of orbital parameters
2 Precession 20 my. Orbital Parameter
% Obliguity 40 my. Orbital Parameter
S Short eccentricity 100 my. Orbital Parameter
Long eccentricity 400 my. Orbital parameter

Legend: d = day(s); y = year(s); my = thousands of years; My = Millions of years.

Figure 4 - Periodicities related to the climate spectrum (Fragoso et al., 2021).

An example of a daily-scale cycle is the one induced by the dynamics of the
Sun, Earth, and Moon. The astronomical tide cycle is caused by the combined
gravitational forces exerted by the Moon and the Sun on the rotating Earth, which
significantly influence coastal water levels (Hinnov, 2013). These periodic
influences can be recorded in sedimentary deposits through changes in layer

thicknesses and grain sizes, such as the intercalation of sand and mud layers. Tides

13



exhibit two types of cyclicity: diurnal tides and semi-diurnal tides. The diurnal tide
cycle has an approximate period of 29.5 days, while the semi-diurnal tide cycle has
a period of about 27.6 days (Weedon, 2005; Berger et al., 2012).

El Nifio/Southern Oscillation (ENSO) is a natural phenomenon characterized
by the warming of the surface waters of the South Pacific Ocean, which in turn leads
to variations in the atmospheric pressure system and a decrease in the trade winds.
Consequently, this phenomenon has a direct impact on the energy of the
environment (Bigg, 1996; Fedorov and Philander, 2000). El Nifio events occur with
a cyclicity of approximately 3-5 years, and each event typically lasts for about a year.
Therefore, it can be classified as a sub-decadal cycle, similar to the North Atlantic
Oscillation (Fragoso etal., 2021).

The North Atlantic Oscillation (NAO) is a climatic phenomenon characterized
by variations in the atmospheric pressure between the subtropical high-pressure
system over the Azores and the subpolar low-pressure system near Iceland (Hurrell,
1995). The NAO influences the distribution of heat in Europe, resulting in rainfall
and high temperatures in northern regions and lower temperatures in southern
Europe. The NAO exhibits a frequency of variation of approximately 6 to 13 years
(Weedon, 2005).

Like other climate cycles, astronomical cycles are not completely
conservative or periodic, but they are considered the most regular oscillations
observed in nature (Fragoso etal., 2021). As a result, cyclostratigraphic studies have
utilized these cycles to obtain detailed geochronology for geological records. The

topic 4.2 (Milankovitch Cycles) will provide further details on astronomical cycles.

4.2 Milankovitch Cycles

As previously mentioned, paleoclimate variations with cyclic patterns can be
attributed to changes in planetary orbits resulting from dynamic and stochastic
processes within the Solar System (Hinnov, 2000, 2013; Weedon, 2005; Fragoso et
al, 2021). The scientist who made significant contributions to mathematically
describing and relating orbital motions to these variations was Milutin Milankovitch

in 1941. According to his theory, changes in astronomical parameters directly
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influence the incoming and distribution of solar radiation, thereby affecting the
global climate system. These cycles, known as "Milankovitch Cycles," consist of three
main components: eccentricity, obliquity, and precession, which are associated with
changes in the position, shape, and orientation of the Earth's orbit (Fig. 5).
Additionally, the interaction between the Sun, Moon, and Earth, known as lunisolar
precession, contributes to these cycles (Hinnov, 2013). Understanding these
parameters forms the basis for identifying periodic and quasi-periodic variations in
the geological record (Laskar, 1993; Hinnov, 2013).

The orbital cycles are a result of the changing gravitational environment as
the Earth orbits the Sun (Eq. 1) (Fragoso et al, 2021; Weedon, 2003). The
eccentricity of the Earth's orbit, which determines the distance between the Earth
and the Sun, varies between 0.00021318 and 0.066957 (Hinnov, 2013). Currently,
the eccentricity of the orbit is approximately 0.017 (Weedon, 2003). A decrease in
eccentricity leads to improved Earth insolation, as shown in Equation 2.
Milankovitch proposed a quasi-periodic law (Eq. 3) that indicates cycles related to
this parameter ranging from ~400,000 to ~100,000 years and have remained
relatively constant throughout the planet's history due to the gravitational forces
exerted by the Sun and massive planets (Jupiter and Venus), which ensure their

stability (Berger et al., 1992; Waltham, 2015).
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Where “a” and “b” are the major and minor axis of ellipsis, “ey” is eccentricity
constant that is equal 0.0287, “E;” is the amplitude of the planets orbits periods, “A;”
the secular frequencies of planets, “@;” is the constant phase, “S,” is the constant
solar and “W” is the total isolation.

Lunisolar precession is the result of the gravitational interactions between
the Earth, the Moon, and the Sun, leading to changes in the orientation of the Earth's
rotational axis and the equatorial plane in relation to the orbital plane of the Earth
around the Sun. The movement of the Moon and its gravitational influence on Earth's

fluids, such as the oceans, lagoons, and rivers, creates a bulge near the equatorial
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plane (Laskar et al., 2011; Hinnov et al., 2018). The Moon's orbital plane undergoes
fluctuations of approximately +5 degrees, causing the position of the bulge to
change. This, in turn, induces a torque on the solid mass of the Earth, leading to
variations in the angle between the rotational axis and the equatorial plane in
relation to the Sun-Earth orbital plane (Berger etal., 1992; Berger and Loutre, 1994;
Hinnov et al,, 2013; Waltham, 2015; Fragoso et al., 2021).

Over time, the Moon gradually moves away from the Earth, which reduces the
gravitational force and mitigates the effects of the bulge. Consequently, the cycles
associated with lunisolar precession, such as obliquity (tilt of the Earth's axis) and
precession (change in the orientation of the Earth's axis), change over long
timescales (Weedon, 2003). Obliquity refers to the variation in the inclination angle
of the Earth's axis, which can range between 22° and 24.5°, with respect to a fixed
reference plane (Fig. 6). The current value of obliquity is 23°27' (Weedon, 2003;
Berger and Loutre, 2004).

Obliquity plays a significant role in the seasonal changes in insolation,
resulting in shifts in heat distribution between the equator and the poles. Its
influence is most noticeable at high latitudes (Hinnov, 2000). Obliquity cycles occur
every 41,000 years and exhibit quasi-periodic behavior as described by Equation 4.
However, obliquity has varied over geological time due to the influence of the Moon

and tides on the planet's rotation (Berger et al., 1992; Waltham, 2015).

Low Obliquity High Obliquity
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Figure 6 - Representation of the different obliquity configurations (Rodrigues, 2018).
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Equation 4 €= € + XA cos(fit + &)

Where “€*”is obliquity independent term that is equal 23.32, “A;” is the
amplitude of the planet’s obliquity periods, “f;t” the secular frequencies of planets
obliquity, “8;” is the constant phase.

Climate precession (Fig. 7) comprises two different parameters: axial and
apsidal precessions. The first is related to the “spinning top” movement of the planet
caused by the gravitational force of the Moon and Sun on the equator. The apsidal
precession, on the other hand, refers to the counterclockwise motion of the rotation
of the semi-major axis of the Earth’s orbit (Berger and Loutre, 1994). The magnitude
of the climatic precession is modulated by eccentricity in both amplitude and
frequency as shown Equation 5 (Hinnov, 2000). This parameter is responsible for
the characteristics of the seasons (e.g, mild summers or hot summers). The
periodicity of the cycle is around 21 kyr, but since it is influenced by the Moon and

tidal friction, it also varies its periodicity over the geologic past (Waltham, 2015).
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Figure 7 - Representation of the different configurations of the climatic precession. On the

left the axial precession and on the right the apsidal precession (Rodrigues, 2018).

Equation 5 esiny = Y P;Sin(a;t + {;)
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Where “P;” is the amplitude of the planet’s precession periods, “a;” the

secular frequencies of planets precession, “{;” is the constant phase.

