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RESUMO

O estudo das relagdes entre as fases em rochas porosas nos permitem obter suas propriedades
fisicas. As propriedades fundamentais de um reservatorio, associadas as fisicas, nos permitem
estimar os comportamentos mecanicos, seja pela distribuicdo das superficies internas, pelas
propriedades de controle de fluxo ou pelas relagdes entre fracdes de volume, como a porosidade.
O entendimento desses atributos e sua quantificagdo fornecem embasamento para banco de
dados e aprendizado de maquina, no intuito de aperfeicoar modelos deposicionais referentes a
rocha analisada. Arenitos em sistemas turbiditicos do Grupo Itararé apresentam arranjo e
composi¢ao de facies altamente complexos. Este estudo apresenta uma interpretacao integrada
de facies sedimentares, petrografia, dados fisicos e mecanicos de cento e oitenta e trés plugs de
arenito em plena saturacao de ar e dgua. Propriedades como peso especifico aparente de solidos,
seco e saturado, velocidades de ondas P e S, porosidade e resisténcia a compressdo uniaxial
foram investigadas. O fluxo hiperpicnal foi o principal processo de transporte e acumulacao
dos arenitos estudados que ocorreu em ambiente de leque submarino extrabasinal, envolvendo
o colapso da carga suspensa com flutuacdes de fluxo. Os arenitos sdo principalmente
subarcoseos a arcoseos e apresentam baixo a alto teor de argila, com acamamento macigo a
ondulado (rippled) e granulometria fina a média. As propriedades fisicas ¢ mecanicas exibem
relacOes satisfatorias (~50-56%) entre si, bem como com o tamanho e arranjo de graos,
porosidade e facies turbiditica. Essa correlacao destaca tendéncias negativas boas a muito boas
para a porosidade, que regularam tendéncias positivas para todas as outras variaveis a medida
que o tamanho de grao aumenta da facies S3w para S1. Portanto, nesta pesquisa foi possivel
atestar que o processo de transporte e deposi¢ao pela corrente de turbidez hiperpicnal exerce
controles primarios sobre as propriedades fisicas e mecanicas dos arenitos estudados.

Palavras-chave: Mecanica de rochas; Fluxo hiperpicnal; Turbiditos; Composi¢do mineral de

arenitos; Analise de facies; Arenitos; Bacia do Parand; Grupo Itararé.



ABSTRACT

The study of the relationships between phases in porous rocks allows us to obtain their
physical and mechanical properties. The fundamental properties of a reservoir, allow us to
estimate the mechanical behaviors, either by the distribution of the internal surfaces, by the
flow control properties or by the relationships between volume fractions, such as porosity. The
understanding of these attributes and their quantification provide a basis for databases and
machine learning, to improve depositional models related to the analyzed rock. Sandstones from
turbidity systems of the Itararé Group present a highly complex facies arrangement and
composition. This study presents an integrated interpretation of sedimentary facies,
petrography, physical and mechanical data from one hundred and eighty-three sandstone plugs
in full air and water saturation. Properties such as solid, dry, and saturated apparent specific
weight, P- and S-wave velocities, porosity, and unconfined compressive strength were
investigated. Hyperpycnal flow was the main transport and accumulation process of the studied
sandstones that occurred in an extrabasinal submarine fan environment, involving the collapse
of suspended load with flow fluctuations. The sandstones are mainly subarkose to arkose and
have low to high clay content, with massive, rippled bedding and fine to medium grain size.
Physical and mechanical properties are fairly related (~50-56%) to each other, as well as to
grain size and arrangement, porosity, and turbidite facies. This correlation highlights good to
very good negative trends for porosity, which regulated positive trends for all other variables as
grain size increases from facies S3w to S1. Therefore, in this research it was possible to attest
that the process of transport and deposition by the hyperpycnal turbidity current exerts primary
controls on physical and mechanical properties of the studied sandstones.

Keywords: Rock mechanics; Hyperpycnal flow; Turbidites; Mineral composition of

sandstones; Facies analysis; Sandstones; Parana Basin; Itararé Group.
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1 INTRODUCAO

Os reservatorios de petrdleo e gas sdo constituidos essencialmente por uma camada
superior de rochas selantes, uma camada inferior de rochas geradoras e uma camada
intermediaria de rochas porosas. Esta ultima ¢ comumente constituida por rochas
sedimentares como arenito, calcarios e dolomitas que representam 66% do conteudo
rochoso aflorante total do planeta como potencial de armazenamento de gés e petréleo
bruto (BUCHELI, 2005; TIAB; DONALDSON, 2016).

