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RESUMO

Zonas de falha acomodam a deformacdo de forma complexa, apresentando-se com
diferentes geometrias, gerando variados tipos de estruturas secundarias e alterando
parametros petrofisicos de rochas hospedeiras. Em uma perspectiva de exploracdo de
reservatérios siliciclasticos de hidrocarbonetos, a compreensdo da complexidade de
zonas de falha é necesséria, uma vez que essas estruturas alteram volumes de rocha
influenciando assim no fluxo de fluidos. No desafio de entender essas estruturas faz
necessario o uso de metodologias convencionais, proporcionando relagdes com o
arcabouco estrutural da bacia, assim como compreendendo a deformac&o de uma zona
de falha desde a escala de afloramento, onde € possivel observar estruturas secundarias
como bandas de deformacdo. Nessa pesquisa, foram investigadas zonas de falhas na
Bacia Rio do Peixe em escala de afloramento, entendendo a influéncia mecéanico-
estratigrafica das bandas de deformacdo, e também foi realizada a deteccdo e
caracterizacao de falhas de forma automatica através de dados de sismica de reflexao.
Para isso, foram combinados dados estruturais, sedimentologicos e petrofisicos para
analisar as propriedades geomecanicas das rochas, e caracterizar a alteracdo nas
propriedades petrofisicas das rochas gerada por bandas de deformacé&o. Ainda, foram
utilizados dados sismicos para a deteccdo automéatica de falhas através de atributos
sismicos e técnica de aprendizagem profunda de maquina. Nossos resultados mostram
a influéncia mecanico-estratigrafica de bandas deformacdo em uma zona de falha que
indicam mesma tendéncia regional de direcdo NE-SW, E-W e NW-SE, gerando
alteracbes evidenciadas por nossos modelos em parametros petrofisicos como
porosidade, permeabilidade, modulo de Young e razdo de Poisson. As bandas de
deformacdo transpassam as camadas sedimentares sem estarem condicionada a
espessura dessas, variando parametros estruturais como frequéncia, mergulho,
geometria e espessura de bandas. Em relacdo as analises de zona de falha em macro
escala, nossos resultados demonstram uma comparagdo entre atributos sismicos e
aprendizagem profunda (DNN), na qual o DNN é mais bem sucedido na deteccdo de
falhas, identificando seus segmentos subsidiarios com maior variacdo de direcao e

guantidade de falhas menores. Atributos sismicos se mostram condicionados ao ruido
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no dado sismico. Ainda, interpretamos e mapeamos uma nova falha, que esta alinhada

paralela a Falha Malta de diregdo E-W, com uma estrutura em flor negativa central.

Palavras-chave: Estratigrafia Mecanica, Bandas de Deformacdo; Propriedades
Petrofisicas; Atributos Sismicos; Machine Learning; Detec¢cdo Automatica; Bacia Rio do

Peixe.
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ABSTRACT
Fault zones accommodate deformation in a complex pattern, presenting themselves with
different geometries, types of secondary structures, and changing the petrophysical
parameters of host rocks. From a perspective of exploration of siliciclastic hydrocarbon
reservoirs, understanding the complexity of fault zones has become fundamental, since
these structures alter rock volumes, thus influencing fluid flow. The challenge of
understanding these structures requires the use of conventional methodologies, providing
relationships with the structural framework of the basin, as well as understanding the
deformation of a fault zone from the outcrop scale, where it is possible to observe
secondary structures such as deformation bands. In this research, fault zones in the Rio
do Peixe Basin were investigated at the outcrop scale, understanding the mechanical-
stratigraphic influence of deformation bands, and fault detection and characterization
were also performed automatically using reflection seismic data. For this, structural,
sedimentological and petrophysical data were combined to analyze mechanically the rock
layers, and to characterize the deformation generated by deformation bands. Also,
seismic data were used for automatic fault detection through seismic attributes and deep
learning. Our results show the mechanical-stratigraphic influence of deformation bands
in a fault zone that indicate the same regional trend of NE-SW, E-W and NW-SE direction,
generating changes evidenced by our models in petrophysical parameters such as
porosity, permeability, Young's modulus and Poisson's ratio. The deformation bands
cross the sedimentary layers without being conditioned to their thickness, varying
structural parameters such as frequency, dip, geometry and thickness of the bands. Our
results also demonstrate the comparison between seismic attributes and deep learning
(DNN), in which DNN is more successful in detecting faults, identifying their subsidiary
segments with more strikes variation and number of minor faults. Seismic attributes are
shown to be conditional on noise in the seismic data. Furthermore, we interpreted and
mapped a new fault, which is aligned parallel to Fault Malta of E-W direction, with a central

negative flower structure.

Keywords: Mechanical Stratigraphy; Deformation Bands; Petrophysical Properties;

Seismic Attributes; Machine Learning; Automatic Detection; Rio do Peixe Basin.
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arquiteturais, representadas a zona de dano, nucleo de falha e rocha
hospedeira (modificado de Choi et al., 2016).

Figura 4 - Classificacdo cinematica de bandas de deformacéo, descrita por
Fossen et al., 2007.

Figura 5 — llustracdo evidenciando a propagacédo da deformacéo através das
camadas sedimentares, destacando a unidade e interface mecanica.
Modificado de Cooke et al, 2006.

Figura 6 - Classificacdo dos atributos sismicos por Brown, 1996. Traducdo
retirada de Maul, 2005.

Figura 7 — Exemplos de atributos sismicos aplicados com objetivo de revelar
falhas, publicados em trabalhos recentes.

Figura 8 - Aplicacdo do atributo sismico coherence para destacar fei¢cdes
geoldgicas em dados sismica de reflexdo (modificado de Chopra e Marfurt,
2007).

CAPITULO 4

Artigo 1

Figure 1 — (A) Geological map of the RPB with the studied outcrop location. (B)
Drone Image of the outcrop. The red rectangle corresponds to the mapped
area, and the dashed yellow line corresponds to the vertical wall of the outcrop
shown in Fig. 2A.

Figure 2 — (A) Vertical wall with sedimentary unit limits indicated by white
dashed lines. The yellow dashed line indicates the main normal dextral fault.
On the right side, a schematic grain size range for each unit. Photos of each
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bed (B), (C), (D), and (E), and their respective microscopic features (F), (G),
(H), and (I). (B) Unit 1 (yellow circle in Fig. 2A) is a fine sandstone with
deformation bands. (C) Unit 2 (red circle in Fig. 2A) is a massif pebbly
sandstone with vug porosity. (D) Unit 3 (green circle in Fig. 2A) is a very fine
sandstone with a planar bedding stratification. (E) Unit 4 (blue circle in Fig. 2A)
is a matrix-supported pebble sandstone with deformation bands. (F)
Microscopic view of unit 1 with changes in porous space between K-feldspar
grains in the host rock. This change is marked by variation from open to tight
package (boundary of deformation band indicated by the red dotted line). (G)
Microscopic view of unit 2, the red dotted area indicates carbonate cement
between the K-feldspar grains. (H) Microscopic view of unit 3 showing
muscovite grain between the K-feldspar grains. (I) Microscopic view of unit 4
showing a moldic porosity in a K-feldspar grain. DB: Deformation Band, IB:
Interspace area between Bands, Po: Porosity, SO: Bedding, Kp: K-feldspar,
Cm: Carbonate cement, Msc — Muscovite.

Figure 3 — (A) Central area from the vertical wall (see Fig. 2A for detailed
location). (B) Line drawing of (A) showing the stratigraphic unit 3 brittle-ductile
behavior. The yellow dotted line indicates the main fault, and the black dotted
lines indicate the sedimentary unit limits. The main fault slickenlines are shown
in (C) and (D).

Figure 4 — (A) Structural map of the studied outcrop using the drone image with
deformation bands and the normal basin border fault. The strikes of the mapped
structures are shown in equal-area lower hemisphere stereographic
projections. The red lines comprise the scanline locations. (B) Scanlines that
we measured at each unit across the main fault. PSC-1 and PSC-3 were
measured on the upper and lower floor, respectively, while the PSC-2 was
measured in the vertical wall. The frequency of deformation bands increases
near the main fault. Key: SF? — Possible Secondary Fault; SF — Secondary
Fault.

Figure 5 — Strike and dip behavior of deformation bands: (A) View of the vertical
wall with layers, fault, and location of scanlines. (B) Rose diagrams of
deformation band strike from the hangingwall (HW) and footwall (FW) (key: blue
— unit 4, green — unit 3, red — unit 2, yellow — unit 1; N — number of
measurements). (C) Diagrams of dip vs. the number of deformation bands (key
— same colors used in (B). Also, the UCS analysis points were measured in the
dashed areas.

Figure 6 — Photos of the contacts between the units in the left column; lining
drawings of the deformation bands and layer boundaries (red dashed line) in
the central column; (A) Deformation bands crossing units 4 and 3. The
thickness and the dip vary. (B) Deformation bands crossing units 3 and 2. The
deformation bands in unit 3 exhibit a closed anastomosed pattern with a density
of bands higher than unit 2. (C) Deformation bands crossing units 2 and 1.
There is a continuous anastomosed pattern, but it is more closed and with more
deformation bands in unit 1. (D) Deformation Bands Thickness from the
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horizontal scanlines performed in units 1, 2, and 4 are in the right column
(thickness in millimeters). Fig. 2A provides photo locations, and Fig. 4A the
scanlines locations. n: number of plugs, x: medium value, o: standard deviation,
M: average

Figure 7 — Bar graphs representing the average Uniaxial Compressive Strength
— UCS: (A) The average values measured at each unit on the deformation
bands (DB) and in the interspace area between bands (IB). (B) Comparison of
the UCS average values measured in units 3 and 4 in the hangingwall and
footwall. Ul: Unit 1; U2: Unit 2; U3: Unit 3; U4: Unit 4; x: medium value; o:
standard deviation; y: average.

Figure 8 — Result of petrophysical properties (porosity, permeability, Poisson’s
ratio, and Young’'s modulus) measured in plugs of each sedimentary unit with
deformation bands —. N: number of plugs, Md: median, x: medium value, o:
standard deviation, p: average.

Figure 9 — GHE classification to the 14 plugs from the four sedimentary units.
The GHE limits were defined by the Flow Zone Indicator (FZI) parameter. Units
1, 2, 3, and 4 are represented to the point with colors yellow, red, green, and
blue, respectively.

Figure 10 — The 3D model of the outcrop: (A) Digital Terrain Model (DTM) where
the petrophysical data were collected (dotted area in red). The main fault is
drawn in the white dashed line. (B) Drone view of the outcrop showing the
modeled area. (C) Part of the outcrop where we collected the plugs in each
layer (layer boundaries dashed in black), modeled and represented in (D), (E),
and (F). (D) The 3D model with topography data and layers. (E) Permeability
model. (F) Porosity model.

Figure 11 — Mechanical units compare the layer's mechanical behavior and the
average parameters as deformation bands frequency, thickness, geometry,
and Uniaxial Compressive Strength. DB: Deformation Bands, IB: Interspaces
of Deformation bands.

Figure 12 — 3D outcrop model shows the relationship between the deformation
bands and layers. The mechanical units are defined with all structural,
sedimentary, and physical parameters described in the right column. The
graphics compare the density of deformation bands to Young's modulus,
porosity, unit thickness, grain size, and UCS interspace between bands
average values for each layer. Each color indicates the different layers
described in our study. n: number of deformation bands/9 meters, ®: average
porosity, E: average Young’'s modulus; v: average Poisson ratio; y: average
permeability.
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CAPITULO 4
Artigo 2

Figure 1 — (A) Geological map of the RPB (adapted from Francolin et al., 1994,
Medeiros et al., 2005; Vasconcelos et al.,, 2021; Ramos et al.,, 2022) (B)
Location of the 3D seismic survey (dashed red rectangle). (C) Stratigraphic
chart of RPB (modified from Rapozo et al., 2022; Ramos et al., 2022). Basin
and subbasins: 1B, Icozinho; BFSB, Brejo das Freiras; SSB, Sousa; PSB,
Pombal. Shear zones: PASZ, Portalegre; PSZ, Patos. SSF. Faults: Sitio Sagui;
MF, Malta; PAF, Portalegre; LFF, Lagoa do Forno; RPF, Rio Piranhas.

Figure 2 — (A) Time slice (280 ms) together with (B) similarity, (C) variance, (D)
fault enhancement, (E) ant tracking, revealing the faults, highlighted for the
most positive values in color tables (using 60 Hz frequency as input).

Figure 3 — (A) Time slice (420 ms) together with (B) similarity, (C) variance, (D)
fault enhancement (E) ant tracking, revealing the fault traces, featured in the
most positive values in the color tables.

Figure 4 — (A) Seismic data showing time slices (B) 280 and (D) 420 ms, and
(C) and (E from the DNN model.

Figure 5 — (A) Seismic cube showing time slice, (B) time slice 232 ms and with
inlines (99 and 239, (C) time slice 532 ms combined with inlines (99 and 239)
together with results from the DNN model revealing the faults geometry in 3D
structures' faults and the 3D geometry.

Figure 6 — Comparison between application of seismic attributes and DNN: (A)
location of the time slice (420 ms) combined with inline and cross line (102 and
349, respectively); (B) Seismic data visualization with positive ant tracking; (C)
Fault model from DNN revealing the fault traces combined with seismic data.
The right columns in (A), (B), and (C) represent details of the left column.

Figure 7 — Comparison between DNN and Ant tracking fault traces applied on
(A) seismic cube; (B) Example of a seismic profile to show the comparison
between (C), 3D fault model from DNN, and (D), the ant tracking seismic
attribute. The most positive answer shows the ant tracking discontinuities
marked in the color table.

Figure 8 — Comparison between results of seismic attributes and DNN and (A)
location of the time slice (532 ms) combined to inline and cross line (109 and
409, respectively). (B) Seismic data visualization with positive ant tracking. (C)
Fault results from DNN model revealing the fault traces displayed with seismic
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data. The right columns in (A), (B), and (C) represent zoomed in of the left
column.

Figure 9 — Example of detected fault using the DNN results (A) in time slice
(232 ms) combined with inline (102) exhibiting a flower structure geometry near
the surface; (B) time slice (232 ms) with inline (102) ing the E—-W-striking fault;
(C) time slice (532 ms) combined with inline (102) and the detected fault.

Figure 10 — A kinematic analysis of the fault revealed by the DNN: (A) 3D
perspective of the structure; (B) a seismic profile (102); (C) a time slice (532
ms) with fault trace; (D) zoom of (C) on map view shows the dextral fault; (E)
zoom of (B) the same detected fault with a normal vertical movement, geometry
of the negative flower structure and its segments.

Figure 11 — The figure shows a combination of the 3D fault model from DNN
and the seismic data: (A) fault traces on seismic profiles are part of the same
fault (A-A’ and F-F’ seismic profiles); the fault splays between these segments
as conjugate pairs (B-B’, D-D’ and E-E’ seismic profiles). A negative flower
structure was detected at the center of the fault (C-C’). (B) Map view of the fault
at different depths. The locations of the seismic profiles are indicated in Fig.
12B.

Figure 12 — The 3D fault model analysis and the seismic data used to interpret
the fault: (A) a 3D perspective showing the fault geometry and its size variation
in depth; (B) its projection on map view with the kinematics; (C) the map view
shows the fault with its kinematics and the fault trace used to interpret normal
vertical movement. Time slices present fault segments migrating at depth with
dextral movement and a central negative flower structure.
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1 Introducéo
1.1 Apresentagéo

A presente Tese de Doutorado € parte dos requisitos para a obtencdo da
titulacdo em Doutor(a) em Geodinamica e Geofisica, o qual € conferido pelo Programa
de P6s Graduacdo em Geodinamica e Geofisica (PPGG) da Universidade Federal do
Rio Grande do Norte (UFRN). Com esse estudo, pretendeu-se compreender, detectar e
caracterizar falhas e suas feicbes geométricas na Bacia Rio do Peixe (BRP), sendo esse
contexto anélogo de reservatorios siliciclasticos de hidrocarbonetos.

A presente pesquisa tem um carater multidiciplinar correlacionando varias
metodologias objetivando a caracterizagdo geométrica de falhas em diferentes escalas
na BRP. A aplicacao dessas metodologias teve o apoio financeiro e logistico do projeto
“‘Bandas de deformacao Rio do Peixe (DEBRIP): anadlise multiescalar e geragéao de banco
de dados geofisicos, modelagem e simulagdo numérica”, financiado pela PETROBRAS
e executado pela Universidade Federal de Campina Grande (UFCG), tendo colaboracéao
da Universidade Federal do Rio Grande do Norte (UFRN). Parte da pesquisa com
enfoque em deteccédo de falhas através de apredizagem de maquina foi financiada pela
Nasjonal Forskerskole i Petroleumsfag (NFiP) — Petroleum Reseach School of Norway
em parceria com a Universidade de Oslo (UiO). Essa pesquisa foi desenvolvida sob a
orientacdo do Prof. Dr. Francisco Hilario Rego Bezerra e coorientacdo do Prof. Dr.
Francisco Cézar Costa Nogueira, o qual também € o coordenador do projeto DEBRIP

gue apoiou os trabalhos do presente doutoramento através da bolsa-auxilio.



Tese de Doutorado — Oliveira, L. S. B., 2022 Capitulo 1

1.2 Estrutura da Tese

A presente tese se estrutura em cinco capitulos, nos quais serdo apresentados
os resultados, metodologias e discussdes desta pesquisa nha forma de artigos cientificos
redigidos e em processo de submissdo em peridédicos internacionais. Com isso,
apresenta-se a tese, seus objetivos, justificativas, localizacdo da area de estudo e base
de dados no presente Capitulo 1 (Introducéo). Este capitulo introdutério tem como
finalidade de apresentar o leitor em relacdo a area de estudo, as especificidades das
justificativas e lacunas cientificas, assim como, aos objetivos propostos e suas

contribui¢cdes para com a comunidade cientifica.

