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Abstract

The Espirito Santo onshore basin is an important hydrocarbon province on the eastern
Brazilian continental margin that accounts for almost 9% of Brazil's onshore oil
production. This study aims to understand the stratigraphy and geologic evolution of
the eastern Inhambu onshore oil field from the post-rift section (Cricaré Formation,
Mucuri Member) to the drift section (Rio Doce Formation). We interpret the main
stratigraphic surfaces and seismic facies from the basement to the upper pre-Eocene
unconformity to build a chronostratigraphic chart and identify the main transgressive
and regressive events. Lithological and geophysical logs from new wells allowed the
identification of six 3-order cycles, including four regressive and two transgressive
events. Based on these results, a new conceptual geological model for the eastern
Inhambu Oil Field is proposed.

Keywords: sismostratigraphy, chronostratigraphic chart, seismic facies, Canyon
Fazenda Cedro, Espirito Santo Basin.



Resumo

A bacia terrestre do Espirito Santo é uma importante provincia de hidrocarbonetos na
margem leste do Brasil, respondendo por quase 9% da produc¢do brasileira de petréleo
em terra. O presente trabalho teve como objetivo entender a estratigrafia e a historia
evolutiva, desde a secao pos-rifte (Formacgao Cricaré, Membro Mucuri), até a secao
drifte (Formacéo Rio Doce), de uma area a leste ao Campo de Inhambu, da Bacia do
Espirito Santo, onshore. Neste estudo, foi interpretado as principais superficies
estratigraficas: Embasamento, discordancia Intra-Mucuri, discordancia pos-rifte,
anidrita (Membro Itaunas), Canion de Fazenda Cedro, Céanion de Inhambu
(Discordancia Pré-Urucuruca — DPU) e Discordancia Pré-Eoceno Superior (DPES).
Quatro sismofacies foram identificadas, desde o embasamento até a discordancia do
Pré-Eoceno Superior. Como resultado obtido foi confeccionado uma carta de eventos
na area estudada. Adicionalmente, a interpretacdo dos pocos permitiu o
reconhecimento de seis ciclos de 32 ordem, onde foi possivel identificar 4 eventos com
carter regressivo, incluindo a superficie de maxima regressdo e dois de carater
transgressivo. Como resultado final foi realizado a atualizacdo do modelo geolégico

conceitual para a area a Leste ao campo petrolifero de Inhambu.

Palavras-chave: sismoestratigrafia, carta de eventos, sismoféacies, Céanion de

Fazenda Cedro, Bacia do Espirito Santo.
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Chapter 1

Presentation

Esta dissertacdo foi desenvolvida com os resultados da analise critica dos
processos de interpretacdo sismoestratigrafica do pacote sedimentar do
Cretaceo ao Paleogeno de uma area localizada na plataforma de Sdo Mateus,
préximo aos campos de Fazenda Alegre e Inhambu. Essa dissertacdo é
apresentada na forma de artigo cientifico. Este artigo ser4 submetido para a
revista BRAZILIAN JOURNAL OF GEOPHYSICS, apés todas as revisbes

requisitadas pela banca serem atendidas.

1.1. Dissertation Structure
As etapas realizadas para o desenvolvimento da dissertacdo foram
organizadas em seis capitulos: apresentacao, introdugéo, contexto geoldgico,

materiais e métodos, resultados e discussodes e conclusao.

No segundo capitulo é apresentada os estudos iniciais que motivaram o
trablaho proposto. No terceiro capitulo é realizada uma revisdo bibliografica
sobre o preenchimento sedimentar, estruturacéo e sistema petrolifero do Espirito
Santo, mais especificamente na parte onshore da Bacia, com enfoque sobre o0s
reservatérios turdiditicos, associados aos céanios analogos aos campos de

Inhambu e Nativo Oeste.

No quarto capitulo é detalhado o processo de interpretacdo sismica,
individualizagdo das unidades sismicas, sismofaceis, confeccdo de carta de
eventos e individualizacdo dos principais ciclos de raseamento/afogamento da

area de trabalho.

s

No quinto capitulo € apresentada os resultados da interpretacao
sismoestratigrafica das unidades mapeadas, a carta de eventos e a atualizacao
do modelo geoldgico conceitual. Por fim, no ultimo capitulo sdo apresentadas as

conclusdes obtidas através da analise critica dos resultados.