In summary, obliquity influences how solar radiation reaches the planet,
while precession and eccentricity affect the distance between the Earth and the Sun.
Eccentricity also plays a modulating role in obliquity and precession (Berger et al.,
1992; Berger and Loutre, 1994). The recognition of Milankovitch Cycles and the
analysis of paleoclimate proxies in time series allow us to observe periodic and
quasi-periodic cycles in the stratigraphic record. Therefore, cyclostratigraphy aims
to identify, characterize, and interpret well-established orbital cycles (Milankovitch
Cycles) throughout the stratigraphic record, providing a highly accurate
geochronometer for the geological past (Weedon, 2003; Hinnov, 2013).

4.3 The astronomical time scale:
potential for basin
chronostratigraphic frameworks

astrocronology

Radioisotope dating is primarily used for older periods and is often
performed on layers containing volcanic ash, although these layers are usually
sparse. However, cyclostratigraphic analyses offer an alternative method to
establish a highly accurate chronology for intervals that lack radiometric dating
(Hinnov, 2013). The process of identifying astronomical records in sedimentary
profiles involves comparing sedimentary cycles with insolation curves and
astronomical models. By doing so, raw data can be converted into time series,
providing valuable chronostratigraphic information throughout the geologic record.
The astronomical time scale (ATS) serves as a comprehensive framework that
integrates global chronostratigraphic data and is widely available for most of the

Cenozoic era. Additionally, there are floating ATS for the Mesozoic era, which,
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although not anchored in absolute dating, still provide valuable insights (Hinnov,
2013; Dinares-Turell et al., 2014; Huang, 2018).

The accuracy of the results obtained through astrochronology relies on
accurately identifying astronomical signals within the sedimentary record and using
appropriate reference points for age adjustment (Hinnov, 2013). It is worth noting
that the identification of Milankovitch Cycle wavelengths through astronomical
model solutions is highly accurate for time periods up to 60 million years ago
(Berger et al., 1992; Hinnov, 2018). However, for older periods, there are
uncertainties in short cycles such as precession and obliquity increase due to the
chaotic motions of the solar system (Laskar, 2008; Dinares-Turell et al., 2014;
Laskar etal., 2011).

In the Miocene, which is the focus of study, cyclostratigraphy has made
significant contributions to various research works. For instance, Lourens et al.
(2004) and Hilgen et al. (2012) conducted analyses involving biostratigraphy,
magnetostratigraphy, and oxygen isotopes. These studies correlated these data with
well records from the Atlantic and Pacific oceans. Zachos et al. (2001, 2008)
developed an astronomical time scale for the past 35 million years based on 6180
data from benthic marine organisms. In the Campos Basin, there has been limited
application of the cyclostratigraphy method, with only one study conducted almost
20 years ago by Castro (2005). The author identified depositional cycles in the
northern portion of the basin, that were related to eccentricity (410 and 100 kyr),
obliquity (41 kyr), and precession (23 and 19 kyr) based on sonic log proxies, which
are sensible to porosity and lithology. It is distinct from the gamma ray log proxie
that is sensitive to granulometry, an environmental energy aspect. The concave
shape of the clinoform observed in the study preserved sedimentary deposition

patterns.
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Chapter 5
Data and Methods

5.1 Data Acquisition

The data used in this dissertation were obtained from the National Petroleum
Agency (ANP). The request for these data was made in October 2020 through the
Graduate Program in Geophysics at the National Observatory. The data specifically
pertain to the Albacora Field (Fig. 1) and encompass 44 exploratory wells.
Additionally, the dataset includes a 3D seismic survey conducted using bottom cable
acquisition with multicomponent receivers, as well as pre-stack depth migration
(PSDM) processing. Furthermore, a 2D seismic campaign was carried out using
streamer-type acquisition, and PSDM processing was performed on the acquired
data.

The seismic data survey and well dataset were imported into the
Schlumberger Petrel® 2020.3 software for correlation and seismostratigraphic
interpretation (Fig. 1). Biostratigraphic information was provided by Petrobras
(Petrdleo Brasileiro SA) and was incorporated to assist with well correlations and
serve as a temporal reference for the cyclostratigraphic analyses.

Quality control procedures were applied to the wells, including the loading
of gamma ray, electrical, sonic, and density profiles. Porosity calculations were
performed using the density logs to facilitate depth matching with lithologies
obtained through core sampling. Velocity data from the National Agency for
Petroleum, Natural Gas and Biofuels (ANP) was imported and tested with simple
horizon conversion methods.

After applying the aforementioned procedures, three wells (1-R]S-297, 4-
RJS-330A, and 3-AB-68) were selected for analysis in this project. It is important to
note that this dissertation is part of a larger project focused on the
cyclostratigraphic study of the southern and northern portions of the Albacora

Field. This dissertation specifically focuses on the southern part (Fig. 1).
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The selection of the wells took into consideration several factors. Firstly,
wells without high-rejection faults or gas escapes were chosen. Additionally, the
absence of erosive features suggests the absence of significant depositional gaps,
which is crucial for conducting precise cyclostratigraphic analyses. Another
important criterion for selecting the wells was their geographic arrangement within
the basin. They are situated in a dip section, likely resulting in different
sedimentation rates. By combining seismic interpretation with cyclostratigraphy, it
was possible to analyze the continuity of these logs and observe variations in

sedimentation rates among the wells.

5.2 Seismic Interpretation

Typically, seismic processed data consists of seismic traces (1D), a set of
seismic traces in a line (2D seismic), or a set of lines (3D). The interpretation of this
data aims to generate a geologic model of the subsurface (Bruhn et al, 2017;
Linhares et al, 2018; Fonseca et al, 2018). Seismic reflections carry
chronostratigraphic significance as they represent synchronous timelines. Picking
horizons of negative, positive values, or zero-crossings is done to provide a
geometric representation of the stratigraphy and, subsequently, a representation of
geologic time (De Gasperi and Catuneanu, 2014; Catuneanu, 2016).

Otherwise, the seismic interpretation of the 3D data is applied in four distinct
steps: 1) horizon mapping in time, 2) velocity modeling, 3) study of seismic
resolution, and 4) seismic attribute analysis. The cyclostratigraphic correlation
requires the outputs of the first three steps. Steps 1 and 2 are necessary to convert
the seismic horizons to depth and enable stratigraphic correlation between the
wells.

The velocity model (step 3) establishes a reliable relationship between
seismic depth and well depth since the seismic data is in time depth. Seismic
amplitude data has a lower frequency and thus a resolution of meters, whereas well
logs have a higher resolution of centimeters. Therefore, a resolution study is
necessary to determine the range of the seismic horizon's position in terms of well

depth (Widess, 1973).
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Creating or calibrating the time/depth relationship is an important step in
the seismic interpretation process (Maul et al., 2021). There are three types of
velocities: 1) root mean square (RMS) velocity, 2) interval velocity, and 3) average
velocity (Fonseca et al,, 2018). The first two are used in processing seismic data
(migration and stack steps), while the average velocity is crucial for converting time
to depth. Amaral et al. (2015) presented a robust workflow for generating a velocity
model. The methodology consists of the following steps: 1) calculating the interval
velocity from sonic log data in a well to establish an initial time /depth relationship,
2) correlating the well with seismic data and re-calculating the velocity, 3) deriving
the average velocity from the interval velocity, and 4) establishing three additional

relationships through extrapolation using external drift.

5.3 Cyclostratigraphy Analysis

Cyclostratigraphy is a branch of sequence stratigraphy that aims to identify
and interpret periodic and quasi-periodic cycles in stratigraphic records (Weedon,
2003). Sedimentary deposits have the potential to contain valuable information
about climatic cycles. To identify these cycles, it is important to consider the
variations in accumulation rates within different depositional environments. When
these rates are consistently low and there is continuous sedimentary deposition
without significant gaps, there is a higher likelihood of preserving the record of
periodic or quasi-periodic paleoclimatic variations. These variations manifest as
changes in the physicochemical properties of the deposit. Therefore, faciological
analyses, geochemical data, magnetic mineralogy data, and well logging techniques
can be employed to identify and analyze these changes (Hinnov, 2013). The

workflow for conducting this type of analysis can be found in Figure 8.
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Figure 8 - Cyclostratigrafic analysis workflow.