Seguindo o modelo de estrutura descrito anteriormente, o Capitulo 2 (Contexto
Geoldgico) aborda os principais temas acerca do arcaboucgo estrutural, formacdes
litoestratigraficas e evolugado tectbnica da Bacia Rio do Peixe. Além disso, séo discutidas
mais objetivamente caracteristicas e contribui¢cdes cientificas recentes sobre bandas de
deformacgédo, uma vez que essas estruturas sao alvo desta pesquisa e estdo presentes

na area de estudo.

No Capitulo 3 (Referencial Teorico), serdo apresentados brevemente o0s
conceitos e definicdes acerca dos temas que embasam a caracterizagcdo de zonas de
falhas em diferentes escalas, se dividindo em zona de falha, estratigrafia mecéanica e

atributos sismicos na deteccéo de falhas utilizando dados de sismica de reflexao 3D.

No Capitulo 4 (Resultados), sdo apresentados os resultados em forma de
manuscritos redigidos durante o tempo de doutoramento. O primeiro manuscrito tem

como titulo “Mechanical Stratigraphy Influences Deformation Band Pattern in Arkosic
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Sandstones, Rio do Peixe Basin, Brazil”, e foi publicado no periddico Journal of Structural
Geology em 4 de Janeiro de 2022. Em seguida, é apresentado o manuscrito “Automatic
3D fault detection and characterization — a comparison between seismic attribute
methods and deep learning”, o qual foi submetido no dia 15 de fevereiro de 2023 no
periddico Interpretation, onde encontra-se em fase de revisédo até o presente momento

de confeccao desta Tese.

No Capitulo 5 (Conclusbes), sdo apresentados em sintese as principais
conclusbes de ambos artigos e suas contribuicbes para o entendimento da
caracterizacdo estrutural de falhas na Bacia Rio do Peixe através de dados de

afloramento e sismica de reflexao.

1.3 Justificativas e Objetivos

Reservatérios siliciclasticos falhados apresentam uma grande variedade de
controles em relacdo a essas estruturas, 0s quais precisam ser caracterizados e
descritos para que assim possam ser compreendidos estes reservatérios e,
posteriormente, modelados. Contudo, as falhas podem apresentar um complexo padréo
de distribuicdo das suas estruturas secundarias, tais como falhas menores, juntas,
fraturas, bandas de deformacao (Caine et al., 1996; Fossen et al., 2007). Além disso
zonas de falhas também apresentam complexidade em relagdo a sua geometria (Nicol
et al., 1995; Admasu et al., 2006; Gui et al., 2021), e quantificacdo de parametros como
espessura, abertura e orientagdo, tornando assim a caracterizacdo destes sistemas

muito onerosa em termos de uma analise geométrica convencional.
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A presenca de estruturas tectbnicas pode favorecer o acimulo e/ou servir como
condutos no carreamento de fluidos, como hidrocarbonetos, os quais podem migrar ao
longo destas estruturas formadas (e.g., Berndt, 2005; Ligtenberg, 2005; Hustoft et al.,
2007; Kluesner and Brothers, 2016). Zonas de falha podem gerar na rocha hospedeira
espacos vazios como fraturas secas, que podem atuar como condutos de fluxo e
potencializar zonas de alta permeabilidade (Pontes et al., 2020), agindo como caminhos
de preferéncia para fluxos gerados nessas rochas (Bezerra et al., 2007). Assim como, a
presenca de falhas também pode gerar estruturas como bandas de deformacéo,
podendo ser oriundas do processo de cisalhamento e cominui¢do/cataclase de gréos
(Nogueira et al., 2021), e até recristalizacdo de minerais e/ou foliacdo ao longo dessas
estruturas rupteis (Nicchio et al., 2018). Com isso, essas estruturas se mostram ainda
mais complexas ao atuarem como barreiras na migracao de fluxos e até condutos em
outros casos (Medeiros et al., 2010). Apesar do largo avanco nas caracterizacdes
estruturais de bandas de deformacé&o, ndo tém sido totalmente elucidados os parametros
mecanico-estratigraficos e quais os impactos da presenca dessas estruturas em
reservatérios petroliferos. A estratigrafia mecéanica que investiga a relacdo entre a
reologia das camadas sedimentares e a intensidade de fraturas (e.g., Mcquillan, 1974;
Bai and Pollard, 2000; Bertotti et al., 2007; Cooke et al., 2006; Zahm and Hennings, 2009;
Lavenu and Lamarche, 2018), vem tendo enfoque, principalmente, em estruturas como
fraturas, juntas, e linkagem entre essas estruturas (Ferrill and Morris, 2003; Ferrill and
Morris, 2008; Morris et al., 2009b; Roche et al., 2013; La Bruna et al., 2021; Pontes et
al., 2021). Ainda, dependendo do tipo de rocha afetada pela deformacdo de zonas de

falhas, estruturas secundarias geradas podem ser bandas de deformacdo em contexto
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de rochas com porosidade alta, tornando a andlise mecéanico-estratigrafica mais
complexa. Por esse motivo, estudos envolvendo diversas técnicas de analises mecéanico-
estratigraficas, em escalas de detalhe, sdo necessérios para povoar cadeias de falhas e
suas zonas de dano contendo bandas de deformagdo, sendo importantes na
quantificacdo da porosidade e permeabilidade de reservatérios siliciclasticos e para
simulagdo de fluxo de fluidos.

Objetivando compreender a complexidade das zonas de falhas, estudos
baseados em dados de subsuperficie reconhecem e descrevem parametros que
caracterizam essas estruturas tridimensionalmente em relagdo as estruturas internas
(e.g., Jones e Knipe, 1996; Cohen et al., 2006; Botter et al., 2014; Liao et al., 2019),
predicdo de crescimento de falhas (e.g., Mansfield e Cartwright, 1996; Preuss et
al.,2019), e medicao de rejeito e deslocamento dessas (e.g., Walsh e Watterson, 1987;
Hale, 2013; Ma et al., 2019). Avancos significativos na area de interpretacdo sismica
automatizaram e facilitaram processos na deteccdo de falhas através de atributos
sismicos (Bahorich e Farmer, 1995; Chopra e Marfurt, 2005, 2007, 2010b; Brouwer e
Huck, 2011; Libak et al., 2017; Qi et al., 2019), objetivando a identificar zonas de
deformacédo e até padrbes de fluxos de fluidos nessas zonas (Berndt, 2005; lacopini et
al., 2016; Kluesner e Brothers, 2016; Liao et al., 2020). Mais recentemente, vem se
utilizando de técnicas de aprendizagem de maquina na automatizacdo do processo,
reducdo de tempo, gastos e deteccdo e predicdo de estruturas rupteis e até domos de
sal no dado sismico (Purves et al., 2008; Di et al., 2018; Wu e Zhang, 2018 Wu et al.,
2019; Wrona et al., 2020; An et al., 2021). Ainda que haja um potencial avanco em

relacdo a predicdo automatica de falhas na interpretacdo sismica, existem diversas
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dificuldades na interpretacdo do dado sismico onshore como ruidos, problemas de
aquisicdo, processamento e tamanho do dado, criando assim maiores desafios na
compreensao do arcabouco estrutural de bacia sedimentares continentais.

A Bacia Rio do Peixe localizada no estado da Paraiba é considerada como um
importante analogo de reservatorios de hidrocarboneto em territdrio brasileiro, tendo em
vista 0 volume de sedimentos siliciclasticos depositados durante sua formacao, e
principalmente por apresentar reservatorios compostos por 6leo maturo (Araujo et al.,
2018; Maciel, et al., 2018; Nicchio, et al., 2018; Pontes, et al.,, 2019). Um aspecto
importante nessa bacia diz respeito ao complexo padréo de distribuicdo das fraturas
menores, assim como a quantificacdo de parametros como espessura, abertura e
orientacao destas estruturas que tornam a caracteriza¢ao destes sistemas muito onerosa
em termos de uma andlise geométrica convencional (Araujo et al., 2018; Pontes et al.,
2019; Souza et al., 2021; Torabi et al., 2021; Silva et al., 2022). Da mesma forma, a
complexidade genética e geométrica destas estruturas, quando presentes em
reservatérios, nem sempre € entendida quando sao utilizados de forma isolada dados de
pocos e sismicos. Com isso, compreende-se nessa bacia um cenario de andlise
estrutural Unico, sendo composto de boas exposi¢cdes de zonas de falha em éareas
aflorantes acima de uma subsuperficie mapeada por sismica de reflexdo e pocos.
Portanto, propde-se o estudo de caracterizacdo de zonas de falhas na Bacia do Rio do
Peixe, jA que essa pode ser considerada um importante analogo para o estudo de

reservatorios do tipo fraturados.

A presente proposta tem como objetivo principal caracterizar falhas como zonas

volumétricas, analisando de forma multiescalar essas estruturas com dados de
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afloramento e de sismica de reflexdo. Com isso, serdo analisadas essas estruturas em:
(1) contexto de microescala e de afloramento, compreendendo desde seus diferentes
aspectos acerca das bandas de deformacdo de forma geométrica, mecanico-
estratigrafica, cinematica, petrofisica, e contexto geoldgico, para gerar modelos
geoldgicos em rochas sedimentares analogas a reservatorios petroliferos siliciclasticos;
(2) em contexto de mesoescala e dados de sismica de reflexdo, detectando e
caracterizando falhas em relagcdo a sua geometria, cinematica e contexto tectbnico,
contribuindo com o mapeamento do arcabouco estrutural da Bacia Rio do Peixe.

Obijetivos Especificos:

e Avaliar o efeito das grandes falhas e bandas de deformacdo sobre as
propriedades petrofisicas das rochas da Formacdo Antenor Navarro através da
extracdo de parametros petrofisicos em rochas deformadas e ndo deformadas.
Com isto, pretende-se compreender a influéncia dessas estruturas rupteis e seu
efeito sobre as propriedades petrofisicas, também em microescala;

e Modelar as estruturas que deformam os depdsitos da Formacdo Antenor Navarro
em escala de detalhe com base em dados de afloramento;

e Entender a complexidade do comportamento mecanico dos estratos da Formacao
Antenor Navarro, e sua influéncia na deformacdo de zonas de falha, seus
elementos e como esses estao distribuidos;

e Mapear e interpretar estruturas rupteis nos dados de sismica de reflexao,
compreendendo as geometrias e estilos de falha;

e Analisar cinematicamente falhas interpretadas no dado sismico através da

examinacao dos dados sismicos tridimensionais;
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e Comparar e analisar metodologias de deteccdo de descontinuidades no dado

sismico, afim de reconhecer o arcabouco estrutural da bacia.

1.4 Localizac&o da Area de Estudo e Banco de Dados

A érea de estudo da presente Tese se concentra na Bacia Rio do Peixe, a qual
esta localizada em maioria no leste do Estado da Paraiba, com é&reas na divisa dos
Estados do Ceara e do Rio Grande do Norte (Figura 1). Dentro dessa area estdo as
cidades de Séo Jodo do Rio do Peixe, Souza e Uiralna, e em proximidades as cidades

de Cajazeiras e Marizopolis.
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Figura 1 - Mapa de localizacdo da Bacia Rio do Peixe, com principais municipios e vias de acesso. Fonte:
Google Earth.

Para a caracterizacdo do arcabouco estrutural da por¢ao sudoeste da Sub-Bacia

Sousa da Bacia Rio do Peixe, foram utilizados dados de sismica de reflexao fornecido
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pela Agéncia Brasileira de Petréleo, Gas Natural e Biocombustiveis (ANP). O conjunto
de dados de reflexdo sismica 3D é exibido com polaridade inversa, seguindo a
convencao SEG. O levantamento sismico utilizado se estende até 2000 ms (TWT). Além
disso, os dados sismicos migram no tempo e tem frequéncia dominante de
aproximadamente 30 Hz, com velocidade de intervalo de aproximadamente 3.200m/s,

indicando com isso uma resolucao vertical de aproximadamente 26m.
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2 Contexto Geoldgico
2.1 Bacia Rio do Peixe — Arcabouco Estrutural e Estratigréfico

A é&rea de estudo desta tese estd localizada na Bacia do Rio do Peixe (BRP)
(Figura 2), a qual é uma bacia intracontinental que faz parte do grupo de bacias
sedimentares do nordeste do Brasil. Tais bacias intracontinentais estao inseridas sobre
a Provincia Borborema, sendo essa composta por diferentes por¢des de rocha oriundas
de faixas orogénicas arqueanas e neoproterozoicas, do embasamento e até de
microcontinentes anteriores (Brito Neves et al., 2000). Esse grande bloco rochoso que
embasa as bacias interiores limita-se de um complexo estrutural de lineamentos que séo
as zonas de cisalhamento de orientacdo preferencial E-W e NE-SW, as quais séo
resultantes da Orogenia Brasiliana (De Castro et al., 2012; Bezerra et al., 2014). Nesse
interim, as bacias interiores do nordeste do Brasil ttm origem num processo de abertura
do oceano atlantico sul, em que esses lineamentos sofreram reativacfes rupteis,
gerando regimes de transcorréncia que se desenvolveram nesses grabéns e semi-

grébens (e.g., De Castro et al., 2007; Nogueira et al., 2015; Vasconcelos et al., 2020).

Fazendo parte desse contexto, a BRP herdou a geometria das zonas de
cisalhamento pré-cambrianas com direcdes de orientacdo NE-SW e E-W devido a sua
reativacdo raptil (Matos, 1992; Brito Neves et al., 2000) (Figura 2A). Com isso, a BRP
esta estruturalmente baseada nas falhas: Rio Piranhas (NE-NW), Portalegre (NE-SW),
e Malta (E-W); as quais apresentam os mesmos trends estruturais das zonas de
cisalhamento de Portalegre e Patos (Sénant e Popoff, 1991; Francolin et al., 1994). Ainda
sobre a tectonica da bacia, Nogueira et al. (2015) e Vasconcelos et al. (2020)

identificaram duas fases tectdnicas principais como sin-rift e pos-rift, as quais foram
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responsaveis pela geracdo da bacia durante o processamento de extensao, criando as
falhas com orientagdo E-W e NE-SW, assim como a inverséo tectonica da bacia como
resposta a compressdao ENE-WNW. Mais recentemente foram utilizados dados
paleomagnéticos para concluir que duas dire¢des de abertura mudaram gradualmente
de NNE-SSW para NW-SE durante o desenvolvimento da bacia (inicio do Cretaceo),
como consequéncia da rotacdo no sentido horario da América do Sul (Nicchio et al.,

2022).

Em relacédo ao seu arcabouco estratigrafico (Figura 2B), a BRP é composta pelas
sub-bacias Brejo das Freiras, Sousa e Pombal, possuindo os grupos-estratigraficos que
se apresentam de baixo pra cima: grupo Santa Helena contendo formagfes Devonianas
(Formacgdes Triunfo e Pildes), e o grupo Rio do Peixe que contém as formacfes
Cretéceas Inferiores (Formacdes Antenor Navarro, Sousa, Rio piranhas) (Corboda et al.,
2008; Francolin et al.,1994; Sénant e Popoff, 1991; Roesner et al., 2011; Silva et al.,
2014). A Formagéo Pildes consiste predominantemente de siltitos e argilitos relacionados
a ambientes de deposicao deltaica a fluvial, e esses estédo sobrepostos pela Formacéo
Triunfo, a qual é composta principalmente de arenitos e conglomerados fluvio-deltaicos
de coloracéo cinza a branco. A Formacédo Antenor Navarro € descrita como ambiente de
fluvial fino que é composta de conglomerados e arenitos conglomerados. Sobrepondo a
Formacdo Antenor Navarro esta a Formacdo Sousa, sendo composta de unidades
lacustres com intercalacdes de argilas e siltes. No topo, a Formagédo Rio Piranhas é

composta predominantemente de conglomerados relacionados a leques aluviais.
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Figura 2 — (A) Mapa Geolégico da BRP com estruturas e zonas de cisalhamento e (B) Carta estratigrafica

da carta estratigrafica da BRP. Mapa adaptado de Francolin et al., 1994, Medeiros et al., 2005,

Vasconcelos et al., 2021; Ramos et al., 2022. Carta estratigrafica modificada de Rapozo et al., 2022 e

Ramos et al., 2022. Abreviagbes: Bl, Bacia de Icozinho; SBBF, Sub-Bacia Brejo das Freiras; SBS, Sub-

Bacia de Sousa; SBP, Sub-Bacia Pombal, ZCPA, Zona de Cisalhamento Portalegre; ZCP, Zona de
Cisalhamento Patos; FSS, Falha Sitio Sagui; FM, Falha Malta; FPA, Falha Portalegre; FLF, Falha Lagoa
do Forno; FRP, Falha Rio Piranhas.
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2.2 Bandas de Deformagé&o na BRP

Estudos recentes na RPB abordaram as bandas de deformacéo e a influéncia
dessas estruturas nas propriedades petrofisicas da rocha hospedeira (e.g, Araujo et al.,
2018; Maciel et al., 2018; Nicchio et al., 2018; Pontes et al., 2019; Souza et al., 2021;
Nogueira et al., 2021; Torabi et al., 2021; Silva et al., 2022). Estes estudos propuseram
gue os processos de coalescéncia em microescala (microcracks) e de cataclase (como
por exemplo: reducédo do tamanho dos gréos e cominui¢do das bordas dos graos) sdo
0s principais mecanismos de deformacao responsaveis pelo desenvolvimento da banda
de deformacéo (Nicchio et al., 2018; de Souza et al., 2021). Além disso, dois tipos de
zonas de falha sdo propostos na RPB: (i) zona de falha tipica e (ii) zona de falha da
banda de deformacéo (Araujo et al., 2018; Torabi et al., 2021; Silva et al., 2022). A
diferenca entre esses dois tipos de zona se distingue basicamente em o tipo (i) ser um
nucleo de falha classico, e o tipo (ii) seria como uma superficie de escorregamento
principal. Em uma descricdo mais resumida, o tipo (i) de zona de falha tipica possui o
plano de falha envolto de seus elementos arquiteturais, tendo, portanto, o ndcleo de falha
espacialmente definido. Em contrapartida, o tipo (ii) — zona de falha da banda de
deformacédo — ndo se reconhece espacialmente a definicdo de um nucleo de falha, porém
h& uma maior concentracdo das bandas como em clusters, e o deslocamento da falha
evidenciado por uma superficie de deslizamento principal. Em relacdo a disposicao
dessas estruturas, foi registrada uma diminuicdo logaritmica na frequéncia das bandas
de deformacédo se afastando do nucleo da falha, para ambos tipos de zona de falha.
Outro parametro que controla a distribuicdo espacial das bandas de deformacédo é o

tamanho médio de grédos, que evidenciam que essas estruturas estdo agrupadas
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preferencialmente em arenitos grossos (Araujo et al., 2018). Em relac&o as alteracdes
das propriedades petrofisicas, a resisténcia das rochas é trés vezes maior nas zonas de
falha com varios nucleos de falha do que nas zonas de falha com um Unico nudcleo de
falha, e quatro vezes maior do que as unidades ndo deformadas (Pontes et al., 2019).
Além disso, uma reducao de permeabilidade de até trés ordens de magnitude e uma
reducdo de porosidade de até duas ordens de magnitude foram registradas nas bandas
de deformacdo em comparacado com a rocha hospedeira (Pontes et al., 2019; Torabi et
al., 2021; Silva et al., 2022). Assim como, em relacdo a intensidade da deformacéo
cataclastica baseada na quantidade de matriz, registra-se uma reducdo na
permeabilidade e porosidade atingindo até cinco e duas ordens de magnitude,

respectivamente, em comparagdo com arenitos ndo deformados (Nogueira et al., 2021).
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Referencial Tedrico
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3 Referencial Tedrico
Nesse capitulo serdo apresentados em sintese 0s conceitos e definicdes acerca
de: (1) zona de falhas e bandas de deformacéao, (2) estratigrafia mecénica, e (3) as bases

conceituais da deteccao de falhas utilizando dados de sismica de reflexéo.