As propriedades primarias (fisicas e mecanicas) sao uma fonte complementar para
caracterizacao geologica em func¢do da mecanica de rochas, que pode ser dividida em
subareas como petrofisica, geomecanica, de identificagdo, de classificagdo entre outras
(AMYX; BASS; WHITING, 1960; FARMER, 1983; JAEGER; COOK; ZIMMERMAN,
2007; TIAB; DONALDSON, 2016; VALLEJO et al., 2002; ZHANG, 2016). As
propriedades mencionadas podem apresentar fortes correlagdes de possivel interpretagao
para melhor entendimento do seu comportamento, prever diferentes propriedades,
analisar a qualidade do macico rochoso, presenca ou nao de fissuras, anisotropia, entre
outros (ALMEIDA; SOARES; TABOSA, 2016; HAMADA; JOSEPH, 2020; HICKS;
BERRY, 1956; KARAKUL; ULUSAY, 2013). Neste estudo, as propriedades foram
classificadas com base em Vallejo et al (2002) e divididas em composi¢cao mineral,
propriedades fisicas e mecanicas.

As propriedades fisicas e mecanicas das rochas estdo diretamente relacionadas com o
arcabouco da rocha em termos de distribuicao porosa, classificagdo de particulas,
estruturas internas, texturas e muito mais. Ambientes e processos deposicionais controlam
esses fatores na génese das rochas. Os sistemas turbiditicos consistem em unidades
sedimentares genéticas que se formam em ambientes deposicionais dominados por fluxos
gravitacionais subaquosos (MUTTI, 1992; STELTING; BOUMA; STONE, 2000). Os
principais fatores que influenciam o desenvolvimento e determinam a composi¢ao de um
sistema de turbidez sdo o contexto tectonico (rocha fonte), as condigdes climaticas e de
sedimentagdo (entrada de sedimentos) e a flutuagdo do nivel de base (espago de
acomodacdo). Esses sistemas sedimentares compreendem arenitos reservatorios brandos
e porosos, que se formam em ambiente marinho profundo por fluxos hiperpicnais
(BATES, 1953; ZAVALA; SHUXIN, 2018).

Sistemas turbiditicos formam complexos reservatorios arenosos. Embora esses

sistemas ndo representem as maiores reservas de hidrocarbonetos do mundo, eles se
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tornaram de grande interesse para a industria de hidrocarbonetos (HUANG, 2018;
NORMARK; POSAMENTIER; MUTTI, 1993; PRATHER, 2003; SHANMUGAM,
2016; TALLING et al., 2015; WEIMER et al., 2006). Tal qual ¢ evidenciado em muitas
bacias sedimentares globalmente, apresentando sistemas petroliferos produtores e
prospectos emergentes (FRANCA; POTTER, 1991; MENDONCA; SQADINI; MILANI,
2003; VESELY et al., 2007).

Neste trabalho propde-se apresentar os resultados referentes a investigagcdo de arenitos
turbiditicos originados da Formacdo Taciba (Figura 1) e seu relacionamento entre as
propriedades fisicas e mecanicas com processos sedimentares (fluxos hiperpicnais),
composi¢do mineral e processos diagenéticos. Como também a correlacdo entre essas

propriedades e seu ambiente sedimentar correspondente.

Figura 1- (A) Mapa geoldgico simplificado da Bacia do Parana; (B) mapa geoldgico de

detalhe e afloramentos da regido de estudo
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1.1 OBJETIVO GERAL

Fornecer correlagdes e dados com embasamento fisico experimental e conceitual
visando alimentar banco de dados para aprendizado de maquina e melhorar a
compreensdo de arenitos analogos a reservatorios e seus sistema deposicional para

aplicacdo na explorag@o de hidrocarbonetos nessa regiao.

12 OBIJETIVOS ESPECIFICOS

e Determinar facies sedimentares presentes nos afloramentos estudados e codigo
de facies apropriado para intepretacao;

e Determinar composi¢ao mineraldgica e classificacdo do tipo de arenito;

e Determinar propriedades fisica e mecéanicas das amostras para caracteriza¢do
quantitativa e comportamento mecanico;

e Tratar estatisticamente os dados para exclusdo de outliers e melhor abordagem
no método de correlagao/

e Comprovar correlacao dos resultados obtidos com dados de outros autores;

e Estudar correlagdo entre propriedades fisicas e mecanicas através de relagdes
conhecidas;

e Avaliar correlagdes entre propriedades fisicas e mecanicas de arenitos com

respectivo ambiente sedimentar interpretado.