Chapter 2

Introduction

Hydrocarbon exploration in the onshore portion of the Espirito Santo Basin
began in the 1950s with the drilling of the first stratigraphic well (2-CB-1-ES).
However, the first commercial oil well was drilled almost two decades later in
1969 and resulted in the discovery of the Sdo Mateus field. With continuous
exploration in the 1970s, the Fazenda Cedro (1972) and Lagoa Parda (1979)
fields were also discovered.

In January 2018, the production from the basin was 35,051 barrels per day
(bbl/d). The onshore part of the Espirito Santo Basin contains approximately 55.7
million barrels of total reserves and 23.9 million barrels of proven reserves.
Currently, the most important fields are the Fazenda Cedro (25.5%) and Inhambu
(25.6%) fields, which account for 50% of the total onshore production (Figures 1
and 2).

The initial studies identified the sandstones of the Urucutuca Formation as
the main reservoir rocks in the area. The petroleum accumulations are located in
stratigraphic traps that are similar to the Fazenda Cedro and Fazenda Alegre
fields. The main reservoir of the Sdo Mateus Platform is the Mucuri Member of
the Mariricu Formation, which consists of Neo-Aptian fluvial-deltaic sandstones
that were deposited during a marine transgression that culminated with the
deposition of the evaporites of the Iltainas Member (Franca et al., 2007) (Figure

3).
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Figure 1: Location map of the study area, onshore Espirito Santo Basin, Brazil.

Major Production Fields

30,00

25,46 25,45

25,00
20,00
15,00
12,81
9,82
10,00 55
5,55

5,00

180 1,30 1,25 1,23
0,00 . [ | || 1

FAZENDA FAZENDA  INHAMBU CANCA FAZENDA FAZENDA FAZENDA LAGOA  SAO MATEUS  LAGOA
CEDRO ALEGRE SAO RAFAEL SANTA LUZIA SAOJORGE SURUACA PARDA

Percentage (%)
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New wells drilled in the area (see Figure 3 for locations) showed the
absence of the Urucutuca Formation reservoirs at these locations (Neves et al.,
2017). Because these were considered to be the main reservoirs in this part of
the basin, in this study, we re-interpreted seismic and well data from the Inhambu
oil field to define the main seismic units and stratigraphic surfaces with the
intention of constructing a geological model that describes the distribution of the
Inhambu Field reservoirs. We followed the definitions of Mitchum Jr. et al. (1977)
to determine the sequence boundaries, which are considered to be stratigraphic
units of genetically related sequences with relatively concordant strata that are
limited at their tops and bottoms by unconformities and their conformable

equivalents.
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Figure 3: Cross section showing the interpreted stratigraphy based on three

industry wells and the literature (Neves et al., 2017). See Figure 1 for the location.



Chapter 3

Historical Context

The Espirito Santo Basin is located on the eastern Brazilian margin and is
limited to the south by the Vitoria structural high, to the north by the Mucuri paleo-
canyon, to the west by crystalline basement and to the east by the Abrolhos
volcanic complex (Carvalho, 1965). It covers an area of approximately 41,500
km2, of which 3,000 km? is onshore. The basin stratigraphy was reviewed by
Franca et al. (2007) and includes sedimentary rocks from the early Cretaceous
to the Neogene that deposited over the Pre-Cambrian crystalline basement
(Figure 4).

The oldest sediments belonging to the Mariricu Formation and the Mucuri
Member of the Cricaré Formation were deposited from the Valanginian to the
lower Aptian during the rift phase of the basin, and they include lake deposits with
fluvial and alluvial contributions near fault borders. The upper limit of the rift
sequence is the pre-Alagoas regional unconformity at the top of the Mucuri
Member (Dias, 2005). The Cabilunas Formation represents a volcanic event
during the Eo-Cretaceous and is composed of basalts and diabases within the
lacustrine sediments of the Mariricu Formation (Gomes and Suita, 2010) (Figure
4).