3.1 Zonade falha e bandas de deformacéao
Processos geoldgicos formadores de estruturas tectbnicas que ocorrem na

escala mais rasa da terra sdo compreendidos dentro do regime ruptil. Nesse contexto,
as falhas sao estruturas extensas, complexas e volumétricas que deformam o protdlito,
o qual é a rocha que hospeda essa deformacéo. Espacialmente, as zonas de falhas sédo
compostas por elementos arquiteturais representados por: nucleo de falha e a zona de

dano (Heynekamp et al., 1999; Caine e Minor, 2009) (Figura 3).
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Figura 3 — Modelo esquematico de zona de falha e seus elementos arquiteturais, representadas a zona
de dano, nucleo de falha e rocha hospedeira (modificado de Choi et al., 2016).
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Em relagcédo a disposicédo espacial desses elementos arquiteturais, a zona de
dano localiza-se ao redor do nucleo da falha e se define com uma zona volumétrica de
rochas compostas por diferentes tipos de estruturas deformacionais secundarias que
podem se apresentar como fraturas menores, veios, dobras, bandas de deformacéo e
fraturas (Caine et al., 1996; Choi et al., 2016). Nesse interim, o nucleo da falha pode ser
compreendido como uma porcado da zona de falha com estrutura, litologia e forma
definidas, onde estd localizado o plano de superficie da falha (ou superficie de
deslizamento principal) e local do cisalhamento mais intenso, e, consequentemente, 0

maior rejeito da zona de falha (Caine et al., 1996; Fossen et al., 2010).

Zonas de falhas sao estruturas complexas que podem ser compostas por rochas
originadas durante o desenvolvimento dessa deformacao, podendo apresentar brechas,
gouges ou zonas cataclasticas fortemente endurecidas (Anderson et al., 1983; Sibson,
1977; Caine et al., 1996). As rochas formadas pela deformacao dessas estruturas sao
conhecidas como rochas de falha, tendo textura e estrutura alterada em comparacao a
rocha que a hospeda (Sibson, 1977). Essas zonas podem ser classificadas em zonas de
alta e baixa tensdo/estiramento, em que a zona de maior estiramento € representada
pelo nucleo da falha e aonde estdo localizados o maior rejeito e deformacao, ambos
acomodados pela rocha hospedeira (Caine et al., 1996; Schultz e Fossen, 2008;
Braathen et al., 2009; Childs et al., 2009; Torabi e Berg, 2011). Nesse processo,
comprimento de um nucleo de falha pode variar de milimetros de espessura,
representado por uma unica superficie de deslizamento, a até uma zona intensamente
cisalhada contendo superficies de deslizamento mais desenvolvidas, na escala de

metros de espessura. Em rochas siliciclasticas, o processo de falhamento pode
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compreender a acomodacado da deformacgdo gerando estruturas secundarias como as
bandas de deformacédo (Aydin and Johnson, 1978). As bandas de deformacéo podem
evoluir no processo de deformacéo da falha e se tornar um tipo de falha denominada de
‘deformation band fault’, em que se compreende em uma superficie de deslizamento
principal conjuntamente com clusters de bandas de deformag&o onde se localiza o
resultado de uma deformacéo progressiva (Shipton et al., 2005; Torabi et al., 2021). De
forma distinta, zonas de falha com bandas de deformacéo podem se apresentar como:
falhas com largas zonas de dano contendo bandas de deformacdes dispersas
espacialmente em dezenas de metros, incorporadas a clusters de bandas; falhas com
nacleos bem desenvolvidos (espessura de até 1 metro) com bandas de deformacédo
espalhadas espacialmente, demonstrando menor correlacdo entre a frequéncia das
estruturas com o deslocamento da falha; e falhas reconhecidas através da maior
frequéncia de bandas de deformacao se aglomerando em clusters (Torabi et al., 2021).
Portanto, uma zona de falha pode se apresentar uma correlacdo complexa em relacéo
ao rejeito e espessura, podendo deslocar-se em dezenas as centenas de metros e
localizar a deformacéo gerada por esse em diferentes dimensdes espaciais, sendo essa
composi¢ao de forma distinta em zonas de danos com bandas de deformacéo, ndcleo e

slip surfaces.

Ocorrendo mais comumente em arenitos porosos, as bandas de deformacéo
foram descritas como estruturas planares com uma porosidade condicional de formacao
sendo igual ou superior a 15% (Aydin, 1978; Fossen et al., 2007). Contendo milimetros
de espessura, essas estruturas deslocam na ordem de alguns milimetros a centimetros

(Aydin e Jonhson, 1978). Além disso, as bandas de deformacdo possuem diferentes
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estagios de deformacdo, podendo evoluir e se formar tanto em rochas como em
sedimentos, com a condig&o de ter porosidade suficiente para ocorrer 0s processos de
rotacéo, translacédo e quebra de gréos. O espaco de acomodacéo para esses tipos de
deformacé&o, descritos anteriormente, se mostra fundamental no processo de formacéo
dessas estruturas, jA que sem esse espaco sdo formadas estruturas como fraturas,

estildlitos ou até superficies de deslizamento (Fossen, et al., 2007).

Além dessas condi¢des, ha alguns fatores variaveis que também controlam o
aparecimento das bandas deformacdo tais como: pressdo confinante, ambiente
tectonico, pressdo de fluido dos poros, grau de litificacdo e mineralogia da rocha
hospedeira, e parametros sedimentares como granulometria, selecionamento e formato
de gréo (Fossen et al., 2007). A presenca dessas estruturas num reservatério pode
alterar a producéo de petroleo, uma vez que influenciam na porosidade e permeabilidade

do sistema (Torabi e Alikarami, 2012).

Ao longo dos anos, as bandas de deformacao foram classificadas por ordem de
ocorréncia (Aydin e Jonhson, 1978) - individuais, aglomerado e superficie de
deslizamento; e por mecanismo de formacéo (Fossen et al., 2007) — fluxo cataclastico
(moagem e fraturamento de graos) que gera bandas de desagregacdo, fluxo granular
(deslizamento e rotacdo de graos) que forma bandas cataclasticas, lubrificacdo
filossilicatica que originam bandas filossilicaticas, e dissolucdo e cimentagdo que
correlacionam-se a bandas de dissolucéo e cimentagéo, respectivamente. Além dessas,
h& também a classificacdo cinematica dessas estruturas, em que se apresentam as
bandas de dilatacdo, cisalhamento, compactacdo ou por uma mistura desses tipos que

varia de acordo com o principal componente cinematico (Figura 4) (Fossen et al., 2007).
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Figura 4 - Classificagdo cineméatica de bandas de deformacao, descrita por Fossen et al., 2007.

3.2 Estratigrafia Mecanica

Zonas de falhas contendo fraturas sao foco de andlise e estudo desde a escala
de afloramento a compreensao de reservatorios, uma vez que essas estruturas podem
controlar o fluxo de fluidos atuando como condutos e armadilha para esses. Dentro desse
contexto, compreende-se que as estruturas podem se diferenciar em relacdo a
dimenséo, intensidade e propagacao da deformacédo conforme a reologia da rocha
afetada, assim como parametros mecanicos que controlam essa alteracdo na rocha.
Nesse interim, tem-se o0 conceito da estratigrafia mecanica que foi inicialmente
compreendida como a relagdo entre a espessura das camadas e a intensidade do

processo de fraturamento (e.g., McQuillan, 1974; Bai e Pollard, 2000; Cooke et al., 2006;
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Zahm et al., 2009). A estratigrafia mecanica elucida acerca da compreensédo da
deformacdo de uma falha e suas estruturas secundéarias que se propagam cruzando
camadas de rochas (e.g., Bertotti et al., 2007; Ferrill e Morris, 2008; Laubach et al., 2009;

Roche et al., 2013; Ferrill et al., 2017;).

Dentro da estratigrafia mecéanica tem-se 0s conceitos de unidades e interfaces
mecanicas (Figura 5), as quais sao definidas tais como: (1) unidade mecéanica - sendo
um agrupamento de camadas que permitem a propagacdo de estruturas rapteis;
ocorrendo 0 processo oposto para (2) as interfaces mecanicas - que podem ser
compreendidas como camadas de rocha que impedem a passagem da deformacéo, e

consequentemente, a presenca de estruturas como fraturas (Cooke et al., 2006).

unidade mecanica propagacdo de fratura
aberta

interface mecanica !

deformagado com camada ductil

Figura 5 — llustracédo evidenciando a propagacdo da deformacéo através das camadas sedimentares,

destacando a unidade e interface mecénica. Modificado de Cooke et al, 2006.
Ferril et al. (2017) realizaram uma revisdo sobre os parametros considerados
relevantes nas analises mecanico-estratigraficas e concluiram que as unidades

mecanicas séo determinadas pelo numero, intensidade e espacamento de fraturas, bem
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como pela competéncia e resisténcia mecanica dos estratos, além das mudancas de

mergulho e da predominancia de direcdes.

Diante da diversidade de tipo de rochas afetadas pela deformacdo e das
diferentes estruturas que as atingem, pode-se entender a analise dessa relacdo como o
enfoque da estratigrafia mecanica, na qual investiga a relacdo entre a reologia de
camadas sedimentares e a intensidade das fraturas (e.g., Mcquillan, 1974; Bai e Pollard,
2000; Bertotti et al., 2007; Cooke et al., 2006; Zahm e Hennings, 2009; Lavenu e
Lamarche, 2018). Mais recentemente, a estratigrafia mecanica compreendeu parametros
como a propriedades mecanicas da rocha hospedeira, as propriedades de friccao entre
os limites mecéanicos de uma camada rochosa e outra, e ainda a comparacdo da
espessura das camadas (Ferrill et al.,2017). Com isso, a densidade de parametros para
a compreensédo do comportamento mecanico de cada camada por ser observado através
das forcas de compresséao e tracdo (médulo de Young), a composicao litolégica e até
processos secundarios como de mineralizagdo e dissolucao das estruturas. Ainda, séo
considerados as disposicfes espaciais das estruturas que afetam as camadas de rocha,
analisando assim a geometria das falhas, caracteristicas de linkagem, nucleacéo e
crescimento dessas estruturas, frequéncia e angulo de mergulho das estruturas nas
camadas sedimentares (Ferrill e Morris, 2003; Ferrill e Morris, 2008; Morris et al., 2009b;

Roche et al.,2013).

3.3 Interpretacédo estrutural em dados de sismica de reflexdo

A intepretagcdo sismica com o foco em mapear estruturas, como falhas e

superficies estratigraficas, vem sendo fundamental para a compreensdo das bacias
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sedimentares ao longo da histéria da industria do petroleo e gas (Hustoft et al., 2007).
Na caracterizagdo de reservatérios de hidrocarbonetos, estudos diversos vem
caracterizando a conectividade dos corpos geoldgicos e suas extensfes através do
mapeamento convencional com a interpretacdo sismica manual (Maul, 2005). Nesse
contexto, diversas técnicas foram sendo criadas e desenvolvidas para otimizar a
interpretacdo de feicbes geoldgicas através de dados sismicos. No progresso da
sismologia de reflexdo, alguns estudos vém utilizando de algoritmos como os atributos
sismicos com foco no imageamento e deteccdo de zonas de falhas e suas estruturas
internas, incorporando dados de poc¢o juntamente das propriedades dessas rochas (e.g
Bahorich e Farmer, 1995; Chopra e Marfurt, 2007; Cohen et al., 2006; Xu e Sun, 2014,
Yuan e Wang, 2013; Botter et al., 2014, 2016; Roden et al., 2015; lacopini et al., 2016;

Machado et al., 2016; Alaei and Torabi, 2017).

Os atributos sismicos podem ser medidos ao longo de um Unico trago sismico
ou através de uma sequéncia de tracos numa janela de interpretacao definida. Em
sintese, os atributos sismicos podem se dar por mudancas na fase, frequéncia,
impedancia acustica, velocidade e polaridade dos dados sismicos (Dorn, 1998). Em
outras palavras, um atributo sismico € uma quantidade extraida ou oriunda dos dados
sismicos que podem ser analisados para melhorar as imagens tradicionais que
interpretamos da imagem sismica. Historicamente, os primeiros atributos sismicos estao
relacionados a um traco sismico em 1D, evoluindo a extragdo de zonas de falhas e
geobodies em 3D nos dias de hoje. Alguns exemplos de atributos sismicos amplamente

utilizados sdo: coeréncia, azimute, dip, amplitude instantanea, resposta de amplitude,
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resposta de fase, AVO e decomposicéo espectral. Brown (1996) classifica os atributos

sismicos os agrupando em tempo, amplitude, frequéncia e atenuacéo (Figura 6).
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Figura 6 - Classificagcdo dos atributos sismicos por Brown, 1996. Traducao retirada de Maul, 2005.

Existem varios atributos sismicos utilizados com as mais diversas aplicacées na
interpretacdo de feicdes geoldgicas, porém na presente Tese utilizamos atributos que
destacam as descontinuidades entre os horizontes e que embasaram a deteccdo
automatica de falhas, dos quais sdo apresentadas as respectivas metodologias
detalhadamente na secéo dos resultados. Para a geracao de resultados na interpretacéo
automatica de falhas, utilizamos atributos nomeados de Similarity, Ant Tracking,
Variance, Fault Enhancement, os quais foram aplicados nos dados de sismica de
reflexdo da Bacia Rio do Peixe. Ambos atributos sdo comumente utilizados para revelar
zonas de falhas em diversos estudos recentes (Figura 7) (Odoh et al., 2014, Liao et al.,
2020; Mousavi et al., 2022).
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Figura 7 — Exemplos de atributos sismicos aplicados com objetivo de revelar falhas, publicados em
trabalhos recentes.

Os atributos sismicos utilizados nessa pesquisa sao baseados no atributo de
coeréncia, ou Coherence, esse que vem sendo utilizado para destacar falhas e outras
feicdes estratigraficas desde os anos de 1990 (Bahorich e Farmer, 1995), e revela
caracteristica estruturais medindo a semelhanca entre dois tracos sismicos (Bahorich e

Farmer, 1995; Marfurt et al., 1998, 1999; Gersztenkorn e Marfurt, 1999; Kluesner e
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Brothers, 2015; lacopini et al., 2016). Se apresentando sensivel as descontinuidades dos
horizontes sismicos, formas de ondas sismicas que apresentam altos valores de
Coherence indicam que as litologias reconhecidas no dado sismico estdo lateralmente
descontinuas, assim como a mudanca brusca na forma da onda podem indicar falhas e

fraturas nas rochas sedimentares, variando na escala de 0 a 1 (Figura 87)
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Figura 8 - Aplicacdo do atributo sismico coherence para destacar feicdes geoldgicas em dados sismica
de reflexdo (modificado de Chopra e Marfurt, 2007).
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4 Resultados

Os resultados da presente tese se dispdem na forma de artigos cientificos nesta
sessdo. Seguindo a ordem de cronologia de publicagdo/submissdo de trabalhos
apresenta-se: (1) Mechanical Stratigraphy Influences Deformation Band Pattern in
Arkosic Sandstones, Rio do Peixe Basin, Brazil - artigo publicado na Journal of Structural
Geology em 4 de Janeiro de 2022; (2) Automatic 3D fault detection and characterization
— a comparison between seismic attribute methods and deep learning — artigo submetido

na Interpretation em 15 de Fevereiro de 2022;
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This manuscript was published on Journal Structural Geology, since February 2022.

