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This master's dissertation aims to integrate cyclostratigraphy and seismic stratigraphy,
together with Integrated Prediction Error Filter Analysis (INPEFA) and the Relative Geological
Time (RGT) model, to investigate Miocene deposits in the Albacora Qilfield, Campos Basin,
Brazil. Well-log gamma-ray data from six wells, distributed along two dip sections and one
strike section, were used as paleoclimatic proxies through spectral analysis to identify periodic
components related to Milankovitch cycles. Additionally, 3D seismic data acquired over the
Miocene deposits of the Albacora oilfield were used to construct geological sections and to
analyze the evolution of the depositional system. Cyclostratigraphic analysis revealed clear
evidence of orbital forcing within the records. Spectral and evolutionary harmonic analyses
allowed the identification of cycles interpreted as long and short eccentricity, obliquity and
precession, most of which exceed the 95-99% confidence levels, consistent with expected
orbital ratios for 14 Ma, with long- and short-eccentricity wavelengths of ~145 m and ~47 m.
Results from correlation coefficient (COCO) and evolutionary correlation coefficient (eCOCO)
analyses confirmed the presence of orbital forcing and indicated maximum sedimentation

rates ranging from 30.0 to 45.4 cm/kyr across the wells, consistent with previously reported



values (~30 cm/kyr) for the same region. Seismic stratigraphic analysis reveals a mainly
progradational system, with better stratigraphic preservation in the mid-slope domain, where
thicker successions and up to three long-eccentricity cycles are recorded, in contrast to only
one cycle on the shelf and at the base of the slope. These variations in stratigraphic
preservation, reflected in differences in the number of long-eccentricity cycles identified along
dip-oriented seismic sections, demonstrate that seismic-supported multi-well correlation is a
useful tool for assessing stratigraphic completeness and, consequently, for improving 2D/3D
cyclostratigraphic correlation. Hypotheses involving discontinuous sedimentation and/or
depositional hiatuses associated with erosional processes were explored to account for the
absence of these records in the shelf and base-of-slope settings. The RGT model corroborates
a progradational pattern and reveals variability in sedimentation rates along strike sectrion,
whereas INPEFA delineates key stratigraphic surfaces linked to hiatuses and erosional events.
These findings underscore the need to account for depositional system dynamics when
interpreting cyclostratigraphic signals and refining geological time estimates. Estimates of
depositional duration accounting with variations in stratigraphic preservation were compared
with biostratigraphic constraints, reshaping previous estimates of depositional duration. To
our knowledge, this study provides the first systematic investigation of the lateral preservation
of astronomical cyclicity within a seismic volume as controlled by depositional architecture,
and demonstrates how incorporating this variability can substantially modify geological time

estimates.
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A presente dissertacdo de mestrado teve como objetivo integrar cicloestratigrafia e
estratigrafia sismica, juntamente com a Andlise Integrada do Filtro de Erro de Predicdo
(INPEFA) e o modelo de Tempo Geoldgico Relativo (RGT), para investigar depdsitos
miocénicos do Campo de Albacora, Bacia de Campos, Brasil. Dados de perfis de raio gama
provenientes de seis pogos, distribuidos ao longo de duas se¢des dip e uma segao strike,
foram utilizados como proxies paleoclimaticos por meio de analises espectrais para
identificar componentes periddicos relacionados aos ciclos de Milankovitch. Além disso,
dados sismicos 3D adquiridos sobre os depdsitos miocénicos do Campo de Albacora foram
utilizados para a construgao de se¢des geoldgicas e para a analise da evoluc¢do do sistema
deposicional. A analise cicloestratigrafica revelou evidéncias claras de forcagem orbital
nos registros. As andlises espectrais e harmonicas evolutivas permitiram a identificacdo
de ciclos interpretados como excentricidade longa e curta, obliquidade e precessao, a
maioria excedendo niveis de confianca de 95-99%, consistentes com as razGes orbitais
esperadas para 14 Ma, com comprimentos de onda de excentricidade longa e curta de
aproximadamente ~145 m e ~47 m. Os resultados das andlises de coeficientes de

correlagdo (COCO) e coeficiente de correlacdo evolucionaria (eCOCO) confirmaram a



presenca de forgagem orbital e indicaram taxas maximas de sedimentacdo variando entre
30,0 e 45,4 cm/kyr entre os pogos, consistentes com valores previamente reportados (~30
cm/kyr) para a mesma regido. A analise estratigrafica sismica revela um sistema
predominantemente progradacional, com melhor preservagao estratigrafica no dominio
da porcdo central do talude, onde sucessGes mais espessas e até trés ciclos de
excentricidade longa sdo registrados, em contraste com apenas um ciclo na plataforma e
na base do talude. Tais variagGes na preservacado estratigrafica, refletidas nas diferencgas
no numero de ciclos de excentricidade longa identificados ao longo de se¢Ges sismicas
dip, demonstram que a correlagdo multi-pogos apoiada por dados sismicos é uma
ferramenta util para avaliar a completude estratigrafica e, consequentemente, para
aprimorar a correlagdo cicloestratigrafica em 2D/3D. Hipdteses envolvendo sedimentacdo
descontinua e/ou hiatos deposicionais associados a processos erosivos foram exploradas
para explicar a auséncia desses registros nos ambientes de plataforma e base do talude.
O modelo RGT corrobora um padrao progradacional e revela variabilidade nas taxas de
sedimentacdo ao longo da secdo strike, enquanto o INPEFA delimita superficies
estratigraficas-chave associadas a hiatos e eventos erosivos. Esses resultados destacam a
necessidade de considerar a dinamica dos sistemas deposicionais na interpretacao dos
sinais cicloestratigraficos e no refinamento das estimativas de tempo geoldgico. As
estimativas de duragdo deposicional considerando as variagdes na preservagao
estratigrafica foram comparadas com restricGes bioestratigraficas, reformulando a
estimativa anterior de tempo de deposicdo. Este estudo apresenta a primeira investigacao
sistematica da preservacdo lateral da ciclicidade astron6mica dentro de um volume
sismico controlado pela arquitetura deposicional, demonstrando como a incorporagao

dessa variabilidade pode modificar substancialmente as estimativas de tempo geoldgico.
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General Outlines

This dissertation is structured in the format of a scientific article in accordance with the
guidelines of the Graduate Program in Geophysics at the National Observatory. The work is
organized into eight chapters: the initial sections present the introduction, objectives, geological
setting of the study area, fundamental concepts of cyclostratigraphy, and a description of the
applied methodologies. The final chapters include the manuscript entitled “ARCHITECTURE-
DRIVEN ORBITAL RECORDS IN A CONTINENTAL MARGIN: CYCLOSTRATIGRAPHIC-SEISMIC
INSIGHTS FROM THE MIOCENE ALBACORA OILFIELD (CAMPOS BASIN, BRAZIL)” submitted to
the peer-reviewed international journal Marine Geology, as well as the concluding remarks of

the dissertation and references.



Chapter 1

Introduction

Cyclostratigraphic analyses enable the identification of variations in the stratigraphic
record within a sedimentary sequence, and their interpretation can reveal cyclic
alternations in the depositional environment of the rock. These alternations can then be
linked to astronomically forced climate changes (Kodama & Hinnov, 2015; Hinnov, 2018).
Cyclostratigraphy can also be understood as the study of cyclic stratigraphic records, in
which the cycles represent regular and periodic oscillations that may originate from various
sources, such as orbital parameter variations, solar activity, or climate fluctuations driven
by internal processes within the Earth's climate system (Weedon, 2003). The stratigraphic
record influenced by orbital variations reflects changes in Earth's orientation relative to the
Sun, driven by the gravitational pull of the Moon, the Sun, and other planets. These
variations affect the amount of solar radiation the planet receives (Hinnov, 2018).

Milankovitch cycles are orbital cycles that can shape the depositional record. The
correlation between cyclostratigraphy and astronomical models gave rise to
astrochronology, which provides highly consistent modern astronomical solutions with
well-defined periodicities for the past 50 million years (Hinnov, 2018). Cyclostratigraphic
studies based on Brazilian sedimentary records began to emerge in the late 20th century
(e.g., Sinito et al., 1981; Ernesto & Pacca, 1981).

Despite being widely exploited by the hydrocarbon industry, the Campos Basin —
located on the eastern Brazilian margin, in southeastern Brazil, extending from the northern
coast of the state of Rio de Janeiro, near the Cabo Frio Arch, to the southern portion of
Espirito Santo State, near the Vitdria Arch, and covering an area of approximately 100,000
km? (Osorio, 2017; Bastos & Bastos, 2017) — still requires further efforts to understand its
geological and chronostratigraphic evolution. Understanding the evolution of this basin is
therefore crucial for optimizing hydrocarbon exploration, and numerous studies have
sought to describe its architecture and development (e.g., Linhares et al., 2018; Castro &
Picolini, 2014; Figueiredo Jr. et al., 2014; Almeida & Kowsmann, 2014). In this context,
cyclostratigraphy represents a powerful tool for establishing high-resolution
chronostratigraphic  frameworks (Kodama & Hinnov, 2015). However, few

cyclostratigraphic studies have focused on the Campos Basin to date (e.g., Castro, 2005;

10



Santos et al., 2023).

Among the main exploratory areas in the Campos Basin, the Albacora Oilfield stands
out as one of the most significant hydrocarbon exploration provinces. Located
approximately 110 km offshore (De Gasperi & Catuneanu, 2014), this field has been under
investigation for about thirty years. As of 2018, it had an extensive seismic grid and 49
producing wells (ANP, 2018), enabling the integration of seismic stratigraphic,
biostratigraphic, and cyclostratigraphic studies in the region. A previous study by Santos et
al. (2023) combined seismic data, biostratigraphy, and cyclostratigraphic analysis of
gamma-ray (GR) logs from three wells in the southern sector of the field. Their results
enabled the identification of orbital-scale sedimentary cycles, the estimation of
sedimentation rates, and the development of an Astronomical Time Scale (ATS) for the
investigated interval. Recently, newly available higher-resolution 3D seismic data for the
Albacora QOilfield, released by the Brazilian National Agency for Petroleum, Natural Gas and
Biofuels (ANP), have enabled a reassessment and expansion of the chronostratigraphic
framework originally proposed by Santos et al. (2023).

In this study, we present an updated and expanded chronostratigraphic
interpretation of the Miocene succession in the Albacora Oilfield, based on three
stratigraphic sections that integrate six GR well-logs with seismic data. These include a
strike-oriented section connecting the dip section previously analyzed by Santos et al.
(2023), as well as a northernmost dip section that incorporates two additional wells.
Collectively, these sections form the basis of a chronostratigraphic framework covering an
area of approximately 62 km?.

Relative to the previous study, the incorporation of higher-resolution seismic data —
combined with the integration of cyclostratigraphic results with Relative Geological Time
(RGT) volumes and Integrated Prediction Error Filter Analysis (INPEFA) — constitutes a
significant improvement. This integrated framework supports a more detailed assessment
of stratigraphic preservation by capturing both lateral and vertical variability, and facilitates
the identification of better-preserved successions, strengthens stratigraphic correlations,

and refines interpretations of the timescales governing depositional processes.
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Chapter 2

Objectives

This master’s dissertation aims to advance the investigation of the sedimentary

evolution of the Miocene succession in the Albacora Oilfield, Campos Basin, Brazil. The

study integrates cyclostratigraphic analysis and seismic stratigraphy with INPEFA and the

RGT model to investigate the stratigraphic architecture and depositional evolution of the

Miocene deposits in the study area.

a)

b)

c)

d)
e)

f)

g)

The specific objectives of this research are as follows:

To investigate and interpret the possible occurrence of orbital forcing record in
Miocene sedimentary deposits through the analysis of gamma-ray data series from
six wells located in the Albacora Oilfield.

To conduct an integrated analysis combining cyclostratigraphy and seismic stratigraphy
for the stratigraphic correlation of the six analyzed wells.

To enhance the chronostratigraphic framework proposed by Santos et al. (2023)
through a multi-method approach and the expansion of the study area, integrating
the northern, central, and southern transects of the Albacora Qilfield into a single
dataset.

To estimate sedimentation rates of the studied deposits.

To identify areas of enhanced stratigraphic preservation.

To investigate the causes underlying the absence or incompleteness of the
stratigraphic record in poorly preserved sectors.

To assess whether the 2D seismic-cyclostratigraphic correlation proposed by Santos
et al. (2023) can be expanded into a 3D interpretation, based on the integration of
dip and strike sections from the same area of the Albacora Oilfield, potentially
supporting new efforts to define isochronous surfaces at orbital-scale resolution for

its Miocene deposits.

12



Chapter 3

Geological Setting

3.1 Campos Basin

The Campos Basin is located at the East Brazilian Margin (southeastern Brazil), and
it extends from the northern coast of the State of Rio de Janeiro to the southern portion of
the State of Espirito Santo. It is bounded to the north by the Vitdria High, to the south by
the Cabo Frio High. Its extension is about 100,000 km? (De Gasperi & Catuneanu, 2014).

The sedimentary evolution of the Campos Basin is related to the rifting process of
the Gondwana supercontinent and the subsequent opening of the Atlantic Ocean; the most
accepted interpretation for the opening is lithospheric stretching, crustal thinning
(McKenzie, 1978) and subsequently a thermal anomaly (Royden & Keen, 1980) with
associated subsidence. In weakness zones, the crust's thinning led to the rift's rupture and
generated a deposition of the rift section in a regionally uplifted area, with an expressive
presence of volcanic rocks at the bottom of the basin, aged between 130 e 120 Ma (Bastos
& Bastos, 2017).

According to Winter et al. (2007), the Campos Basin stratigraphy can be divided into
three big tectonosedimentary units, also called megasequences:

Rift or continental: this sequence was formed under mechanical subsidence regime
and is characterized by direct control of the basement structural framework and continental
sedimentation dominated by siliciclastic deposits and lacustrine coquinas (De Gasperi &
Catuneanu, 2014; Guardado et al., 1989). It is represented by rocks from the Cabilunas
Formation, which includes basalts and volcaniclastic rocks, and the Lagoa Feia Group (135 -
118 Ma). The rift sequence is composed by the Atafona formations (siltstones and
sandstones with talc-stevensite), Coqueiros (coquinas and shales) and Itabapoana
(conglomerates) (de Castro & Picolini, 2015; Bastos & Bastos, 2017).

Post-rift or transitional: corresponds to the upper part of the Lagoa Feia Group,
which was deposited during the Aptian. This unit represents an intermediate phase
between thermal and mechanical subsidence, in which continental and marine
sedimentation took place (Guardado et al., 1989). The transitional sequence is usually

divided in two main units: (i) a lowermost unit, which belongs to the Itabapoana, Gargau
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and Macabu Members and is composed of siliciclastic rocks and carbonates; and (ii)
uppermost unit, composed by evaporitic rocks comprised by the Retiro Member (Dias et al.,
1990).

Drift or marine: formed by the deposition of the Macaé and Campos Groups, which
comprises sedimentary rocks ranging from the Albian to the Holocene (Winter et al., 2007).
This sequence consists of marine sediments deposited under a stationary thermal
subsidence regime (De Gasperi & Catuneanu, 2014). The Macaé Group is dominated by
carbonate sediments and comprises the Goitacds, Quissama, Outeiro (calcilutitos and
shales), Imbetiba (calcilutitos) and Namorado (sandstones) formations. The Campos Group
is composed of the Ubatuba (shales), Emboré (carbonates) and Carapebus (sandstones)
formations. The latter group is the object of study of this dissertation, and to which the
Albacora field is associated (Bastos & Bastos, 2017). The megasequences groups and

formations are shown in Table 1.

Table 1. Simplified lithostratigraphic correlation from the Campos Basin (modified from
Guardado et al., 1989).

Megasequences Group Formations

Ubatuba

Campos Carapebus

Emboré

Goitacas

Drift Quissama

Imbetiba
Macaé

Outeiro

Namorado

Retiro

Gargau

Macabu

Post-rift

Lagoa Feia
Itabapoana

Rift Atafona

Coqueiros

- Cabitnas

Igneous Basement Basalts -

In terms of submarine physiography, the basin can be subdivided into the regions:

continental shelf, continental slope, continental rise, and Sdo Paulo Plateau (Fig. 1). The
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continental shelf is bounded by the isobaths of 10 and 150 m; it has a low relief, with an
average slope around 0.5 degree. The outer limit of this region is approximately 180 meters
deep, which represents the break of the platform (Figueiredo Jr. et al., 2015; Borges et al.,
2015).

According to Almeida & Kowsmann (2014), the continental slope has an extension
of ~ 40km, extending from the shelf break (110m isobath) to 2.000m, where it merges with
the S3do Paulo Plateau; and it shows the highest continental margin slope values (0-25°).
These morphological variations are caused by submarine canyons, ravines and furrows,
which are the main transport routes of sediments from the platform to the Sdo Paulo

Plateau.