5.3.1 Time-series Analysis

The utilization of spectral estimation is a method employed to identify
periodic and quasi-periodic patterns inside the frequency domain (Laskar et al.,
1993; Hinnov, 2013, 2018). Through the identification of these cyclical signals, it
becomes feasible to establish a correlation between distinct time spans and the
geological record. There exist multiple techniques that can be utilized for the
computation of harmonic signal components. Among these techniques, the
periodogram is frequently utilized in the field of cyclostratigraphic investigations.
Nevertheless, alternative approaches exist and will be examined in subsequent
sections.

The periodogram is a well-defined technique utilized for the estimation of frequency
spectra (Weedon, 2003). The discrete Fourier transform (DFT) is employed to
acquire it, utilizing mathematical techniques. The Fourier transform facilitates the
processing of a time series by converting it from the temporal domain to the spectral
domain. It is important to exercise caution when employing the periodogram for
time series that possess continuous spectra, unless the underlying background is
indicative of white noise (Percival and Walden, 1993). White noise refers to a

random noise that is uniformly distributed over all frequencies of the data.
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Sum the results and multiply them by a constant (2 /N, where N is the number
of data points) (Equation 6). This results in the average amplitude of the cosine
component at that frequency. The sum is then multiplied by a sine wave of the same
frequency, and the products are once again added and multiplied by a constant. For
each examined frequency, the average phase of the time series oscillations is
determined by the relative magnitude of the average sine and cosine amplitudes. At
the desired frequency, the periodogram is produced by adding the root mean
squares of the sinusoidal and cosine amplitudes. The periodogram is produced by

the power plot (or root mean square amplitude) versus frequency (Weedon, 2003).

N-1
. 2mkn , . 2Tkx
Equation 6 X, = E Xn (cos —— — i.sin )
n=0 N N

Where x; is the frequency of all data and x, is the amplitude of each
frequency that compound the periodic equation.

The Multipaper or Thomson Tapering Method (MTM) is a computational
technique that relies on the periodogram. The method established by Thomson
(1982, 1990) entails the summation of a limited number of tapers characterized by
distinct frequency bandwidths. The aforementioned tapers, referred to as discrete
spheroidal sequences or Slepian sequences, are specifically engineered to adjust the
characteristics of time series data. The use of the multitaper method (MTM) has
been found to be helpful in mitigating spectral leakage originating from the main
lobe. Additionally, it has been observed to reduce bias, preserve frequency
resolution, and improve statistical stability (Candy, 1988, 2019). In the analysis, itis
customary to employ a range of one to eight tapers. Following the application of each
taper on the data, a spectrogram is formed as described by Kodama and Hinnov
(2015). The multitaper method (MTM) has been found to enhance the degrees of
freedom and exhibit greater computational efficiency, with about double the
number of tapers, in comparison to the periodogram as discussed by Percival and
Walden (1993). As a result of these benefits, the utilization of MTM is prevalent in

the field of cyclostratigraphy.
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5.3.2 Evolutionary Harmonic

Analysis

In signal interpretation, the power spectra and frequency content can vary in
space or time, especially in deep-water fields where thousands of rock property
samples are available (Bruhn et al, 2017; Fonseca et al.,, 2018; Li et al,, 2019).
Analyzing these numerous samples of the proxy requires analyzing the contribution
of depth converted to time on the periodogram.

Evolutionary harmonic analysis (EHA) involves creating a 3D cross-plot of
the MTM spectrum (Thomson, 1982, 1990) or Fast Fourier Transform (FFT)
spectrum (Kodama and Hinnov, 2015) with depth. EHA estimates the frequency
content of a proxy within a depth/time sliding window (Kodama and Hinnov, 2015;
Hinnov, 2016; Candy, 2019), providing both global and localized analyses of signal
behavior and sedimentation rate across the well (Hinnov, 2016). In EHA, the
window size is crucial because if the window is too short, it may not accurately
estimate long cycles (e.g., eccentricity and obliquity), whereas if the window is too

long, high frequencies will be suppressed in the cross-plot (Li et al., 2019).

5.3.2 Filters and Astronomical

Tunning

An astronomical solution used in cyclostratigraphy is the insolation model,
which relies on the estimation of Milankovitch cycles (Milankovitch et al.,, 1941;
Berger et al., 1992; Laska et al., 2004; Laskar et al., 2011) based on astronomical
records and planetary ephemeris data. The Laskar solutions (Laskar et al., 2004;
Laskar et al., 2011) are astronomical models that describe the Milankovitch cycles
using secular frequencies of precession denoted as "g i" and "s_i," along with a

precession constant "k" (Eq. 7). The index "i" corresponds to the number of the

planet (e.g., 1 = Mercury, 2 = Venus, 3 = Earth, 4 = Mars, 5 = Jupiter, 6 = Saturn, 7 =
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Neptune, and 8 = Uranus). Some cycles, such as the g2-g5 cycle (405 kyr), are related
to eccentricity.

- _3n2CoArey _ 2y-15 p mead g o315 _ 3 2
Equation 7 k= >—=— [(1—e%) +m@aé(1 ec) (1 Ssinic )]cosh

Where “n” is the mean motion of the Sun in a geocentric reference frame, “w”
is the rotational angular velocity of the Earth, “A” and “C” are Earth's moments of
inertia around the equatorial and polar principal, ac and ec is semi-major axis and
eccentricity of the Moon's orbit around the Earth, “m." is mass of the Moon, “mg” is
mass of the Sun, “i." is inclination of the lunar orbit regarding the ecliptic plan and
h is constant value equal 23.40° (Hinnov et al., 2018). The precession constant is the
term that respond for lunisolar precession, then change with time. For Laskar

models the Milankovitch cycles is represent by table 1 (Laskar etal., 2011).
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Table 1 - Main frequencies and preiods index over 0-4Ma (Modificed from Hinnov et al,,

2013)

Term Frequency Period (k.y.)
(arcsec/yr)

Obliquity
k+s3 31.6132 40.996
K+s4 32.6799 39.657
k+s3+g4-g3 32.1827 40.270
Kk+s6 241277 53.714
K+s3-g4+g3 448609 28.889
Precession index
k+gs 54.7064 23.690
k+g2 57.8949 22.385
K+g4 68.3691 18.956
k+gs3 67.8626 19.097
k+g1 56.0707 23.114
Orbital Eccentricity
g2-g5 3.1906 406.182
g4-g5 13.6665 94.830
g4-g2 10.4615 123.882
g3-g5 13.1430 98.607
g3-g2 9.9677 130.019

To distinguish the contributions of each Milankovitch cycle in the
sedimentary record, it is necessary to filter the data series. The initial filtering step
involves detrending the data. Many data sets exhibit trends such as overburden
effects or long-term secular trends, which can obscure the quasi-periodic cycles or
the target cycles of interest. To isolate the frequencies associated with the
Milankovitch cycles, a detrending filter is applied. This mathematical operation
involves estimating a function (e.g., linear, loess) and subtracting it from the data.
Loess, for example, is a weighted moving average that estimates a cycle by
smoothing a window within the data. This process helps reveal the cycles within the

selected window (Kodama and Hinnov, 2015).
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After identifying sedimentary cycles through time series analysis and EHA, a
crucial step in cyclostratigraphic studies is to correlate these sedimentary
frequencies with astronomical cycles such as eccentricity (e.g., 410/405 kyr, 125
kyr,and 100/95 kyr), obliquity (e.g., 41 kyr), and precession (e.g., 21 kyr and 19 kyr)
using the astronomical solutions provided by Berger et al. (1992), Berger and Loutre
(1994), Dinares-Turell et al. (2014), and Hinnov and Hilgen (2012). Frequency
filters are employed to aid in the astronomical tuning process. Low-pass filters
isolate low-frequency components and facilitate the tuning of long cycles such as
eccentricity and obliquity. High-pass filters isolate high-frequency components and
assist in tuning short Milankovitch cycles, such as precession. Pass-band filters can
be used to focus on specific Milankovitch cycles (Kodama and Hinnov, 2015; Li et al,,
2019).

The process of astronomical tuning aims to identify the astronomical solution
that shows the strongest correlation coefficient between the paleoclimate data
series and the sedimentation rate within the stratigraphic framework. This step
allows for the transformation of the analyzed data into a high-resolution dating
method, facilitating the construction of an astronomical time scale that is specific to
the study region (Dinares-Turell et al., 2014).