4.1 Artigo 1 - MECHANICAL STRATIGRAPHY INFLUENCES DEFORMATION
BAND PATTERN IN ARKOSIC SANDSTONES, RIO DO PEIXE BASIN, BRAZIL

Lorenna Savilla Brito Oliveira®?, Francisco Cézar Costa Nogueira?, David Lino
Vasconcelos?, Fabrizio Balsamo®, Francisco Hilario Régo Bezerra®, Yoe Alain Reyes
Perez®

@ Federal University of Campina Grande, Brazil
b Federal University of Rio Grande do Norte, Brazil

¢ Department of Chemistry, Life Sciences and Environmental Sustainability, University of
Parma, Parco Area delle Scienze 157/A, Campus Universitario, Parma, Italy

Abstract

This study shows how mechanical stratigraphy influences deformation bands' structural
attributes in faulted, heterolithic arkosic sandstones in the Rio do Peixe Basin,
northeastern Brazil. We combined the analyses of sedimentary units with rock properties
measurements (porosity, permeability, Young’s modulus, Poisson’s ratio, and uniaxial
compressive strength) and structural data to characterize the mechanical units and
related deformation band pattern. Our results show that deformation bands have
differences in frequency, geometry, thickness, and dip in different mechanical units. In
addition, sedimentary parameters as grain size, layer thickness, stratification,
cementation, and mineral composition impact the vertical propagation of deformation
bands. In each layer, deformation bands frequency increases approaching a normal fault,
and the dip of the deformation bands varies when passing through layers. In the studied
mechanical units, deformation band density increases with increasing host rock porosity
and decreasing Young’s modulus. Finally, we document that the development of
deformation bands increases the overall cohesion of the fault zone, particularly in units
with coarser grain sizes. Our data may have implications for mechanical stratigraphy in

faulted siliciclastic reservoirs.

Keywords: Mechanical stratigraphic; Deformation bands; Petrophysical properties; Fault

zones; Geomechanics
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4.1.1 Introduction

In sedimentary rocks, faults and fractures may change frequency, spacing and
geometry in beds with different thicknesses and rheology (Laubach et al., 2009; Ferril et
al., 2017; Torabi et al., 2019). For instance, the mechanical stratigraphy of individual beds
or bed packages can influence the dip angle of the faults, thus influencing the vertical
propagation of deformation (Ferrill and Morris, 2003).

Nonetheless, several studies brought an understanding of fault deformation and
its secondary structures when crossing rock layers (e.g., Ferrill and Morris, 2003; Bertotti
et al., 2007; Ferrill and Morris, 2008; Laubach et al., 2009; Morris et al., 2009; Roche et
al., 2013; Ferrill et al., 2017; Chandra et al., 2021; Araujo et al., 2021). Furthermore, the
mechanical and petrophysical properties could change considerably during volumetric
deformation in porous sandstones (Del Sole and Antonelini, 2019) and deformation bands
hosted in porous carbonates (Cilona et al., 2012; Tondi et al.,2012; 2016; Zambrano et
al., 2018). In this sense, mechanical stratigraphy investigates the relationship between
sedimentary bed rheology and fracture intensity (e.g., McQuillan, 1974; Bai and Pollard,
2000; Bertotti et al.,2007; Cooke et al., 2006; Zahm and Hennings, 2009; Lavenu and
Lamarche, 2018). The structural and sedimentary analyses applied to mechanical
stratigraphy allow to observe the linkage between the structure geometry (Ferrill and
Morris, 2003; Morris et al., 2009b; La Bruna et al., 2021) and fracture development of
(Ferrill and Morris, 2008; Roche et al., 2013; Pontes et al., 2021). However, the factors
that define mechanical unit variety are still debated. For example, a mechanical unit could
be defined by (a) layer where fractures start and end (Bertotti et al., 2007), (b) by the layer
thickness and their rheological properties (Ferrill et al., 2017) or (c) by layered rocks
subdivided into mechanical property intervals (Bai and Pollard, 2000; Bai et al., 2002;
Cardozo et al., 2005; Balsamo et al.,2020).

In siliciclastic rocks with porosity greater than 10-15%, deformation bands are
common structures (Fossen et al., 2011, and references therein), usually associated with
a localized decrease of porosity and permeability (Aydin, 1978; Antonellini and Aydin,
1994; Alikarami et al., 2013; Torabi et al., 2020). On the other hand, in heterolithic
siliciclastic sequences, opening-mode fractures (i.e., joints) tend to develop in low-
porosity layers (e.g., Balsamo et al., 2013). Additionally, the development of deformation
bands tends to increase the rock's cohesion (Pizzati et al., 2020), whereas joints and
faults tend to decrease the bulk rock’s cohesion (Fossen et al., 2007).

Recent studies indicate the importance and complexity of the deformation bands
passing through different layers. They focus on understanding these structures in
deformed beds, forming smears along the fault trace with a continuous displacement
geometry (mixed fault zone) (e.g., Bense and Person, 2006; Lindsay et al., 1993;
Loveless et al., 2011; Torabi et al., 2019). However, some essential aspects are still
missing in understanding the behavior of deformation bands that cut across different
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sedimentary beds. They are: (1) which parameters should be considered to define a
mechanical unit crossed by deformation bands? (2) How do deformation bands change
rock properties passing through a context with different rheological layers or different
types of sandstones? (3) How do deformation bands in different mechanical units affect
fluid flow in heterolithic siliciclastic reservoirs?

The present study investigates how mechanical stratigraphy influences the pattern
and attributes of fault-related deformation bands in arkosic, poorly lithified sandstones.
The study area is the intracontinental Rio do Peixe Basin (RPB) in northeastern Brazil,
where the influence of local stratigraphy on the petrophysical properties of the siliciclastic
rocks has not been addressed. We analyze the mechanic units using the following
parameters: layer thickness, lithology, competency of the layers, the uniaxial compressive
strength (UCS), porosity, permeability, Poisson’s ratio, and Young’s modulus. The
present study shows that deformation bands have distinct structural attributes and
geometry in different layers of sandstones, changing the physical properties of the host
rock. These findings may have implications for mechanical stratigraphy and fluid flow
modeling in faulted siliciclastic reservoirs.

4.1.2 Geological Setting

4.1.2.1 Tectonic and Stratigraphic Background of the RPB

The RPB belongs to a group of sedimentary basins generated during the South
America-Africa breakup in the Early Cretaceous (Matos, 1992). The RPB is a rift basin
composed of three half-grabens termed Brejo das Freiras, Sousa, and Pombal sub-
basins, respectively bounded by the Portalegre, Malta, and Rio Piranhas faults (Francolin
et al., 1994; de Castro et al., 2007) (Fig. 1A). The opening geometry and kinematics of
these half-grabens were controlled by the brittle reactivation of the preexistent ductile
Precambrian shear zones in the crystalline basement (Sénant and Popoff, 1991;
Francolin et al.,1994; de Castro et al., 2007; Nogueira et al., 2015). The shallow brittle
reactivation of these preexisting structures also occurred during the post-rift stage of the
RPB (Nogueira et al., 2015; Vasconcelos et al., 2021).
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Figure 1 — (A) Geological map of the RPB with the studied outcrop location. (B) Drone Image of the outcrop.
The red rectangle corresponds to the mapped area, and the dashed yellow line corresponds to the vertical
wall of the outcrop shown in Fig. 2A.

The sediments filling the RPB pertain to three Early Cretaceous formations (Fig.
1A), from bottom to top: Antenor Navarro, Sousa, and Rio Piranhas (Sénant and Popoff,
1991, Carvalho et al., 2013). This study investigated an outcrop at the top of the Antenor
Navarro Formation, composed of conglomerates and arkosic to coarse lithic sandstones
at the base and fine arkosic sandstones at the top (Araujo et al., 2018; Nogueira et al.,
2021). The Antenor Navarro Formation interfingers towards the top with shale deposits in
the Sousa Formation lacustrine system (Rapozo et al., 2021).

4.1.2.2 Previous Studies of Deformation Bands in the RPB

Recent studies in the RPB have addressed the deformation bands and their
influence on the petrophysical properties of the host rock (e.g., Araujo et al., 2018; Maciel
et al., 2018; Nicchio et al., 2018; Pontes et al., 2019; Souza et al., 2021; Nogueira et al.,
2021; Torabi et al., 2021; Silva et al., 2022). These studies proposed that the microcrack
coalescence and cataclasis processes (e.g., grain size reduction, grain rotation, and grain
border comminution) are the main deformation mechanisms responsible for deformation
band development (Nicchio et al., 2018; de Souza et al., 2021). Two types of fault zones
are proposed in the RPB: (i) typical fault zone and (ii) deformation band fault zone (Araujo
et al., 2018; Torabi et al., 2021; Silva et al., 2022). The difference is that the second type
lacks a principal slip surface and a classical fault core. A logarithmic decrease in
deformation bands frequency moves away from the fault core is recorded in both cases.
Another parameter controlling the spatial distribution of deformation bands is the mean
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grain size of sandstone, where clustered deformation bands are observed only in coarse
sandstones (Araujo et al., 2018). Furthermore, the studies in the RPB also analyzed the
influence of deformation bands on the petrophysical properties of the host rock. For
instance, the rock resistance is three times higher in the fault zones with multiple fault
cores than in fault zones with a single fault core and four times higher than the non-
deformed units (Pontes et al., 2019). In addition, a permeability reduction of up to three
orders of magnitude and a porosity reduction of up two orders of magnitude in the
deformations bands is recorded compared to the host rock (Pontes et al., 2019; Torabi et
al., 2021; Silva et al., 2022). Finally, the intensity of cataclastic deformation, based on the
amount of cataclastic matrix, exhibits a reduction in the permeability and porosity,
reaching up to five and two orders of magnitude, respectively, concerning the undeformed
sandstone (Nogueira et al., 2021).

4.1.3 Materials and Methods

This research integrates field mapping of an outcrop 28 m long and 36 m wide in
the Portalegre Fault Zone (Fig. 1). We performed structural analysis, in situ UCS
determination, petrography, and analysis of petrophysical and geomechanical properties
of sedimentary units. Besides, using the obtained results as input data, we modeled the
porosity and permeability properties of the 3D outcrop.

4.1.3.1 Field Mapping, Structural Analysis, and Sedimentary Unit Description

Two outcrop pavements (subdivided respectively in upper and lower), and vertical
walls, were mapped to constrain the 3D geometry of the fault and related deformation
bands using images from a high-precision Unmanned Aerial Vehicle (UAV) as support
(Fig. 1B). Three scanlines oriented perpendicular to the principal sets of the deformation
bands were performed to measure the frequency and length of the deformation bands
using a comparator to measure length as Ortega et al. (2006) and their direction, except
for the unit 3 thickness, which is not exposed in 3D but only in the vertical wall. Two
scanlines were measured on the upper and lower pavements and a third in the wall
orthogonal to the main fault.

The wall exposure shows four distinct sedimentary units (layers), allowing the
description and sampling of individual beds. Furthermore, the units were described
microscopically, using an optical petrographic microscope to determine grain size,
mineralogy, porosity, and cementation.

4.1.3.2 Physical Rock Property Analyses and 3D Modeling

4.1.3.2.1 Uniaxial Compressive Strength (UCS) Analyses

We measured in situ rebound values using L-type Schmidt Hammer (Aydin and
Basu, 2005). We performed these tests to quantity the parameter of UCS in the
deformation bands and the host rock between bands (i.e., the space between individual
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deformation bands of the same set). We performed these tests on the outcrop wall in
three vertical profiles using metric tape to obtain geomechanical data from every
sedimentary unit, following the American Society for Testing and Materials (ASMT, 2001).
We performed ten rebound measurements at each point to identify possible irregularities
in the plans to avoid reading errors in the equipment. In the cases of identified
irregularities, a battery-powered polisher was used to rectify the surfaces and thus
measure the rebounds. Then, we calculated the average (arithmetic mean) of these
measurements. We investigated 43 points in both deformation bands (28 points) and their
interspace (host rock) (15 points) in arkosic sandstone outcrops.

4.1.3.2.2 Porosity, Permeability, Young’s modulus, Poisson’s Ration Analyses

We sampled 14 plugs from the four sedimentary units for petrophysics analyses.
All the samples were collected from sandstones with deformation bands on the hanging
wall. The preparation of the samples used a saw to cut plugs 5 cm wide (1.5 inches in
diameter); we used a perfect cylinder to make the ends of the plugs flat and parallel.
Before starting the analyses, the plugs were placed in a drying oven for 24 hours at a
constant temperature of 80°C. Then, we weighted the samples using a precision
electronic weight scale. The plug analyses were performed with the UltraPoroPerm 500
(Corelab) and Autolab 500 (New England Research) equipments at the Federal University
of Campina Grande (Brazil). The first equipment measures porosity and permeability with
ranges of 0-40 porosity units (%) and 0.001 to 20,000 mD using a permoporosimeter by
gas expansion, which injects nitrogen gas into the samples applying Boyle law to measure
the sample grain volume. The second equipment measures wave velocity relation (P and
S-waves; however, only P-waves were used), derived from measuring Young’s modulus
and Poisson’s Ration. During elastic measurements, the confining pressure varied
between 5 to 40 MPa, while temperature and pressure were maintained at an ambient
level.

Additionally, we performed a petrotyping classification (Corbett and Potter, 2004)
of the plugs using the Global Hydraulic Elements (GHE) method to compare sample
porosity and permeability. Then, we plotted the porosity and permeability results of the
14 plug on the GHE basemaps with the trends of the Flow Zone Indicator (FZI) (Amaefule
et al., 1993).

4.1.3.2.3 3D modeling of petrophysical properties

This study adapted the workflow proposed by Caers (2005) and Pyrcz and
Deutsch (2014) to the geologic and petrophysical data collected in the outcrop. We built
the Digital Terrain Model (DTM) of the outcrop exposed area, filtering 15,497 points from
the original 527,457 Digital Surface Model (DSM) points dataset obtained from UAV
imagery. We transferred the DTM to a digital numerical subsurface with an accurate
representation of depositional geometry and stratigraphic layers (Marques Jr et al., 2020).
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Using the Schlumberger Petrel® software, the 3D cell grid (I, J, K) was defined as a
volume 0.1 x 0.1 x 0.36 m to represent the field data and the petrophysical heterogeneity.
The petrophysical modeling uses the sequential Gaussian Simulation algorithm visiting
each grid node in random order and doing the following: finding nearby data and
previously simulated grid nodes; constructing the conditional distribution by kriging
(calculating a mean and estimation variance by simple kriging); drawing a simulated value
from the conditional distribution. This procedure is repeated with random numbers of
seeds to generate multiple realizations (Pyrcz and Deutsch, 2014).

4.1.4 Results

4.1.4.1 Sedimentary Unit Description

The analyzed outcrop exhibits four sedimentary units exposed in the vertical wall
(Fig. 2A). These sedimentary units consist mostly of very fine to conglomeratic arkosic
sandstones, which occur both on the fault's hangingwall and footwall (Fig. 2). However,
due to the normal kinematics of the main fault, the lower unit 1 observed in the footwall
does not outcrop in the hangingwall block (Fig. 2A).

Figure 2 — (A) Vertical wall with sedimentary unit limits indicated by white dashed lines. The yellow dashed
line indicates the main normal dextral fault. On the right side, a schematic grain size range for each unit.
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Photos of each bed (B), (C), (D), and (E), and their respective microscopic features (F), (G), (H), and (I).
(B) Unit 1 (yellow circle in Fig. 2A) is a fine sandstone with deformation bands. (C) Unit 2 (red circle in Fig.
2A) is a massif pebbly sandstone with vug porosity. (D) Unit 3 (green circle in Fig. 2A) is a very fine
sandstone with a planar bedding stratification. (E) Unit 4 (blue circle in Fig. 2A) is a matrix-supported pebble
sandstone with deformation bands. (F) Microscopic view of unit 1 with changes in porous space between
K-feldspar grains in the host rock. This change is marked by variation from open to tight package (boundary
of deformation band indicated by the red dotted line). (G) Microscopic view of unit 2, the red dotted area
indicates carbonate cement between the K-feldspar grains. (H) Microscopic view of unit 3 showing
muscovite grain between the K-feldspar grains. (I) Microscopic view of unit 4 showing a moldic porosity in
a K-feldspar grain. DB: Deformation Band, IB: Interspace area between Bands, Po: Porosity, So: Bedding,
Kp: K-feldspar, Cm: Carbonate cement, Msc — Muscovite.

The sedimentary unit 1 is a cohesive sandstone, varying from fine to medium
grain size (Fig. 2B). We also identified muddy lenses along this unit. The sandstone is
well sorted and mostly composed of feldspar and quartz grains and subordinately biotite
and opaque minerals. Some deformation bands have a tight fabric in thin sections, with
sharp boundaries with non-deformed porous sandstone (Fig. 2F). Sedimentary unit 2 is
a massif pebbly sandstone with some clay lenses. Macroscopically, the porosity of this
unit is greater than unit 1 with vugs and dissolved pores (Fig. 2C). The sandstone is poorly
sorted locally with contact points between grains. Microscopically, this unit comprises
fractured and dissolved grains of feldspar, quartz, and rock fragments with carbonate
cement (Fig. 2G). Sedimentary unit 3 comprises sandstone with grain size varying from
fine to very fine, with clay matrix and planar stratification. The sandstone is mainly
composed of feldspar, opaque and micaceous minerals (Fig. 2H). In addition,
sedimentary unit 3 is the most affected by thin deformation bands (Fig. 2D). The grains
are fractured and dissolved, with tight packing marked by curved grain boundaries.
Muscovite and biotite do not follow a structural trend like the other aligned grains within
the deformation bands. Sedimentary unit 4, the thickest layer, is a matrix-supported
pebble sandstone composed of very coarse sand located at the top of the section (Fig.
2E). The sandstone is poorly sorted and composed of fractured feldspar grains that show
closed packing. In some thin sections, weathered feldspar grains exhibit moldic porosity

(Fig. 21).