Espirito Santo Basin

+~ BATHYMETRIC CONTOUR:
#CL:5mUP TO 100 m
*C1; 100 m UP TO -3.300 m

~ LIMIT OF SEISMIC DATA

Santos

GEOGRAPHIC PROJECTION DATUM SIRGAS2000
Basin

[} 25 50 75 100 km

-24°

—40° -39°

Figure 1. Bathymetric map of the Campos Basin. From Schreiner et al., 2016.

Sdo Paulo Plateau is a marginal plateau that represents an extension of the

continental margin slope. Its boundaries at the Campos Basin are gradational; the limit with

the foot of slope is located at a depth of 3200 to 3400m eastward. To the west, the limit
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with the continental slope occurs at a depth of 2900m. Its width ranges from 180 to 289 km
and its slope varies from 0 to 2 degrees. Sdo Paulo Plateau loses almost all its marginal
plateau characteristics in the transition to the foot of slope, being characterized by the
occurrence of salt diapirs, sometimes buried. (Zembruscki, 1979).

A muddy sediment package (from debris flows and contours) on the salt layer
constitutes the S3o Paulo Plateau. The limit of the province of salt, with or without
escarpment, does not coincide with the plateau boundary across the entire extension. In
some regions, the plateau boundary of Sdo Paulo is a little further, being established by

post-salt sedimentation (Castro, 1993).

3.2 Albacora Oilfield
3.2.1 General aspects
The Albacora field was discovered in the 1980s, during a well drilling campaign

(Bastos & Bastos, 2017). It is located approximately 110 km (68 mi) from the coast of the

Campos Basin (Fig. 2), in a current continental slope setting; the water depths range from

100 to 1050 m. (De Gasperi & Catuneanu, 2014).

Figure 2. Location of the Albacora Field (Campos Basin, southeastern Brazil) and the seismic section.
Modified from De Gasperi & Catuneanu (2014).
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The producing intervals of the Albacora Oilfield comprise Cretaceous turbiditic
sandstones associated with the Upper Macaé Formation, as well as Paleogene and Neogene
turbiditic sandstones - specifically from the Eocene, Oligocene, and Miocene - related to the
Campos Formation, Carapebus Member (Souza Cruz et al., 1987). Among these, the Eocene
reservoirs are noteworthy for comprising two major packages of deep-water turbiditic
sandstones, which are separated by a pelitic interval (Gasperi & Catuneanu, 2014). The
Oligocene and early Miocene reservoirs also deserve special attention due to their broad
spatial distribution, significant thicknesses, and favorable petrophysical properties, such as
high porosity and permeability (de Souza Cruz et al., 1987). The deposition of these
turbidites is genetically linked to both relative sea-level variations, as proposed by Vail et al.
(1977), and to the salt tectonics active in the region. These factors disrupted the balance
between sedimentation on the platform and in the basin, resulting in a substantial sediment

influx that favored the development of submarine fan systems (Guardado et al., 1986).

3.2.2 Chronostratigraphy

3.2.2.1 Biostratigraphy

Biostratigraphy subdivides geological strata into units based on their fossil content,
a process known as biostratigraphic zonation. Through the identification of fossils within a
stratigraphic sequence and the analysis of their vertical distribution, it is possible to define
key biostratigraphic events, such as the first and last occurrences of a given taxon. A
stratigraphic boundary or surface within a sedimentary succession marked by a change in
fossil content is referred to as a biohorizon. These boundaries define the base and top of a
biozone, which is a body of strata characterized by its fossil assemblage (Agnini et al., 2017;

North American Commission on Stratigraphic Nomenclature, 2005; Pearson, 1998).

Calcareous nannofossils are among the most widely used groups of microfossils in
marine biostratigraphy. They consist of calcitic skeletal remains, typically smaller than 63
um, including coccoliths and nannoliths. Their application in studies of basins along the
Brazilian continental margin dates back to the 1960s, and they remain extensively used in
biostratigraphy due to their good preservation, high abundance, wide geographic

distribution, and rapid evolutionary rates (Batiston et al., 2016; Bown & Young, 1998).
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The sedimentary interval selected for this study is defined by the presence of two
calcareous nannoplankton taxa: Helicosphaera ampliaperta (17.95 — 14.9 Ma), which
exhibits a nearly oval outline and is of significant stratigraphic importance due to its wide
geographic distribution and relatively restricted temporal range; and Sphenolithus
belemnos (19.01 — 17.75 Ma), a narrow, dart-shaped in side view nannoplankton, rare at
high latitudes and easily recognized under an optical microscope (Okada and Bukry, 1980;
Gradstein et al., 2018; Bolli et al., 1989; Backman et al., 2012; Bramlette and Wilcoxon,
1967).

3.2.2.2 Previous cyclostratigraphic interpretations

The first cyclostratigraphic study on the Miocene sedimentary deposits of Campos
Basin was provided by De Castro (2005), who investigated the interval between the tops of
N-550 (18.9 Ma, Mesoburdigaliano) and N-580 (14.4 Ma, Eoserravaliano) nanofossil
biozones. Such region is inserted in the Prograding Oceanic Sequence — a region close to
our study area, which is discussed by Dias et al. (1990) as deposited from Eocene to recent.

De Castro (2005) discussed a possible orbital influence on the basin's Miocene
sedimentation, by evaluating the cycles obtained from seismic, well-log data and
biostratigraphic dating. The studied sedimentary succession presented a clear rhythmic
alternation between shales and marls. The author performed spectral analyzes on the
seismic and sonic traces to locate the dominant wavelengths, and a correlation matrix with
Milankovitch cycles, in addition to obtaining the corresponding accumulation rate for each
wavelength. The intervals between the tops of the biozones were obtained from the sonic
curve. Each biozone was divided into segments and different sedimentation rates were
obtained for each segment.

The seismic trace shows a clear depth-related trend, with increasing depth leading
to progressive amplitude attenuation due to effects such as spherical divergence, energy
absorption, and partitioning at interfaces. This effect is considered to have been mitigated
by subdividing the biozones into segments. The estimated duration of sedimentation for
the interval corresponding to the N-570 biozone is approximately 1.25 Ma, about 15%
higher than the 1.2 Ma inferred from biostratigraphy (Azevedo et al., 1992). Assuming no
significant hiatuses or erosional truncation, the mean accumulation rate for this biozone is
on the order of ~30 cm/kyr. Sedimentation rates, however, show considerable variability,

ranging from ~4.5 cm/kyr (N-560a) to ~40 cm/kyr (N-570b). Spectral evaluation of the sonic
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log reveals orbital-scale cyclicity, including long and short eccentricity (~410 and ~100 kyr),
obliquity (~41 kyr), and precession (~23 and ~19 kyr). Among these, precessional forcing
appears to dominate the sedimentary rhythm, except within the interval bounded by the
tops of biozones N-570 and N-580, where obliquity-related periodicities are more
prominent.

The first published study which proposed an integration of seismic stratigraphy and
well-log  GR-based cyclostratigraphic interpretation for improvement of the
chronostratigraphic framework for the Miocene section of the Albacora Qilfield was given
by Santos et al. (2023). Specifically, the authors investigated three wells in its southern
region along with 2D seismic data, which assisted in the appropriate selection of wells,
which were chosen due to its absence of major tectonic faults and erosional surfaces. The
seismic interpretation involved mapping horizons, densifying the 3-D seismic interpretation,
generating an interpolated 2D section from 3D seismic data to identify clinoforms and
erosional surfaces, and conducting a seismic resolution study (Widess, 1973) to refine
horizon depths, estimate uncertainties, and assess reflector displacement, which indicated
a possible vertical shift of £15 m from the original position.

Cyclostratigraphic analysis of gamma-ray logs from three wells identified
sedimentation cycles using spectral methods. Spectral peaks linked to long and short
eccentricity, obliquity, and precession were observed, along with ~60-70 Myr cycles
possibly related to eccentricity-precession modulations. Gaussian band-pass filters isolated
eccentricity signals, which were compared to the Laskar et al. (2011) model for astronomical
tuning and ATS construction. Long-eccentricity cycles were identified in all wells, and
amalgamated cycle pairs were found in all three wells (E4-E3 in well 3-AB-68; E5-E6 in well
4-RJS-330A and E5-E6 in well 1-RJS-297) and interpreted as resulting from erosional
processes common in continental slope settings. Only one of the three wells had associated
biozones (well 1-RJS-297); two biozones were used to anchor the ATS. Five clinoforms were
identified from the 2D seismic section interpretation. Clinoform CL5 was found at the same
depth as the Helicosphaera ampliaperta biozone in well 1-RJS-297, allowing its age to be
estimated at 14.9 Ma. The proximity of the species Sphenolithus belemnos (dated at 17.95
Ma) to the base of cycle E1 and a 405 kyr cycle from clinoform CL1 enabled the age of CL1
to be determined as 17.5 Ma. The estimated ages of clinoforms CL1 and CL5 allowed them
to be used to estimate ages for other wells, based on the assumption that the clinoforms
have the same estimated age across all wells.

Through COCO and eCOCO analyses, the optimal sedimentation rate and the null

hypothesis of absent orbital forcing were investigated and showed sedimentation values
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corresponding to 7 orbital cycles (405, 125, 95, 40.4, 23.5, 22.2, and 19 kyr), confirming the
influence of Milankovitch cycles. Significant sedimentation peaks found were between ~30
and ~40 cm/kyr throughout the three wells. A 2D ATS was generated for the southern
portion of the Albacora Oilfield in the Miocene section, combining cyclostratigraphic and

seismic stratigraphic analyses.

3.3 Study Area

Building on the framework established by Santos et al. (2023) — in which seismic
reflectors, erosional surfaces, orbital imprint, and sedimentation rates were characterized
along a dip-oriented transect (line A-=A’) — the present study expands the analysis toward
the northern and central sectors of the Albacora Qilfield. This expansion is achieved by
incorporating three additional wells located near the slope break: 3-AB-92 (landward
sector), 1-RJS-305 (central sector, farther south), and 1-RJS-342 (outer shelf, more distal).
The transects are arranged into three lines: the northern C-C’ linking wells 3-AB-92 and 1-
RJS-342 (5.653 m km apart), the central B—B’ crossing wells 3-AB-92, 1-RJS-305, and 3-AB-
68 (with 5.772 m and 5.167 m inter-well spacing along strike), and the southern A-A’, as
defined by Santos et al. (2023), connecting wells 1-RJS-297, 4-RJS-330A, and 3-AB-68 (2,384
m and 4,939 m apart) (Fig. 3; Table 2). These three transects are treated as a unified dataset
to enable integrated cyclostratigraphic and seismic correlations across all six wells and to
validate the applicability of the integrated approach over a broader spatial scale.
Additionally, the three southern wells previously studied by Santos et al. (2023) were
reanalyzed using updated seismic data and revised cyclostratigraphic approaches to

maintain consistency across the dataset.
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Figure 3. Left: Bathymetric and geomorphological map of the Campos Basin, highlighting the location
of the study area. Right: Three-dimensional bathymetric map of the study area showing the wells
and the Albacora Qilfield boundary (blue polygon). The study area comprises three seismic sections:
the southern dip-oriented section A—A’, intersecting wells 1-RJS-297, 4-RJS-330A, and 3-AB-68; the
strike-oriented section B—B’, crossing wells 3-AB-92, 1-RJS-305, and 3-AB-68; and the northern dip-
oriented section C—C’, connecting wells 3-AB-92 and 1-RJS-342. These latter three wells were
previously analyzed by Santos et al. (2023). Wells 3-AB-92, 1-RJS-342, and 1-RJS-305 are outlined in
black and represent the newly incorporated wells used to expand the analyzed area. Modified from
Santos et al. (2023).

Table 2: UTM coordinates, depth range (m), and thickness (m) of the analyzed section for each

well.

Well Coordinates (UTM) Depth Interval (m) Interval thickness (m)
1-RJS-297 7551625.0 397943.0 802.2 3059.4 2257.2
1-RJS-305 7552641.0 403510.0 899.2 2450.0 1550.8
1-RJS-342 7557373.0 409522.0 1400.0 2350.0 950.0
4-RJS-330 7550283.0 399914.0 814.8 2699.9 1885.1

3-AB-68 7547327.9 404161.6 1612.0 3362.9 1750.9
3-AB-92 7558198.0 404530.6 1550.0 2400.0 850.0
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In this work, the sedimentary interval of interest corresponds to the Miocene
sediments from the Aquitanian, Langhian and Burdigalian ages (Fig. 4). This package is
composed predominantly of sandstones resulting from dense flows and bypass currents,
siltstones and shales. Diamictites corresponding to slope base portions and deep-water
marshes form the sedimentary record, and the amalgamated sandy bodies form a special
layer of rock of the order of hundreds of meters (Winter et al., 2007). The slope is
stratigraphically above the reservoir and exhibit a geometry in the form of unusual
clinoforms, which causes the rocks of the Miocene age to present a bypass of turbiditic
sands and form onlapping geometries rich in diamectite and claystones (De Gasperi &

Catuneanu, 2014).
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Figure 4. Stratigraphic chart of the Campos Basin. The study area is enclosed in the red rectangle (modified from Winter et al., 2007).
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Chapter 4

Cyclostratigraphy:
Theoretical Background

The movement of the Earth in Solar System determines day or night, seasons, tidal
and other movements (Schwarzacher, 1993). These recurrent variations are reflected in
climate and temperature and can be represented in a climatic spectrum, indicating the wide
range of temporal and spatial scales of climate variation and the different spectral density
between them (von der Heydt et al., 2021).

The climate changes can be recorded in sediments, as first observed by Gilbert
(1895) when relating the regular alternations of limestone and shale in the Niobrara chalk,
Colorado, with astronomical cycles (Schwarzacher, 1993). Cyclostratigraphy can be defined
as the subdiscipline of stratigraphy that is concerned with the identification,
characterization, correlation, and interpretation of cyclical variations (periodic or quasi
periodic) in the stratigraphic record, and with their applications in geochronology with the
purpose to increase accuracy and resolution of temporal stratigraphic structures (Hilgen et
al., 2004; Strasser et al., 2006). The study of sedimentary record is performed through
astronomical cycles of known periodicities, to interpret repetitive patterns (Strasser et al.,
2006).

A sedimentary cycle is a pattern of differences in physical and chemical parameters
that repeats itself regularly in a sedimentary sequence. The events that cause the patterns
can be produced either by occasional processes or by oscillatory systems, the latter being
responsible for the formation of sedimentary cycles. The main concern of cyclostratigraphy
are cycles with regular time intervals, and more specifically, time intervals that can be
associated with known time periods (Schwarzacher, 1993). The cycles most used in
cyclostratigraphy are the Milankovitch cycles, caused by disturbances in the Earth's orbit
and in the inclination of its axis.

In this chapter, we will discuss the forces causing climate changes, the climatic cycles
present in the climatic spectrum, the Milankovitch cycles and how the astronomical time

scale can contribute to chronostratigraphic problems.

24



4.1 The climate spectrum

The Earth's climate has undergone several changes over time, and the magnitude of
such changes is related to the period and place in which they occurred (Berger et al., 1992).
Internal natural processes and external influences are responsible for generating annual
fluctuations and long-term changes in the Earth's complex climate system, which includes
subsystems such as the atmosphere, oceans, ice sheets and biosphere, and interact with
each other, producing effects that can expand or reduce the processes involved (Berger et
al., 1992). Geological records are the only available documentation of long-term
environmental changes and the factors that influence them, such as carbon dioxide, solar
radiation and tectonic plates (Meyers, 2019). Such records are most often obtained from
sedimentary sections, generating the stratigraphic record (Weedon, 2003).

According to Ruddiman (2001), there are three fundamental kinds of climate forces
in the natural world:

e Tectonic processes are generated by Earth’s internal heat and affects its
surface and geography through the movement of tectonic plates. These are

slow processes that can occur in the timescale of millions to billions of years.

e Earth-orbital changes, caused by the variations in the Earth’s orbit around the
Sun. These changes affect the amount of radiation received by the Sun; they
can occur in a timescale of tens to hundreds of thousands of years.

e Changes in the strength of the Sun, as the increase of this strength through

the ~4.65 Ga of Earth’s existence and the short terms variations that occur

over decades or longer. These changes also affect the amount of solar

radiation received.