The techniques used for astronomical tuning include visual tuning,
correlation coefficient (eCOCO), and the TimeOpt Approach (Meyers and Sageman,
2007; Meyers et al., 2012; Meyers, 2015). Visual tuning involves visually comparing
the filtered data with the filtered astronomical solution to adjust the amplitudes of
peaks, troughs, and crossings (Weedon, 2003; Hinnov, 2012). COCO (Correlation
Coefficient) uses the power spectra of the proxy data and correlates the frequency
band ratios with the astronomical solution (Li et al, 2018). The evolutionary
correlation coefficient (eCOCO) is applied by sliding a window sample-by-sample at
depth to estimate a 3D cross-plot of sedimentation rate, depth, and COCO. The
TimeOpt Approach employs Monte Carlo simulations developed by Meyers (2015)
to fit the data to the astronomical solution, utilizing precession sedimentation rates
modulated by eccentricity or precession. Prior interpretation using periodogram

and EHA is crucial for this method. In this work, the main technique employed is

29



visual tuning, while COCO and eCOCO are used as a double check with the

sedimentation rates of the area.

Chapter 6

About the manuscript “INTEGRATION OF
SEISMIC AND CYCLOSTRATIGRAPHY FOR
HIGH RESOLUTION CHRONOSTRATIGRAPHIC
CORRELATION: THE ALBACORA RING FENCE,
CAMPOS BASIN, BRAZIL”

The results of this master's degree dissertation have been submitted as a
paper to the peer-reviewed journal Marine and Petroleum Geology (refer to chapter
7). The paper focuses on the correlation of three wells and the establishment of age-
based zones using astronomical forcing theory and the integration of seismic
horizons. A resolution study was conducted on the seismic data to assess the
limitations of tying horizons to Milankovitch cycles. This approach is significant as
it demonstrates the robustness of the dating method and addresses the challenge of
integrating two geophysical methods with different resolutions while accounting for

seismic uncertainties.
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ABSTRACT
High-resolution chronostratigraphy is fundamental for a refined interpretation of the
evolution of sedimentary basins and, consequently, for generating more accurate
geological models, which are essential for oil and gas exploration. This study provided
an innovative integration of seismic reflectors interpretation, a biostratigraphic
framework and 405-kyr astronomically-tuned age models from three wells, arranged in a
dip section comprising Miocene deposits in the slope break of the Albacora Field,
Campos Basin, Brazil. We (i) to provide a high-resolution, 2D astrochronologic model
from the combination of three astronomical timescales (ATSs) — comprising a timespan
of ~3 Myr for the dip section; (ii) infer that the studied section comprises the middle
Miocene deposits and records the Miocene Optimum Climate, and the significant eustatic
falls that delimit this event; and (iii) provide refined age estimates for the seismic
reflectors near the biozones.
1. INTRODUCTION

In the last decades, the orbitally-calibrated cyclostratigraphy has been
considerably useful in improving the temporal resolution of the geological time scale, as
well as to provide new subsides about past sedimentary processes and its rates.
Cyclostratigraphic analyses are based on the recognition of multimillenial-scale (104—
106 yr), quasi-periodic Milankovitch imprint in climate-sensitive sedimentary records.
When tuned to astronomical target curves given by accurate models of Earth’s orbital-
rotational behavior, cyclostratigraphic records of orbitally-forced climate change provide

an unprecedented, high-resolution geological time scale - the astronomical time scale
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(ATS) - at least as far as back to 50 Ma due to the uncertainties in the theoretical
astronomical solutions (Berger et al., 1992; Hinnov and Hilgen, 2012; Hinnov, 2013; Wu
et al., 2013; Meyers, 2019). For periods back to 50 Ma, the 405-kyr long eccentricity
cycle (which is the expression of orbital perihelia of Venus and Jupiter and considered as
quite stable over geological times) has been successfully employed for astronomical
calibration even for Mesozoic deposits (Kent et al., 2018; Meyers, 2019; Leandro et al.,
2022).

Chronostratigraphic investigations solely based on radiometric dating and
biostratigraphy usually present limitations due to the common impossibility of obtaining
datable materials and pitfalls on identifying biozones with restricted distribution and
resolution (e.g., Miller, 2006; Delabroye and Vecoli, 2010; Joshi et al., 2021). Therefore,
cyclostratigraphic analysis has been increasingly employed in the hydrocarbon
exploration and production sectors due to the rising demand for more refined
chronostratigraphic frameworks and new information on the basin’s depositional
dynamics (e.g., Mattner and Al-Husserini, 2002; Behdad, 2019; Makled, 2021). For
instance, Falahatkhah et al. (2021) investigated the control of orbital forcing on facies
distribution and their associated hydrocarbon reserves in the Asmari Formation
(southwestern Iran), deposited during the Oligocene-Early Miocene. By recognizing
eccentricity cycles of 405 kyr in the studied wells, they identified the time interval of
formation deposition and determined that it was influenced by Milankovitch-driven
eustatic sea level changes. Fang et al. (2023) presented a novel approach to understanding
the relationship between lithofacies and astronomical cycles in predicting favorable
lithofacies for shale oil exploration in continental rift basins, using lacustrine shales from
the Eocene Shahejie Formation (China). The periodic changes in long eccentricity,

obliquity, and precession formed different scales of lithofacies cycles, which were
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evidently controlled by paleoclimate, and a new model of shale deposition was
established. In order to date and calibrate the depositional sequences of the Aquitanian-
Burdigalian depositional sequences, Farouk et al. (2022) constructed a gamma-ray (GR)-
based ATS for the Jambour Oil Field, Iran. The authors found a strong correlation
between the astronomical solution of Laskar et al. (2011) and the current data, and the
cyclostratigraphic analysis compared with global events validated the high-resolution
tuning merged by eccentricity cycles. In such context, the Albacora Field, located in the
north-central portion of the Campos Basin - one of the largest oil-producing basins along
the passive margin of Brazil (Dias et al., 1990; De Castro and Picolini, 2015) - has been
intensively studied due to its economic importance for the last 30 years. A large amount
of seismic data, well-log data and biostratigraphic evaluation is already available for the
Albacora Field (e.g., Asmus, 1975; Menezes, 1985; Guardado et al., 1990; Rangel et al.,
1994; Winter et al., 2007; Bruhn et al., 2017). Therefore, it is a suitable target for an
integrative study comprising seismic reflector and biostratigraphic framework
interpretations together with individual, one-dimensional (1D) ATSs provided from
chosen wells, aiming to provide a high-resolution, 2D astrochronology model for the
southern Albacora Field. Such effort could provide new subsidies on the basin’s
depositional evolution and new geological models, of importance for optimizing the oil

and natural gas exploration and production at the Campos Basin (Magalhaes et al., 2020).

2. GEOLOGICAL SETTING
2.1 Campos Basin

The Campos Basin (Southeast Brazilian continental margin) - one of the most
important offshore Brazilian hydrocarbon provinces - is a passive margin basin limited,

respectively, to the north and south by the Victoria-Trindade Chain and Cabo Frio arch.
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Since the 1970’s its tectono-sedimentary evolution has been intensively studied and
described due to its economic importance (e.g., Asmus, 1975; Menezes, 1985; Dias et al.,
1990; Guardado et al., 1990; Dias et al., 1990; Rangel et al., 1994; Winter et al., 2007).
The onset of Campos Basin dates back from the Early Cretaceous during the Mesozoic
Gondwanaland break-up (Contreras et al., 2010). It has been subdivided into three major
tecno-sedimentary mega-sequences or units: (1) rift sequence; (2) transitional or initial
drift sequence; and (3) passive margin or final drift sequence (Rangel et al., 1994; Winter
et al., 2007; Castro and Picolini, 2015). The rift phase is associated with a non-marine
sequence and was deposited on the crystalline basement of the Campos Basin. The
transitional phase is associated with marine and continental sedimentation and represents
the lacustrine carbonates and evaporitic deposits. The final drift phase is formed by a
marine sequence controlled by crustal thermal subsidence and halokinetic movements.
This last stage occurred between the Aptian/early Albian to the Holocene, and is
represented by the deposition of the Maca’e and Campos Groups. Carbonatic sediments
dominate the Maca’e Group, whereas the Campos Group is predominantly siliciclastic
(Winter et al., 2007). This last phase, which comprises our study area (Miocene deposits
of the Albacora Field), is a Ist order sequence and corresponds to the divergent
continental margin (passive margin) (De Gasperi and Catuneanu, 2014). Sedimentation
in the Campos Basin has been controlled by the interaction between morphology (slope
break), bottom currents, and sediment supply (Viana, 2001) since the Neogene until the
present. Depositional rates have increased mainly due to the tectonic reactivation that
resulted in the formation of the Serra do Mar Mountains in the Eocene (Cogn’e et al.,
2011, 2012). The Albacora Field reservoir is located in the north-central portion of the
Campos Basin (Fig. 1), approximately 110 km from the coast (De Gasperi and Catuneanu,