The post-rift interval consists of a single Aptian sequence (Cricaré
Formation) that was deposited during quiescent tectonic conditions; it begins with

sediments from fluvio-deltaic to sabka environments of the Mucuri Member and



ends with evaporites (mostly halite and anhydrite) deposited in a restricted
environment that correspond to the Itainas Member.

The drift sequence is represented by the Albian S&o Mateus Formation
sandstones and by the Regéncia Formation carbonates, which were deposited in
shallow marine environments. At the end of the Albian, a regional unconformity
(pre-Urucutuca unconformity- PUU) eroded the Regéncia and Fazenda Cedro
paleocanyons. A rapid subsidence and drowning of the Regéncia carbonate
platform began in the Cenomanian and peaked during the Turonian with the
deposition of the deep-water shales and turbidites of the basal Urucutuca
Formation. In the onshore portion of the basin, the basal Urucutuca Formation
shales are restricted to the intervening canyons. The Regéncia carbonates are
partially preserved on two platforms, the Sdo Mateus Platform and the Regéncia
Platform, which were continuously covered by the Urucutuca shales (Figure 3).
The study area is located on the S&o Mateus Platform at the northern edge of the
Fazenda Cedro Canyon (Figure 5).

During the Paleogene, the Espirito Santo Basin experienced increased
siliciclastic and carbonate sedimentation rates following the tectonic reactivation
of the southeastern Brazilian margin. This reactivation resulted in the formation
of the southeastern Brazil coastal ranges (Serra do Mar) and was followed by
expressive volcanic events. The Abrolhos Volcanic Complex in the Espirito Santo
Basin (Figure 5) is the expression of this regional reactivation, which has been
dated at 62 to 37 Ma (Franca et al., 2007). A mixed siliciclastic-carbonate shelf
developed on the shallow margin starting in the Meso-Eocene, which is
represented by the Rio Doce Formation (proximal shelf siliciclastics) and the

Caravelas Formation (distal shelf carbonates).
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Figure 5: A) Location map of the study area; B) geological cross section showing

the main rift structures, sedimentary units and morpho-sedimentary provinces.

The main source rocks in the onshore portion of the Espirito Santo Basin
are the lacustrine shales of the upper rift sequence (Sernambi Member of the
Cricaré Formation). Other potential source rocks are the black shale layers
associated with the evaporites of the Mariricu Formation. Migration may have
occurred along fault planes in the rift section, along unconformity surfaces or by
direct contact between the source rocks and the reservoirs. The reservoir rocks
are located in the rift phase (Mucuri Formation), post-rift phase (Mariricu Member)
and drift phase (Urucutuca Formation) sediments and are widely distributed
throughout the basin.

The traps identified on the onshore Espirito Santo Basin are diverse.
Horsts, grabens and tilted blocks are common in the rift section and form
structural traps on the S&o Mateus Platform. Structural, stratigraphic and
combination traps are present in the drift section. Structural and combination

traps related to rollovers and listric faults are located in the Regéncia platform.



Stratigraphic traps and reservoirs related to turbidites that are truncated against

canyon walls are the main traps and reservoirs in the onshore basin (Figure 6).
The evaporites of the Itainas Member (Mariricu Formation) are the seals

of the oldest reservoirs. The shales of the Urucutuca Formation are the main seal

in the basin, especially for the drift section reservoirs.

(i)

Anhydnte .

Figure 6: Common hydrocarbon traps in the Espirito Santo Basin. (i) Structural
traps within the rift section that are sealed by evaporites; (ii) combination
structural and stratigraphic traps in carbonate reservoirs that are in erosional
contact with shales; (iii) turbidite reservoirs that are erosionally truncated by

canyons.



Chapter 4

Methods

This study is based on the interpretation of 3D seismic data, well logs and
descriptions from three wells drilled in the vicinity of the Inhambui Field. The
seismic reflection survey covers an area of approximately 50 kmz2, has a
maximum penetration of 5 seconds two-way travel time (TWTT), and covers all
of the Inhambu and Nativo Oeste oil fields (Figure 7). The inline and crossline
spacings are 12.5m and 50m, respectively; the inlines are oriented north-south,
and the crosslines are oriented east-west. In both fields, the main Cretaceous
reservoir rocks are located in channels sealed by shales of the Urucutuca
Formation. Wells 1-CW-1-ES, 1CW-2-ES and 1-CW-3-ES are located on the
northeastern corner of the 3D block, approximately 1.1 km from the limits of the
Inhambu Field. Wells 1-CW-1-ES and 1CW-2-ES reached the crystalline
basement at depths of 1300 m and 1396.8 m, respectively.