The climate variability over time scales can be represented as a power spectrum.
Mitchell (1976) presented an original “Mitchell spectrum” (MS) based on observations
available in the mid 1970s, such as paleoclimate records and instrumental observations data
of atmospheric variability. The MS spectrum shows an estimate of relative variance of
climate over all periods of variation, from those comparable to the age of the Earth to about
one hour (Mitchell, 1976). The most common observable proxie used for a climate spectrum
is surface temperature (a global average or at a specific location); it is also possible to use
precipitation, sea level or ice extend, although these have less dependence on radioactive
forces and therefore it would be harder to interpret its influence (von der Heydt et al.,

2021).
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Von der Heydt et al. (2021) presented a modern view of climate variability and
discussed their causes and mechanisms, including at the MS spectrum some of the more
recent developments in climate variability. The external forcing is shown in the upper part
of the diagram in Figure 5. The landscape at the bottom represents the responses and
internal variability due to dynamics in various parts of the Earth system. Impact events, solar
variability and vulcanism events represent aperiodic forcing of highly variable amplitude.
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Figure 5. Conceptual landscape of periodicities presents in a typical climate signal from the
atmosphere at the Earth’s surface. The “landscape” at the bottom of the figure represents the
responses of the climate system; the colours correspond to the various physical processes driving
the variability. The top of the diagram indicates various sources and relative strengths of periodic
(orbital) and random (impact/volcanic/solar) forcing variability. Between the landscape and the
forcing we indicate the nomenclature of Lovejoy and Schertzer (2013a) for various timescale
regimes (von der Heydt et al., 2021).

According to Mitchell (1976), there are different types of variability. The potential
sources of the variability can be internal to the climatic system, external to the climatic

system or an interaction of internal variability and external forcing.

a) Internal climate variability

Cycles with an average period of 2500 years are superimposed upon the Quaternary
ice-volume cycles related to the Earth's orbital elements in Figure 5 (Pisias et al., 1973;
Berger, 1977a). Those cycles have smaller amplitudes and are understood to occur due to
the turnover frequency of the deep-ocean thermohaline circulation (Berger, 1979). On the
intraseasonal to interannual variability timescale, two modes of variability are shown in

Figure 5. The sea surface temperature increases in the equatorial eastern Pacific known as

26



El Niflo-Southern Oscillation (ENSO) occurs usually once every 3-7 years (Philander, 1990).
Quase-biennial Oscillation (QBO), an irregular downward propagating zonal wind variation
at the tropical lower stratosphere (Wallace, 1973), has an average period of ~28 months
(Newman et al., 2016).

On the decadal-to-multidecadal climate variability timescale, the Pacific Decadal
Oscillation (PDO), cyclical variations in sea surface temperatures in the Pacific Ocean, may
show more energetic fluctuations in two periods - from 15 to 25 years and from 50 to 70
years (Mantua & Hare, 2002); the Atlantic Multidecadal Variability (AMV), a combination of
higher and lower temperatures of the North Atlantic basin-wide sea surface, seems not to
have a single well-defined periodicity (Ting et al., 2011); first analyses of North Atlantic
variability (Schlesinger & Ramankutty, 1994; Kushnir, 1994) indicated a period of 50-70
years based on observed sea-surface temperature; Delworth & Mann (2000) have found a
periodicity between ~40 and 128 years in a historic observation for the last 330 years, with
a peak at 42.7 years for the years 1856—1990. The Dansgaard-Oeschger cycles are very
abrupt fluctuations that took place at the North Atlantic basin, first observed in Greenland
ice core records. The climate shifts were characterized by an abrupt warming from a cold
glacial state (stadial) and a warmer (intersadial) state (Petersen, 2013; von der Heydt et al.,

2021).

b) External climate variability

The lithosphere tectonism is considered by Mitchell (1976) an external stochastic
mechanism of climatic change, as the interior of the Earth is not part of the climatic system.
Tectonic processes affect climate through the gradually remodel of the ocean basin over
Myr timescale, the height of the continents, mountain ranges, the reach of volcanic activity,
submarine interconnections and possibly other geophysical conditions (Mitchell, 1976).
Several changes in global climate can be associated with plate tectonics. Zachos et al. (2001)
list some tectonically driven events that caused a major shift in the dynamics of the global
climate system over the last 65 My, such as the North Atlantic rift volcanism in the Late
Paleocene and the Tasmania-Antarctic Passage opening.

Other two examples of forcing from outside the climatic system are the
deterministic diurnal cycle and annual solar forcing of climate. These forces occur due to
the rotation and the inclination of the Earth’s rotation axis in the translation movement,
respectively (Mitchell, 1976). Sources identified as deterministic also include the long-

timescale astronomical forcing (Crucifix et al., 2006), also called Milankovitch cycles.
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4.2 Milankovitch cycles

Earth scientists from the 19th century started to understand the relation between
sedimentary cycles and the perturbations in the Earth’s orbit and rotation, caused by the
gravitational interaction of the Earth with the other bodies of the Solar System. The first
works relating orbital control to paleoclimate changes were proposed by Jens Esmark in
1824, Agassiz in 1838, Adhémar in 1842, Croll in 1868 and Gilbert in 1895. The Milankovitch
hypothesis, from 1941, linked the climate response mechanisms such as alternation
between glacial-interglacial periods to changes in summer insolation at the high latitudes
of the Northern Hemisphere and suggested that this climate change is caused by variations
in orbital elements — in particular eccentricity, obliquity, and precession (Berger, 2012;
Fragoso et al., 2022).

The Earth's climate, as is generally known, undergoes seasonal variations, caused by
the movement of the Earth in its orbit around the Sun. These variations occur due to the
inclination of the Earth's axis, which causes the northern and southern hemispheres to
receive greater or lesser amount of solar radiation, depending on the position of the planet
in orbit (Schwarzacher, 1993). If all the parameters that determine the seasons remained
fixed, the average climate over the course of a year would remain constant; however, the
orbital of all planets go through variations (Schwarzacher, 1993). Spectral analyzes of
Quaternary paleoclimatic records provided evidence that, at least in the vicinity of the
frequencies of obliquity and precession, a considerable number of climatic variations
occurred due to changes in insolation, caused by changes in the Earth's orbit (Berger et al.,

1992). The fundamental Earth's orbital elements are schematically represented in Figure 6.
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Figure 6: Representation of the elliptical Earth’s orbital plane and the astronomical parameters. The
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Sun occupies one of the two foci, represented by f; and f,. Parameters a and b are the semi-major
axis and the semi-minor axis, respectively. The plane of the Earth’s orbit is inclined at an angle of |
relative to a plane identified as the fixed reference ecliptic. Axis n is the normal to the orbital plan
and NP is Earth’s rotation axis, “North Pole”. The point N is called “ascending node” and represents
the point where orbital and reference ecliptic intersects, with an angle of Q relative to a fixed vernal

point ¥¢. P represents the orbital perihelion relative to y,. w is the argument of the perihelion, which
measures the angular distance between P and N. y is a moving vernal point which moves clockwise
along the orbit due to the precession of the equinoxes Y, going at an angle w =N+ Y. ¢ is the Earth’s
counterclockwise rotation rate, and € is the obliquity of the ecliptic that precesses clockwise at a rate
Y (from Hinnov, 2013).

Some astronomical parameters can alter the intensity and duration of the receipt
of solar radiation at all points on Earth. Variations in the Earth's orbit and its inclination in
relation to the Sun cause changes in total, seasonal and latitudinal radiation (Hinnov, 2013).
This leads to climatic cycles that occur periodically on time scales of the order of 10%- 10°

years (Berger, 1980), comprising the so-called Milankovitch Cycles, which are:
Eccentricity

The eccentricity of the orbit is given by the Equation 6.1 (Berger, 1980):

1
(a?-b%):

a

e= (6.1)

where a is the semi-major axis and b is the semi-minor axis.

Equation 6.1 represents the ratio between the focal length and the semi-major axis
of an ellipse. The Earth's translation varies from quasi-circular orbits (e = 0.001) to more
elliptical orbits (e = 0.06) - currently, the eccentricity is estimated to be around 0.017
(Weedon, 2003). The ellipse semi-major axis a determines the size of the ellipse; the
eccentricity e measures the shape of the Earth’s orbit around the Sun (Berger & Loutre,
1994; Paillard, 2001); the same parameters are responsible for influencing solar heating
received by the Earth (Paillard, 2001). The global mean annual radiation received by Earth
from the Sun is given by Equation 6.2 (Paillard, 2001):

where S is the solar radiation received at a distance a from the Sun, a parameter which

depends exclusively on solar activity. S, is defined as the solar constant. However,



variations in annual mean radiation are very small, once it depends only on the square of

the eccentricity (Paillard, 2001).
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Figure 7. The variation of the orbit’s eccentricity (Weedon, 2003).

The main periodicities of the eccentricity cycles are of approximately 100 Kyr and
405 Kyr, calculated over 0—40 Myr (Kodama & Hinnov, 2015; Hinnov, 2013) and practically
constant throughout the planet's history (Berger et al., 1992). Figure 8 shows the frequency
spectrum of the eccentricity variations. The ~100 Kyr cycle modulates the amplitude of the

precession cycle (Lisiecki, 2010).
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Figure 8. Spectral analysis of the eccentricity
95 kyr variations. Major periodicities are shown at
— ~400 Kyr and ~100 kyr band. The vertical linear
iR 99 kyr scale is arbitrary (Paillard, 2001).
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The obliquity of the Earth’s rotational axis is the angle between this axis and the
orbital plane (Fig. 9), and its variations oscillates between 22.5° and 24.5° with two
amplitude modulations: a large one with a period of 1.2 Myr, originated from orbital
inclination variations of Mars and Earth, and a smaller one at 2.35 Myr (Hinnov, 2013).
Currently, the angle of inclination of the rotation axis is about 23°27’, presenting a current
period of about 41 kyr (Berger & Loutre, 2004), as is shown in Figure 10. The inclination of
the axis is directly related to seasonal variations in insolation. Its variation alters the
distribution of solar radiation between the equator and the poles, and their influence

predominates at high latitudes (Hinnov, 2000).
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Figure 9. The variation of the angle of the tilt of the Earth’s axis, relative to a direction at right angles
to the ecliptic (Weedon, 2003).

Obliquity variations have an impact on the local annual mean insolation, different
from what occurs with eccentricity changes. As the obliquity increases, polar regions receive
more radiation in summer, which makes the annual mean insolation increases at the poles
and decreases at the equator (Paillard, 2001). The angle of the tilt influences directly the
amplitude of the annual or seasonal cycle, causing an imposed modulation on it (Weedon,
2003). As the tilt changes, the solar incoming radiation changes equally in both
hemispheres, although the effect is maximum in high latitudes and small in the tropcs

(Berger & Loutre, 2004).

41.0 kyr
Figure 10. Spectral analysis of the obliquity
variations. Major periodicity is shown at 41 kyr.
The vertical linear scale is arbitrary (Paillard,
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Precession

Precession comprises two distinct parameters: axial precession (Fig. 11.a) and
apsidal precession (Fig 11b). The first one is the “pawn” type movement, which is caused by
the effect of lunar and solar attraction on the equatorial region of the planet (Berger &
Loutre, 1994). This one movement shifts the equinox and solstice positions in relation to
perihelion and aphelion, through the rotation of the Earth’s tilt (Weedon, 2003; Berger &
Loutre, 1994). Its current periodicity is 26 kyr, in a clockwise direction considering a North

Pole down view (Weedon, 2003).
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Apsidal precession refers to the counterclockwise movement of the major semi-axis
rotation of the Earth's orbit, measured related to the stars. Its current periodicity is
approximately 100 kyr, the same as the eccentricity (Berger & Loutre, 2004).

The two effects combined result in the “climatic precession” of the equinoxes, with
a mean period of 21 kyr, which is the result of four largest terms with periodicities of 23.716,

22.428, 18.976 and 19.155 kyr (Berger & Loutre, 2004; Berger, 1977b), as shown in Figure
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Figure 11. Two factors control the climatic precession: (a) the rotation of the direction of tilt of the
Earth’s axis; (b) the rotation of the long axis of the Earth’s orbit (modified from Weedon, 2003).

The precession movement does not cause variation in the annual total insolation, as the
hotter days near perihelion are balanced with cooler days near aphelion. At medium-to-high
latitudes, the climate evolves as follows: (a) medium summer and winter, (b) short hot summer
and long cold winter, (c) medium summer and winter and (d) long warm summer and short cold
winter (Weedon, 2003).

The climatic precession cycles control most of the long-term variations of daily
insolation. However, the precession cycles are modulated by the eccentricity in terms of
amplitudes and frequency, and the Earth is reaching the minimum of the 400 kyr eccentricity
cycle, which causes insolation to present small variations in amplitude over the last tens to

thousands of years (Berger et al., 1993; Berger & Loutre, 2004).
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Figure 12. Spectral analysis of the precession variations. Two groups of periodicities are shown,
around 23 and 19 kyr. The vertical linear scale is arbitrary (Paillard, 2001).

4.3 The Astronomical Time Scale and its
contributions to chronostratigraphic problems

The theory of Milankovitch Cycles is well accepted nowadays, and astronomical forcing
signals recorded in cyclostratigraphy can be exploited as a geochronometer, by astronomical
signal’s quantification and their integration into the global cyclostratigraphy framework.
Cyclostratigraphic analyses allows intervals without radioisotope dating to be restored,
validated and enhanced with high precision chronology, and astrochronology has become an
important tool in Geosciences (Hinnov, 2013).

The Astronomical Time Scale is based on the stratigraphy forced by the cycles of
Milankovitch and is very well defined for the Cenozoic and Mesozoic; however, an ATS was not
much explored for the Paleozoic era due to the lack of high-precision geochronology (Wu et al.,
2012; Wu et al., 2013). Astronomical calibration consists of the procedure of adjusting the time
scale of a sedimentary succession to the Milankovitch cycles through the analysis of the
proportionality relation of the peaks of a power spectrum (Kruiver et al., 2000; Franco, 2007),
assuming sufficient stability of planetary movements through the time to the extent of being
identified in the geological age of the data (Hinnov & Hilgen, 2012).

The quality of the results generated by astrochronology depends on the correct
identification of the astronomical signals in the record and on the data used to adjust the age
(Hinnov, 2013). Another important point is that the recognition of the wavelengths of the
Milankovitch Cycles by means of astronomical model solutions is very accurate up to 60 Ma. For
older periods, uncertainty increases due to the chaotic movements of the solar system (Laskar,
2008; Dinares-Turell et al., 2014). As the focus of this dissertation is the Miocene, there will be
no problems related to this fact.

Recent advances in the study of forced orbital signals have allowed more accurate
results with a better correlation between orbital movements and stratigraphic records. These
new insights enable the application of the theory of orbital variations in areas such as
geochronology, geodynamics, and astrodynamics (Hinnov, 2000). From the identification of
well-preserved astronomical cycles in the stratigraphic record, it is possible to understand the
evolution of the Earth System processes and to develop an optimal model for climatic changes

and depositional system responses (Meyers, 2019; von der Heydt et al., 2021). The application
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in geochronology includes the improvement of the accuracy and resolution of time-stratigraphic
frameworks (Meyers, 2019; Hilgen et al., 2004; Strasser et al., 2006). Fundamental problems in
Earth Sciences can also be untangled with a high-resolution time scale, such as the level of the
chaotic behavior of Solar System (Hinnov, 2000). The combination of orbital forcing estimated
from upper Permian marine sections with multiple radioisotopic ages give rise to an important

step to construct the ATS through the Palaeozoic (Hilgen et al., 2015).

34



Chapter 5

Data and Methods

5.1 Data acquisition

3D seismic lines, well logging gamma ray data and biostratigraphic data were provided
by ANP. Wells were selected based on seismic interpretation, prioritizing those free of major
faults, gas-related disturbances, and significant erosional truncation, and located near the three
wells analyzed by Santos et al. (2023). The gamma-ray logs have a resolution of 0.2 m.

The intensity of gamma-ray emitted by radioactive elements in sedimentary rocks is
related to the amount of °K, 232Th and 238U, and is recorded in natural gamma-ray logging
(Wu et al., 2009). If the sediments are rich in clay, the GR logging data shows high values; if the
sediments are quartz-rich sandstone or carbonate rich deposits, the GR logging data shows
lower values (Li et al., 2019a; Gong, 2021; Wu et al., 2013). The correlation between GR and the
relative abundance of clay turns GR logs into a valuable instrument for paleoclimate and climatic
cycles analysis. As sediment content is affected by climatic variations, GR can be used as a
physical proxy in cyclostratigraphy analysis to provide measurements that reflect astronomical

forcing (Huang, 2020; Li et al., 2019a).

5.2 INPEFA

The Integrated Prediction Error Analysis (INPEFA) curve offers an alternative approach
for identifying trends and patterns that are not readily apparent in the original log data, thereby
helping to define the structural context of the evolved sequence stratigraphic framework
(Nainggolan & Winardhi, 2019; Nio et al., 2005). This procedure starts with an auto regressive
calculation from input data (GR curve), deriving the estimated value of maximum entropy
spectrum analysis (MESA). The calculated Prediction Error Filter Analysis (PEFA) is then obtained
by subtracting the predicted value from the original input (RV) of the logging curve (PEFA = RV -
MESA) (Li et al., 2023; Nainggolan & Winardhi, 2019).