2014). The sedimentary package investigated corresponds to the Miocene sediments of
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the Aquitanian, Langhian and Burdigalian stages. The Albacora ring fence, exploratory
block, is approximately 455 km2 and lies on the slope break in a water column ranging

from 100 to 1050 m (De Gasperi and Catuneanu, 2014).
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Figure 1 - Left: Bathymetric and geomorphic map of the Campos Basin highlighting the location
of the study area; right: 3D bathymetric map of the studied area, wells and the limitation (ring
fence) of Albacora field (blue polygon). The studied area is represented by seismic section A -A’

and wells 1-RJS-297, 4-RJS-330A and 3-AB-68 (Modified from Almeida and Kowsmann, 2014).
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2.2 Wells 1-RJS-297, 4-RJS-330A and 3-AB-68 (southern portion of Albacora ring
fence)

Our study area is located in the slope break at the southern portion of the Albacora
Field (Fig. 1). Due to the absence of significant erosional surfaces and major tectonic
faults revealed by seismic interpretation, three wells in the dip section were selected:
wells 1-RJS-297 (landward portion), 4-RJS-330A (central portion) and 3-AB-68 (farther
offshore). They are associated with water columns of 280 m, 313 m, and 652 m,
respectively, and with the following spatial distribution at the A-A’ dip section: 2384 m
(wells 1-RJS-297 and 4-RJS-330A) and 4939 m (wells 4- RJS-330A and 3-AB-68) (Fig.
2).

Two biozones (CN4/CN3 and CN3/CN2; Okada and Bukry, 1980; Castro, 2005;
Batiston et al., 2016) were identified in well 1-RJS-297 at depths of 1540 m and 2370 m
and were considered in this study as tie-points (Fig. 2). This record represents the
assemblages Helicosphaera ampliaperta and Sphenolithus belemnos which exhibit
associated extinction ages of 14.90 and 17.95 Ma, respectively (Okada and Bukry, 1980;
Gradstein et al., 2018). Lithostratigraphic information for the three wells indicates
intercalation of marl and shale with some sandstone layers. According to Mutti and
Carminatti (2012) and Pandolpho et al. (2021), these layers represent deposits formed by
a mixture of turbidite-contourite systems due to their location on the edge of the platform.

According to Pandolpho et al. (2021), the turbidite-contourite sequence was formed
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Figure 2 - Interpretation of 2D seismic section with seismic horizons, logs lithology and biozones.

The Continuous color lines are the clinoforms in the analyzed GR dataset; and the black dashed

line is the erosional surface. See Figure 1 for seismic section (A-A’) and location of wells.
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3. DATA AND METHODS
3.1 Well-logging and gamma-ray datasets, 3D seismic lines

Well-logging data and 3D seismic lines were provided for this study by the
Brazilian National Agency for Petroleum, Natural Gas and Biofuels (ANP). The seismic
data was required in order to choose adequate wells for this research (without tectonic
faults, gas escape, and significant erosional surfaces) and to support the wells correlation
for constructing the 2D cyclostratigraphy model.

Gamma ray (GR) datasets were considered as a proxy for this study, which were
taken with an average sampling rate of 0.20 m This proxy indicates the presence of clay
minerals and organic matter, reflecting paleoclimatic conditions (Li et al., 2019a; Ruffel
and Worden, 2000). Thus, variations in the values of this parameter denote changes in
terrestrial weathering as well as physical/chemical variations in oceanographic
parameters (Li et al., 2019a). GR data has been widely used in astronomical signal
extraction in sedimentary records due to their fast and easy retrieval, and excellent
response to planetary climate variations (e.g., Baumgarten and Wonik, 2015; Li et al.,
2019a; Gong, 2021).

3.2 Seismic Interpretation

Seismic, biostratigraphy, and well logging datasets were loaded into the French-
American Schlumberger Petrel® 2020.3 software. Previous research by De Gasperi and
Catuneanu (2014) presented a 3D seismostratigraphic study for the same area. The
mapping of the seismic horizons was performed with Petrel software with the data in
time. After mapping, we densified the 3D seismic interpretation based on the work of De
Gasperi and Catuneanu (2014), which went from 50 X 50 to 10 X 10 crosslines. It allowed
us to generate a surface by interpolation that was more faithful to the area’s geology, as

well as to enable the velocity model recalibration of the ANP data pack, reducing depth
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errors. Since no seismic lines cross the selected wells for the cyclostratigraphic analysis,
it was necessary to generate a 2D section from the interpolation of the 3D seismic data.
We used this section to identify clinoforms and erosional surfaces for the correlation with
the cyclostratigraphic data. The velocity model and the 2D section allowed a robust
correlation between seismic horizon depths and wells. Additionally, a seismic resolution
study (Widess, 1973) was conducted in order to (i) obtain an even more accurate fit
between the depths of the seismic horizons; (ii) estimate depth uncertainties and hence
enabling a reallocation of the seismic horizons in the wells; and (iii) evaluate the
displacement of seismic reflectors for the procedures of astronomical tuning, when two
or more clinoforms can be used to transpose the tie-points. It is critical, as the
displacement of reflectors would directly influence which cyclic bundlings would be
chosen to perform tuning and to generate the ATS. The resolution evaluation for the
seismic reflector yielded 30 m, which means they can be displaced 15 m above or below
their original position.
3.3 Cyclostratigraphy analyses

Cyclostratigraphic analyses for GR data from the three wells were performed by
using Acycle version 2.4.1 software (Li et al., 2019b). Fig. 1 shows the location of the
three analyzed wells. All GR series have been processed to remove the null values and
then interpolated by 0.2 m to obtain a constant spacing between samples, prior to a
detrending procedure by applying LOESS regression with a 400 m window. Such
approach is necessary to remove irregular and low-amplitude frequencies, which
correspond to very-long wavelengths not directly related to orbital variation (Weedon,
2003; Kodama and Hinnov, 2015; Li et al., 2019b).

Spectral analyses were carried out with a multi-taper spectral estimator (MTM) to

identify the most significant frequencies above 90%, 95%, 99%, and 99.9% confidence
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levels (Thomson, 1982). The MTM was performed with two 2z tapers and the robust
first-order autoregressive AR (1) model (Mann and Lees, 1996). In order to track the
changes in orbital cycles generated by the variations in sedimentation rates, the
evolutionary harmonic analysis (EHA) was performed by the Fast Fourier method (eFFT)
with a 250 m moving window (Kodama and Hinnov, 2015). From these analyses, we
identify the bands related to the Milankovitch cycles using the ratios of the frequencies
for the Miocene (mean age of 17 Ma). The ratio of the orbital frequencies was assumed
to be approximately 405:125:95:40.6:23.5:18.8 = 21.46:6.62:5.03:2.15: 1.25:1 (Laskar et
al., 2011). In order to isolate the long and short eccentricity frequencies, we used the
Acycle’s Gaussian bandpass filtering tool. We compared these filters with Laskar et al.,
2011 astronomical model (Laskar et al., 2011) for astronomical adjustment (tuning) of
each of the wells and for constructing the anchored ATS.