Units 1 and 3 exhibit thicknesses roughly similar (120 cm and 110 cm,
respectively); unit 4 is the thickest bed (320 cm), and unit 2 is the thinnest bed (65 cm).
All layers are offset by the main fault (Fig. 2A), but unit 3 exhibits a drag geometry close
to the main slip surface (Fig. 3A, B).
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Figure 3 — (A) Central area from the vertical wall (see Fig. 2A for detailed location). (B) Line drawing of (A)
showing the stratigraphic unit 3 brittle-ductile behavior. The yellow dotted line indicates the main fault, and
the black dotted lines indicate the sedimentary unit limits. The main fault slickenlines are shown in (C) and

(D).

4.1.4.2 Structural Mapping and Analyses

Drone imagery supported identifying deformation band location, orientation, and
density (Fig. 4A). The deformation bands mostly strike NE-SW and secondarily E-W, NW-
SE, and N-S (Fig. 4A). We verified the relationship between the structural data from the
study area with the kinematics of major basin border faults (Fig. 4A). We named the
antithetic normal fault the main fault (Fig. 4A). This antithetic normal fault strikes NE, cuts
all the stratigraphic units, exhibits mostly normal movement with a minor dextral strike-
slip component (Fig. 4A and 3C and D), and shows a displacement of 1.35 m (Figs 2A
and 3).
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Figure 4 — (A) Structural map of the studied outcrop using the drone image with deformation bands and the
normal basin border fault. The strikes of the mapped structures are shown in equal-area lower hemisphere
stereographic projections. The red lines comprise the scanline locations. (B) Scanlines that we measured
at each unit across the main fault. PSC-1 and PSC-3 were measured on the upper and lower floor,
respectively, while the PSC-2 was measured in the vertical wall. The frequency of deformation bands
increases near the main fault. Key: SF? — Possible Secondary Fault; SF — Secondary Fault.

Scanline data in Fig. 4B indicate that deformation bands' frequency is higher
close to the main fault and tends to decrease moving away from it both in the hangingwall
and footwall blocks. The average frequency of the deformation bands in units 4 (PSC-1
in Fig. 4B), 3 (PSC-2 in Fig. 4B), 2 (PSC-3 in Fig. 4B), and 1 (PSC-3 in Fig. 4B) are 5, 7,
6, and 6 deformation bands/m, respectively. However, this average frequency increases
near the main fault (antithetic normal fault in Fig. 4A). For instance, unit 4 exhibits an
average of 11 deformation bands/m (PSC-1 in Fig. 3B), unit 3 shows an average of 11
deformation bands/m (PSC-2 in Fig. 3B), whereas units 2 and 1 present an average of 8
and 7 deformation bands/m (PSC-3 in Fig. 4B), respectively. Furthermore, some local
frequency increases are related to deformation band clusters, possibly associated with
secondary faults (SF in Fig. 4B).

We reported that the deformation bands frequency decreased in the following unit
order: 3, 1, 2, and 4 (Fig. 4). Units 1 and 2 were affected by deformation bands in similar
dip analyses, distinguishing themselves in the frequency (7 and 4.7 bands/m,
respectively). Unit 3 has the highest frequency of bands (8.8 bands/m). Consequently, it
is the most intensely deformed compared to the others. In contrast, unit 4 is less
deformed, with 3.5 bands/m. The scanline data also indicate that the deformation band
frequency is higher in the footwall than the hangingwall (Fig. 5B).
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Figure 5 — Strike and dip behavior of deformation bands: (A) View of the vertical wall with layers, fault, and
location of scanlines. (B) Rose diagrams of deformation band strike from the hangingwall (HW) and footwall
(FW) (key: blue — unit 4, green — unit 3, red — unit 2, yellow — unit 1; N — number of measurements). (C)
Diagrams of dip vs. the number of deformation bands (key — same colors used in (B). Also, the UCS analysis
points were measured in the dashed areas.

We investigated the variation of the deformation bands strike and dip. For
instance, the strike variations of the deformation bands are concentrated along the NE
trend (Fig. 5B), which is the same regional trend of the Portalegre Fault. In addition, units
1 and 2 have a similar dip variation of deformation bands (Fig. 5). In contrast, units 3 and
4 exhibit a higher dip variation of deformation bands, but unit 3 has the highest frequency.

In the vertical wall, we analyzed the geometry and linkage characteristics of
deformation bands (Fig. 6). Deformation bands display mutual abutting and crosscutting
relationships (Figs. 6A, 6B, and 6C). Units 3 and 1 developed an anastomosed pattern of
deformation bands. By contrast, units 2 and 4 produced singles linked deformation bands
with no anastomosed pattern geometry (Fig. 6A and 6B).

IE 10.000

8.000

Dbs Thickness
(22}
o
o
S

u1 : uz2 : U4

Figure 6 — Photos of the contacts between the units in the left column; lining drawings of the deformation
bands and layer boundaries (red dashed line) in the central column; (A) Deformation bands crossing units
4 and 3. The thickness and the dip vary. (B) Deformation bands crossing units 3 and 2. The deformation
bands in unit 3 exhibit a closed anastomosed pattern with a density of bands higher than unit 2. (C)
Deformation bands crossing units 2 and 1. There is a continuous anastomosed pattern, but it is more closed
and with more deformation bands in unit 1. (D) Deformation Bands Thickness from the horizontal scanlines
performed in units 1, 2, and 4 are in the right column (thickness in millimeters). Fig. 2A provides photo
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locations, and Fig. 4A the scanlines locations. n: number of plugs, x: medium value, o: standard deviation,
J: average

The thickness of deformation bands changes where they cross layers and along
each intersected bed (Fig. 6 A, B, and C). In this sense, unit 4 has the thicker, and unit 3
has the thinner deformation bands. Units 1 and 2 have a similar thickness variation in
deformation bands. The thickness of the deformation bands was measured using
scanlines PSC1 and PSC2 (Fig. 6D). PSC1 was measured on unit 4, where the thickness
graphic shows the highest values to this unit. PSC2 was measured on units 1 and 2,
where the thickness graphic shows higher values in unit 1 than values in unit 2.

4.1.4.3 Physical Rock Property Analyses

4.1.4.3.1 Uniaxial Compressive Strength (UCS)

We analyzed and compared the arithmetic mean of UCS in each bed (Fig. 7A).
The UCS tests from the deformation bands were compared with those from the interspace
area between adjacent bands. These comparisons were also performed in the
hangingwall and footwall of the main fault (Fig. 7B).
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Figure 7 — Bar graphs representing the average Uniaxial Compressive Strength — UCS: (A) The average
values measured at each unit on the deformation bands (DB) and in the interspace area between bands
(IB). (B) Comparison of the UCS average values measured in units 3 and 4 in the hangingwall and footwall.
Ul: Unit 1; U2: Unit 2; U3: Unit 3; U4: Unit 4; x: medium value; o: standard deviation; y: average.

In the deformation bands, units 1 and 2 yielded average UCS equivalent values
of 46.0 MPa, while units 4 and 3 yielded the highest and lowest values of 52.0 and 41.0
MPa, respectively (Fig. 7A). These UCS values increase with grain size. For example,
coarse grain size (unit 4) yields high UCS values, whereas fine grain size (unit 3) yields
low UCS values.

Unit 4 has deformation bands thicker than the other units, which yielded the
highest UCS average values (58.0 MPa in the hangingwall; 48.0 MPa in the footwall) (Fig.
7B). Moreover, unit 4 is a pebbly sandstone and exhibits a grain size higher than other
units. Although these sedimentary characteristics from unit 4 lead to more UCS
resistance, they also lead to a higher UCS average value in unit 2 (43.0 MPa) on the
deformation bands interspace.
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We compared the UCS average values from units 3 and 4 of the fault hangingwall
and footwall (Fig. 7B). Furthermore, units 1 and 2 were not accessed in this analysis
because unit 1 is not exposed in the hangingwall, and unit 2 is partly eroded. In general,
the hangingwall values are the highest than the footwall. This is consistent with the
deformation bands (58.0 MPa - U4) and interspace area between bands (43.0 MPa - U3
and U4). Therefore, this portion is tougher than the footwall in both units.

In the interspace between deformation bands, the UCS values follow the same
trend as those of the deformation bands. This trend shows that the UCS values increase
with grain size (Fig. 7A). The deformation bands interspace in unit 3 exhibits the lowest
average value of 35.0 MPa, which increases to 37.0 MPa in units 1, and 41.5 MPa in unit
4 (Fig. 7A). The only exception occurs in unit 2, with the highest UCS values (43.0 MPa).

We also compared the UCS behavior of deformation bands and their interspace
in the hangingwall and footwall of the main fault using the data from units 3 and 4,
exposed in the vertical wall. The UCS values of deformation bands interspace from units
3 and 4 have few variations (43.0 MPa — both units in hangingwall; 33.0 MPa in U3 and
40.0 MPa in U4 in footwall). Also, deformation bands from unit 4 have the highest average
value (58.0 MPa) in the fault hangingwall. The opposite occurs in unit 3 (40.0 MPa), but
with less variation of the UCS average values. Finally, two main piece of evidence were
highlighted by this analysis: (a) the deformation bands in the hangingwall exhibit UCS
average values higher than those in the footwall in both units 3 and 4; (b) the UCS values
of the deformation bands and their interspace are directly proportional to the grain size.

4.1.4.3.2 Porosity, Permeability, Young’s modulus, Poisson’s Ratio Analyses, and 3D
Modeling
We measured the arithmetic mean values of petrophysical properties in each unit,
such as porosity, permeability, Young’s modulus, and Poison ratio (Fig. 8A, 8B, 8C, and
8D). To measure these properties, the grain density used varies between 2.58 g/cm3 and
2.63 g/cm3. However, one of the samples from unit 1 has a different density (2.66 g/cm3)
from the others due to carbonate cement, which we confirmed with hydrochloric acid.
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Figure 8 — Result of petrophysical properties (porosity, permeability, Poisson’s ratio, and Young’s modulus)
measured in plugs of each sedimentary unit with deformation bands —. N: number of plugs, Md: median, x:
medium value, o: standard deviation, y: average.

4.3.2.1 Porosity and Permeability

The average porosity values of sedimentary units 1 and 2 are similar (porosity
20.16 and 20.34 %, respectively) (Fig. 8A). The average porosity values indicate that
stratigraphic unit 3 exhibits the highest average porosity (23.27 %), whereas unit 4 shows
the lowest average porosity (12.81 %). Besides, the standard deviation values of units 2
and 4 are similar (2.14 and 2.00, respectively), and unit 1 shows the highest value (4.60)
while unit 3 shows the lowest (1.24) standard deviation value.

Regarding the permeability measurements, unit 4 shows the highest average
values (43.73 mD), whereas unit 3 exhibits the lowest values (23.85 mD) (Fig. 8B). Thus,
even though unit 3 indicates the highest porosity, their average permeability value is the
lowest, possibly related to their unconnected porosity. However, like the porosity values,
the permeability values are similar in units 1 and 2 (33.29 mD and 30.90 mD). Moreover,
the standard deviation values of units 1 and 2 are medium values (33.29 and 28.44,
respectively) and unit 4 (43.40) shows the highest value while unit 3 (5.86) shows the
lowest standard deviation value.

4.1.4.3.2.1Poisson’s Ratio and Young’s Modulus

Regarding the Poisson ratio, the lowest average values were documented in units
1 and 3 (0.19 MPa and 0.18 Mpa, respectively). Differently, the highest average values
were measured in units 4 and 2 (0.23 Mpa and 0.20 Mpa, respectively) (Fig. 8C).
Therefore, units 2 and 4 have the highest means of UCS and Poisson’s ratio. We
attributed these higher values to carbonate cement in unit 2, giving the rock greater
cohesion. In addition, these units have the thickest deformation bands (see item 4.1.1),
which correspond to sandstones with the highest grain size. Also, the standard deviation
values of units 2 and 4 are similar (0.03 and 0.05, respectively), and unit 1 shows the
highest value (0.19) while unit 3 shows the lowest standard deviation value (0.0064).
Concerning Young’s modulus, the highest average value occurs in unit 4 (35.04 MPa),
and the lowest average value occurs in unit 3 (17.71 MPa), whereas units 1 and 2 shows
intermediate values (24.66 MPa and 24.23 MPa, respectively) (Fig. 8D). We can relate
porosity with Young's modulus by comparing the average petrophysical parameter values
from units 1 and 2. These results vary less than 1. In addition, the standard deviation
values of units 2 and 4 are similar (1.59 and 1.60, respectively), and unit 1 shows the
highest value (7.61) while unit 3 shows the lowest standard deviation value (0.74).
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4.1.4.3.2.2 Petrotyping

We compared the petrophysical data with typical reservoir values. The
petrophysical parameters of permeability and porosity plot in the GHE basemaps (Fig. 9)
are located in the lower 3 GHE bands, resulting in three petrotypes. However, these
results exhibit low permeability. The porosity of units varies between 11.40% to 26.50%,
and the permeability varies between 0.21 mD to 86.50 mD. Some plugs are plotted
outside the basemap area because they exhibit very low permeability values, which
correspond to pores that are not connected or the cementation that fills the rock porous.
The results plot in the trends GHE 1, 2, and 3 correspond to 3 petrotypes of rocks with
the lowest porosity and permeability in the basemap (Fig. 9).

Global Hydraulic Elements
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Figure 9 — GHE classification to the 14 plugs from the four sedimentary units. The GHE limits were defined
by the Flow Zone Indicator (FZI) parameter. Units 1, 2, 3, and 4 are represented to the point with colors
yellow, red, green, and blue, respectively.

4.1.4.3.2.3 Porosity and Permeability 3D Models

There are many methods for simulating the spatial distribution of a regionalized
variable. The Gaussian, however, is the simplest way to create a regionalization that
honors local data and a variogram (Pyrcz and Deutsch, 2014). To build the 3D model, we
used the DTM (Fig. 10A) processed from drone imagery from the outcrop (Fig. 10B). A
point dataset was created using the permeability information of different rock plugs
collected in the field to populate the static model with estimated reservoir permeability
values (Fig. 10C). The 3D geologic model (Fig. 10D) was divided into four zones,
totalizing 17360 cells (40 x 31 x 14). These data were upscaled to the grid and populated
with a geostatistical Sequential Gaussian Simulation algorithm (Deutsch and Journel,
1998) in the petrophysical modeling process (Fig. 10D, 10E, and 10F). Petrophysical
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properties are modeled according to the scale of heterogeneities and the amount of data
available and must be assigned to every cell in the geological model.

3D Model L _08m Permeability Model (mD) __0.8m Porosity Model (%) __0.8m

Figure 10 — The 3D model of the outcrop: (A) Digital Terrain Model (DTM) where the petrophysical data
were collected (dotted area in red). The main fault is drawn in the white dashed line. (B) Drone view of the
outcrop showing the modeled area. (C) Part of the outcrop where we collected the plugs in each layer (layer
boundaries dashed in black), modeled and represented in (D), (E), and (F). (D) The 3D model with
topography data and layers. (E) Permeability model. (F) Porosity model.

The porosity model shows that units 1 and 2 have the highest and similar values,
decreasing in units 3 and 4 (Fig. 10F). Although unit 4 exhibits the lowest porosity, it has
the highest permeability values in the model (Fig. 10E). Units 2 and 3 have similar
permeability values. The plug used for petrophysical data of unit 1 has carbonate cement
and presents the lowest permeability value.

4.1.5 Discussion

4.1.5.1 Mechanical Units and Deformation Bands

According to Laubach et al. (2009), it is essential to consider the host rock
properties to understand the role of mechanical stratigraphy in controlling fracture
attributes. In the present work performed in porous sandstones, we found that layers with
different properties (thickness, competency, UCS, grain size, porosity, permeability,
Poisson’s ratio, and Young’s moduli) have deformation bands with different structural
attributes (i.e., dip values, frequency, geometry, and thickness) (Fig. 11). The above
mentioned parameters were already described in mechanical stratigraphy studied from
different rock types in outcrops or well data (Bai et al.,2002; Cawood and Bond, 2018;
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Dashit et al., 2018; Lavenu and Lamarche, 2018; Giuffrida et al., 2019; Balsamo et al.,
2020; Skurtveit et al., 2021).

The four sedimentary layers identified in this study have different thicknesses and
correspond to mechanical units hosting deformation bands with different attributes, as
summarized in Figure 11. For instance, coarse-grained unit 4 has the lowest frequency
of thick deformation bands, while fine-grained unit 3 has a greater frequency of thin
deformation bands.

Uniaxial Compressive | Mechanical

Stratigraphic Column DB Thickness DB Frequency Strength Unit

(=008 (=016 (=135]0 20 40 60 8|0 10 20 30 40 50

Mud Sand Gravel
Centimeters DB / 9 meters Ucs (MPa) .DB . B

Figure 11 — Mechanical units compare the layer's mechanical behavior and the average parameters as
deformation bands frequency, thickness, geometry, and Uniaxial Compressive Strength. DB: Deformation
Bands, IB: Interspaces of Deformation bands.

Recent studies in faulted sandstone suggest that the spacing of deformation
bands may be controlled by layer thickness (Saillet and Wibberley, 2010). A relationship
between the spacing of strata-bound deformation bands and layer thickness is also
recently described by Elphick et al. (2021). In our study, the correlation of mechanical unit
thickness versus deformation bands density in Figure 12 suggests that thickness does
not directly control the deformation bands frequency, as shown by the data scattering.
This finding is different from low porosity layered sedimentary rocks, where layer
thickness is commonly the main parameter controlling the fracture spacing, with a greater
number of faults/fractures in the thinnest layers, although such a simple relationship is
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not always valid, particularly in fault zones (Ackermann et al., 2001; Benedicto et al.,
2003; Dempsey et al., 2012; Ferril et al., 2017; Laubach et al., 2018; Ortega et al., 2010).