The interpretation of the seismic data initially consisted of the identification
of the main depositional sequences related to the evolutionary stages established
in the stratigraphic chart of Franca et al. (2007). The main horizons mapped
correspond to the top of the basement; the intra-Mucuri unconformity; the post-
rift unconformity (end of the post-rift phase); the base and top of the evaporites
(Itainas Member); the pre-Urucutuca unconformity (Albian-Cenomanian); and
the upper Eocene unconformity (base of the Rio Doce Formation). Structural

maps were generated in TWTT for each of these horizons.
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After detailed analyses of the lithologies and gamma-ray logs, the main
3"d-order depositional sequences were identified and tied to the seismic data.
These sequences were separated by erosion and/or exposure surfaces,

maximum flooding surfaces (MFS) and maximum regressive surfaces (MRS).
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The internal seismic facies were used regionally to aid in the seismic
interpretation. This information was used to update the final geological model and
to generate a chart of events indicating the critical times of the petroleum system
elements and processes in the Inhambu oil field. Figure 8 shows a detailed

flowchart of the work.

[ Well ] [ Seismic J
N Well s :
Depgs|t|ona| Interpretation Seismic (Re)Interpretaion
History

Shalowing / Drowing Seismic Attributes
Cycles Analysis

Seismic Units
Identification

Seismofacies Analysis

System Tract Chronstratigraphic Chart

Geological Model
Update

Figure 8: Flow chart of the work.
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Chapter 5

Results and Discussions

The top of basement was encountered in wells 1-CW-1-ES e 1-CW-2-ES
and is represented by undefined metamorphic rocks. Above the basement, the
post-rift sandstones and shales of the Mariricu Formation are the deepest
sedimentary units drilled. The Mucuri Member lithologies are 314 to 342 m thick.
The top of the Mariricu Formation is well defined in all three wells and is
represented by the Itainas Member anhydrites, which are an average of 40 m
thick. These evaporites are clearly recognized in the seismic reflection data due
to their high acoustic impedance contrast. Above the salt, the Sdo Mateus
Formation is represented by thick sandstone layers that are covered by thin
intervals of the Urucutuca Formation shales, which decrease in thickness from
SW to NE; this makes them difficult to identify in wells and seismic data (Figure
9).

Figure 10 shows a seismic section oriented in the dip direction (W to E).
The interpreted seismic section illustrates the main horizons and depositional
sequences identified in this study. The basement dips to the east from 600 ms to
1200 ms (two-way travel time) and is cut by normal faults that also affect the post-
rift sequence. Most of the normal faults were active only in the initial post-rift
phase and do not offset the intra-Mucuri unconformity, which was regionally

mapped inside the post-rift sequence.

13
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Figure 9: A) Synthetic seismogram of well 1-CW-1-ES and well tops; B) inline 191
in time and well 1-CW-1-ES; C) expanded area of the well showing the well ties

and seismic with well picks.
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A basement high, which is controlled by normal faults, is located near the
center of the seismic section, and the seismic reflectors pinch out against this
basement high. The pre-Urucutuca unconformity (PUU) is a prominent erosional
surface that dissects two deep canyons with nearly 200 ms of local relief. From
west to east, these canyons are the Inhambld and Fazenda Cedro Canyons,
which are separated by the basement high. The sedimentary infilling of the
canyons was followed by another erosional phase that is represented by the
upper Eocene unconformity (UEU) (Figure 10).