The following equation mathematically describes how PEFA is obtained:
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In the equation above, e; is the output filter, called Prediction Error Filter Analysis; x; is
the actual value of the data at the position i, X; is the value predicted by the autoregressive
filter, and C), are the prediction coefficients, determined from previous data. High-magnitude
positive or negative values indicate potential stratigraphic discontinuities or cycle boundaries,
while spikes of varying sizes correspond to isochronous interfaces at different scales (Nio et al.,
2005; Li et al., 2023; Yuan et al., 2018). The coefficient error filter C;, were determined using a
least squares approach, in a process known as the Burg algorithm, which is used to optimize the
prediction results (Nainggolan, 2019; Qayyum & Smith, 2014).

In order to obtain the synthetic INPEFA curve, the PEFA curve must be integrated. The
INPEFA curve captures cumulative variations derived from the integrated PEFA signal,
emphasizing directional shifts in the data. Intervals dominated by negative prediction errors
exhibit downward (up-to-the-left) trends, while those with predominantly positive errors display
upward (up-to-the-right) trends. Smaller-scale trends are superimposed on broader ones, as
commonly seen in stratigraphic data (Nio et al., 2005).

A key aspect of this approach is the identification of INPEFA inflection points, which
mark changes in the overall trend. Transitions from positive to negative trends are interpreted
as an increase in sand supply. These variations are considered potential indicators of
stratigraphic discontinuities and reflect significant changes in the depositional regime,
potentially driven by climatic influences. In particular, shifts toward a positive trend indicate a
reduction or interruption of sediment input and are commonly associated with base-level
changes linked to climate variability (Nio et al., 2005; Qayyum and Smith, 2014).

In this study, INPEFA was used to detect inflection points in the signal that may indicate
base-level variations and/or shifts in depositional regimes, potentially linked to climate-driven
processes (Nio et al., 2005; Qayyum & Smith, 2014). Integrating these INPEFA-derived features
with lithological information, Evolutionary Harmonic Analysis (EHA) results, and seismic
interpretation allowed the identification of erosional events and changes in depositional

regimes, improving the understanding of depositional system dynamics.

5.3 Cyclostratigraphic analysis
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5.3.1 Time-series analysis

A sedimentary sequence constituted by successive beds in a particular order, under
some conditions, could be used to generate time series. These conditions are: 1) consistent
environmental conditions, 2) unambiguous relationship between the variable recorded and
some changing aspect of the environment, and 3) thickness—time relationship (Weedon, 2003).
As oscillating systems are responsible for producing sedimentary cycles, time series data can be
arranged in a new frequency-based configuration through the application of Fourier Transform
(Schwarzacher, 1975; Kodama & Hinnov, 2015).

The time-series analysis was developed in Acycle version 2.8 software, a software
package designed for the analysis of time series data within the field of paleoclimate research
and educational purposes (Li et al., 2019b). The six GR datasets underwent removal of null
values. Interpolation function was used to generate uniformly spaced time series, as data might
typically present irregular spacing (0.2 m for wells 1-RJS-297, 4-RJS-330A, 3-AB-68, 1-RJS-342
and 1-RJS-305, 0.025 m for well 3-AB-92). The detrending function with LOESS method was then
applied to remove secular irregular trends with high amplitudes, with a 400 m window, as this
window length eliminated spectral power associated with frequencies below the long-
eccentricity band.

The power spectrum was evaluated using the multi-taper method (MTM, Thomson,
1982) approach, a method in which the time series is tapered using discrete prolate spheroidal
sequences (DPSS), or Slepian sequences, before applying the Fourier Transform. DPSS are sets
of independent functions highly effective in reducing periodogram leakage. The method aims to
provide a spectrum that combines smaller side lobes while still achieving high frequency
resolution (Weedon, 2003; Kodama & Hinnov, 2015).

The MTM approach was applied using the robust first-order autoregressive (AR (1)) red-
noise model; which considers the processes “memory”, where previous behavior influences
present behavior. The background noise identification through a statistical model leads to a
confidence level estimation of the periodic peaks found, calculated at 90%, 95% and 99%

confidence levels (Li et al., 2019b; Kodama & Hinnov, 2015).

5.3.2 Evolutionary power spectral analysis

Sedimentation rate may not remain constant throughout the entire time series,

exhibiting variations either with depth or over time, as gaps in records, erosional occurrences
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and unequal sediment accumulation rates affect all stratigraphic data series (Meyers et al., 2001,
Kodama & Hinnov, 2015). It is possible to investigate the impact that these processes had on
data series and to analyze the sedimentation rate variations by applying the Evolutive harmonic
analysis (EHA) procedure, (Meyers et al., 2001). If the duration of the time series exceeds the
cyclical pattern of interest, power spectra can be created by calculating the spectra of many
portions of data, using a moving window that tracks the entire data series (Weedon, 2003;
Kodama & Hinnov, 2015). In this study, EHA was performed with the Evolutionary Fast Fourier
transform (eFFT) LAH method (Kodama & Hinnov, 2015), with a 250 m for wells 3-AB-92 and 1-
RJS-342, 350 m for wells 1-RJS-305 and 3-AB-68, 451.44 m for well 1-RJS-297, and 377 m for well
4-RJS-330A.

5.3.3 Definition and filtering of orbital frequency

bands

Using the MTM and EHA results, spectral bands associated with Milankovitch cyclicity
were identified through analysis of frequency ratios for the Miocene interval. The expected peak
ratios were calculated for 14 Ma (mean Miocene age) yielding approximate values of
405:125:95:40.5:23.6:19.1 kyr, or normalized as 21.2:6.5:5.0:2.1:1.2:1.0 (Laskar et al., 2004).

In paleoclimate analysis, filters are essential tools for isolating specific frequency
components within time-series data, allowing the identification of periodic signals associated
with orbital forcing. By removing noise and non-relevant frequency ranges, filtering techniques
enhance the detection and interpretation of climatically driven cycles preserved in geological
records (Li et al., 2019b; Weedon, 2003). In this study, the bandpass-filtering function available
in the Acycle 2.8 software was applied to isolate frequency bands corresponding to long and
short eccentricity cycles. This approach enables a more robust identification of orbital-scale

variability, improving the reliability of cyclostratigraphic interpretations.

5.3.4 Correlation Coefficients analysis (COCO and eCOCO)

Subsequently, the correlation coefficient (COCO) method was employed to evaluate the
relationship between the astronomical solution in the time domain and the power spectra
derived from the proxy data in the depth domain, across a range of sedimentation rates. The

optimal sedimentation rate is inferred from the highest correlation values (Li et al., 2018,

38



2019b). Additionally, the evolutionary correlation coefficient (eCOCO) approach was applied to
assess temporal variations in sediment accumulation rates using a sliding window along the data
series.

The COCO/eCOCO analysis was performed by considering a sedimentation rate range of
2.6 to 100 cm/kyr, with step of 0.33 cm/kyr, incorporating 2000 Monte Carlo simulations and a
sliding window of 250 m. The target astronomical solutions are from the La2004 solution for a
middle data age of 14 Ma. COCO calculations were conducted using the raw power spectra of
the GR series after removing the AR(1) background. Furthermore, the null hypothesis of no
orbital forcing (Ho) was tested to evaluate the probability that the observed correlation

coefficients could arise by chance.

5.4 Seismic data and RGT

Seismic horizon mapping and integration with biostratigraphic data were carried out
using Paleoscan™ software on depth-domain datasets. Because no seismic lines directly
intersect the wells selected for cyclostratigraphic analysis, a two-dimensional (2D) section was
constructed by interpolating the three-dimensional (3D) seismic volume. This section was then
used to identify seismic reflectors and erosional surfaces based on reflector terminations,
including upper terminations (erosional truncations, toplaps, and conformable terminations)
and lower terminations (onlaps, downlaps, and conformable terminations), supporting
correlation with the cyclostratigraphic interpretations derived from well data. The presence of
chaotic seismic facies also helped identifying the erosional surface. Seismic reflectors,
interpreted as well-defined progradational depositional surfaces associated with shallow marine
environments, provided key geometries for establishing stratigraphic correlation between the
wells.

A seismic resolution analysis following Widess (1973) was performed to improve depth
alignment of seismic horizons. This approach quantified depth-related uncertainties and
supported adjustments to horizon positions within the wells. The vertical resolution of the
seismic reflectors is ~20 m, implying possible offsets of up to £10 m from their original position.

The Relative Geological Time (RGT) concept was introduced and further developed by
Stark (2003; 2004; 2005a; 2005b; 2006). RGT volumes are derived from the correlation of seismic
traces; RGT images retain the same spatial dimensions as the original seismic data. They allow
seismic horizons to be identified and extracted by following surfaces of constant RGT, effectively

treating reflectors as time-equivalent depositional surfaces (Qayyum et al., 2017). Structural
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elements such as faults and unconformities are implicitly embedded within the RGT framework,
which, when properly constructed, supports the interpretation of key geological features,
including horizons, faults, and unconformities (Geng et al., 2020).

Seismic attributes represent quantitative descriptors of geometric, kinematic, dynamic,
or statistical properties extracted from seismic data through calculation or interpretation (Liner
et al., 2004; Chen & Sidney, 1997). Among these, the root mean square (RMS) amplitude
measures the magnitude of seismic amplitudes within a defined time or depth window and is
commonly used to highlight anomalously high-amplitude zones. This attribute is particularly
useful for detecting lithological contrasts and features such as channels or gas-bearing sands
(Bashir et al., 2024a,b).

In this study, the RGT framework was integrated with RMS amplitude analysis across the
seismic dataset covering the six wells in the Albacora Qilfield. This integration enabled the

extraction of RGT slices tied to key seismic horizons, providing a basis for subsequent analyses.
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Chapter 6

Manuscript: “ARCHITECTURE-DRIVEN ORBITAL
RECORDS IN A CONTINENTAL MARGIN:
CYCLOSTRATIGRAPHIC-SEISMIC INSIGHTS FROM
THE MIOCENE ALBACORA OILFIELD (CAMPOS
BASIN, BRAZIL)”

The results of this dissertation are presented in the form of a scientific article submitted to the
peer-reviewed international journal Marine Geology. The study presents the first systematic
assessment of how lateral variations in stratigraphic completeness across different marine
depositional environments influence cyclostratigraphic interpretations and geological time
estimates. Since cyclostratigraphic analyses based solely on isolated well-logs rarely consider
lateral changes in stratigraphic preservation, estimates of depositional duration are commonly
affected by incomplete sedimentary records. To overcome this limitation, Miocene deposits
from the Albacora Qilfield (Campos Basin, Brazil) were investigated through an integrated
framework combining cyclostratigraphy, seismic stratigraphy, Integrated Prediction Error Filter
Analysis (INPEFA), and Relative Geological Time (RGT) modeling across six wells distributed along
two dip-oriented sections and one strike-oriented section. By integrating well-log data with
seismic-supported stratigraphic correlations, the study demonstrates that isolated well records
tend to underestimate depositional timespans due to stratigraphic incompleteness related to

progradation, diachronous preservation, and depositional hiatuses.
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ABSTRACT

Cyclostratigraphic studies based on isolated well-logs rarely account for the lateral variability of
stratigraphic preservation, limiting the reliability of geological timespan estimates. We address
this problem through the investigation of Miocene deposits in the Albacora Qilfield (Campos
Basin, Brazil), using an integrated approach comprising cyclostratigraphy, seismic stratigraphy,
Integrated Prediction Error Filter Analysis (INPEFA), and the Relative Geological Time (RGT)
model across six wells along two dip and one strike sections. Spectral analyses reveal significant
peaks, most of which exceed the 95-99% confidence levels, consistent with expected orbital
ratios for 14 Ma, with long- and short-eccentricity wavelengths of ~145 m and ~47 m.
Correlation coefficient derived sedimentation rates (30.0-45.4 cm/kyr) supporting orbital
forcing. Seismic stratigraphy indicates a predominantly progradational system, with preferential
preservation in the mid-slope region, where thicker successions and up to three Long-
eccentricity cycles are observed, compared to a single cycle in shelf and base-of-slope settings.
The RGT model highlights along-strike sedimentation rate variability, while INPEFA identifies key
stratigraphic surfaces associated with hiatuses and erosional processes. Taken together, these
results show that stratigraphic completeness cannot be assessed from isolated well-logs and
that seismic-constrained multi-well correlation is essential for robust cyclostratigraphic
interpretations. To our knowledge, this is the first study to systematically examine the lateral
preservation of astronomical cycles within a seismic volume as a function of depositional
architecture, and to show how properly accounting for this preservation reshapes estimates of

geological time.

Keywords: Cyclostratigraphy; Seismic stratigraphy; Chronostratigraphic framework;
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Stratigraphic preservation; Milankovitch Cycles.

1. Introduction

Stratigraphic analyses inherently involve complex spatial and temporal assessments,
making the accurate interpretation of both the sedimentary record and its depositional timing
a central methodological challenge. Multi-well cyclostratigraphic studies integrated with seismic
interpretation and independent geochronological constraints offer a means to overcome these
limitations, enabling more robust chronostratigraphic frameworks and a more faithful
reconstruction of depositional dynamics across broader areas. Santos et al. (2023)
demonstrated the applicability of this integrated approach in a deep-water setting, proposing a
high-resolution 2D chronostratigraphic framework for the southern sector of the Albacora
Oilfield (Campos Basin, Brazil) through the integration of cyclostratigraphy, biostratigraphy, and
seismic interpretation using gamma-ray (GR) logs from three wells. Their results revealed orbital
control on sedimentation, constrained the ages for the deposits, and linked the analysed
Miocene interval to the Miocene Climatic Optimum.

The Campos Basin, one of the most productive oil and gas-producing sedimentary basins
along the Brazilian margin, has been the focus of numerous geological studies; however,
relatively few have incorporated a cyclostratigraphic perspective (e.g., Castro, 2005; Filho &
Perlmutter, 2005; Santos et al., 2023). Among the basin's key exploratory areas, the Albacora
Oilfield stands out as one of the most significant hydrocarbon provinces (De Gasperi &
Catuneanu, 2014). Owing to its economic importance, the field is characterised by an extensive
dataset of seismic and well-log data (ANP, 2018), providing an excellent opportunity for a
multidisciplinary approach and a more comprehensive understanding of its stratigraphic
framework and depositional evolution.

Recently, additional higher-resolution 3D seismic data for the Albacora Oilfield were
made available by Brazilian National Agency for Petroleum, Natural Gas and Biofuels (ANP),
enabling a reevaluation and expansion of the chronostratigraphic framework proposed by
Santos et al. (2023). Such reevaluation is particularly relevant for refining the
chronostratigraphic framework of the field, as higher-resolution seismic data allow a more
accurate identification of key stratigraphic surfaces, depositional stacking patterns, and lateral
variability of stratigraphic preservation, ultimately leading to a better understanding of the
sedimentary evolution of the Albacora system. Therefore, we present a revised and extended
chronostratigraphic interpretation of the Miocene section of the Albacora Oilfield based on

three stratigraphic sections integrating six GR well-log datasets and seismic data: a strike section
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linking the dip section previously investigated by Santos et al. (2023), and a northernmost dip
section incorporating two additional wells. Taken together, these sections provide the basis for
a chronostratigraphic framework spanning approximately 62 km?2.

Compared to the earlier study, the availability of higher-resolution seismic data -
together with the expanded well dataset and the integration of cyclostratigraphic results with
Relative Geological Time (RGT) volumes and Integrated Prediction Error Filter Analysis (INPEFA)
- represents a substantial advance. Derived from the correlation of seismic traces, RGT volumes
allow seismic reflectors to be represented as laterally continuous depositional surfaces, thereby
facilitating the recognition of major geological features, including horizons, faults, and
unconformities. Meanwhile, the INPEFA technique provides a numerical means of emphasizing
cumulative and directional trends within the dataset. This integrated approach enabled a more
detailed investigation of stratigraphic preservation, accounting for both lateral and vertical
variability, and allowed the identification of areas with better-preserved successions, more
robust stratigraphic correlations, and a more refined understanding of the timescales involved

in depositional processes.

2. Geological settings

2.1. Campos Basin

The Campos Basin is a divergent margin-type basin located at the East Brazilian Margin
(southeastern Brazil), and it extends from the northern coast of the State of Rio de Janeiro to
the southern portion of the State of Espirito Santo. It is bounded to the north by the Vitdria High,
to the south by the Cabo Frio High. Its extension is about 100,000 km? (De Gasperi & Catuneanu,
2014; Castro & Picolini, 2015; Figueiredo Jr. et al., 2015).