Figure 12 indicates that deformation band frequency shows a positive linear
correlation with the host rock porosity and an inverse correlation with the Young’s
modulus. Mechanical units with the smaller grain size, highest porosity, and lowest
Young’s modulus average values result in the highest frequency of the deformation

bands.
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Figure 12 — 3D outcrop model shows the relationship between the deformation bands and layers. The
mechanical units are defined with all structural, sedimentary, and physical parameters described in the right
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column. The graphics compare the density of deformation bands to Young’s modulus, porosity, unit
thickness, grain size, and UCS interspace between bands average values for each layer. Each color
indicates the different layers described in our study. n: number of deformation bands/9 meters, ®: average
porosity, E: average Young’s modulus; v: average Poisson ratio; u: average permeability.

4.1.5.2 Influences of Different Mechanical Units in Deformation Bands Development

Sedimentary structure as the planar bedding is present in the mechanical unit
with greater deformation bands frequency (Fig. 2D). The present study indicates that
internal stratifications also form weakness plans that behave as an anisotropic medium.
This sedimentary effect was also documented in other studies, showing that sedimentary
parameters such as internal stratification and the nature of bed-to-bed interface influence
deformation (Ringrose and Corbett, 1994; Loveless et al., 2011). Muscovites and biotites
can contribute to the greater accommodation of deformation in the layer because they
are more malleable minerals that respect feldspar and quartz that make up the other
layers. This deformation was also shown in studies discussing how important is the
mineralogy control on deformation band mechanisms (Fossen et al., 2017; Araujo et al.,
2018).

The thickest sedimentary package, which corresponds to unit 4, has the lowest
deformation band frequency (Fig. 5). Preview study shows shear bands in sandstones
layers are not influenced by grain size or bed thickness (Ballas et al., 2014). Torabi et al.
(2019) showed different mechanical properties from layers of sandstones and shales that
the deformation behaved ductility. (Fig. 5). Based on our results, we suggest that thicker
layers may inhibit deformation bands development and attitude changes.

In our study, the most porous layer (unit 3) has a greater number of deformation
bands: This unit, which also has the smallest grain size, shows a competence contrast
compared with other beds, which also influences UCS behavior, decreasing this
mechanical property. Therefore, we propose that in an heterolithic siliciclastic sequence,
the most porous and incompetent layers tend to deform relatively more easily via
deformation band development, accommodating significant deformation before breaking
or bending (Willis, 1893).

Though the deformation bands described in the four units derive from the same
deformation event, we reported variations in the deformation band dip from one
mechanical unit to another (Figs. 4 and 5). Previews studies confirm that the variation of
the fault planes could occur due to contrasting bed competencies (Antonellini and Aydin,
1995; Rawling and Goodwin, 2006). This behavior was also observed in faults by Ferrill
and Morris (2003) and Morris et al. (2009b), showing that different properties of the
mechanical units influence fault geometry and linking characteristics. The units with the
greatest grain size (2 and 4) also display the geometry of deformation bands and mutual
abutting and crosscutting relationships, which show as single structures linking each
other. Therefore, the deformation bands frequency is directly correlated to the
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anastomosed pattern of deformation bands. Besides, the anastomosed deformation
bands occur in the units with the lowest grain size — unit 3, which indicates that the grain
size of host rock also influences the linkage process of these structures. The
anastomosed geometry of the deformation bands can significantly impact the fluid flow in
siliciclastic reservoirs (Fossen and Bale, 2007; Fossen et al., 2007; Zuluaga et al., 2016;
Fossen et al., 2017; Romano et al., 2020).

In our study, the mechanical unit with the highest frequency of deformation bands
exhibits the lower deformation bands UCS, not showing greater cohesion as expected
when increasing deformation (Figs. 11 and 12). We observed that unit 4 has a high UCS
and low porosity. These characteristics may be related to the larger grain size, as
confirmed by recent studies (Del Sole and Antonellini, 2019; Del Sole et al., 2020). It is
worth mentioning the same to the Pontes et al. (2019) results, who stated a reduction in
porosity with an increase in UCS by increasing the rock's cohesion in the arkosic
sandstones of the RPB, the same geological unit analyzed in this study. The highest UCS
value is related to unit 2, which is assigned to the coarser grain size with the cementation
or the greatest cohesion caused by deformation (Fig. 2G). Additionally, in our
interpretation, the process that resulted in the generation of the deformation bands
occurred before the cementation process. We based this interpretation on the fact that
the cementation process, if it occurs first, would reduce the porosity of the host rock and
may preclude the formation of deformation bands, which require around 15% porosity to
form (Fossen et al., 2017).

In addition, Nicchio et al. (2018) and Araujo et al. (2018) confirmed that (1)
significant porosity reduction occurs inside the cataclastic band in the RPB; (2) the
clustered zones of deformation bands and slip surfaces are observed only in coarse
sandstones. Besides the grain size, the grain shape variations are also documented as a
relevant parameter for the formation and development of rock deformation (Rawling and
Goodwind, 2003; Aydin et al., 2006; Zambrano et al., 2017). In our study, comparing the
porosity and grain size to deformation bands density in each layer, we observed that
where the layer has greater porosity and smaller grain size, there is a higher density of
thinner deformation bands. Therefore, we suggest that grain size impacts deformation
bands thickness and the deformation development in the finer grain of feldspar,
confirming previous studies (Fossen et al., 2007; Enxer and Tschegg et al., 2012; Ballas
et al., 2014).

4.1.5.3 Implications for Siliciclastic Reservoirs

The petrophysical characteristics of our study area are consistent with Type 4
fractured reservoirs (Nelson, 2001). This type of reservoir exhibit fractures that act as flow
barriers, inducing compartmentalization and anisotropy in the reservoir. In our case,
deformation bands play the role of these fractures and potentially impact the fluid flow
acting as fluid barriers (e.g., Caine and Minor, 2009; Balsamo and Storti, 2010) or provide
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partial fluid compartmentalization (Medeiros et al., 2010). Some studies analyzed the
parameters of porosity and permeability of deformation bands to understand how they
affect the petrophysical properties of the host rocks (Antonellini and Aydin, 1994;
Alikarami et al., 2013; Del Sole et al., 2020; Torabi et al., 2020). Our study compared
porosity and permeability using the GHE method and built 3D models of these properties.
Sedimentary layers with distinct mechanical behavior can present different petrophysical
properties, which occur when these layers are affected by deformation bands (Underhill
and Woodcock, 1987). The distribution of deformation bands varies according to the
sedimentary parameters such as internal stratification, the nature of the bed-to-bed
interface, and their mineralogy arrangement (Ringrose and Corbett, 1994; Loveless et al.,
2011; Fossen et al., 2017; Araujo et al., 2018; this study). Our 3D models (Figure 10)
show a vertical variation of petrophysical properties controlled by the mechanical-
stratigraphic parameters of each layer. For instance, units 1 and 4 show high and low
porosity values, respectively. In contrast, units 1 and 4 exhibit low and high permeability
values, respectively (Figure 10E and F). The relation between porosity and permeability
shows a power-law distribution (Torabi et al., 2013). Additionally, we found that the
thickness of sedimentary layers influences petrophysical properties. Therefore, we
assume that mechanical-stratigraphic parameters (internal stratification, bed thickness,
grain size) influence petrophysical properties (Fig. 10).

Also, we observed these impacts in the petrophysical properties are
demonstrated using petrotyping analysis. The GHE method was used for different rocks
in other studies (Corbett and Potter, 2004; Vik et al., 2013; Corbett et al., 1987). Our
results showed that most samples plot in the GHE 1, 2, and 3 trends (Fig. 8). It indicates
petrotypes with the lowest porosity/permeability. We assign that deformation bands and
sedimentary parameters induce a reduction of these properties and indicate compaction
concerning the host rock. Despite the compaction process, it would not fit entirely to Type
4 of the classification of fractured reservoirs (Nelson, 2001) since the deformation bands
do not behave strictly as barriers considering that they allow flow fluids (Medeiros et al.,
2010). Thus, the distribution and abundance of deformation bands affect reservoir
production (Gibson, 1998). However, understanding how porosity/permeability reductions
in deformation bands affect reservoir production needs data beyond outcrop analog
analyses.

The thickness variations of the deformation bands represent an essential control
on how these structures affect fluid flow (Fossen and Bale, 2007; Fossen et al., 2007;
Torabi and Fossen, 2009; Rotevatn et al., 2013; Saillet and Wibberley, 2013; Fossen et
al., 2017). According to Caine and Minor (2009), deformations can strengthen the rock
through mechanical compaction and loss of porosity, which could be caused by
deformation bands compaction (Del Sole and Antonellini, 2019; Pizzati et al., 2020). The
mechanical unit 4 has a higher UCS on the deformation bands, and its deformation bands
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are also thicker (Fig. 6), with less porosity (Fig. 8). These characteristics are consistent
with bed compaction.

The porosity/permeability 3D models in the RPB (Fig. 10) allow us to analyze how
the mechanical layers could be grouped according to different parameters (Fig. 12). Our
model also can represent the vertical heterogeneities, such as the petrophysical
properties of the stratigraphic layers with deformation bands. Other studies used the 3D
modeling approach with petrophysics data to understand mechanical stratigraphy at the
reservoir scale (Smart et al., 2014; Aldred and Sritongthae, 2015; Ali et al., 2019).
Although it is not possible to predict the behavior of stratigraphy on porosity and
permeability values exactly, this information can be used to improve prediction accuracy.

4.1.6 Conclusion

This study analyzes the influence of mechanical stratigraphy in the development
and petrophysical properties of deformation band in arkosic sandstones of the RPB,
Brazil. We proposed that the main parameters that control the mechanical stratigraphic
units are based mainly on the following parameters: petrophysical, UCS, layer thickness,
lateral layer continuity, grain size, and frequency, dip, thickness, geometry, and linkage
of the deformation bands.

The following conclusions support that mechanical stratigraphy influences
deformation band development and petrophysics. (a) Layer interfaces do not hamper the
propagation of deformation bands across layers but a change in the deformation bands
pattern. (b) The layer thickness does not exclusively control deformation bands. (c) Host
rock grain size, porosity, and Young modulus control the frequency of deformation bands.
This influence is more effective where porosity is high, grain size is fine, and the Young
modulus is low. The cohesion (UCS) is higher in the deformation bands than in the host
rock (interspace between DBS). Additionally, the rock cohesion (UCS) increases in the
deformation bands in units with greater grain size and greater thickness. The mechanical
properties of layers strongly impact the mechanical behavior of sedimentary units. These
findings may have implications for fluid flow in faulted layered siliciclastic reservoirs.
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4.2  Artigo 2 - AUTOMATIC 3D FAULT DETECTION AND CHARACTERIZATION -
A COMPARISON BETWEEN SEISMIC ATTRIBUTE METHODS AND DEEP
LEARNING
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Abstract

Seismic interpretation is a crucial tool for identifying faults, fluid concentrations, and flow
migration pathways in the oil and gas industry. Algorithms have been developed to
identify faults using seismic data and attributes such as changes in amplitude, phase,
polarity, and frequency. Despite technological advancements, challenges remain in
seismic interpretation due to noise, quality of data, and ault dimensions. Recently, deep
learning has been applied to image faults from seismic data, which makes the process
faster and more reliable. The aiming is to evaluate the performance of Deep Neural
Networks (DNN) in fault interpretation by comparing the results with traditional seismic
attributes in onshore seismic data. Our results indicate that the DNN results reveal more
structural detail which is essential in characterizing the 3D fault geometry. In addition,
DNN results show better continuity, less false positives, and less affected by the noise in
the onshore seismic data used in this case. The 3D fault model from DNN identifies faults
and their fault segments with greater variability of strikes, as well as revealing more minor
faults. Based on the DNN fault model we characterized the 3D geometry of a new fault in
the Rio do Peixe Basin, without noise influence.

Keywords: Seismic Attributes; Neural Network; Faults; Noise; 3D
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4.2.1 Introduction

Seismic interpretation has been widely used to map the geometry of geologic
features, such as stratigraphic surfaces and faults in sedimentary basins. This technique
has become fundamental to the oil and gas industry since it helps to identify faults, fluid
concentrations, and flow migration pathways (e.g., Ligtenberg, 2005; Hustoft et al., 2007).
Examples are the identification of faults using seismic data to detect fluid migration,
building advanced geological models and studying fault fluid flow behavior (e.g., Berndt,
2005; Hustoft et al., 2007; Kluesner and Brothers, 2016), mapping fault zones and their
internal structures (e.g., Jones and Knipe, 1996; Cohen et al., 2006; Botter et al., 2014;
Liao et al., 2019), measuring fault throw and displacement (e.g., Walsh and Watterson,
1987; Hale, 2013; Ma et al., 2019), and predicting fault growth (e.g., Mansfield and
Cartwright, 1996; Preuss et al.,2019).

Seismic attributes are changes in the amplitude, phase, polarity, frequency, and
velocity of seismic data (Dorn, 1998). As a quantitative measure of a seismic feature of
interest (Chopra and Marfurt, 2005), seismic attributes have been an essential tool in
seismic interpretation. Various studies have used seismic attributes with a different focus
to automatically trace the fault plane geometry (Bahorich and Farmer, 1995; Chopra and
Marfurt, 2005, 2007, 2010b; Brouwer and Huck, 2011; Libak et al., 2017; Qi et al., 2019),
deformation surrounding fault structures based on disturbance zones (Liao et al., 2020;
lacopini et al., 2016), and fluid pathways in fault zones (Berndt, 2005; Kluesner and
Brothers, 2016).

Even with the advancement in technology using seismic data to identify faults,
some challenges remain, such as the resolution, noise, quality of the seismic data, and
fault dimensions. In this regard, several studies have developed tools to remove or
suppress noise in seismic data and attenuate this effect with different types of processing
(Stehly et al., 2006; Chopra and Marfurt, 2007; lacopini et al., 2011; Yuan and Wang,
2013; Anvari et al., 2017; Birnie et al., 2021). Applying seismic attributes for automatic
recognition of the fault can create artifacts (Chopra and Marfurt, 2007) or structural
leakage (lacopini et al., 2016). These challenges in seismic interpretation using attributes
make the characterization of the fault geometry more complex. Some geometric
parameters of the faults, such as length, matter for reservoir analysis since the fault
permeability affects the fluid flow in such reservoirs (Lohr et al., 2008; Xu and Sun, 2014).

Among different seismic attributes, those that highlight the discontinuities
between the seismic reflectors or geological horizons are the best ones to image faults.
Coherence is one of these attributes that reveals structural features and measures the
similarity between neighboring seismic traces (Bahorich and Farmer, 1995; Marfurt et al.,
1998, 1999; Gersztenkorn and Marfurt, 1999). Seismic attributes such as coherence are
sensitive to discontinuities, making this quantity unique and suitable for imaging
structures such as faults (Libak et al., 2017). Coherence attributes alone may image other
geological features than faults (e.g. channel edges) or artifacts and therefore need to be
geologically sense checked. To further enhance the quality of fault images on coherence
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attributes and highlight smaller faults with more detail of fault geometry, some studies
combined frequency decomposition with coherence calculation (Alaei, 2012; Li and Lu,
2014; Botter et al., 2016; Alaei and Torabi, 2017; Mahadik and Routray, 2022).

Recently, supervised deep learning has been utilized to image and interpret faults
from seismic data, making the process of seismic interpretation faster and more reliable
(Wu et al., 2019, 2020; Torabi and Alaei, 2022). Since the publication of AlexNet by
Krizhevsky et al. (2012), the application of deep learning has spread in many disciplines,
including geosciences. Deep learning can be used for classification, object detection, and
semantic segmentation. Deep learning includes large networks of functions and
parameters in architectures containing interconnected neurons in layers (Goodfellow et
al., 2016). In supervised deep learning, it is possible to provide the computer with seismic
data as input (feature) and instruct the data by adding some interpretation as output
(label) examples. In this way, different deep-learning networks can be used to identify
and interpret salt bodies and faults (Di et al., 2018; Wu and Zhang, 2018) and fault zones
(Wu et al.,, 2019; Wrona et al., 2020; An et al.,, 2021). Recent studies compared
approaches such as Deep Neural Networks (DNN) and seismic attributes to predict faults,
showing the challenge of identifying fault geometry and the sensitivity to the seismic noise
or facies (Qi et al., 2019; Lorentzen et al., 2022; Lubo-Robles et al., 2022). However, the
number of studies comparing (DNN) and conventional interpretation of seismic data is
limited, and more study cases are needed.

In this study, we (a) compare seismic interpretations of faults utilizing seismic
attributes with the results from deep learning, (b) map and characterize faults using the
best automatic seismic tools to recognize their 3D geometry, (c) add the new mapped
faults in the structural framework of the basin, and (d) highlight the advantages and
disadvantages of each approach used in the seismic interpretation. Here, we present a
comparison of results from seismic interpretation using seismic attributes and supervised
deep learning applied to onshore 3D seismic data from the Rio do Peixe Basin (RPB),
Brazil. We applied seismic attributes such as variance, ant tracking, similarity, and fault
enhancement. The pretrained DNN model we used is trained using TransUnet (Chen et
al., 2021) networks, customized to predict faults in seismic data. The comparisons we
made between attributes and deep learning reveals, in our case, that deep learning is
more successful in identifying faults and their geometry than results from seismic
attributes. The differences are better continuity of the fault segments, variability of strikes,
and detection of a greater quantity of minor faults. In addition, our study highlights that
the seismic noise influences the quality of seismic attributes (and therefore imaged faults)
more than fault prediction from deep learning.
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4.2.2 Geological Setting

Our study area was located in the Rio do Peixe Basin (RPB), an intracontinental
basin in northeastern Brazil. This basin inherited the geometry of NE-SW- and E-W-
striking Precrambian shear zones, which were reactivated as faults in the Cretaceous.
The main faults are the NE-SW-striking Portalegre and the E-W-striking Patos (Sénant
and Popoff, 1991; Francolin et al., 1994; Nicchio et al., 2022; Ramos et al., 2022) (Fig.
1). These major rift faults control the depocenters in the RPB.