These horizons and erosional unconformities bound six seismic-
stratigraphic units: 1) the initial post-rift unit from the basement to the intra-Mucuri
unconformity, Il) the lower transitional unit from the intra-Mucuri unconformity to
the top of the post-rift sediments (base of the Itaunas Member), Ill) the upper
transitional unit, which corresponds to the Italtnas Member evaporites, 1V) the
lower drift unit, which extends from the top of the Italinas Member to the pre-
Urucutuca unconformity, V) the intermediate drift unit between the pre-Urucutuca
and the upper pre-Eocene unconformities, and VI) the unit above the upper pre-
Eocene unconformity (Figure 10). These units generally correspond to
depositional sequences related to the evolutionary stages established in the

stratigraphic chart of Franga et al. (2007).
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The interpretation of the well logs allowed the identification of 3"-order
cycles and system tracts (Figure 11). Four regressive and two transgressive 3-
order cycles were identified above the basement. The first regressive to
transgressive system tract is located in the Mariricu Formation and is limited by a
maximum flooding surface inside the Mucuri Member (Figure 11). The Itainas
Member anhydrites are a distinct stratigraphic marker in wells 1-CW-1-ES, 1CW-
2-ES and 1-CW-3-ES, which records deposition during the transitional phase in
a quiescent tectonic environment. During the deposition of the Itainas Member,
an arid climate and excessive evaporation caused the deposition of the
anhydrites in a very shallow lake, which characterizes a second regressive
system tract ending at a maximum regressive surface (MRS) on top of the Itatinas
Member (Figure 11). This surface corresponds to the climax of arid conditions.
The third regressive to transgressive third-order cycle includes all of the Séo
Mateus and Urucutuca formations and most of the Rio Doce Formation. The
Urucutuca Formation is very thin in wells 1-CW-1-ES and 1-CW-2-ES and is
absent in well 1-CW-3-ES. The transition from regressive to transgressive
conditions is indicated by the increasing gamma-ray values (Figure 11). The
fourth and last regressive sequence is located at the tops of the wells within the
Rio Doce Formation, and it is clearly recognized by the decreasing gamma-ray

counts (Figure 11).
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The structural maps in Figure 12 show the two-way travel times (TWTTS)
to the main horizons and unconformities. The upper Eocene unconformity (UEU)
structural map reveals a homoclinal slope dipping gently to the southeast (Figure
12 a). The pre-Urucutuca unconformity (PUU) isochron grid reveals the Inhambu
(Figure 12 b) and Fazenda Cedro (Figure 12 c) canyons with well-defined N-S-
oriented thalwegs. The isochron maps to the top of the Itainas Member and to
the post-rift unconformity are slightly different (Figures 12 d and e). The Itaunas
Member was eroded away by PUU in the Inhambu Canyon area, but it is still
present under Fazenda Cedro Canyon (Figure 12 d). The top of the intra-Mucuri
unconformity was also partially eroded by Fazenda Cedro Canyon (Figure 12 f)
and has a NE-SW hinge at greater depths (from -900 to -1100 ms). The isochron
map to the top of the basement reveals the same NE-SW structural hinge at
greater depths (Figure 12 g), which is controlled by the basement high shown in
the seismic sections (Figures 10 and 13). Only small normal faults displace the
intra-Mariricu unconformity (Figure 13), which indicates a relative quiescent
tectonic environment that is analogous to the SAG phase of the Campos and
Santos Basins, which culminated with the deposition of evaporites (Italinas

Member).
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Figure 12: Structural isochron maps (TWTT) of the main interpreted horizons and
A) Upper
unconformity in the Inhambu Canyon area; C) pre-Urucutuca unconformity in
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Fazenda Cedro Canyon; D) top of the Itainas Member evaporites.; E) post-rift
unconformity; F) intra-Mucuri unconformity; G) basement.
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Figure 13: a) Unflattened seismic data; b) seismic data flattened on the intra-
Mucuri horizon (depositional lows are highlighted in green, and the structural

paleo-highs highlighted in red).

We identified four seismic facies with different seismic patterns (Figure 14).
These seismic facies were recognized within the mapped stratigraphic
sequences, including the basement (pre-Cambrian), intra-Mucuri, top of the post-
rift sequence, base of salt (anhydrite), pre-Urucutuca and upper pre-Eocene
unconformity.

The basement is characterized by chaotic reflections (seismic facies “A”).

Seismic facies “B” is located within the post-rift sequence and contains divergent
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and hummocky reflectors that are semi-continuous with low to medium
amplitudes. We interpreted this section to be the result of fan delta progradation.

The upper sequence of the Mariricu Member and the Itainas Member
anhydrites are characterized by seismic facies “C”, which contains high
amplitude, low frequency reflectors with subparallel to parallel configurations and
a wedge-shaped geometry. This seismic facies was deposited non-conformably
on the underlying strata.