The sedimentary evolution of the Campos Basin is related to the rifting process of the
Gondwana supercontinent and the subsequent opening of the Atlantic Ocean; the most
accepted interpretation for the opening is lithospheric stretching, crustal thinning (McKenzie,
1978) and subsequently a thermal anomaly (Royden & Keen, 1980) with associated subsidence.
According to Winter et al. (2007), the Campos Basin stratigraphy can be divided into three large-
scale tectono-sedimentary units, also called megasequences: (1) Rift or continental, formed
under mechanical subsidence regime and characterized by direct control of the basement
structural framework and continental sedimentation dominated by siliciclastic deposits and
lacustrine coquinas (Guardado et al., 1989; De Gasperi & Catuneanu, 2014). It is represented by

rocks of the Cabilnas Formation and the Lagoa Feia Group. (2) Post-rift or transitional:
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represents an intermediate phase between thermal and mechanical subsidence, when
continental and marine sedimentation took place; and corresponds to the upper part of the
Lagoa Feia Group, which was deposited during the Aptian (Guardado et al., 1989). (3) Drift or
marine: formed by the deposition of the Macaé and Campos Groups, which comprises
sedimentary successions ranging from the Albian to the Holocene (Winter et al., 2007). This
sequence consists of marine sediments deposited under a stationary thermal subsidence regime
(De Gasperi & Catuneanu, 2014) and includes the Miocene deposits comprised by the Albacora

Oilfield, the target of our study.

2.2. Study Area - Albacora Oilfield: dip and strike sections and seismic profiles

The Albacora Qilfield was discovered in the 1980s during a well drilling campaign (Bastos
& Bastos, 2017). It is located approximately 110 km from Cabo de Sdo Tomé, in the northeastern
part of the Campos Basin, in a present-day continental slope setting; water depths range from
100 to 1,050 m (De Gasperi & Catuneanu, 2014). Albacora hosts the second-largest oil and gas
accumulation in Brazil, surpassed only by the Marlim Field, also situated in deep waters of the
Campos Basin. The reservoir system extends over an area of approximately 235 km? and
comprises an original in-place volume of 711.9 x 10° m3 of oil and 67.8 x 10® m3 of associated
gas. During the drift phase of the Campos Basin, Upper Cretaceous to Paleogene turbiditic
systems account for the majority of hydrocarbon production. A considerable fraction of the
hydrocarbons is produced from Oligocene-Miocene turbiditic sandstones in the Albacora
Oilfield, which were deposited in response to relative sea-level falls. These events, originally
outlined by Vail et al. (1977), took place between the Late Oligocene and the Early Miocene
(Bastos & Bastos, 2017; Candido, 1990; de Souza Cruz et al., 1987).

As previously discussed, Santos et al. (2023) established the first published framework
integrating seismic interpretation with cyclostratigraphic analyses in the Albacora Qilfield. Using
gamma-ray logs from three wells in the southern sector — provided by ANP — alongside 3D
seismic data, that study identified seismic reflectors and erosional surfaces along a dip-oriented
transect (line A-A’), recognized orbital cycles, dated stratigraphic columns, and estimated
sedimentation rates.

Building on this framework, the present study extends the investigation northward and
into the central sector by incorporating three additional wells located in the northern and central
portions of the Albacora Qilfield (Fig. 1; Table 1), near the slope break. It allowed us to provide
a cyclostratigraphy-based, 3-D chronostratigraphic framework containing six wells and

distributed in two dip- and one strike-oriented transect lines, encompassing Miocene deposits
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of Aquitanian, Burdigalian, and Langhian age (Fig 1; right): dip line A-A’(comprising the same
wells analysed by Santos et al., 2023: wells 1-RJS-297, 4-RJS-330A, and 3-AB-68, spaced 2,384 m
and 4,939 m apart, respectively); northern dip line C-C’ (comprising the wells 3-AB-92 (landward
sector) and 1-RJS-342 (seaward, outer shelf), spaced 5,653 m apart; and strike line B-B’ (wells 3-
AB-92, 1-RJS-305 (central sector) and 3-AB-68; with inter-well distances of 5,772 m and 5,167 m,
respectively). The overarching goal is to treat the northern (C-C’), central (B-B’), and southern
(A-A") lines as a single integrated dataset, enabling cyclostratigraphic and seismic correlation
across all six wells and validating the applicability of this integrated methodology over a broader
spatial domain. It is important to highlight that all three wells previously investigated by Santos
et al. (2023) were also re-evaluated in light of the newest seismic dataset, which ensured

consistency for all six investigated wells in this work.

7700

390 400 410

7568

Central

Northern
Line
c

7600
7560

Southern

7552

Continental ,.f/

Shelf /f‘

7500

7544

‘Campos Basin

7400

50 km
—

Figure 1: Left: Bathymetric and geomorphological map of the Campos Basin, highlighting the location of
the study area. Right: Bathymetric map of the study area showing the wells and the Albacora Field
boundary (blue polygon). The study area comprises three seismic sections: the southern dip-oriented
section A-A’, intersecting wells 1-RJS-297, 4-RJS-330A, and 3-AB-68; the strike-oriented section B—B’,
crossing wells 3-AB-92, 1-RJS-305, and 3-AB-68; and the northern dip-oriented section C—C’, connecting
wells 3-AB-92 and 1-RJS-342. These latter three wells were previously analyzed by Santos et al. (2023).
Wells 3-AB-92, 1-RJS-342, and 1-RJS-305 are outlined in black and represent the newly incorporated wells

used to expand the formerly analyzed area. Modified from Santos et al. (2023).
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Table 1: UTM coordinates, depth interval (m), and thickness of the analyzed interval (m) for each well.

Thickness of

well Coordinates (UTM) Depth Interval (m) the analyzed

interval (m)
1-RJS-297 7551625.0 397943.0 802.2 3059.4 2257.2
1-RJS-305 7552641.0 403510.0 899.2 2450.0 1550.8
1-RJS-342 7557373.0 409522.0 1400.0 2350.0 950.0
4-RJS-330 7550283.0 399914.0 814.8 2699.9 1885.1
3-AB-68 7547327.9 404161.6 1612.0 3362.9 1750.9
3-AB-92 7558198.0 404530.6 1550.0 2400.0 850.0

3. Material and Methods

3.1 Gamma-ray datasets

Well logging GR data — as well as biostratigraphic data and 3D seismic lines — were
provided by ANP. The selection of the most suitable wells for this work was made through
seismic analysis, considering wells away from tectonic faults, gas leakage, and with no significant
erosive surfaces that could compromise the stratigraphic record, as well as their proximity to
the three wells originally analyzed by Santos et al. (2023). The resolution of the gamma-ray logs
is0.2m.

Natural gamma-ray (GR) logs record the radiation emitted by isotopes such as 4°K,
232Th and 238U in sedimentary rocks (Wu et al., 2009). The measured signal reflects the
concentration of these radioactive elements: clay-rich sediments typically produce higher GR
values, whereas quartz sandstone and carbonates yield lower readings (Li et al., 2019a; Gong,
2021; Wu et al., 2013). Because GR intensity is closely linked to clay content, these logs are
widely used as proxies in paleoclimate studies and for identifying climatic cycles. As sediment
composition and sea-level are influenced by climate variability, GR data can be applied in
cyclostratigraphic analyses to track signals associated with astronomical forcing (Huang, 2020;

Li et al., 2019a).
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3.2 Integrated Prediction Error Filter Analysis (INPEFA)

The INPEFA curve was employed in this study as an auxiliary tool for identifying patterns
in the GR signal, as well as its inflection points. As described in the literature, these features are
not easily recognizable directly in GR data series, but become more evident with the application
of the INPEFA technique (Nainggolan & Winardhi, 2019; Nio et al., 2005). The procedure begins
with an autoregressive calculation of the input data (GR curve) to estimate the Maximum
Entropy Spectrum Analysis (MESA). The Prediction Error Filter Analysis (PEFA) is obtained by
subtracting the predicted values from the Raw Values (RV) (PEFA = RV — MESA) (Li et al., 2023;
Nainggolan & Winardhi, 2019). Integration of the PEFA vyields the Integrated Prediction Error
Filter Analysis (INPEFA) curve, which highlights cumulative and directional trends in the data. In
this study, the average value of the GR signal was removed prior to INPEFA application in order
to minimize background trends in the dataset. Intervals dominated by negative prediction errors
exhibit downward (up-to-the-left) trends, while those with predominantly positive errors display
upward (up-to-the-right) trends. Smaller-scale trends are superimposed on broader ones, as
commonly seen in stratigraphic data (Nio et al., 2005).

INPEFA inflection points represent one of the most significant features identified in this
approach. Transitions from a negative to a positive trend suggest a reduction or cessation in
sand supply, likely associated with base-level changes driven by climatic variations. Conversely,
shifts from a positive to a negative trend indicate an increase in sand supply. These changes
constitute potential stratigraphic breaks and reflect significant variations in the depositional
regime, possibly linked to climate-driven processes (Nio et al., 2005; Qayyum & Smith, 2014).

In this study, INPEFA analysis was applied to identify inflection points in the signal, which
may reflect base-level fluctuations and/or changes in depositional regimes, potentially
associated with climate-driven processes (Nio et al., 2005; Qayyum & Smith, 2014). The
integration of INPEFA inflection-point analysis with lithological data, Evolutionary Harmonic
Analysis (EHA) patterns, and seismic interpretation enabled the recognition of erosional
episodes and shifts in depositional regimes, thereby enhancing the interpretation of
depositional system dynamics. The complete annotated Python script used for the INPEFA

analyses is provided in the Supplementary Material S1.

3.3 Cyclostratigraphy

Cyclostratigraphic analyses were performed through the implementation of methods

available in the Acycle version 2.8 software (Li et al., 2019b). All six GR datasets underwent
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removal of null values before linear interpolation (0.2 m for wells 1-RJS-297, 4-RJS-330A, 3-AB-
68, 1-RJS-342 and 1-RJS-305, 0.025 m for well 3-AB-92) for obtaining evenly-spaced data.
Detrending was performed using a LOESS (Locally Estimated Scatterplot Smoothing) regression
with a 400 m window, as this window length effectively removed spectral peaks associated with
frequencies lower than the long-eccentricity frequency. The power spectrum was evaluated
with the multi-taper method (MTM; Thomson, 1982), using the robust first-order autoregressive
(AR (1)) red-noise model, which considers the processes “memory”, where previous behavior
influences present behavior. The background noise identification through a statistical model
leads to a confidence level estimation of the periodic peaks, calculated at 90%, 95% and 99%
confidence levels (Li et al., 2019b; Kodama & Hinnov, 2015). Given potential variations in
sedimentation rates, the EHA was conducted using the Evolutionary Fast Fourier Transform
(eFFT) LAH method (Kodama & Hinnov, 2015). Different moving-window sizes were applied to
each well according to the characteristics of the data series: 250 m for wells 3-AB-92 and 1-RJS-
342, 350 m for wells 1-RJS-305 and 3-AB-68, 451.44 m for well 1-RJS-297, and 377 m for well 4-
RJS-330A. This approach allowed the evaluation of temporal variations in sedimentation rates
along the studied intervals (Meyers et al., 2001; Kodama & Hinnov, 2015). Based on these
analyses, the identification of the spectral bands related to Milankovitch cyclicity was derived
from the analysis of frequency ratios calculated for the Miocene interval. The expected spectral
peak ratios for 14 Ma (mean Miocene age) are approximately 405:125:95:40.5:23.6:19.1 kyr,
corresponding to normalized ratios of 21.2:6.5:5.0:2.1:1.2:1.0 (Laskar et al., 2004). The
bandpass-filtering function in the Acycle 2.8 software was used to isolate long and short-
eccentricity frequency bands.

As a further step, the correlation coefficient (COCO) was applied, which is a measure of
the correlation coefficient between the astronomical solution model (time domain) and the
power spectra of the proxy data series (depth domain), over a range of sediment rates. The
highest value of correlation coefficient probably corresponds to the most favorable
sedimentation rate (Li et al, 2018, 2019b). In addition, we applied the evolutionary
sedimentation rate (eCOCO), which evaluates the variable sediment accumulation rates by a
sliding window over the data series. The test ranged from 2.6 to 100 cm/kyr with a step of 0.33
cm/kyr, 2000 Monte Carlo simulations, and sliding window of 250 m. The COCO analyses use the
raw power spectra of the GR series removing the AR (1) background spectrum. The null
hypothesis of no orbital forcing (Ho) was also tested to assess the probability that the correlation
coefficient could occur by chance. All parameters used for Acycle time-series analysis are

provided in Supplementary Table S1, following the recommendations of Li (2026).
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3.4 Seismic Data and Relative Geologic Time (RGT)

Seismic horizon mapping and biostratigraphic data integration were performed using
Paleoscan™ software, based on depth-domain data. As no seismic lines directly intersect the
wells selected for the cyclostratigraphic analysis, a two-dimensional (2D) seismic section was
generated through interpolation of three-dimensional (3D) seismic data. This section was used
to identify seismic reflectors, and erosional surfaces based on reflector terminations, including
both upper (erosional truncation, toplap, and conformable) and lower (onlap, downlap, and
conformable) terminations, thereby supporting correlation with well-based cyclostratigraphic
interpretations. A seismic resolution analysis based on Widess (1973) was also carried out,
estimating a vertical seismic resolution of approximately 20 m at the center of the interval of
interest, with potential vertical offsets of up to 10 m from the original position. It provided a
higher-resolution seismic framework compared to the ~30 m seismic data used by Santos et al.
(2023).

The RGT concept was originally introduced and subsequently expanded by Stark (2003;
2004; 2005a; 2005b; 2006). The RGT volume is generated from correlation of seismic traces. RGT
images share the same spatial dimensions as seismic images and allow the identification and
extraction of seismic horizons (and surfaces) by tracking constant RGT contours. The RGT, then,
interprets seismic reflectors as if they were continuous depositional surfaces (snapshots of
geologic times) (Qayyum et al., 2017). Structural features such as faults and unconformities are
implicitly represented in the RGT volume. When accurately constructed, the RGT volume
enables the interpretation of key geological structures, including horizons, faults, and
unconformities, within the seismic data (Geng et al., 2020).

Seismic attributes are quantitative measures of geometric, kinematic, dynamic, or
statistical properties derived from seismic data through direct calculation or interpretative
analysis (Liner et al., 2004; Chen & Sidney, 1997). Among these, the root mean square (RMS)
amplitude quantifies the magnitude of seismic amplitudes within a defined time (or depth)
window and is used to highlight isolated or anomalously high-amplitude responses. This
attribute is widely applied to identify lithological variations and geological features, including
deltaic channels and gas-bearing sands (Bashir et al., 20243, b).

The RGT model integrated with the RMS amplitude attribute was applied to the seismic
data covering the area where the six wells are located in the Albacora Qilfield. This approach
enabled the extraction of RGT slices corresponding to the seismic horizons required for the

subsequent analyses.
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4. Results

4.1 Data features and INPEFA

Gamma-ray data, lithology, seismic data, and INPEFA are presented in Fig. 2. The seismic
section presented corresponds to a composite 2D line designed to intersect all analyzed wells.
As the wells are distributed across three distinct alignments within the Albacora OQilfield
(southern, central, and northern sectors), the section follows a non-linear trajectory rather than
a single straight profile.

The lithology of the five wells is predominantly composed of interbedded marls and
shales, with sandstone layers, mostly occurring below the delineated erosional surface and
above the INPEFA trend marker. These sands could represent deposits formed by a mixture of
turbidite-contourite systems, as these wells are located at the edge of the shelf (Mutti &
Carminatti, 2012; Pandolpho et al., 2021; Santos et al., 2023), which indicates that there may
have been an increase in energy and, consequently, mass transport. The turbidite-contourite
sequence is interpreted to have developed in response to a relative sea-level fall during the
middle Miocene (Pandolpho et al., 2021).

In this study, the application of the INPEFA method enabled the identification of shifts
in depositional regimes. The INPEFA results indicate that, below the erosional surface, the curves
are predominantly characterized by trend inflections (Fig. 2). Wells 1-RJS-297, 3-AB-92, and 1-
RJS-342 display a positive trend followed by a negative trend, whereas wells 3-AB-68 and 1-RJS-
305 exhibit a negative-positive-negative trend pattern. Well 4-RJS-330A does not show a
significant INPEFA curve below the erosional surface because the available data do not extend
far below this level.

From a geological perspective, the alternation between positive and negative trends
below the erosional surface indicates a stratigraphic break, possibly caused by base-level
changes (Nio et al., 2005; Qayyum, F., & Smith, D., 2014). Owing to the base-level fluctuations
observed below the erosional surface, together with the presence of sand and diamictite
lithologies in most wells beneath this interval and GR trends characterized by increasing
amplitudes suggestive of higher-energy depositional conditions, cyclostratigraphic analysis of
this portion may lead to uncertain interpretations. For this reason, the dataset used for
cyclostratigraphic analysis was truncated at the erosional surface, and only data above this
surface were considered at first. However, in the southern section, truncation significantly
reduced the spectral peak amplitudes, making the identification of spectral bands more difficult.

Therefore, the interval below the erosional surface was retained for the analyses in the southern
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section, whereas only the data truncated at the erosional surface were considered for wells 1-
RJS-342, 3-AB-92, and 1-RJS-305.