Additionally, we investigated the optimal sedimentation rate and the null
hypothesis of no orbital forcing (H0) based on our astrochronological interpretation by
performing the correlation coefficient (COCO) and evolutionary correlation coefficient
(eCOCO) analyses (Li et al., 2018a). It was conducted by running 2000 Monte Carlo
simulations, with the sedimentation rate ranging from 0 to 100 cm/kyr, and applying a
classical AR (1) and the remove red noise. The moving window used for our eCOCO
analysis was set to 250 m.

4. RESULTS
4.1 Preliminary chronostratigraphy framework: biostratigraphy and seismic
interpretation

Identifying reflectors and time-to-depth migration in the 2D seismic section
provided the correlation between the studied three wells. We used the seismic

interpretation to identify clinoforms and the erosional surface found at the depths where
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the astronomical investigation was performed. The erosional surface was determined by
using reflector truncation and chaotic facies. The clinoforms have morphologies ranging
from sigmoidal, flat, and convex and are identified in Fig. 2.

Two tie-points were considered for well 1-RJS-297, based on the extinction ages
of the taxa Helicosphaera ampliaperta and Sphenolithus belemnos (14.9 and 17.95 Ma,
respectively; Okada and Bukry, 1980; Gradstein et al., 2018). The closest clinoforms to
these biozones are CL1 and CLS3, respectively (Fig. 2). Clinoform CLS5 is located at the
same depth (1540 m) as the Helicosphaera ampliaperta species and, therefore, the age of
149 Ma was associated with it. Clinoform CLI1 is located at ~180 m from the
Sphenolithus belemnos species, and does not have a direct correspondence with the age
of this biozone.

Regarding biostratigraphic information is only available for well 1- RJS-297, but
both three wells are within the same geological context in local scale and sharing the same
seismic expressions, we performed the following set of procedures: (i) we provided age
estimates for specific clinoforms for well 1-RJS-297 by means of its anchored ATS; (i1)
it was assumed the same age estimates for these clinoforms at wells 4-RJS- 330A and 3-
AB-68; and (iii1) floating ATSs for wells 4-RJS-330A and 3- AB-68 were anchored in
time by the clinoforms (and its associated ages). The numbered clinoforms (CL1, CL2
...) in the dataset utilized in the cyclostratigraphic analyses were then used to gauge the
number of astronomical cycles between the wells.

4.2 Cyclostratigraphy
4.21 Time-series analysis
For the three wells, the 2r MTM spectral analysis of the GR data revealed peaks

with statistically significant values above 95% confidence. The joint MTM and EHA
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analyses allowed for the tracking and identification of the bands representing the long (E)
and short (e) eccentricity, obliquity (O), and precession (P1 and P2) cycles (Figs. 3-5).

For well 1-RJS-297, the ratios used for astronomical cycles in the Miocene and
their corresponding central wavelengths were 150.5:58.2:36.8:17.4:9.6:7 =
21.5:8.31:5.25:2.48:1.37:1. The eFFT shows stability along the stratigraphic column for
the long eccentricity cycle (E). In contrast, other cycles, with higher frequencies, have a
representative drop in signal at depths above ~1200 m and below ~2450 m (Fig. 3¢). For
well 4-RJS-330A, the identified cycles in the 2 MTM spectral analysis obeyed the
central wavelength ratio of 165.4:57.1:37.1:15.1:9.2:7.3 = 22.65:7.8:5.08:2.05:1.26:1.
We were able to trace the cycles along the depth with the combined analysis of the spectral
peaks with the eFFT results (Fig. 4c). In well 1-RJS-297, there is a drop in signal in the
short eccentricity, obliquity, and precession cycles between depths above ~1200 m and
below ~2450 m. Well 3-AB-68 presents center wavelength ratios of
156.3:55.7:31.5:14:8.7:7 = 22.32:7.95:4.5:2:1.24:1.

Based on frequency ratio method and the combined interpretation of the MTM
and EHA analyses, in addition to the information regarding the average sedimentation
rate of 35 cm/kyr (Castro, 2005), we interpreted that the 405-kyr long eccentricity (E)
bands are encompassed between 594 and 86 m (for well 1-RJS-297 - Figs. 3), 448 and 94
m (for well 4-RJS-330A - Figs. 4) and 583 and 93 m (for well 3-AB-68 - Fig. 5). The
short eccentricity signals (e125 and €95) present bands of 62 to 42 m and 40 to 31 m (well
1-RJS-297 - Figs. 3), 66 to 47 m and 47 to 22 m (well 4-RJS-330A - Figs. 4), 72to 42 m
and 40 to 29 m (well 3-AB-68 - Fig. 5). The obliquity bands are, respectively, 19 to 13 m
(for well 1-RJS-297 - Figs. 3), 17 to 13m (for well 4-RJS-330A - Figs. 4) and 18 to 13m
(for well 3-AB-68 - Fig. 4). Finally, we interpret the precession parameters (P1 and P2)

as bands of 10 to 6.6m (well 1-RJS-297 - Figs. 3), 9.4 to 7m (well 4-RJS-330A - Figs. 4),
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and 9.6 to 6.6m (well 3-AB-68 - Fig. 5). The accuracy of these interpretations was
confirmed by the optimal sedimentation rates (around 40 cm/kyr) calculated by SAR
analyses (Fig. 6).

In the three spectral analyses we also observed the presence of periodicities of
approximately 60 and 70 kyr, which are related to bands from 32 to 21m (well 1-RJS-297
- Fig. 3), 31 to 22 (well 4-RJS-330A - Fig. 4) and from 29 to 20 m (well 3-AB-68 - Fig.
4). Such harmonic content can be associated with eccentricity-precession modulations

(Hennebert, 2012; Hinnov, 2000; Leandro et al., 2022).
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Figure 3 - Spectral analysis of well 1-RJS-297; lithology, raw dataset and detrended dataset by
using the LOESS method and a 400 m window (a), 2n multitaper power spectrum with robust AR
(1) red noise spectral model (b), evolutionary fast Fourier transform (eFFT) spectrograms with
250 m sliding window (c), 2 multitaper power spectrum of 405-kyr tuned GR dataset (d), and

evolutionary fast Fourier transform (eFFT) spectrograms of 405-kyr tuned GR dataset (¢).
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evolutionary fast Fourier transform (eFFT) spectrograms of 405-kyr tuned GR dataset (e).
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evolutionary fast Fourier transform (eFFT) spectrograms of 405-kyr tuned GR dataset (e).

4.22 Sediment accumulation rates analysis

The evaluations of sediment accumulation rates (SAR) were performed using the COCO
and eCOCO, taking into account the high values of correlation coefficient (p) and low
values of Ho significance level. The results generated sedimentation values that have an
actuation of 7 orbital cycles (405, 125, 95, 40.4, 23.5, 22.2 and 19 kyr) in the deposition
of the three wells which were under study. Hence, the modulation of these deposits by
Milankovitch cycles is confirmed.

For well 1-RJS-297, we observed two significant sedimentation peaks (28 cm/kyr and
37.0 cm/kyr) (Fig. 6a). For this well, the results obtained by the linear sedimentation age
model generated minimum and maximum values of 20 cm/kry and 55 cm/kyr (Figs. 6a

and 7b). In well 4-RJS-330A, the COCO analysis produced the highest significance level
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at 14.0 and 41.9 cm/kyr, while the linear sedimentation rate generated minimum and
maximum values of 22 and 50 cm/kyr (Figs. 6b and 8b). The COCO analysis showed two
significant peaks for the offshore well 3-AB-68 with a central value of 13.9, 33.1 and 45.4
cm/kyr. In the age model for well 3-AB-68, the minimum and maximum linear
sedimentation rate ranged between 16 and 46 cm/kyr (Fig. 9b). The eCOCO results also
indicate a significant variation in sediment accumulation rates from a depth of
approximately 2500 m for wells 1-RJS-297 and 4-RJS-330A and 2700 m for well 3-AB-
68 (Fig. 6). The presence of distinct sedimentation rates found in the SAR analyses of
wells 4-RJS-330A (Fig. 6¢c and 6d) and 3-AB-68 (Fig. 6e and 6f) likely represents a
change in the sedimentary dynamics of the environment. However, it is important to
highlight that the rates between 34.4 and 43.5 cm/kyr (well 3-AB-68), and 41.9 (well 4-
RJS-330A) are the predominant rates. This fact can be observed in both the SAR analyses
(Fig. 6) and the wavelength of the long eccentricity signal (165 m - well 4-RJS-330A and
156 m - well 3-AB-68; Figs. 4b and 5b).