1.3 JUSTIFICATIVA

Durante o primeiro quarto do século XX, as descobertas de hidrocarbonetos em
reservatorios de arenitos turbiditicos eram restritas as bacias da California. A partir de
1990, a exploracao offshore e, particularmente, em aguas profundas no Brasil (Campos)
permitiu a descoberta de grandes reservas de hidrocarbonetos em reservatorios de
sistemas turbiditicos. Os sistemas turbiditicos sdo complexos, heterogéneos e
desafiadores quando sdo alvos exploratorios para fins econdmicos, visto que esses
sistemas podem representar grandes reservatorios de petrdleo (HUANG, 2018;
NORMARK; BARNES; BOUMA, 1985; SHANMUGAM, 2012; SHANMUGAM,;
MOIOLA, 1988; TALLING et al., 2015).

O Grupo Itararé ¢ reconhecido como um dos melhores prospectos para
hidrocarbonetos na Bacia do Parana (FRANCA; POTTER, 1988, 1991), devido a

ocorréncia de niveis estratigraficos onde predominam arenitos com potencial para
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reservatorios. Determinar as propriedades fisicas de arenitos analogos a reservatorios,
como pesos especificos e porosidade, ¢ essencial para dimensionar o potencial e
capacidade de reservatorio (LI et al., 2014). Da mesma forma as propriedades mecanicas,
como velocidade de ondas compressionais, cisalhantes e resisténcia a compressdo
uniaxial fornecem informagdes valiosas sobre o comportamento mecanico dessas rochas,
fundamentais na compreensdo da interagdo desse material com o meio e influéncia no
método de exploragdo (TIAB; DONALDSON, 2016).

A determinag¢do da velocidade de propagacao de ondas, por exemplo, permite verificar
uma propriedade que varia de acordo com os parametros elasticos do material, das
propriedades fisicas, além da qualidade dos macigos, presenca ou ndo de fissuras,
anisotropia, condi¢des de umidade, temperatura e pressao de confinamento (KARAKUL;

ULUSAY, 2013; VALLEJO et al., 2002).
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2  CONTEXTO GEOLOGICO

A Bacia do Parané é uma ampla bacia sedimentar-magmatica na regido centro-sul do
Brasil (Figura 1A), com area de 1,5 milhdo de quildometros quadrados e trechos com
espessura até 7.000 m. Segundo Milani et al. (2007), o registro estratigrafico dessa bacia
inclui seis Superseqiiéncias (sensu Vail; Mitchum; Thompson (1977): Rio Ivai
(Ordoviciano ao Siluriano inferior), Parand (Devoniano), Gondwana I (Carbonifero ao
Tridssico Inferior), Gondwana II (Tridssico Médio ao Superior), Gondwana III (Jurassico
Superior ao Cretaceo Inferior) e Bauru (Cretaceo Superior).

A Supersequéncia Gondwana I (Figura 1A), com aproximadamente 2500 m de
espessura (MILANI; ZALAN, 1999), é subdividida nos grupos Itararé, Guata, Passa Dois
e nas formagdes Piramboia e Sanga do Cabral (Milani; Franga; Medeiros (2007). Esta
Supersequéncia representa um ciclo transgressivo-regressivo completo (Paleozoico) que
se inicia, na base, com estratos de origem glacial, marinho profundo, de plataforma e pos-
glacial, até deposigdes estritamente continentais no inicio do Mesozoico (MILANI et al.,
2007).

O Grupo Itararé¢ (Figura 1B) foi individualizado nas formag¢des Campo do Tenente,
Mafra e Rio do Sul, segundo Schneider et al. (1974). No entanto, Franga e Potter (1988)
reinterpretaram esse Grupo em trés formagoes: Lagoa Azul, Campo Mourao e Taciba. Os
sistemas de turbidez da Formagdo Taciba compreendem afloramentos nas regides de
Doutor Pedrinho e Presidente Getulio (Figura 1B), leste do estado de Santa Catarina, que
tém sido extensivamente estudados como analogos para sistemas modernos contendo
reservatorios de hidrocarbonetos (CIOCCARI; MIZUSAKI, 2019; FRANCA; POTTER,
1988, 1991; MILANI et al., 2007; VESELY et al., 2007; ZALAN et al., 1990).
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3 REVISAO BIBLIOGRAFICA

Neste topico, sdo apresentadas as principais referéncias relacionadas ao tema de
pesquisa, além de dados de publicagdes mais recentes e a revisdo de detalhes sobre a
geologia e os procedimentos relacionados as propriedades fisicas e mecanicas dos

materiais rochosos deste estudo.