Approximately at the erosional surface, another inflection point is observed in the
INPEFA curves, where the negative (sanding-up) trend changes to a positive (shaling-up) trend
in all wells. Above the erosional surface, the INPEFA analysis no longer shows pronounced
variations in the curves across the wells. In the upper portion of the dataset for all wells, except
for well 3-AB-68, which lacks data in this interval, between approximately 1100 m and 1700 m
depth, the INPEFA curves display an inflection, above which a negative trend is observed. Above
this inflection point, the lithology is characterized by the presence of fine-grained siliciclastic
deposits (shale and claystone) and marls, which may be interbedded with higher-energy
deposits (sandstones; wells 1-RJS-297, 4-RJS-330A, and 1-RJS-305) and fine-grained carbonate
deposits (calcilutite and calcisiltite; wells 1-RJS-297 and 1-RJS-305).

Well Well Well Well Well Well
1-RJS-297 4-RJS-330A 3-AB-68 1-RJS-305 3-AB-92 1-RJS-342

2000

Depth (m)

2500
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mmCaicilutite  mEClaysions === SR - saismic refleclor 1 SR. - seismic rafleclor 4 e [PF dmedia
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Figure 2: Seismic profile along an arbitrary section (highlighted in black on the bathymetric map)
intersecting wells 1-RJS-297, 4-RJS-330A, 3-AB-68, 1-RJS-305, 3-AB-92 and 1-RJS-342, together with their

corresponding raw gamma-ray (GR) logs, lithological data, and INPEFA curves.

4.2 Cyclostratigraphic analysis

Spectral analysis was performed using detrended GR data after removing intervals

characterized by abrupt trend shifts. In addition to the truncation at the erosional surface
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described previously, the upper portions of wells 3-AB-68, 3-AB-92 and 1-RJS-342 were
truncated at 1612 m, 1550 m and 1400 m, respectively, to remove intervals exhibiting significant
trend variations (see Fig. 2).

The 2n-MTM power spectra of the detrended GR series display peaks exceeding the 99%
confidence level for all long (E) and short (e) eccentricity, obliquity (O), and precession (P, and
P,) signals across the wells. Exceptions include the obliquity signal in wells 4-RJS-330 and 3-AB-
68, which exceed the 95% confidence level, and in well 3-AB-92, where obliquity was not
identified above the 90% confidence level (Fig. 3). The ratios between the observed spectral
peaks are consistent across wells and are presented in Table 2, together with the expected
Milankovitch cycle ratios (Laskar et al., 2004). Long-eccentricity peaks occur at approximately
145 m, whereas short-eccentricity peaks are observed at around 47 m.

The COCO and eCOCO analyses conducted for all wells reveal high values of correlation
coefficient (p) and low values of significance level (H,) associated with average sedimentation
rates of 33.7 cm/kyr, ranging from 30.0 to 45.4 cm/kyr (Fig. 4). The statistical assessment
indicates the influence of seven orbital parameters (405, 125, 95, 40.4, 23.5, 22.2 and 19 kyr).
These results are fully consistent with our spectral interpretations across all analyzed wells.

The combined MTM and EHA analyses enabled the identification and tracking of spectral
bands related to the expected Milankovitch spectral peaks ratios for the Miocene age (14 Ma,
Table 2). For well 3-AB-92, the EHA shows tracks corresponding to short-eccentricity and
precession that are more visible below 2000 m depth. The long-eccentricity trace, in turn, is
more clearly expressed in the shallower intervals of the well (Fig. 3a). Well 1-RJS-342 exhibits a
bifurcation in the EHA trace associated with the long-eccentricity cycle between approximately
1450 m and 1600 m depth. A disruption in this same long-eccentricity trend is evident between
1700 m and 1900 m for this well. Furthermore, discontinuities in the short-eccentricity signal
are recognized both above 1600 m and below 2100 m depth (Fig. 3b). The same bifurcation
pattern is observed in well 1-RJS-305, associated with the long-eccentricity cycle, between
approximately 2200 m and 1900 m depth. For this well, the short-eccentricity signal is more
apparent between 1900 and 2100 m depth, whereas the obliquity signal is more pronounced

between 1000 and 1250 m and again between 1800 and 2300 m depth (Fig. 3c).
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Figure 3: North section: 2t MTM power spectrum with significant peaks and defined bands for: Long-eccentricity (E), short eccentricity (e), obliquity (O) and precession
(P,/P,/, corresponding to axial and apsidal precession); Bottom left: raw GR data, the 400-LOESS detrending data and the lithostratigraphy for all wells; Bottom right:
Evolutionary Harmonic Analysis (EHA). Wells: (a) 3-AB-92 (step 1.2 m, window 250 m), (b) 1-RJS-342 (step 1.4 m, window 250 m) and (c) 1-RJS-305 (step 2.6 m, window 350

m).
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Figure 4: The COCO and eCOCO analysis of the GR series for a) Southern line b) Central line and c)Northern
line. Left: evolutionary correlation coefficient; right: evolutionary Ho significance level. The top plot is the
correlation coefficient. The target astronomical solutions are from the La2004 solution for a middle data
age of 14 Ma, where the tested SARs range from 2.6 to 100 cm/kyr with steps of 0.33 cm/kyr and the
number of Monte Carlo simulations was 2.000. The bottom top is the eCOCO-generated sedimentation
rate. The sizes of the sliding window are 250 m for wells. Seven astronomical parameters are considered
for the three wells. The black curve illustrates variations in sediment accumulation throughout the

stratigraphic interval, as derived from the cycle-ratio method.

The power spectra from all three wells also exhibit significant peaks at wavelengths
ranging from 18.1 to 29 m, which were labeled T, and T. and could be related to the ~70 - 80
kyr periodicities which have been reported for sedimentary records - for Miocene deposits, it
has been particularly discussed for marine isotope archives, Asian monsoon reconstructions, and
deltaic depositional systems (e.g., Drury et al., 2016; Marshall et al., 2017; Gao et al., 2021).
Distinctive mechanisms have been discussed for their occurrence, as double/multiple obliquity
responses (e.g., Huybers and Wunsch, 2005; Huybers, 2009; Drury et al., 2016), combination
tones generated by interactions among precession components (e.g., Berger et al., 2005),
nonlinear resonance associated with combination tones (e.g., Rial and Anaclerio, 2000; Mitsui
et al.,, 2025), temporal variations in the expression of the short-eccentricity band (e.g.,
Hennebert, 2012), and stratigraphic distortion linked with changes in sedimentation rate,

compaction and hiatuses (e.g., Meyers and Sageman, 2007; Hinnov, 2000).

4.3 Revision of cyclostratigraphic evaluation: wells 1-RJS-297, 4-RJS-330 and 3-AB-68

The expansion of the study area of the Albacora Qilfield, combined with the integrated
analysis of the six wells, enabled a reassessment of the cyclostratigraphic interpretations of wells
1-RJS-297, 4-RJS-330, and 3-AB-68, previously investigated by Santos et al. (2023). In this
revision, the frequency bands of the orbital cycles were reanalyzed and subjected to minor
adjustments. The precession bands were broadened based on the band proportionality analysis,
and the 95 kyr and 125 kyr short-eccentricity bands were merged to align with the
interpretations from wells 1-RJS-342, 3-AB-92, and 1-RJS-305 (Fig. 5 and Table 2).

Well 1-RJS-297 was located at the edge of the seismic survey used by Santos et al.
(2023), which may have introduced distortions in the seismic data. This condition also motivated
the analysis of a new seismic survey available to the region. This updated dataset was obtained

by combining two surveys — the original OBC survey from Santos et al., (2023) and an additional
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acquisition that provided improved spatial resolution. The merged volume was processed using
the more advanced Full Waveform Inversion (FWI) technique, resulting in a higher-resolution
seismic dataset. This new seismic volume provided by ANP formed the basis for the well-to-well
correlations, and the construction of the RGT. The depths of two biozones were re-evaluated
and used as tie points for well 1-RJS-297: Helicosphaera ampliaperta and Sphenolithus belemnos
(extinction ages of 14.90 Ma at 1523.4 m and 17.95 Ma at 2270.5 m, respectively; Okada and
Bukry, 1980; Gradstein et al., 2018).
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Figure 5: South section: 2t MTM power spectrum with significant peaks and defined bands for: Long-eccentricity (E), short eccentricity (e), obliquity (O) and precession

(P,/P,/, corresponding to axial and apsidal precession); Bottom left: raw GR data, 400-m LOESS detrending curve and the lithostratigraphy for all wells; Bottom right,

Evolutionary Harmonic Analysis (EHA). Wells: (a) 1-RJS-297 (step 3.6 m, window 451.44 m), (b) 41-RJS-330 (step 3.0 m, window 377 m) and (c) 3-AB-68 (step 2.8 m; window

350 m).
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Spectral Bands (m) Spectral Peaks Ratios
Well

E e125/95 | © P1/P2 (E:e125:€95:0:P1:P2) (m)
25.0:11.7:7.
1RIS342 339 72 |72 28 (13 8 | 7 5| 1250:39.6:30.4:10.0:57:5.0 | o0 =
3AB-92 | 236 66 |49 24|13 11| 8 5| 146537.9:27.2:12.1:7.7:6.8 | 21221640
1.8:1.1:1.0
1-RIS-305 | 277 105 |50 31|15 10| 8 5| 143.6:37.3:32.8:13.8:7.6:6.6 | - o070
2.1:1.2:1.0
1-RIS-297 | 594 96 |62 31|19 13|10 5| 150.5:58.2:36.8:17.4:9.6;7 | - 083153
2.5:1.4:1.0
4-RIS-330A | 471 94 |73 33|16 12|10 5| 165.4:57.1:37.1:13.09.2:7.3 | 2277851
1.8:1.3:1.0
3-AB-68 | 312 104 |75 30|19 13|10 5| 156.3:55.7:31.5:17.9:8.7:6.8 | 2> 0:8-2:4.6:
2.6:1.3:1.0
21.2:6.5:5.0:
La2004 405:125:95:40.5:23.6:19.1 2.1:1.2:1.0

Table 2: Spectral bands and peak ratios for all wells, together with the reference spectral peak ratios

from Laskar et al. (2004) for ~14 Ma.

4.4 Seismic analysis and RGT Model

Seismic analysis involved reflector mapping and the construction of three seismic
sections. Section A—A’ (southern line) is a dip-oriented profile crossing wells 1-RJS-297, 4-RJS-
330A, and 3-AB-68; Section B—B’ (central line) is a strike-oriented profile crossing wells 3-AB-92,
1-RJS-305, and 3-AB-68; and Section C—C’ (northern line) is a dip-oriented profile crossing wells
3-AB-92 and 1-RJS-342. The seismic sections are presented in Figure 6, together with the
biostratigraphic framework based on the occurrence of Helicosphaera ampliaperta and
Sphenolithus belemnos, both identified in well 1-RJS-297, as previously described. Helicosphaera
ampliaperta was also used as a temporal marker in wells 1-RJS-305 (1719 m) and 1-RJS-342
(2124 m) (Fig. 6b,c).

Based on geometry and termination of the reflectors, and their acoustic impedance

contrasts, seven major, high-impedance seismic reflectors were identified and correlated among

59



all seismic lines (Fig. 6). They include the lower erosional unconformity (dashed black line), which
is overlain by chaotic or massive to partially deformed reflectors, and six non-erosional
unconformities (and associated correlative conformities) including the upper surface (solid black
line) and five internal reflectors bounded by both black lines. With the exception of the lower
boundary (dashed black line), all other major reflectors display a sigmoidal geometry migrating
towards the depocenter in a dip view (a and c on Fig. 6) and a slightly convex-upward, arcuate
geometry in a strike view (b in fig. 6).

Between these major reflectors, which actually record unconformities as well as local
correlative conformities, a series of less continuous reflectors, with low impedance contrasts,
records the superposition of depositional surfaces (or time lines) that register no major break
and show how deposition took place within each analysed depositional sequence (S1 to S5 in
Fig. 6). Landwards, they present a parallel, sub-horizontal disposition that grade to steeper
reflectors at their mid portions and ends as parallel, low-angle surfaces seawards. The sigmoidal
geometry seen in the dip direction records, from left to right, the shelf, slope and base of slope
depositional settings whereas the overall lobate geometry of the studied package seen in a strike
view indicates an overall radial distribution of the sedimentary input into the sea. The less
continuous, low impedance reflectors record progradational pulses that include aggradation on
the shelf, slope and base of slope. They exhibit onlap terminations, initially onto the slope and
later onto the shelf, associated with downlap terminations toward the basin developed at
different stages of each depositional sequence evolution. This issue ultimately controls distinct
depositional ages and rates at the different settings, as will be later detailed. Therefore, these
depositional surfaces, recording shallow- to deep-marine depositional processes, are key

features for establishing high-resolution stratigraphic correlation between the wells.
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Figure 6: Top: Correlation of seismic interpretation, biostratigraphic data, detrended gamma-ray (GR) logs, and long- and short-eccentricity filters along (a) the southern
dip-oriented section, highlighting the long-eccentricity cycles identified within depositional sequences S2, S3, and S4; (b) the central strike-oriented section; and (c) the

northern dip-oriented section. Bottom: Summary tables showing the number of cycles identified within each depositional sequence, together with a bathymetric map of

the study area.
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The seven reflectors were extracted from the RGT model, including the erosional
surface, reflectors SR1 to SR5, and the upper surface defined by the stratigraphic break
identified through INPEFA analysis. The results obtained (Figure 7) enabled the plan-view
analysis of the reflectors within a chronostratigraphic domain, highlighting depositional
patterns.

The slice corresponding to the erosional surface reveals elongated and sinuous
geometries, interpreted as submarine channels, predominantly located in the northern portion
of the study area, in proximity to wells 3-AB-92 and 1-RJS-342.

Between SR1 and SR3, the RGT model highlights a progressive basin infill, marked by the
attenuation of channel-related relief and increased lateral continuity of reflectors. This pattern
suggests successive depositional events contributing to channel infilling.

In the slice corresponding to SR4, a significant variation in RMS impedance is observed
in the central-southern portion of the area, encompassing wells 1-RJS-297, 4-RJS-330A, 1-RJS-
68, and 1-RJS-305. This variation indicates a sedimentary pulse with distinct characteristics,
possibly associated with the input of coarser-grained deposits (e.g., sandy-rich intervals) into the
system, suggesting an increase in depositional energy. In the SR5 slice, the continuity of
deposition is observed, marked by a more homogeneous reflector pattern, indicating a return
to more stable depositional conditions and lower lateral facies variability.

Finally, the upper surface slice displays greater heterogeneity in the seismic pattern,
with more abrupt lateral variations. This pattern is interpreted as a shift in the depositional
regime, potentially related to changes in sediment supply, base level fluctuations, or

reorganization of the depositional system.
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Figure 7: RMS (Root Mean Square) amplitude attribute of the RGT slice for the following horizons: the
erosional surface, seismic reflectors SR1, SR2, SR3, SR4 and SR5, and the upper surface from the INPEFA

curve. Right bottom: bathymetric map of the study area.
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5. Discussion

5.1 Astronomical forcing and sedimentation

The cyclostratigraphic analyses of the GR data from the six studied wells display similar
peak patterns and proportions in the 2n-MTM spectral analysis (Figs. 3 and 5 and Table 2). The
COCO and eCOCO statistical analyses corroborated the interpretation of the orbital cycle bands
(Fig. 4). COCO analysis results indicated that peak sedimentation rates ranged from 30.0 to 45.4
cm/kyr across the three wells, with no significant variations observed between them (Fig. 4).
These results are also consistent with the sedimentation rates (~30 cm/kyr) reported in previous
studies conducted in the same region (Castro, 2005; AlImeida & Kowsmann, 2014; Santos et al.,

2023).

5.2 Geological Interpretation Through Data Integration

In this section, we present and discuss three geological sections based on the integration

of seismic data, RGT model, and cyclostratigraphic and INPEFA analyses.

5.2.1 Southern dip line (1-RJS-297, 4-RJS-330, and 3-AB-68)

This dip-oriented, 7,323 m long line includes three wells (1-RJS-297, 4-RJS-330, and 3-
AB-68). As discussed previously, this study reinterprets the dataset using higher-resolution
seismic data, increasing the seismic resolution from approximately 30 m in Santos et al. (2023)
to approximately 20 m. (Fig. 6). In addition to seismic and cyclostratigraphic data, we used the
auxiliary INPEFA tool (Fig. 2) and RGT model (Fig. 7), which provided new insights and supported
an integrated interpretation of the dataset.