Another piece of evidence regarding the dynamics of sedimentary processes in the study
area is the presence of discontinuities in the eCOCO results (Fig. 6). These gaps in results
can be caused by increased noise resulting by rising environmental instability (Li et al.,

2018a; Li et al., 2018b; Liu et al., 2023).
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4.23 Astronomical Tuning

The interpreted frequencies obtained from the spectral analyses and identified as
long and short eccentricity cycles were used for band-pass filtering of all presented wells.
In well 1-RJS-297, these two filters and the biozones as well as the comparison of the
data with the astronomical solution of Laskar 2010a (Laskar et al., 2011) enabled the
construction of a 405 kyr tuned age model. We selected the 405 kyr long eccentricity
cycle for tuning GR data because the studied region (slope break) has significant
dynamics, causing minor erosive events. Therefore, the long eccentricity cycle was the
one that best fit our data.

Comparison of the filtered data from well 1-RJS-297 with the astronomical model

(Laskar et al., 2011) allowed for the identification of eight long eccentricity cycles and
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the amalgamation of cycles Es and Ee (Fig. 7). The interpretation of amalgamation cycles
was based on the fact that, at a depth ~1700 m, the long eccentricity cycle has a longer
wavelength (~220 m) than the average of the others (~ 124 m). Furthermore, this long
eccentricity cycle contains six short eccentricity cycles instead of expected 3 or 4 cycles
(Fig. 7d). It is understood that clustering has occurred between cycles Es and Es due to
minor erosional and by-pass processes, which are considered to be common events at
continental slope breaks. The presence of small sand layers, with the thickness varying
between ~4 and 8 m, between the depths of 1650 and 1750 m, which overlie the fine

sediment deposits, constitutes evidence of this minor erosive event (Fig. 7a).
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derived from conventional cycle-ratio method, ¢) detrended GR (black) and filtered 150 m

wavelengths (red, Gauss filter with a frequency of 0.00664 + 0.00495 cycles/m) represent 405
49



kyr long eccentricity cycles, d) filtered 150 m (red, see panel c) and 41 m (green, Gauss filter with
a frequency of 0.048019 * 0.01200 cycles/m) wavelengths representing long and short
eccentricity cycles, respectively, e) Laskar 2010a eccentricity model (blue) and filtered 405 kyr

cycles (red, Gauss filter with a frequency of 0.01149 +0.00849 cycles/kyr), and f) tuned GR log.

The two recorded biozones in well 1-RJS-297 were used to anchor the ATS. Six
and a half 405 kyr cycles were identified within the range of these two biozones (Fig. 7d).
It is considered that the datum had a good fit with the long eccentricity cycle. As the CLs
is located at the same depth (1540 m) as the Helicosphaera ampliaperta species, an age
of 149 Ma is established for this clinoform. The Sphenolithus belemnos species
(associated age of 17.95 Ma) is located near the E; cycle pit and a 405 kyr cycle of the
CL; clinoform (Fig. 7c and d). From this contact, it was possible to establish an age of
17.5 Ma for CL; (17.95 Ma - 0.405 Ma = 17.5 Ma). The range covered by the CL; and
CLs clinoforms in well 1-RJS-297 comprises part of the E> cycle and goes up until E;.

The band pass filter of long and short eccentricity was used for well 4-RJS-330A.
The filter results were also compared with Laskar’s 2010a astronomical model for tuning
(Fig. 8). The anchors of the ATS were the ages associated with CL1 and CLS. Cycles
from E2 to E7 (Fig. 8d) between these two clinoforms can be noted. The cycles Es and

Es are not well delimited and therefore have been put together in our analysis.
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For Well 3-AB-68, we have also used CL; and CLs to transpose the ages and
anchor the ATS. As like the other two wells, the cycles E» to E; were identified between
the clinoforms CL; and CLs. Cycles E4 and E3 are ‘amalgamated’ and this interpretation

was made through the joint evaluation of the long and short eccentricity filter output

curves, as was done for well 4-RJS-330A (Fig. 9). In the cyclostratigraphic analysis of
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the three wells under study, we chose not to extrapolate the identification of the cycles at
depths below the erosive surface, identified in the seismic interpretation, since there are

no chronostratigraphic controls or any information about the dimension of this erosive

event.
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Figure 9 - Astronomical calibration from the 3-AB-68 well, a) the lithology, b) sedimentation rate
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Gauss filter with a frequency of 0.01149 + 0.00849 cycles/kyr), and f) tuned GR log.
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In order to validate the astronomical tuning, MTM and EHA were performed on
the 405-kyr tuned GR series data. These results are presented in Figures 3d, 4d, and 5d,
highlighting the strong presence of both long and short eccentricity cycles in the power
spectrum across all three wells. Signals of obliquity and precession were also identifiable.
Therefore, it is considered that this tuning was appropriate, and similar to the SAR
analyses, it supports the presence of orbital cycles in the data series of the three wells
studied within this manuscript.

5. DISCUSSION
5.1 2D ATS for the southern Albacora section

Three wells exhibited a clear orbital forcing imprint on the sediment deposition,
establishing the feasibility of the correlation between the wells based on the identification
of the 405-kyr long eccentricity cycles and its correspondence with seismic reflectors.
Therefore, cyclostratigraphic along with seismostratigraphic analyses, in wells arranged
in a dip section, enabled the generation of a 2D ATS for the Miocene section in the
southern portion of the Albacora Field (Fig. 10). The good correlation of the
cyclostratigraphic data can be observed by the sequence of six bundlings interpreted as
long eccentricity cycles (Ez to E7) between clinoforms CL; and CLs.

Such data integration was fundamental for the generation of the 2D ATS in light
of the application of the seismic interpretation as an age-anchor for wells 4-RJS-330A
and 3-AB-68, with good accuracy. The seismic resolution processing was also significant
for the construction of the ATS. Figure 11 displays this integration between seismic
interpretation and cyclostratigraphic analyses. Our seismic resolution study indicated that
the clinoforms can be displaced 15 m above or below the estimated position and hence

we did not consider cycles within or below this range for tuning processing. Considering
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that short and long eccentricity imprints respectively present wavelengths of ~ 50 m and

~ 150 m, both lie outside the error margin given by the seismic resolution estimate.
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Figure 10. 2D astronomical time scale for the three wells studied in this research with the
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More importantly, it is worth observing that only a few papers integrate
seismic and cyclostratigraphic studies (e.g., Ulfers et al., 2002; Bahk et al., 2015; Xia et
al., 2020, Du et al., 2020). Moreover, there are no studies that used the application of
seismic interpretation to establish ages in the cyclostratigraphy, nor are there seismic
resolution studies to identify which tuning is appropriate for the dataset. Hence, our
research uses a new and promising methodology for establishing ages and margins of

error. Furthermore, the interpretation of the seismic reflectors made it possible to
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investigate how the evolution of this slope break occurred over geological time. However,
we must be aware that the use of this methodology can also generate errors that are linked
to the interpretation of biozone data and of the seismic reflectors.

The sedimentation accumulation rate was assessed through COCO analyses. The
results revealed sedimentation rate peak values ranging from 28 to 45 cm/kyr across the
three wells. These findings support the values (~30 cm/kyr) reported in other studies
conducted in the same region (Castro, 2005; Almeida and Kowsmann, 2014). The choice
of the selected wells in a dip profile allowed us to evaluate changes in sediment
accumulation rates along this arrangement. The results obtained from the COCO do not
show significant differences between wells. Still, the range of values obtained by the age
model for each well (Figs. 6 and 7b, 8b, 9b) indicates a small decrease in sediment
accumulation towards the more offshore portion (3-AB-68) of the basin.