Nogueira et al. (2015) and Vasconcelos et al. (2021) identified two major tectonic
phases, synrift and postrift. The first was responsible for the generation of the basin during
the extensional phase that created E-W- and NE-SW-oriented faults. The second was a
tectonic inversion associated with ENE-WNW late to post Cretaceous compression. More
recently, Nicchio et al. (2022) used paleomagnetic data and concluded that two stretching
directions gradually shifted from NNE-SSW to NW-SE during basin development in the
Early Cretaceous as a consequence of clockwise rotation in South America.

88



Tese de Doutorado — Oliveira, L. S. B., 2022 Capitulo 4

38°40'W ] 38°110'w : 37°5|o'w
Sz N e IR === s

3 —",. ‘f ‘“—"‘—.—f
"'J\Z"’f#‘-n"‘;é X

s’

" Seismic Xlines .- Seismic Lines I} 3D Seismic Cube / Shear Zones / Normal Rift Faults

AP A BT S BTl R SR

N

RN

p‘-»,-- ------------'439

o
.“"' l

< | |
q_1zc'

‘---- = |

C '900 . , . : Tectono- | Age
I—IGeochronoIogy %— (,o“(\ Brejo das Freiras Sub-basin Sousa Sub-basin sequence| (Ma)
= o
~125.0
Barremian
& | Hauterivian o
5 g 8 Rift
=}
Valaginian Zl2
o
=
92
Berriasian | | <
~145.0
ol — ~407.6
() 5 ragian .
§ E Pre-rift
DI o .
n’.“” Lochkovian ~419.2
INANANNANNNANNANNNNANNNANNNNANNNNANNNNANNNANNNN] ~541.0
Basement [ + + + + &+ + ++ +++++++++++++++++++




Tese de Doutorado — Oliveira, L. S. B., 2022 Capitulo 4

Figure 1 — (A) Geological map of the RPB (adapted from Francolin et al., 1994; Medeiros
et al., 2005; Vasconcelos et al., 2021; Ramos et al., 2022) (B) Location of the 3D seismic
survey (dashed red rectangle). (C) Stratigraphic chart of RPB (modified from Rapozo et
al., 2022; Ramos et al., 2022). Basin and subbasins: IB, Icozinho; BFSB, Brejo das
Freiras; SSB, Sousa; PSB, Pombal. Shear zones: PASZ, Portalegre; PSZ, Patos. SSF.
Faults: Sitio Sagui; MF, Malta; PAF, Portalegre; LFF, Lagoa do Forno; RPF, Rio Piranhas.

The RPB comprises the Brejo das Freiras, Sousa, and Pombal subbasins and
has the following stratigraphic units: two Devonian units (Pildes and Triunfo Formations)
and three Early Cretaceous units (Antenor Navarro, Sousa, Rio piranhas Formations)
from bottom to top (Cérboda et al., 2008; Francolin et al.,1994; Sénant and Popoff, 1991;
Silva et al., 2014). The Pildes Formation predominantly consists of siltstones and shales
related to deltaic to fluvial systems, overlaid by the Triunfo Formation, mainly composed
of fluvial-deltaic gray-to-white sandstones and conglomerates. The Antenor Navarro
Formation is composed of fluvial fine to conglomeratic sandstones and conglomerates. It
is overlain by the Sousa Formation, which is composed of lacustrine intercalations of
shales and siltstones. The Rio Piranhas Formation occurs at the top of the stratigraphic
column and is predominantly composed of alluvial fan conglomerates.

The RPB exhibits good exposures of faults, fractures, and deformation bands,
which have been the target of several studies (e.g., Nicchio et al., 2018; Vasconcelos et
al., 2021; Souza et al., 2021; Lourenco et al., 2021). These subsidiary fault structures
deformed the host rock and changed its petrophysical properties (e.g., Araujo et al., 2018;
Pontes et al.,, 2019; Nogueira et al., 2021; Oliveira et al., 2022; Silva et al., 2022). In
addition, several studies revealed the variation in damage zone width and the
arrangement of the structures as clusters, singles, and anastomosed patterns influencing
the fluid flow behavior of faults (Torabi et al., 2021; Lourenco et al., 2021; Oliveira et al.,
2022; Silva et al., 2022). Furthermore, different fault zone configurations in the basin such
as flower structures were reported at a subseismic scale (Nogueira et al., 2015).

4.2.3 Data and Methods

We used seismic reflection data to characterize the structural framework in the
seismic survey area, which was provided by the Brazilian Agency of Petroleum, Natural
Gas, and Biofuels (ANP). The 3D seismic reflection dataset is displayed with reverse
polarity, following the SEG convention. The seismic survey extends down to 2000 ms
(TWT). The seismic data are time migrated and have a dominant frequency of
approximately 30 Hz and an interval velocity of approximately 3,200 m/s, which indicates
a vertical resolution of approximately 26 m. In the seismic sections, the horizons are
continuous from 150 ms to 930 ms, facilitating the identification of faults. The relatively
continuous reflectivity is observed from 150 to 930 ms, whereas data is noisy from 0 to
150 ms and close to the basement.
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4.2.3.1 Conventional seismic interpretation and attributes

We used conventional seismic data interpretation techniques, such as the
detection of abrupt terminations of reflections and dip changes due to faulting and 3D
seismic attributes, to identify the faults in the southeastern part of the Rio do Peixe Basin.
The seismic inlines trend NE-SW, whereas the cross lines are aligned along NW-SE. In
addition, the seismic horizons strike NE-SW. The coincidence between faults and seismic
horizons along the NE-SW trend makes it difficult to identify the former. We used a
structurally constrained approach based on the local dip and azimuth calculation of the
3D seismic data to derive seismic attributes. We generated the following attributes to
enhance the identification of faults: (i) Semblance-based similarity attribute, (ii) variance,
(i) ant tracking, and (iv) eigen structure-based fault enhancement

The coherence attributes have been widely used in seismic interpretation to
highlight faults and stratigraphic features since the 1990s (Bahorich and Farmer 1995).
The coherence attribute measures the similarity of the seismic waveform between
neighboring traces using coherence coefficient estimation (Alaei, 2015; Chopra and
Marfurt, 2007). This methodology was applied to detect discontinuities in seismic horizons
and characterize structures (Bahorich and Farmer, 1995; Chopra, 2002; Dutzer et al.,
2010; lacopini et al., 2011,2016; Qi et al. 2017; Libak et al., 2017; Ma et al., 2019). For
example, highly coherent seismic waveforms indicate laterally continuous lithologies,
while abrupt changes in the waveform can indicate faults and fractures in sedimentary
rocks. We generated semblance-based similarity attributes in this study using Attribute-
Assisted Seismic Processing & Interpretation software. Widely applied in previous
studies, the semblance is understood as the ratio between the analysis window and the
average energy of all trace samples along the dip of the reflector within the energy of the
average trace (Marfurt et al., 1998; Chopra and Marfurt, 2007; Libak et al., 2017).

The second coherence attribute we generated is variance, another measure of
waveform discontinuity and lateral changes in seismic amplitude (Chopra and Marfurt,
2007). These lateral changes are represented as traces over a sample interval, which is
calculated in 3D. Therefore, similar traces produce low variance values, while
discontinuities (faults, fractures, channel edges) have high variance values. As variance
is considered a reverse version of semblance, this seismic attribute is commonly used to
highlight seismic breaks in previous studies (lacopini et al., 2012; Liao et al., 2019, 2020;
Phillips et al., 2019). We applied this attribute, focusing on revealing the fault traces.

Following the generation of two coherence attributes, we applied a fault
enhancement process using the ant tracking approach (Randen et al., 2001). Ant tracking
is based on the principles of swarm intelligence that connect and skeletonize the discrete
discontinuities generated by the coherence family of attributes. The variance attribute
provides the seed points we generated in the previous stage for ant tracking. The variance
attribute was generated using the following filter sizes: Inline and cross line range: 3; and
vertical sample size: 15. Dip information was not used in the variance calculation. In order
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to map faults in seismic data, we applied ant tracking to highlight these structures as
many authors have previously noted (Jansen, 2005; Basir et al., 2013; Liao et al., 2020).

The last attribute we generated aimed to enhance fault traces; where coherence
is used as input. The enhancement was achieved by applying Eigen structure analysis to
compare the dip and azimuth of linear discontinuities from a volumetric perspective. After
the eigenvector application, the directional LoG filter was applied to the workflow, followed
by the skeletonization techniques proposed by Machado et al. (2016) and Qi et al.
(2019b). The input to the fault enhancement process was the similarity attribute.

4.2.3.2 Fault interpretation with DNN

The interpretation of faults using DNNs in general and CNNs, in particular has
received much attention in the last five years (e.g., Wu et al., 2019, 2020; Yang et al.,
2021; Liu et al., 2020; Torabi and Alaei, 2022). The fundamental concept of using DNNs
is to train DNN models that classify seismic data into two classes: faults and background
or host rock. By providing examples of faults (fault sticks) on seismic slices, DNN
networks learn to perform semantic segmentation and assign one class (either fault or
background) to each seismic data point in the seismic survey data. This is a supervised
approach, and the quality of imaged or predicted faults by the DNN network depends to
a large degree on the quality and amount of provided fault sticks or labels for training.
The labeling or fault-picking step to provide the training examples for the DNN networks
is the most time-consuming part of imaging faults using machine learning approaches.
This time-consuming step has been significantly reduced by replacing manual fault
picking with fault picks predicted by DNN models that are already trained on either real
or synthetic seismic data with corresponding faults. In this study, Earth Science Analytics
provided a pretrained model from EarthNet (Oikonomou et al., 2019) to predict faults in
our survey area. The model trained on more than 40 seismic surveys represents different
geological settings. No seismic data from Brazil were used in the model training. The DNN
architecture used in the pretrained fault interpretation model is the TransUnet network
(Chen et al., 2021), which has been customized to train for fault interpretation. The
architecture of the model consists of 4 layers, a 320 by 320 pixels patch size, 4 number
of transformers, and two types of loss functions (Jacard loss and categorical cross
entropy). We have applied this model to the survey area in this research along the inline
and cross-line directions. The fault probability volume used later in the result section was
generated by taking the average fault volume along the inline and cross-line directions.
The ideal workflow is to refine the model by training on fault sticks from our studied area.
Since we have only applied a pre trained model to generate fault probability volume and
have not done any further refinement of the model (no manual work), comparing faults
derived from fault attributes is relevant. The averaged 3D fault probability volume (taken
from inline and cross line directions) was then used as input to carry out fault
characterization. The main purpose of using ML-derived fault volumes is to identify the
faults and structural framework of the basin, show their geometry and small segments
and compare them with faults derived from ant tracking.
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4.2.4 Results

The results of this study are presented in four parts. First, we present the applied
seismic attributes, which reveal some of the fault trends. Second, the fault model from
DNN shows a 3D perspective of the detected faults with different orientations and sizes.
Therefore, we present a comparison between the DNN and seismic attribute results.
Then, we characterize as an example, a dextral fault with a normal component and its 3D
geometry based on the 3D fault model from DNN.

4.2.4.1 Fault interpretation results from seismic attributes

Four different seismic attributes are presented in this section. Figure 2 shows the
results of all four attributes at 280 ms. The two coherence attributes (similarity in Fig. 2b
and variance in Fig. 2c) show some faults with mainly NW-SE trends. The continuity of
the imaged fault on the similarity attribute is slightly better than the variance. The results
from two fault enhancement approaches (in fault enhancement Figure 2d and ant tracking
in Figure 2e) revealed a few more faults than the similarity and variance attributes (Fig.
2b and c). Faults detected strike E-W, NW-SE, NE-SW, and N-S, with respect to the
longest fault segment length and the largest distribution in the seismic cube. Figure 3
shows the same attributes shown in Figure 2 for a deeper time slice (420 ms). At 420 ms,
the similarity (Fig. 3b) and variance attributes (Fig. 3c) show almost the same faults, but
the similarity attribute has more noise or false-positives in the western part of the survey.
Ant-tracking (Fig. 3e) and fault enhancement (Fig. 3d) display more faults than their input
volume (variance and similarity attributes). The NNW-SSE faults imaged on the eastern
part of the survey area in the ant tracking results (Fig. 3e) are almost absent in the fault
enhancement results (Fig. 3d).

In general, seismic attributes showed the majority of E-W-oriented faults with
continuous traces, displayed in the entire seismic cube from the basement to the surface
(Figs. 2 and 3). In some areas, the E-W-striking faults can have a strike variation to WNW-
ESE. The NW-SE-striking faults form the second most common set, being the second
most continuous trace of faults, and appear in greater quantity near the surface in the
seismic volume (Figs. 2 and 3).
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Figure 2 — (A) Time slice (280 ms) together with (B) similarity, (C) variance, (D) fault
enhancement, (E) ant tracking, revealing the faults, highlighted for the most positive

values in color tables (using 60 Hz frequency as input).
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It is more difficult to use the results from the seismic attributes for fault analysis
from a 3D perspective since all of them are significantly influenced by noise. The possible
fault discontinuities are mixed with the noisy data in superficial or deeper areas in the
basin close to the basement.

4.2.4.2 Fault interpretation results from DNN

The fault interpretation results from the DNN are illustrated in Figure 4. The
results are the average of the applied model in the inline and cross-line directions. A
review of the results shows that the quality of the predicted faults is less affected by the
near-surface noise in the shallow section and the scattered signal near the basement.
The results from the two time slices show continuous and long fault segments along the
E-W and NW-SE directions, which are concentrated in the western and eastern parts of
the seismic cube, respectively (Fig. 4). The fault traces cut across the entire basin from
the Lower Devonian to the Upper Cretaceous sedimentary package. The small fault
segments (strike NE-SW) are concentrated close to the surface, located in the
Cretaceous sedimentary package.
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Figure 4 - (A) Seismic data showing time slices (B) 280 and (D) 420 ms, and (C) and (E
from the DNN model.
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Visualizing faults derived from the DNN approach with seismic data in the
horizontal and vertical directions reveals the faults from a 3D perspective (Fig. 5). The
faults with the longest segments mostly have a vertical to subvertical dip, while small
subsidiary faults are dipping less than (Fig. 5).

DNN
Color table
O.IOO 0.50

Figure 5 — (A) Seismic cube showing time slice, (B) time slice 232 ms and with inlines (99
and 239, (C) time slice 532 ms combined with inlines (99 and 239) together with results
from the DNN model revealing the faults geometry in 3D structures' faults and the 3D

geometry.
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4.2.4.3 Comparison of seismic attributes with DNN results

Several seismic attribute volumes are presented in the results section. The most
continuous and detailed results were obtained using the ant tracking volume generated
with the variance attribute as input. We used ant tracking results and compared different
directions in space with imaged faults derived from the DNN approach (Fig. 6).

Ant tracking

B Color table
-1;00 0.00 1.00

1 C Color table
! 0.00 0.50 1.00

Figure 6 — Comparison between application of seismic attributes and DNN: (A) location
of the time slice (420 ms) combined with inline and cross line (102 and 349, respectively);
(B) Seismic data visualization with positive ant tracking; (C) Fault model from DNN
revealing the fault traces combined with seismic data. The right columns in (A), (B), and
(C) represent details of the left column.

We observe that the DNN fault volume allowed us to identify the geometry of
faults better than faults detected by the seismic attributes since it displays different sizes
of the fault segments in a greater variety of orientations. These results are meaningful
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when compared to the geological setting and exposed faults in the study area (Figs. 6
and 7). The continuity of the imaged faults using the DNN method is better in both the
horizontal and vertical directions (Fig. 7). The improved images of faults from the DNN
method make it easier to interpret fault geometries such as conjugate pairs of faults or
flower structures (Fig.7). In addition, the ant tracking results have more false positives
than the DNN results (Figs. 6 and 7).

Ant tracking
Color table Color table
0.00 050 1.00 -1.00 0.00 1.90

(ms)0 N

100.'11 3

Figure 7 — Comparison between DNN and Ant tracking fault traces applied on (A) seismic
cube; (B) Example of a seismic profile to show the comparison between (C), 3D fault
model from DNN, and (D), the ant tracking seismic attribute. The most positive answer
shows the ant tracking discontinuities marked in the color table.

Unlike the ant tracking results, the DNN results are less influenced by the noisy
near-surface areas or in the deepest section closer to the basement (Fig. 8). Traces of
imaged faults in the ant tracking data are mixed with noise, causing a misinterpretation
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(not complete correct fault geometry) of the discontinuities in the seismic data. It is,
therefore, difficult to use fault images from ant tracking for kinematic analyses and further
characterization of faults in the study area. However, the DNN results only reveals the
discontinuities in the seismic data as faults, not connecting these imaged fault segments
to the noisy areas.
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Figure 8 — Comparison between results of seismic attributes and DNN and (A) location of
the time slice (532 ms) combined to inline and cross line (109 and 409, respectively). (B)
Seismic data visualization with positive ant tracking. (C) Fault results from DNN model
revealing the fault traces displayed with seismic data. The right columns in (A), (B), and
(C) represent zoomed in of the left column.
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4.2.4.4 3D Fault characterization using DNN results

We used the fault volume from the DNN approach (Figs. 6 and 7) and selected
one of the faults to carrying out a further geometric characterization of the fault geometry
in 3D. The selected fault is shown in Fig. 9. Using vertical and horizontal slices of seismic
and fault volumes from the DNN approach at different depths, we derived the 3D
geometry of the selected fault and its segments. The geometric characterization showed
that the fault traces most likely represent patterns of a negative flower structure (Fig. 9).
The results clearly indicate that the selected fault extends from the basement and
throughout the entire basin to the surface from the Devonian to the Cretaceous
sedimentary package.
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Figure 9 - Example of detected fault using the DNN results (A) in time slice (232 ms)
combined with inline (102) exhibiting a flower structure geometry near the surface; (B)
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time slice (232 ms) with inline (102) ing the E-W-striking fault; (C) time slice (532 ms)
combined with inline (102) and the detected fault.