Seismic facies “D” is characterized by sub-parallel, divergent, oblique to
tangential and hummocky reflectors with medium to high frequencies and low to
high amplitudes. This unit was truncated by the pre-Urucutuca unconformity
during the excavation of the early Cretaceous canyons (Figure 14).

The infilling of the canyons above the pre-Urucutuca unconformity is again
represented by seismic facies “B”, which contains onlapping and subparallel low
to medium amplitude reflectors (Figure 14).

The uppermost seismic units are characterized by parallel to sub-parallel,
continuous, high-frequency reflectors with medium to high amplitudes (seismic

facies “C”).
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The chronostratigraphic chart of events (Figure 15) includes 37 relative
time events that explain the depositional history of the basin and the tectonic and
sedimentary factors that controlled sedimentation. The faults that deform the
post-rift section were interpreted as reactivated rift faults because no growth
section was observed. The basal section is represented by the Mariricu
Formation (Mucuri Member), which was deposited during the Lower and Middle
Aptian and reached its maximum extent during relative time T6.

Above the intra-Mucuri unconformity, the absence of faults and the tabular
nature of the reflectors with few variations of seismic thickness indicate a calm
tectonic environment. A marine transgression was followed by a regression,
which culminated with the precipitation of anhydrites in an evaporitic environment
(lower Aptian).

After the evaporitic phase, the Sao Mateus platform contains a
predominance of sandstones and shales of the S&o Mateus Formation. These
onlap onto the surface of the Itainas Member, are thicker to the north, and were
completely eroded away to the west by the Inhambl and Fazenda Cedro
paleocanyons. The pre-Urucutuca unconformity marks the bases of the canyons
that were filled during the basin’s thermal subsidence by shales of the Urucutuca
Formation. We interpreted a maximum flooding surface at the top of this section
(relative time T27 in Figure 15 C).

The upper pre-Eocene unconformity can be associated with tectonic uplift
during the Serra do Mar uplift and Abrolhos volcanism, which controlled the
distribution of sands from the northwest during the Lower Oligocene. The Rio
Doce Formation was deposited in a predominantly regressive tract starting in the

upper Eocene.
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Based on the information from wells 1-CW-1-ES, 1CW-2-ES and 1CW-3-
ES and the seismic interpretation, a new geological model is proposed, which
shows that the Cretaceous canyons did not exist in the northern part of the study
area (Figure 16). This model is different from the previous model (Figure 3) and
significantly changes the interpretation of the basin’s stratigraphy in the study
area. This model will have a significant impact on exploration when considering
the importance of the Urucutuca and S&o Mateus Formation sandstone reservoirs
in the Espirito Santo Basin. The main reservoirs on the Sdo Mateus Platform are
not the Urucutuca Formation sandstones. In addition, the Mariricu Formation
fluvial sandstones may be considered the main reservoirs in the northeastern

portion of the Espirito Santo Basin.
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Figure 16: New geological model based on the well and seismostratigraphic

studies.
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Chapter 6

Conclusions

We developed a regional tectonic-stratigraphic framework in the eastern
part of the Inhambu Field, Espirito Santo Basin. The structural contour and
isochron maps, which are both in time (TWTT), show significant changes in the
basal and intermediate parts of the post-rift section (Mariricu Member) without
syntectonic deformation. The Inhambi and Fazenda Cedro canyons did not
erode the eastern part of the basin, where the S&do Mateus sandstones and
shales are still preserved. The seismic interpretation allowed the definition of 34
seismic events that are summarized in a chronostratigraphic chart of events. A
new geological model is proposed, which reduces exploratory uncertainties for
the drilling of new wells. Previous models identified the sandstones of the
Urucutuca Formation as the main reservoir rocks and petroleum accumulations
in stratigraphic traps, such as the Fazenda Cedro and Fazenda Alegre fields. This
study demonstrates that the main reservoir unit on the Sdo Mateus Platform is
the Mucuri Member, which consists of neo-Aptian fluvial-deltaic sandstones that
were deposited during the marine transgression and subsequent regression that

culminated with the deposition of the Itainas Member anhydrites.
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