The evolutionary coefficient correlation (eCOCO) results allowed the
identification of more significant sedimentation noise at depths greater than ~2500 m for
wells 1-RJS-297 and 4-RJS-330A, and ~ 2700m for well 3-AB-68 (Fig. 6). Increased
noise in the dataset indicates erosion and/or depositional gaps (Li et al., 2018a). The
erosional surface is located nearby the same depths (Fig. 2). Therefore, this result

confirms our interpretation that this seismic horizon represents an erosive event.
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5.2 Astronomical forcing, deposition, and sea-level changes

The generation of an astronomical calibration for the analyzed wells made it
possible to contextualize chronologically the sedimentary evolution in a Miocene section
of the slope break of the southern portion of the Albacora Field. The interval with
stratigraphic conformities presents in the most basal portion (depths of ~ 2500 to 2700
m) is equivalent to ages around 18.5 Ma and is associated with sand deposits (with layers
thinner than 10 m) in all three wells (Figs. 10, 11), as well as an increased noise in the
eCOCO result (Fig. 6). This is the limiting depth for tuning because we do not know how

much information was lost.
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In wells 1-RJS-297 and 4-RJS-330A, sandstone deposits are presented as thicker
packages (around 20 m) at depths of about 1000 m associated with ages between 13 and
14 Ma. The interval between these thicker sand deposits is basically composed of
interlayered marls and shales.

Comparing the ages obtained in this research with the Cenozoic eustatic curve (Miller et
al., 2020), it was possible to observe a correspondence between this interval with the
intercalation of marls and shales between depths 0f~1000 and ~2500 to 2700 m and the
Miocene Climatic Optimum (MCO). The MCO occurred between 17 and 13.8 Ma and
represented an interruption in the cooling process of the planet (Miller et al., 2020). This
event resulted from the increase in atmospheric CO> caused by phases of volcanism along
the northwestern American margin (Hodell and Woodruff, 1994; Holbourn et al., 2007;
Holbourn et al., 2015). The increase in CO generated a significant reduction in the
planet’s ice, which resulted in rising sea-levels (Holbouurn et al., 2015; Miller et al.,
2020). This high sea-level context propitiated the deposition by settling processes of fine
sediments (marls and shales) in the slope break of the southern portion of the Albacora
Field.

The package that corresponds to the MCO deposits is bounded at the top and bottom by
deposits that characterize the energy enhancement of the system. The lower boundary lies
at approximately ~ 2500 and 2700 m depth and is characterized by an erosional surface
associated with sand packs, whereas the upper limit is at ~1000 m depth and can be
identified by the occurrence of thicker sand packs (Fig. 10). The Cenozoic eustatic curve
has two significant drops in sea-level that corroborate this increase in system energy
recorded at these two boundaries (Miller et al., 2020). In the lower Miocene, the most
significant sea-level drop before the MCO occurred in 19 Ma and was over ~60 m below

mean sea level. The sedimentary records below the depth of ~2500 to 2700 m, related to
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ages greater than 18 Ma (Fig 10), were conditioned to a low sea level context. This fact
made this sedimentary environment more energetic and consequently under a more
significant influence of erosional events. This was recorded in our data through the
seismic interpretation (erosional surface), the SAR analyses (increased noise), the
lithology (increased sediment grain size), and the variation in the behavior of the RG data
(increased amplitude). Hence, possibly during the low sea level period, more than one
erosional event occurred in the system. Therefore, we named this depositional interval
"interval with stratigraphic unconformities" (Figs. 10 and 11) and discarded it from the
ATS construction.

The interval with stratigraphic unconformities (Figs. 10 and 11) evidences a significant
environmental change caused, probably, by the formation of gravity flow. Gravity flow
deposits intensifies during the low sea-level and is responsible for constructing chaotic
facies and sediments with larger grain sizes (sands). Hence, eustatic falls cause more noise
in the data series thus generating significant variation (Li et al., 2018a).

The sand packages of the upper boundary corroborate with ages related to the termination
of the MCO, dated at 13.8 Ma, characterized by increased benthic foraminifera §'°0 and
a ~ 50 m eustatic fall (Miller et al., 2020). Therefore, the lower and upper boundaries are
associated with increased system energy and may have been generated by mass flow
transports. The eustatic falls of the late Miocene intensified the formation of turbidite and
contourite deposits in the Campos Basin (De Castro and Picolini., 2015; Pandolpho et al.,
2021). Considering our study goals and the lack of elements to characterize these sands
as turbidites and contourites, we can only state that these sands represent energy changes
in the environment associated with two significant eustatic falls that occurred in the

Miocene.
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6. CONCLUSION

Based on the cyclostratigraphic analyses of three wells and seismic interpretation,
a 2D ATS was generated for the Miocene deposits of the southern portion of the Albacora
Field. We have identified Milankovitch cycles in all three wells from the time series
analyses of variations in GR profiles. Tuning was performed by using the recognized long
eccentricity cycle, and the ATS was anchored by utilizing biostratigraphy and seismic
interpretation. Sedimentation rates range from 28 cm/kyr to 45 cm/kyr.

The seismic interpretation together with the cyclostratigraphy enabled a
correlation between the wells and the association of ages for wells that did not contain
biostratigraphic data. Therefore, it was possible to correlate data obtained in other wells
and generate an age-depth model for a larger sedimentary basin area.

Our 2D ATS allowed us to have a better understanding of the sedimentary
and paleoclimatic evolution of the Miocene deposits of the Albacora Field, as well as
provided new information about the Miocene Climatic Optimum in the context of the
Campos Basin. This event affected the weathering, transport, and deposition of sediments
worldwide. Furthermore, the development of a high-resolution chronostratigraphy for
deposits in oil and gas exploration fields provides subsidies for generating more accurate
chronostratigraphic frameworks and geological models.

Noteworthy the use of seismic interpretation together with cyclostratigraphy in
our study provided a good correlation between the wells and the association of tie-points
for wells without biostratigraphic data, allowing the generation of an age-depth model for
a large interval of the sedimentary basin area. The application of seismic resolution
procedures seemed to be an efficient auxiliary tool for establishing correspondences
between ATSs from distinctive wells and to perform tuning from seismic reflectors. Our

findings support those joint investigations comprising seismic stratigraphy and
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astronomical tuning of well-log data has a great potential for providing 2D astronomical
time scales, with significant impact on the establishment of better chronostratigraphic
frameworks for exploration basins.
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Chapter 8

Final Considerations

The approach of this study involves generating a 2D Astronomical Time Scale
through the correlation of three wells using seismic interpretation and
cyclostratigraphic analyses. The Multiple Taper Method was used to confirm the
presence of orbital cycles, including long and short eccentricity (Ta and Tb),
obliquity, and precession. The gamma ray log was tuned using long eccentricity
cycles, and the short eccentricity filter was employed to validate the interpretations
of the tuned dataset.

The 2D ATS revealed that the studied deposits represent the Miocene Climate
Optimum period and the associated sea-level fluctuations. During the MCO, low-
energy environments characterized by marl and shale deposits were observed. The
presence of sand deposits indicates an increase in energy, likely attributed to the
falling sea-level. This event had a global impact on weathering, sediment transport,
and deposition processes. The development of a high-resolution chronostratigraphy
for deposits in oil and gas exploration fields contributes to the creation of more
precise chronostratigraphic frameworks and geological models.

Analysis of sediment accumulation rates indicated values ranging from 28
cm/kyr to 45 cm/Kkyr, consistent with previous studies in the Albacora Field area.
The distinct behavior of sediment accumulation rates in well 1-R]S-297, prior to the
slope break, compared to the other two wells, suggests different sediment dynamics.
However, this does not undermine the correlation and the content of Milankovitch
Cycles.

The present study demonstrates the integration of seismic interpretation and
cyclostratigraphic analyses as an effective approach for understanding sedimentary
cycles. It generated a high-resolution chronostratigraphy for the Miocene deposits
in the central portion of the Campos Basin. This approach enabled good correlation
between wells and the establishment of age-depth models for a significant portion
of the sedimentary basin, even in wells lacking biostratigraphic data. The application
of seismic resolution procedures proved useful in establishing correlations between

ATSs from different wells and in refining seismic reflector tuning.
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