3.1 SISTEMAS TURBIDITICOS

O termo “turbidito” foi criado por Kuenen (1957) e se refere a depdsitos sedimentares
famosos e importantes do registro geologico. Esses depositos estdo presentes nas
estruturas de muitos cinturdes orogénicos proterozoicos, no entanto t€ém sido muito
estudados no contexto de bacias fanerozoicas por se tratar de importantes reservatorios
de hidrocarbonetos. Seu aprendizado e aperfeicoamento nao apresenta uma designagao
definitiva, representado por extensos trabalhos ja publicados desde a década de 60
(BOUMA, 1962; LOWE, 1982; MUTTI, 1992; MUTTI et al., 2003; MUTTI,
NORMARK, 1991; NORMARK; BARNES; BOUMA, 1985; POSTMA, 1986;
TALLING et al., 2015; TINTERRI et al., 2020; ZAVALA; SHUXIN, 2018; ZHANG;
PAN; LI, 2020)

O primeiro modelo de facies turbiditicas foi proposto por Bouma (1962), que passou
a ser conhecido como “Sequéncia de Bouma”. Esse modelo, inclui uma sucessao de
estruturas com cinco divisdes, da base para o topo: Ta (arenito macigo a normalmente
gradado), Tb (arenito com laminagdo planar), Tc (arenito com ripples de corrente), Td
(arenito ou siltito com laminagao paralela) e Te (intervalo pelagico). Apesar da sequéncia
caracterizar uma Unica unidade deposicional, um esquema de associagdo de facies
turbiditicas, por exemplo, constitui agrupamentos de multiplas unidades deposicionais.
Depositos com todas as cinco divisdes classificadas por Bouma (1962; Ta, Tb, Tc, Td e
Te) sdo nominados de "turbidito classico" (SHANMUGAM, 2016).

O modelo de facies proposto por Lowe (1982) pode ser considerado mais um marco
na sedimentologia turbiditica. Esse modelo incorpora algumas percepcdes que se
mostraram fundamentais para o desenvolvimento dos seguintes esquemas de fécies
(Figura 2A) como: (1) populacdes dindmicas de tamanho de grdo; (2) fases de
sedimenta¢do caracterizando correntes de turbidez de alta densidade (a: tragdo; b: tapetes

de tragdo; c: sedimentacdo em suspensdo); (3) um trato de facies onde fluxos de detritos
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coesivos passam em correntes de turbidez de baixa densidade residuais por meio de
correntes de turbidez cascalhosas e arenosas de alta densidade (TINTERRI et al., 2020).

O esquema de facies de Mutti (1992; Figura 2B) apresenta uma versao atualizada (ver
Mutti et al., 2003), que pode ser considerado um trato de facies genético tipico que
abrange todo o espectro de facies turbiditicas. Esse modelo se baseia em estudos
detalhados realizados no Norte de Apennines, Bacia Terciaria de Piedmont e centro-sul
de Pyrenees (TINTERRI et al., 2020). Neste modelo, s3o reconhecidas nove facies: F1,
F2, F3, F4, F5, F6, F7, F8 e F9. Cada facies ¢ claramente rotulada em termos de um
processo deposicional especifico: F1 (fluxo de detritos coesivos); F2 (fluxo
hiperconcentrado); F3 (congelamento por friccdo); F4 e F5 (correntes de turbidez
cascalhosas de alta densidade); F6 (tracdo); F7 e F8 (correntes de turbidez arenosas de
alta densidade); F9a e F9b (correntes de turbidez de baixa densidade; que incorpora as
Facies de Bouma).