Seven seismic reflectors were mapped across all seismic profiles (Fig. 6) and used in the
construction of the RGT model (Fig. 2). The dashed black reflector at the base of the profile
records the erosional surface ascribed by Santos et al. (2023) to the eustatic fall that occurred
at ~17 Ma and marks the onset of the Miocene Climatic Optimum. The top of the section is
delineated by a sigmoidal reflector with an almost planar geometry and low dip (solid black line
— Fig. 6) that corresponds to an inflection point in the INPEFA data of all analyzed wells (Fig. 2).
Both surfaces separate six, well-defined sigmoidal depositional bodies present along the three
sections herein investigated (Southern, Northern and Central line) that constitutes the focus of

this work. Each of these sigmoidal bodies, limited by five colored reflectors, records a similar
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depositional pattern and is related to a high-frequency depositional sequence; therefore, they
were labeled S1, S2, S3, S4, S5, and S6 in Figure 6.

The six sigmoidal depositional bodies display a sigmoidal geometry and migrate toward
the basin depocenter, characterizing an overall progradational stacking pattern (Fig. 6a). The
analysis of the internal reflectors within each sigmoidal unit reveals the presence of onlap,
initially onto the slope and later onto the shelf, always associated with downlap terminations
towards the basin, defining high-frequency depositional sequences. Within each sequence,
typically the lower / older reflectors are progradational and display erosional to slightly
aggradational upper limits. On the other hand, the upper / younger strata show well-defined
prograding and aggrading trends onto the basinal and shelfal deposits, respectively.

The number of long-eccentricity cycles recorded in the three wells within each
depositional sequence varies downdip along the southern section (Fig. 6a and corresponding
table). The most pronounced difference occurs between reflectors SR1 and SR2, within
depositional sequence S2, where discrepancies of up to two cycles are observed, whereas
smaller variations characterize the remaining intervals.

Depositional sequences S2 in well 1-RJS-297, S3 in well 4-RJS-330A, and S4 in well 3-AB-
68 preserve the most complete stratigraphic records. In sequence S2 (well 1-RJS-297), the cycle
count spans from approximately the lower trough of cycle E1 to the upper trough of cycle E3,
totaling three cycles. In sequence S3 (well 4-RJS-330A), the interval extends from the crest of
cycle E4 to approximately the crest corresponding to cycles E6-E7, also totaling about three
cycles. Finally, in sequence S4 (well 3-AB-68), the interval ranges from the lower trough of cycle
E8 to approximately the crest above cycles E9-E10, totaling about 3.5 cycles.

These well-preserved intervals allow the recognition of continental shelf, slope, and
base-of-slope environments, as well as the quantification of 405-kyr cycles within each setting.
In general, one 405-kyr cycle is preserved on the continental shelf, three cycles along the slope,
and one cycle at the base of the slope. This distribution indicates that high-frequency
depositional sequences are thicker and preserve a more complete orbital record in the steeper
mid-slope region, where progradation is more pronounced.

The depositional sequence S5, bounded by reflectors SR4 and SR5, comprises only
continental shelf deposits (Fig. 6a). As the thickest and most complete depositional record
occurs along the mid-slope region, and this portion is not registered in the analyzed section, this
unit does not provide sufficient information to constrain the duration of its deposition. It is
worth noting that additional depositional units may exist above S5; however, it was not possible

to distinguish them by our study.
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5.2.2 Northern dip line (3-AB-92 and 1RJS-342)

The 5,653 m long, dip-oriented seismic section includes two wells (3-AB-92 and 1RJS-
342). The reflectors display planar to slightly concave-upward geometries dipping offshore (Fig.
6c). This likely reflects the oblique orientation of the seismic line relative to the main
progradational axis situated to the south (Fig. 6a).

The geometry of the seismic reflectors indicates a progradational trend, although within
lower progradation rates than those observed in the southern section. This difference is
associated with the lateral location of the seismic line relative to the overall lobate geometry of
the shelf and associated slope. The down-dip stratal terminations of the internal reflectors
within the depositional packages are characterized by downlap, whereas their up-dip
terminations are not seen in this seismic line.

A progressive thinning of the depositional bodies is observed toward well 1RJS-342,
which is corroborated by a reduction in the number of recorded 405-kyr cycles compared to 3-
AB-92. This variation is most pronounced in unit S3, where a difference of nearly two cycles is
observed (Fig. 6b). A maximum of 2.5 405-kyr cycles is recorded in unit S3 of well 3-AB-92 within

this section.

5.2.3 Central strike line (3-AB-92, 1-RJS-305, and 3-AB-68)

This strike-oriented seismic section (Fig. 6b) includes three wells: 3-AB-92, 1-RJS-305,
and 3-AB-68. Two of these wells (3-AB-92 and 3-AB-68) are also included in the two analyzed dip
sections, thereby forming an integrated analysis grid. The central section extends for 10,939 m
and lies approximately along the same bathymetry (see Fig. 1). In this section, the mapped
seismic reflectors display a slight convex-upward geometry, with thickness variations between
them, showing a progressive thickness increase southwards, toward well 3-AB-68. A notable
thickening occurs in unit S4, where thickness increases from 277 m at well 1-RJS-305 to 370 m
at well 3-AB-68. In the RGT model, a strong variation in RMS impedance is observed in the
interval associated with SR4 in the southern portion of the area (Fig. 7), providing additional
evidence for increased sediment supply.

The central section exhibits small changes (less than half a cycle) in the number of 405-
kyr cycles recorded between reflectors across the three wells (see table in Fig. 6b). The limited
extent of the section and its strike orientation explain the relatively uniform thickness of each
unit and the number of cycles they record. As this line shares two wells with the dip sections, it

is easy to perceive that the unit's thickness and number of recorded cycles are a result of the
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visualized region (shelf, slope, or base of slope) of each high-frequency depositional sequence.

5.3 Understanding Depositional Variability Through Data Integration

The integration of the results obtained from the different methodologies applied to the
three studied sections provided important insights into the processes controlling sedimentation
and the preservation of the sedimentary record across a broad area of the basin. The seismic
sections display reflectors with distinct geometries and variations in the number of long-
eccentricity cycles between them, indicating distinct sedimentation rates across the investigated
area.

A higher sedimentation rate is observed in the southern section compared to the
northern section, as evidenced by: (i) a progressive increase in thickness between reflectors
toward the south, identified in the central section (Fig. 6c); (ii) an enhancement of the RMS
attribute in the RGT model in the central — southern portion of the area during the SR4 interval
(Fig. 7); and (iii) seismic reflector geometries indicating higher progradation rates in the southern
section relative to the northern section. These variations in sedimentation rates were not
detected in the COCO and eCOCO analyses (Fig. 4) and became evident only through the
integration of cyclostratigraphic results with seismic data and the RGT model.

Another important observation derived from this methodological integration is the
variation in stratigraphic preservation. Some areas preserve a more complete geological record
than others, as evidenced by differences in the number of long-eccentricity cycles present
between mapped seismic reflectors (insert tables in Fig. 6). This observation led us to establish
two main hypotheses to explain the absence of these cycles in certain intervals: (i) progradation
and diachronous stratigraphic preservation; and (ii) depositional hiatuses associated with
erosional events. It is important to emphasize that both hypotheses may occur concomitantly in

the sedimentary record, as will be discussed as follows.

5.3.1 Progradation and the diachronous preservation of astronomical cycles

Seismic profiles display seaward migration of reflectors, indicating progradation,
throughout both the southern and northern dip sections (Fig. 6a and 6c). Since sedimentary
deposits migrate laterally through progradation, time lines are not preserved vertically but
rather as oblique clinoforms controlled by the balance between sediment supply and
accommodation space. As a direct consequence, the record of orbital forcing will not be

complete in the vertical column of a single well. The most complete record can be recovered
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through the stratigraphic stacking of laterally correlatable wells, whose partial and diachronous
records, when combined, reconstruct the temporal succession of orbital cycles.

The study area encompasses continental shelf, slope, and base-of-slope regions, each
characterized by specific environmental conditions directly related to sedimentary depositional
processes. The southern section indicates that the most complete geological record
systematically occurs in the mid-slope region, where a thicker sedimentary package between
seismic reflectors is observed, with the highest preservation of long-eccentricity cycles
(approximately three cycles).

The central section suggests the absence of significant erosional events between the five
analyzed seismic reflectors in wells 3-AB-92, 1-RJS-305, and 3-AB-68. This observation allows us
to infer that the absence of long-eccentricity cycles in the dip sections is more likely related to
sediment bypass processes in the more proximal areas and to reduced or eventually absent
sediment supply in the more distal regions.

To illustrate the partial absence of this record, Figure 8, based on seismic data of S2, was
constructed to represent the sedimentary package (Fig. 8a) and the deposition of astronomical
cycles (Fig. 8b) at a higher stratigraphic resolution. Figure 8b shows that the sedimentary record
is most complete in the intermediate portion of the slope, associated with the steeper segment
of the seismic reflector, where a greater thickness and the preservation of up to three long-
eccentricity cycles are observed, totaling a period of ~1.2 Myr for the deposition of this unit. The
geometry of the internal reflectors displays onlap stratal terminations in the intermediate slope,
related to phases of relative base-level rise, followed by aggradation on the continental shelf
and subsequent progradation across the slope and base-of-slope regions. This stratal
arrangement prevents sedimentary preservation on the shelf during the early stages of base-
level rise, with deposition occurring only after the onset of aggradation on it. Part of the
progradational phase is also not preserved on the shelf due to sediment bypass. As a result, shelf
deposits do not fully record the initial and final stages of deposition of the sedimentary package.
Deposits located in more distal areas exhibit reduced thickness and preserve fewer astronomical
cycles. In these regions, lower sediment supply combined with sediment trapping in more

proximal areas likely explains the reduced stratigraphic record.
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Figure 8: Depositional model illustrating sequences S1, S2, and S3 along the southern line. (a) Seismic
expression of the sequences. (b) Detailed representation of depositional sequence S2, highlighting onlap
and downlap terminations, the distribution of cycles across different sectors of the basin, and their

corresponding temporal framework.

5.3.2 Depositional hiatuses associated with erosional events

Erosional processes may also have contributed to the removal of parts of the
sedimentary record. Erosion and discontinuous sedimentation likely operate simultaneously
within the depositional system. To evaluate their relative importance in controlling stratigraphic
preservation within the study area, we examined potential evidence of erosional events in the
seismic data and well GR records, integrating cyclostratigraphic results with INPEFA analyses.

In the seismic imaging, no significant erosional events are observed within the
sedimentary packages bounded by the seismic reflectors. The dashed black reflector located at
the base of the profiles (Fig. 6) exhibits clear evidence of erosion and was interpreted by Santos
et al. (2023) as an unconformity.

The search for erosional events in the data analyses was based on the following criteria:
(i) identification of variations in the number of long-eccentricity cycles between mapped seismic
reflectors; (ii) quantification of the number of short-eccentricity cycles contained within each

long-eccentricity cycle; (iii) recognition of erosional signatures in cycle tracking using EHA, as
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defined by Meyers & Sageman (2004); and (iv) detection of inflection points in the INPEFA curve.

Based on these criteria, minor erosional events are interpreted to occur between the
five mapped seismic reflectors, resulting in the partial loss of short-eccentricity cycles. In well 3-
AB-92, between approximately 2400 and 2100 m depth, tracking of the long-eccentricity band
in the EHA demonstrates reduced sedimentation rates relative to the remainder of the profile,
expressed by four long-eccentricity cycles containing only 2.5 short-eccentricity cycles each (Fig.
3a). Likewise, in well 1-RJS-342, between ~1900 and 1500 m depth, four long-eccentricity cycles
are preserved, each likely containing ~2 short-eccentricity cycles (Fig. 3b). This interpretation is
reinforced by the presence of a bifurcation in the long-eccentricity cycle tracking in the EHA
within the same interval, a feature described by Meyers & Sageman (2004) as diagnostic of
partial cycle loss. In well 1-RJS-305, between depths of ~2200 and 1900 m, a clear deviation in
long-eccentricity signal tracking in the EHA, with a bifurcation-like pattern, is observed (Fig. 3c).
In addition, the presence of amalgamated long-eccentricity cycles associated with seven short-
eccentricity cycles further supports the partial loss of short-eccentricity cycles within this
interval.

The upper portion of the wells, corresponding to the mapped continuous black surface
(Fig. 6), records a more pronounced erosional event associated with the loss of long-eccentricity
cycle signals. This event is corroborated by an inflection in the INPEFA curve, consistently
observed in all wells with available data and coincident with the same seismic surface (Fig. 2). In
addition, the presence of an erosional signature (Meyers & Sageman, 2004) in the tracking of
the long-eccentricity signal in the EHA in wells 4-RJS-330 (~1000 m depth), 1-RJS-297 (~1200 m
depth), and 1RJS-342 (~1500 m depth) further supports the interpretation of a regionally
correlated erosional episode at this stratigraphic level (Figs. 3 and 5). Figure 9 presents the
indicators of minor depositional and erosional events in well 1-RJS-342, illustrating the
application of the adopted criteria.

Based on this interpretation, the interval between the five mapped seismic reflectors
shows no evidence of significant erosional events, with only minor losses observed, mainly
associated with the removal of short-eccentricity cycles. Nevertheless, within the sedimentary
packages, the preserved amount of time (astronomical cycles) varies as a consequence of

discontinuous sedimentation.
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Figure 9: Indicators of depositional minor erosional events signals in well 1-RJS-342. (a) Depositional
hiatuses signature between ~1500 and ~1650 m depth, following Meyers & Sageman (2004). (b) INPEFA
inflection at ~1575 m. (c) Four preserved long-eccentricity cycles between 1500 and ~1900 m depth, each

comprising ~2 short-eccentricity cycles.

5.4 Stratigraphic Completeness and the Preservation of Long-Eccentricity Cycles

As previously discussed, the thickest stratigraphic record and, consequently, the most
expressive cyclostratigraphic record (in terms of the number of astronomical cycles) occurs in
the mid-slope deposits (Fig. 6a), where approximately three long-eccentricity cycles are
observed across successive depositional sequences. In some intervals, the presence of
amalgamated long-eccentricity cycles can also be identified. The interpretation of these
amalgamated cycles (E6 and E7 in well 4-RJS-330A and E9 and E10 in well 3-AB-68 — Figs. 3 and
6) is based on the occurrence of a greater number of short-eccentricity cycles than expected
within a single long-eccentricity cycle. This suggests that more than one long-eccentricity cycle
was originally present but was partially removed by erosion.

Considering the intervals with the best stratigraphic preservation, associated with mid-
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slope deposits, the three wells that compose the southern line (1-RJS-297, 4-RJS-330A, and 3-
AB-68) record the most complete portion of the succession. In these wells, between depths of
1500 and 2200 m, corresponding to sequences S2, S3, and S4, a record of approximately 9.5
long-eccentricity cycles is preserved (Fig. 6a). It is noteworthy that mid-slope deposits occur
exclusively within these sequences; therefore, the estimation of the time involved can be more
reliably constrained to this interval. In contrast, Santos et al. (2023) reported approximately 5.5
long-eccentricity cycles for the same stratigraphic interval. This corresponds to an increase of
more than 1.6 Myr in the total depositional timespan. Although the effectiveness of the
approach adopted in the previous study, our integrated analyses - particularly the interpretation
of a new higher-resolution seismic volume - provide a more refined understanding of the
progradational stacking patterns, as well as the variability in stratigraphic preservation across
different depositional environments. These results bring into focus a central issue in the
evaluation of sedimentary successions: the degree of completeness of the stratigraphic record
and the impact of lateral variability within deposits.

In such context, cyclostratigraphic analyses requires a thorough understanding of both
factors. As highlighted by Sinnesael et al. (2019), astronomical signals may remain detectable
even in stratigraphic records that are not fully continuous, emphasizing that completeness must
be carefully assessed rather than assumed. However, such an assessment is rarely achievable
using isolated well-log data alone, since these provide only a point-based representation of the
depositional system and do not capture its lateral variability associated with discontinuous
deposition. As a result, key variations related to depositional stacking patterns, such as
progradation, retrogradation, and aggradation, may not be properly resolved, nor can
differences in stratigraphic preservation across depositional environments be fully constrained,
as demonstrated in this study. Furthermore, lateral variability within sedimentary deposits may
also be reflected in proxy values within a single layer, representing an important factor in both
subsurface and outcrop-based analyses. In this context, Chen and Mitchell (2025) demonstrate
that conducting lateral measurements along a single stratigraphic horizon tends to yield
statistically more robust results in cyclostratigraphic analyses.

Based on the interpreted cycles preserved within units S2, S3, and S4 from wells along
the southern line, the total duration of sediment deposition for these three units is estimated at
approximately 3.85 Myr. In comparison, the age difference between the extinction datums of
Sphenolithus belemnos and Helicosphaera ampliaperta in well 1-RJS-297 (located approximately
half a cycle below SR1 and near SR4, respectively) is 3.05 Myr (Fig. 6a). Although the extinction
depths are slightly offset relative to SR1 and SR4, the ages remain comparable. The taxon

Helicosphaera ampliaperta is identified in wells 1-RJS-297, 1-RJS-305, and 1-RJS-342 at
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comparable stratigraphic levels, supporting the interpretation that this surface (near SR4)
corresponds to the 14.9 Ma temporal marker. The resulting difference of approximately 0.8 Myr
between the biostratigraphic and cyclostratigraphic age estimates highlights the higher
temporal resolution of cyclostratigraphy relative to biostratigraphy. This reflects the
comparatively lower accuracy and precision of microfossil-based chronostratigraphic events,
which typically provide coarser temporal constraints than cyclostratigraphic approaches based

on the stable long-eccentricity (405-kyr) cycle (Hinnov, 2013; Meyers, 2019).