We interpreted the fault kinematics by analyzing the time slices and seismic lines
passing through this fault. Combining the reflective patterns on both sides of the fault, we
interpreted an oblique movement along the fault plane with a dextral horizontal
component and a normal vertical component (Fig. 10). We observed that the antithetic
subsidiary fault segments, which are part of the negative flower structure, were easier to
identify than the synthetic subsidiary fault segments in the volume derived from the DNN
approach.
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Figure 10 — A kinematic analysis of the fault revealed by the DNN: (A) 3D perspective of
the structure; (B) a seismic profile (102); (C) a time slice (532 ms) with fault trace; (D)
zoom of (C) on map view shows the dextral fault; (E) zoom of (B) the same detected fault
with a normal vertical movement, geometry of the negative flower structure and its
segments.
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In order to characterize the fault from a 3D perspective, we used the 3D fault
results from DNN approach and the seismic profiles to interpret the fault connecting to its
segments and the minor subsidiary faults (Figure 11A). Analyzing the fault detected by
the model in the inlines, we observe the fault is lengthening from the westernmost portion
to the central region of the seismic cube, crosscutting all the sedimentary packages of the
basin (Figs. 11B and 12A).
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Figure 11 —The figure shows a combination of the 3D fault model from DNN and the
seismic data: (A) fault traces on seismic profiles are part of the same fault (A-A’ and F-F’
seismic profiles); the fault splays between these segments as conjugate pairs (B-B’, D-D’
and E-E’ seismic profiles). A negative flower structure was detected at the center of the
fault (C-C’). (B) Map view of the fault at different depths. The locations of the seismic
profiles are indicated in Fig. 12B.

The fault has two segments with two main strikes: E-W and WNW-ESE. These
fault segments are interrupted in some portions and follow another fault segment in depth,
showing parallel growth as en echelon termination (Figs. 11B and 12B). A fault trace in
the time slices shows the segments in the map view migrating from the east to the west
portion of the seismic cube, alternating the orientation of the fault from pure E-W to WNW-
ESE (Fig. 12). The largest fault length is located in the west-central area of the seismic
cube, where it presents the geometry of a negative flower (Fig. 11A). The fault is
basement rooted, where its segments initiated and crosscut the entire basin. We
connected the fault segments to fully interpret it, starting from 100 ms and going as far as
930 ms, where the basin reflectors disappear (Fig. 12A).
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Fig.12B (ms)

seismic profiles in Fig.11A =

Sousa formation Antenor Navarro formation ﬂ Triunfo and Pilées

formations
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Figure 12 — The 3D fault model analysis and the seismic data used to interpret the fault:
(A) a 3D perspective showing the fault geometry and its size variation in depth; (B) its
projection on map view with the kinematics; (C) the map view shows the fault with its
kinematics and the fault trace used to interpret normal vertical movement. Time slices
present fault segments migrating at depth with dextral movement and a central negative
flower structure.
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We projected the fault trace from the seismic data in the geological map of the
RPB. The main fault strikes E-W, with the fault segment striking WNW-ESE, which is
parallel to the Malta Fault boundary. We named this fault the Lagoa Vermelha Fault, which
occurs between the Patos and Itaporanga shear zones, following the E-W strikes of these
structures. The Lagoa Vermelha Fault segments may continue beyond our interpretation.
However, we limited the interpretation to the 3D seismic data area, which we used as the
base to interpret this fault.

4.2.5 Discussion

4.25.1 Seismic attributes versus DNN

We used the coherence (similarity and variance) and fault enhanced attributes
(eigen structure fagult enhancement and ant tracking) to identify faults in the onshore
seismic data (Figs. 2 and 3). Comparing the results between these seismic attributes, we
found that the ant tracking and fault enhancement provide similar results. The fault
enhancement reveals structures with similar trends, and fault traces detected have
shorter lengths than those imaged by the other seismic attributes. These seismic
attributes were widely used in previous fault detection, fault zone and fractures, and fault
prediction studies (Marfurt et al., 1998,1999; Jansen, 2005; Silva et al., 2005; Dutzer et
al., 2010; lacopini et al., 2012, 2016; Basir et al., 2013; Qi et al. 2017; Ma et al., 2019;
Liao et al., 2019, 2020; Phillips et al., 2019). Even with a great and detailed fault detection
capacity, seismic attributes have focused on revealing major structures such as lengthy
faults (Wrona et al., 2021), through seismic discontinuities caused by major
displacements, and different seismic facies by changes such as amplitude (Chopra and
Marfurt, 2007).

We compared the seismic attributes and the DNN results in fault detection. We
have considered several parameters such as level of detailed imaged by each method,
continuity of the imaged faults, false positive content, and the effect on seismic noise on
the quality of detected faults by each method. The DNN approach clearly provides more
relevant detail from faults than the seismic attributes. Our results show that although
seismic attributes reveal some fault traces (Figs. 2 and 3), the 3D fault shape from DNN
results reveals a greater variety of detail with more continuity of fault geometry (Figs. 4,
5, 7,9, and 10). The interpretation of the Lagoa Vermelha Fault was based on the DNN
results and revealed major and minor faults with more continuty, thus detect the 3D fault
structure more accurately than the seismic attributes. The use of the DNN fault results
was fundamental to understanding and building a 3D image of the fault with flower
structure geometry (Fig.12). The DNN results provides a unique opportunity to analyze
the kinematics of the fault and its segments (Fig.10).

The structures imged by DNN method have greater continuity of fault traces and
their segments can be clearly maped, for example as conjugate faults and flower
structures (Figs. 7, 9, and 10). This improved connectivity of the imaged faults enable us
to get a better 3D fault geometry in the DNN fault results compared to the results derived

110



Tese de Doutorado — Oliveira, L. S. B., 2022 Capitulo 4

from seismic attributes. The challenges caused by poor continuity in the faults imaged by
seismic attributes have been documented by some studies (e.g. Wrona et al., 2021; Guo
et al., 2021). The comparison with the seismic attributes confirms that the DNN results
reveal details of the geometry of the structures for time slices or seismic profiles, which
we point out to be relevant in the 3D seismic interpretation for the characterization of
faults (e.g., Walsh et al., 2003; Wu et al., 2019; Wrona et al., 2020; An et al., 2021). In
our case, ant tracking results reveal an incomplete characterization of fault geometry in
inlines and crosslines compared to DNN (Fig. 7). Showing a detailed fault system using
an automatic tool is an innovation, the deep learning has been used recently with a focus
on revealing the structures in seismic data characterizing in a 3D perspective (Guo et al.,
2021).

The next point that we used to compare the quality of imaged faults from ant
tracking and DNN approach is the amount of false positives. This refers to features that
are imaged as faults but are in fact artefacts of the approach (based on geological sense
check on seismic data). We observed more false positives in ant tracking approach than
DNN. In fact, since the DNN approach is supervised (meaning human picked faults have
been used as true examples for both training the model and evaluating the quality of the
results), there is less chance of false positive than ant trackng approach.

The next point to discuss in the comparison of ant tracking and DNN approaches
is the effect on noise in the seismic data on the quality of the results. (Figs. 6, 7, and 8).
In our case, the seismic data from the Sousa Subbasin show some areas near the surface
presenting zones of little or No Reflection (NR) (Fig. 7). Seismic data with NR gaps can
confuse the interpretation of fault discontinuities, cause poor connectivity of imaged with
NR gaps (Rummerfeld, 1954; Barnes and Laughlin, 2002; Chopra and Marfurt, 2005; Di
etal., 2017, 2019). Therefore, the influence of noise is a challenge that impacts the results
of seismic attributes (Silva et al., 2005; Cohen et al., 2006; Hale, 2013; Yan et al., 2019;
Wu et al., 2019). Similarly, the results from DNN applications were compared before,
where the authors pointed out noisy features and the robustness of DNN model to noise
content (Wu et al., 2019). Our results from DNN reveal the fault traces are properly
imaged even in the noisy zones of the seismic survey from the NR shallow zone or
basement (Figs. 4, 5, and 7). In contrast, the faults detected from seismic attributes show
areas that connect the traces with NR or basement noise (Fig. 7). Some studies have
focused on understanding the noise effect in seismic interpretation (Friedrich et al., 1998;
Stehly et al., 2006), aiming to use noise attenuation and cancelation in the workflow (Libak
et al., 2017; lacopini et al., 2011, 2012). Our study shows that DNN application to image
faults in noisy intervals of seismic data is less influenced than seismic attribute-based
approaches.

4.2.5.2 Rio do Peixe Basin structural framework

The NE-SW-striking Portalegre and the E-W-striking Malta faults are the main
structures bounding the RPB (e.g., Francolin et al., 1994; De Castro et al., 2007; Nogueira
et al., 2015; Vasconcelos et al., 2021; Ramos et al., 2022). The faults detected by DNN
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and seismic attributes show the same strike of these main RPB structures (E-W and NE-
SW), but our results also reveal faults with the NW-SE and N-S strikes (Figs. 2 and 3).
Outcrop data in the RPB also indicate fault zones, deformation bands and fracture sets
showing the same strikes as mentioned above (e.g., Nogueira et al., 2015; Araujo et al.,
2018; Pontes et al., 2019; de Souza et al., 2021; Torabi et al., 2021, Silva et al., 2022;
Palhano et al., 2023).

We highlight the strong influence of the Malta Fault on the basin structures, even
in the structures present more to the center of the basin, since the longest fault segments
are more frequent with E-W trend in the seismic data. Our seismic interpretation indicates
that the Lagoa Vermelha Fault is parallel to the E-W-striking Malta Fault. The kinematic
interpretation from a 3D perspective of the Lagoa Vemellha Fault shows an oblique fault
with dextral and normal movements. This result is consistent with a recent study on the
RPB structural framework, which presents two rift phases evidenced by the paleostress
change: an initial N-S extension following a second NW-SE opening (Nicchio et al., 2022).
We suggest this fault kinematics originated from the initial N-S extension.

Also, our results show the Lagoa Vermelha Fault as a continuous fault trace on
seismic data from the basement to the Cretaceous sedimentary package. It coincides
with the interpretation made by Ramos et al. (2022), indicating that basement structures
acted as weakness zones susceptible to brittle reactivation. In this case, our study shows
preexisting basement structures have been reactivated as E-W striking faulting in the
basin.

4.2.6 Conclusions

In this study, we compared seismic attributes and deep learning and conclude
that DNN is more successful in detecting faults in our studied seismic data. The 3D fault
model from deep learning identifies the faults and their segments with better variability of
strikes and a greater quantity of minor faults than the seismic attributes. Even with the
advances in using seismic attributes, we highlight that seismic noise influences them,
making interpretation in near-surface or basement areas difficult, especially in seismic
surveys obtained onshore. In the deep learning study, we selected a model that was not
trained based on seismic data from Brazil and previous manual interpretation of the RPB,
which allows comparison with faults derived from seismic attributes. Additionally, we
highlight that this choice was important for comparing the methodologies. The 3D fault
model from DNN detects the fault segments with more continuity on inlines, crosslines
and time slices, revealing a better fault geometry in a 3D perspective without the noise
influence. The fault results from DNN approach was fundamental to characterizing the 3D
fault geometry in our case, otherwise using only seismic attributes would have been
impossible to automatically detect geometries as conjugate pairs of faults or a flower
structure. We interpreted and mapped a new fault, namely Lagoa Vermelha Fault,
showing a negative flower structure in the southeastern part of the Rio do Peixe Basin,
parallel to the E-W-striking Malta Fault. Our kinematics interpretation shows that the
Lagoa Vermelha Fault is an oblique fault with a normal vertical movement and dextral
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horizontal movement. As the DNN presents no noise influence and shows a great
continuity of the fault segments detected, we can characterize the 3D fault geometry that
starts from the basement and crosscuts the entire sedimentary package of the basin.
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5 Conclusdes
A presente tese tem como principal objetivo obter um maior entendimento em
relacéo as zonas de falhas na Bacia Rio do Peixe, suas especificidades e geometrias,
bem como a caracterizacdo dessas em diferentes escalas, compreendendo o impacto e
influéncia de suas estruturas secundérias como as bandas de deformacao alterando as
camadas sedimentares desde o0s aspectos sedimentolégicos e mecanicos as
propriedades petrofisicas da rocha hospedeira. O entendimento da estratigrafia
mecéanica de arenitos a conglomerados atingidos por estruturas como bandas de
deformacé&o ainda demonstra caréncia de mais estudos, uma vez que essa complexidade
em zonas de falhas vem tendo foco em fraturas desde estudos mais antigos aos mais
recentes. Além disso, as técnicas de deteccdo automética de falhas implementadas
criaram uma oportunidade de mapear essas estruturas em profundidade, em uma escala
mais regional, podendo assim correlacionar essas como o0 arcabougo estrutural da Bacia
Rio do Peixe. Ainda, houve a contribuicdo acerca do mapeamento e interpretacéo de
uma zona de falha na porcéo sudoeste da Sub-Bacia de Sousa, a qual foi caracterizada
geometricamente em 3D e com uma cinematica dextral-normal. Com isso, 0s objetivos
propostos foram alcancados através das investigacdes de campo e das técnicas
implementadas utilizando os dados de sismica. Os resultados dessa tese foram
comparados com os de artigos publicados anteriormente. A partir dos resultados e
discussOes apresentados anteriormente, as seguintes conclusdes foram extraidas:
() Os principais parametros que controlam as unidades mecanico-estratigraficas se

baseiam principalmente nos seguintes parametros: petrofisicos, UCS, espessura
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(1)

(I

(V)

(V)

(V1)

(V1)

da camada, continuidade da camada lateral, tamanho e frequéncia do gréo,
mergulho, espessura, geometria, e linkagem das bandas de deformacéao.

As interfaces de camadas ndo impedem a propagacdo das bandas de
deformacdo através das camadas, mas promovem uma mudanca no padrao das
bandas de deformagéo.

A espessura da camada nédo controla exclusivamente as bandas de deformagéo.
A densidade dessas estruturas apresenta-se com diferentes expressoes de
deformacdo em cada camada. Portanto, a densidade ndo é determinada
exclusivamente pela espessura da camada.

O tamanho do grao da rocha hospedeira, a porosidade e o médulo de Young sao
fatores que controlam a frequéncia das bandas de deformacédo. Esta influéncia é
mais efetiva quando h& uma alta porosidade, um tamanho do grédo mais fino, e
um baixo valor de médulo de Young.

A coesdo (UCS) é maior nas bandas de deformacao do que na rocha hospedeira
(espaco entre bandas). Além disso, a coesdo da rocha (UCS) aumenta nas
bandas de deformagdo em unidades com maior granulometria e maior
espessura.

As propriedades mecanicas das camadas impactam fortemente o
comportamento mecénico das unidades sedimentares. Estas descobertas
podem ter implicagcdes no fluxo de fluido em reservatorios siliciclasticos.

A comparacdo entre atributos sismicos e DNN mostra que este € mais bem
sucedido na deteccao de falhas, em nosso caso de dados sismicos (na BRP).

Esta comparacao permite observar que o modelo de falha 3D do DNN identifica
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(V1IN

(1X)

(X)

as falhas e seus segmentos subsidiarios com melhor variabilidade de direcdes e
maior quantidade das falhas menores.

Mesmo com 0s avangos no uso dos atributos sismicos, destacamos que o ruido
sismico os influencia e os condiciona, o que dificulta a interpretagdo em areas
proximas a superficie ou no subsolo em nosso caso.

Escolhemos um modelo computacional de falhas que nao foi treinado com base
em dados sismicos do Brasil ou interpretacdo manual prévia da bacia estudada,
0 que permitiu a comparacdo com falhas derivadas de atributos sismicos. Desta
forma, ressaltamos que esta escolha foi importante para a comparacao das
metodologias. O modelo de falha 3D do DNN detecta os segmentos de falha com
mais continuidade nas inlines, xlines e time slices, revelando melhor a geometria
da falha em uma perspectiva 3D, e sem a influéncia do ruido sismico.

O modelo de aprendizado profundo foi fundamental para a caracterizagao da
geometria de falha 3D em nosso caso, uma vez que somente utilizando atributos
sismicos ndo seria possivel detectar automaticamente geometrias como pares
conjugados de falhas ou uma estrutura em forma de flor. Com isto, interpretamos
e mapeamos uma nova falha mostrando uma estrutura em flor negativa em sua
porcado central, localizada na parte sudeste da Bacia do Rio do Peixe, que
também esta alinhada paralelamente a tendéncia E-W da Falha de Malta. Como
o DNN néo apresenta nenhuma influéncia do ruido sismico e mostra uma grande
continuidade dos segmentos de falha detectados, foi possivel caracterizar a
geometria 3D da falha que parte proxima ao embasamento, e cruzando todo o

pacote sedimentar da bacia. Nossa interpretacdo cinematica mostra uma falha
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obligua com movimento vertical normal e um movimento horizontal dextral da

nova falha mapeada, nomeada de Falha Lagoa Vermelha.

121