6. Conclusions

This study investigates the evolution of Miocene deposits in the Albacora Qilfield,
Campos Basin, Brazil, through an integrated framework that combines cyclostratigraphy and
seismic stratigraphy, extending and refining the study by Santos et al. (2023). The availability of
modern, higher-resolution seismic data and new well-logs allowed the expansion of the
previously investigated area to approximately 62 km?. The broader spatial coverage, coupled
with the incorporation of additional analytical tools (INPEFA and the RGT model), clearly
provided enhanced constraints on the evolution of the depositional system and its associated
geological time framework.

In agreement with the previous work, our results indicate a marked orbital control on
sedimentation across the six analyzed well-logs. COCO-derived sedimentation rates (ranging
from 30.0 to 45.4 cm/kyr) support the interpretation of spectral bands associated with orbital
forcing. MTM spectral analyses reveal statistically significant peaks, commonly exceeding the
95-99% confidence thresholds, with spectral ratios closely matching those predicted for
astronomical frequencies at ~14 Ma (405:125:95:40.5:23.6:19.1 = 21.2:6.5:5.0:2.1:1.2:1.0;
Laskar et al., 2004).

Seismic stratigraphic analysis reveals a predominantly progradational stacking pattern,
corroborated by the RGT model and highlights preferential stratigraphic preservation within
mid-slope deposits. In this sector, greater sediment thickness and a more complete preservation
of orbital cycles demonstrate that robust estimates of depositional duration rely on multi-well
correlation, when focused on intervals of enhanced preservation. Compared to Santos et al.
(2023), this integrated approach increases the total depositional timespan of more than 1.6 Myr
between depths of 1500 and 2200 m.

The integration of cyclostratigraphy, seismic stratigraphy, the RGT model, and INPEFA
further enabled the identification of key stratigraphic surfaces associated with depositional

hiatuses and/or erosional events, recognized by the attenuation or loss of long-eccentricity
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cyclicity, as evidenced by EHA patterns, inflections in INPEFA curves, and their correspondence
with mapped seismic horizons. Moreover, seismic data and the RGT model suggest variations in
sedimentation rates between the northern and southern sectors of the study area that are not
clearly resolved by COCO and eCOCO analyses alone.

In the Albacora Qilfield, the integration of cyclostratigraphic results with seismic
stratigraphy, the RGT model, and INPEFA increases the depositional timespan previously
estimated for the same stratigraphic interval by more than 1.6 Myr — which is a consequence of
accounting for the lateral variability of stratigraphic preservation across shelf, slope, and base-
of-slope settings. This variability, which isolated well-log records systematically underrepresent
due to progradation and sediment bypass, becomes tractable only through seismic-supported
lateral correlation. The use of six wells distributed across these settings demonstrates that
stratigraphic completeness can only be fully assessed through a multi-well framework. Seismic
reflectors, when interpreted within an RGT framework and validated against cyclostratigraphic
results, delimit stratigraphic intervals whose preserved orbital content is quantifiable (in this
study, in terms of long-eccentricity cycles), providing a basis for correlating the depositional
record with the astronomical time scale. To our knowledge, this constitutes the first systematic
investigation of how astronomical cycles are laterally preserved within a seismic volume as a
function of depositional architecture —and of how that preservation, when properly accounted

for, reshapes estimates of geological time.
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This section includes:

Methods supplementary texts.

Text S1: INPEFA implementation and script

$1.1 Software, packages, and reproducibility

All INPEFA analyses were conducted in Python 3 (v.3.13.x) within a Jupyter Notebook
environment. The workflow is based on the open-source PyNPEFA package
(https://github.com/daely/PyNPEFA), with minor adaptations related to data input procedures
and detrending settings. The analysis requires the following packages: numpy (van der Walt et
al., 2011), pandas (McKinney, 2010), scipy (Virtanen et al., 2020), matplotlib (Hunter, 2007),
statsmodels (Seabold and Perktold, 2010), spectrum (Cokelaer, 2017), and cvxopt (Andersen et
al., 2013). The complete annotated notebook can be obtained from the corresponding author
upon request.

$1.2 Annotated Python script
For transparency and reproducibility, the full script is provided below. The path variables

(diretorio, arquivo) correspond to the authors’ local directory structure and should be modified
by users according to their own environment. Well names and file identifiers have been removed
from the reproduced script.

# # INPEFA
# From: "https://github.com/daely/PyNPEFA" with small modifications

%matplotlib inline
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import matplotlib.pyplot as plt
import numpy as np

import pandas as pd

from scipy import signal as sig

from cvxopt import matrix

from spectrum.burg import _arburg2

import statsmodels.api as sm

HitfHHHHEHHE INPUT PARAMETERS HiH#HEHEHHEHHHE

filtersize_meter=10 #size of the model filter (model prediction) in meters.
default=10

filename="'1RJS297_802-3059.txt' #data file (txt file with 2 columns separated by a blank
space)

dg = pd.read_table(filename,sep="\s+',header=None)

header_profundidade='DEPT'
header_GR='HGR'
dg.columns = [header_profundidade, header_GR]

dg

HitfHHHEHHE FUNCTION DEFINITIONS ### i
def INPEFA(df,ordem):

dg = pd.DataFrame([np.array(df['GR'])],columns=[df['MD']]) #reorganize data to fitin
"matrix" shape below

y=dg.iloc[0] #reorganize data to fit in "matrix" shape below

y=matrix(y)

bffy = _arburg2(y,ordem)[0].real

pffy = sig.convolve(y, np.reshape(bffy,(len(bffy), 1)), mode='same') # PEFA
iipfy = np.cumsum(pffy[::-1])[::-1] # INPEFA

ipfy = iipfy / max(abs(iipfy)) # Normalized to -1 <= INPEFA <=1

ipfy = np.roll(ipfy, int(ordem/2))  # to set curves at the correct detph

return ipfy

82



def filtersize_sample(df filtersize_meter): #Filter order calculation
first_row_value =df['MD'].iloc[0]
last_row_value= df['MD'].iloc[-1]
amostragem = (last_row_value-first_row_value)/(len(df)-1)
ordem = int(filtersize_meter / amostragem )

return ordem

df = dg[[header_profundidade,header_GR]]
df = df.set_axis(['MD', 'GR'], axis=1, inplace=False)

filtersize=filtersize_sample(df filtersize_meter)

x=np.array(df['MD'])

original = np.array(df['GR'])

HEHH - INPEFA calculation from original data (no detrending) ####H###HH#H

inpefa_original = INPEFA(df filtersize)

HHHHH - INPEFA calculation from mean-detrended data and displays the plots
HHHEHEH

coefficients = np.polyfit(x, original, 0)

media_model = np.polyld(coefficients)

media_trend = media_model(x)

media_detrended = original - media_trend

dk = pd.DataFrame(data=media_detrended,columns=['GR'])

dk['MD']=df['MD']
inpefa_dmedia = INPEFA(dKkfiltersize)

R R R Rk ok ok K ok ok ok K ok ok ok ok Kok ok ok K ok ok

%matplotlib inline

plt.figure(figsize=(10,4.5), facecolor='w', edgecolor="k')
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plt.subplot(141)
plt.plot(original,-x,label='original’)
plt.plot(media_trend,-x,label="average trend')
plt.grid(True)

plt.minorticks_on()

plt.legend()

plt.title('GR original')

plt.subplot(142)
plt.plot(media_trend,-x)
plt.grid(True)
plt.minorticks_on()

plt.title('average trend')

plt.subplot(143)
plt.plot(media_detrended,-x)
plt.grid(True)
plt.minorticks_on()

plt.title('average detrended')
plt.subplot(144)

plt.plot(inpefa_dmedia,-x)

plt.grid(True)

plt.minorticks_on()

plt.title('inpefa dmedia')
plt.subplots_adjust(wspace=0.5, hspace=0.5)

plt.show()

HEHHHH - INPEFA calculation from linearly detrended data and displays the plots
HHHEHEH

coefficients = np.polyfit(x, original, 1)
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linear_model = np.polyld(coefficients)

linear_trend = linear_model(x)

linear_detrended = original - linear_trend

dk = pd.DataFrame(data=linear_detrended,columns=['GR'])
dk['MD']=df['MD']
inpefa_dlinear = INPEFA(dk,filtersize)

R R Rk ok ok K ok ok ok K ok ok ok ok oKk ok K ok ok

%matplotlib inline

plt.figure(figsize=(10,4.5), facecolor='w', edgecolor="k')

plt.subplot(141)
plt.plot(original,-x,label='original’)
plt.plot(linear_trend,-x,label='linear trend')
plt.grid(True)

plt.minorticks_on()

plt.legend()

plt.title('GR original')

plt.subplot(142)
plt.plot(linear_trend,-x)
plt.grid(True)
plt.minorticks_on()

plt.title('linear trend')

plt.subplot(143)
plt.plot(linear_detrended,-x)
plt.grid(True)
plt.minorticks_on()

plt.title('linear detrended')
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plt.subplot(144)
plt.plot(inpefa_dlinear,-x)
plt.grid(True)
plt.minorticks_on()

plt.title(‘inpefa dlinear')

plt.subplots_adjust(wspace=0.5, hspace=0.5)

plt.show()

HHHHH - INPEFA calculation from LOWESS (35%) detrended data and displays the
plots #HHEHAHBHEHIH

lowess = sm.nonparametric.lowess
lowess_trend = lowess(original, x, frac=0.35,it=0)

lowess_detrended=original-lowess_trend[:,1]

dl = pd.DataFrame(data=lowess_detrended,columns=['GR'])

di['MD']=df['MD']

inpefa_dlowess_35pc = INPEFA(dI filtersize)

HHHEH
%matplotlib inline

plt.figure(figsize=(10,4.5), facecolor='w', edgecolor="k')

plt.subplot(141)
plt.plot(original,-x,label='original’)
plt.plot(lowess_trend[:,1],-x,label="loewss trend')
plt.grid(True)

plt.minorticks_on()

plt.legend()

plt.title('GR original')

plt.subplot(142)
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plt.plot(lowess_trend][:,1],-x)
plt.grid(True)
plt.minorticks_on()

plt.title(‘'lowess trend 35%')

plt.subplot(143)
plt.plot(lowess_detrended,-x)
plt.grid(True)
plt.minorticks_on()

plt.title('lowess detrended 35%')

plt.subplot(144)
plt.plot(inpefa_dlowess_35pc,-x)
plt.grid(True)

plt.minorticks_on()

plt.title('inpefa dlowess 35%')

plt.subplots_adjust(wspace=0.5, hspace=0.5)

plt.show()

HHHHH - INPEFA calculation from LOWESS (5%) detrended data and displays the plots
Hit T

lowess = sm.nonparametric.lowess

lowess_trend = lowess(original, x, frac=0.05,it=0)

lowess_detrended=original-lowess_trend[:,1]

dl = pd.DataFrame(data=lowess_detrended,columns=['GR'])

di['MD']=df['MD']

inpefa_dlowess_5pc = INPEFA(dI filtersize)

HEHHHH RS

%matplotlib inline

plt.figure(figsize=(10,4.5), facecolor='w', edgecolor="k')
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plt.subplot(141)
plt.plot(original,-x,label='original’)
plt.plot(lowess_trend[:,1],-x,label="loewss trend')
plt.grid(True)

plt.minorticks_on()

plt.legend()

plt.title('GR original')

plt.subplot(142)
plt.plot(lowess_trend[:,1],-x)
plt.grid(True)
plt.minorticks_on()

plt.title('lowess trend 5%')

plt.subplot(143)
plt.plot(lowess_detrended,-x)
plt.grid(True)
plt.minorticks_on()

plt.title('lowess detrended 5%')
plt.subplot(144)
plt.plot(inpefa_dlowess_5pc,-x)
plt.grid(True)

plt.minorticks_on()

plt.title('inpefa dlowess 5%')
plt.subplots_adjust(wspace=0.5, hspace=0.5)

plt.show()

HiHHH - Displays plots of INPEFA curves generated from input data using different
detrending methods ###H##HHHHEHH

%matplotlib inline

88



plt.figure(figsize=(10,4.5), facecolor='w', edgecolor="k')

plt.subplot(161)
plt.plot(original,-x,label='original')
plt.grid(True)

plt.minorticks_on()

plt.legend()

plt.title('GR original')

plt.subplot(162)
plt.plot(inpefa_original,-x)
plt.grid(True)
plt.minorticks_on()

plt.title('IPF original')

plt.subplot(163)
plt.plot(inpefa_dmedia,-x)
plt.grid(True)
plt.minorticks_on()

plt.title('IPF dmedia')

plt.subplot(164)
plt.plot(inpefa_dlinear,-x)
plt.grid(True)
plt.minorticks_on()

plt.title('IPF dlinear')

plt.subplot(165)
plt.plot(inpefa_dlowess_35pc,-x)
plt.grid(True)

plt.minorticks_on()

plt.title('IPF dlowess 35%')

plt.subplot(166)

plt.plot(inpefa_dlowess_5pc,-x)
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plt.grid(True)

plt.minorticks_on()

plt.title('IPF dlowess 5%')

plt.subplots_adjust(wspace=0.5, hspace=0.5)

plt.savefig(diretorio+'3CRT4_inpefa.pdf', format="pdf')

plt.show()
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Chapter 7

Concluding Remarks

This study applies an integrated framework combining cyclostratigraphy and seismic
stratigraphy to investigate the evolution of Miocene deposits in the Albacora Qilfield, Campos
Basin, Brazil, building upon the work of Santos et al. (2023). The incorporation of newly available
high-resolution seismic data, additional well-logs, and complementary analytical tools, including
INPEFA and the RGT model, enabled the expansion of the investigated area to approximately 62
km? and provided improved constraints on depositional system evolution and its associated
chronostratigraphic framework.

MTM spectral analysis identified statistically robust peaks, generally above the 95-99%
confidence levels, with frequency ratios that closely correspond to the expected astronomical
periodicities for ~14 Ma (405:125:40.6:23.5:18.8 = 21.5:6.6:5.0:2.2:1.2:1.0). Analysis of
sediment accumulation rates indicated values ranging from 30.0 cm/kyr to 45.4 cm/kyr,
consistent with the findings of Santos et al. (2023) and previous studies in the Albacora Qilfield.
These results support the interpretation of spectral bands associated with orbital forcing and
indicate a clear orbital control on sedimentation across the six analyzed well-logs.

Seismic stratigraphic analysis, supported by the RGT model, indicates a predominantly
progradational stacking pattern, with enhanced preservation concentrated in the mid-slope
domain. This is evidenced by the greater number of long-eccentricity cycles recorded in mid-
slope deposits relative to shelf and more basinward settings. This revised interpretation
substantially updates the temporal framework proposed by Santos et al. (2023), suggesting an
increase of more than 1.6 Myr in the estimated total depositional duration. The results
demonstrate that reliable estimates of depositional timescales depend on multi-well
correlations focused on intervals with higher stratigraphic preservation.

Key stratigraphic surfaces were identified by the integration of cyclostratigraphy,
seismic stratigraphy, the RGT model, and INPEFA and are recognized by the attenuation or loss
of long-eccentricity cyclicity, as evidenced by EHA, inflections in INPEFA curves, and their
correspondence with mapped seismic horizons. These surfaces are fundamental for
understanding the evolution of depositional systems, as they are associated with depositional
hiatuses and/or erosional events.

Progressive thickness increase southwards in seismic data suggests variations in
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sedimentation rates between the northern and southern sectors of the study area, which are
not expressed by cyclostratigraphic analyses (COCO and eCOCO) or by variations in orbital cycle
thickness. In addition, a pronounced increase in RMS amplitude within the RGT framework,
particularly in the interval associated with SR4 in the southern sector, suggests enhanced
sediment supply in this portion of the basin.

A clear understanding of depositional architecture and stratigraphic completeness is
fundamental for the effectiveness of cyclostratigraphy as a powerful tool for high-resolution
geological time reconstruction. For robust interpretations of astronomical signals, the
integration of multi-well datasets with seismic data is important to properly constrain
depositional patterns. The study further demonstrates that isolated well-log records are
insufficient for evaluating stratigraphic completeness, as they may only capture part of the
depositional stacking history, including progradational, retrogradational, and aggradational
trends. Furthermore, the integration of cyclostratigraphy and seismic stratigraphy reinforces the
possibility of defining isochronous surfaces at orbital resolution, highlighting how both
methodologies provide complementary information for the analysis of the depositional record

and the refinement of geological time.
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