O modelo de facies turbiditicas (a “Sequéncia de Bouma™) foi a base para a nogao
popular de que leques submarinos sao compostos inteiramente por turbiditos. Em resumo,
o objetivo final dos modelos de facies ¢ interpretar estratos antigos desconhecidos

(ancient strata) e maior conhecimento sobre essas facies (Shanmugam 2016).
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Figura 2 -(A) Na esquerda, depdsito ideal de corrente turbiditica arenosa de alta densidade
de Lowe (1982); na direita, diagrama geral mostrando mudancas na estrutura de um
turbidito. A linha horizontal representa a base do turbidito. Uma comparagdo entre as facies
de Mutti (1992) e as fases deposicionais de Lowe (1982) também ¢ mostrada; (B) Esquema
de classificag@o de facies turbiditicas segundo Mutti (1992).
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Fonte: Tinterri et al. (2020).

Apesar do esquema de facies definido por Zavala (2008) focar em um fluxo sedimentar
especifico (hiperpicnais), ele apresenta grande relevancia neste estudo com suas

consideragdes exemplificadas a seguir.

3.1.1 Fluxos Hiperpicnais

Fluxos hiperpicnais foram introduzidos inicialmente por Bates (1953) como uma dentre
trés definicdes para deltas com relagdo a sua interacdo com corpos d’agua receptores. A

diferenciagdo entre os fluxos ¢ relativa a densidade do fluxo incidente (Dr) e densidade do
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corpo receptor (Dw), separando-se em hipopicnal (Dr<Dw), homopicnal (Dr=Dw) e

hiperpicnal (Dr>Dw; Figura 3).

Figura 3 - Classifica¢ao dos deltas de acordo com Bates (1953), considerando a relagdo entre
a densidade da vazao de entrada (descarga do rio ou Dr) em relagdo a do corpo d'agua
receptor (lago ou mar, ou Dw). A) Fluxo hipopicnal (Dr<Dw). B) Fluxo homopicnal

(Dr=Dw). C) Fluxo hiperpicnal (Dr> Dw).
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Fonte: Zavala e Shuxin (2018)

O produto da deposi¢ao do fluxo hiperpicnal sdo basicamente turbiditos extrabasinais,
capazes de transportar materiais como folhas, troncos e raizes através de grandes extensoes
submarinas quando associados a descargas diretas de rios fluviais médios ou grandes.

Esses depositos hiperpicnais ndo apresentavam uma boa interpretagao quando aplicados
em modelos de facies convencionais, portanto necessitaram de uma nova perspectiva. Tal
concepg¢do culminou em um novo cddigo de facies categorizado por facies relacionadas a
carga de fundo (B), carga de suspencdo (S) e Lofting (L; Figura 3C) resultando em uma
classificacao que explicaria a posi¢cdo do depodsito em relagdo ao sistema inteiro, dimensao e
variabilidade das facies (previsdo de reservatorio) e salinidade da bacia (Figura 4; ZAVALA,
2008; ZAVALA et al., 2011; ZAVALA; BLANCO VALIENTE; VALLEZ, 2008; ZAVALA;
GAMERO; ARCURI, 2006; ZAVALA; SHUXIN, 2018).

No esquema de facies apresentado por Zavala e Shuxin (2018; Figura 4) as categorias

supracitadas sdo definidas de acordo com a viscosidade e velocidade do longevo fluxo
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hiperpicnal, caracterizadas de forma geral como: conglomerados maci¢os com matriz arenosa

fina a grossa (B1); conglomerados finos e arenitos seixosos com estratificacdo cruzada de

baixo angulo (B2); arenitos seixosos a grossos com estratificagdo difusa horizontal a sub-

horizontal e niveis de seixos alinhados (B3); arenitos tabulares e maci¢os com granulometria

fina a média (S1); arenitos tabulares finos com laminagao sub-horizontal paralela (S2) ou

laminagdo de baixo angulo divergente (tipo hummoky; S2h); arenito tabulares a irregulares

de granulometria fina com climbing ripples (S3) ou wave ripples agradantes (S3w); siltitos e

argilitos macigos a laminados (S4); pares finos de siltito e arenito com grande extensao lateral

apresentando grandes intercalacdes com restos de plantas (L).

Figura 4 - Facies genética para andlise de hiperpicnito com carga de fundo associada. Facies

associacao ao longo do sistema deposicional.
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MARGEM DO FLUXO

LOBULOS

Devido a sua longevidade e aporte de sedimento por longos periodos, as facies S podem

apresentar flutuagoes de fluxo (FF) caracterizada pela variagdo ciclica e repetitiva do aporte

sedimentar e velocidade do fluxo, resultando em alternancias de estruturas macigas para

laminadas e laminadas para ripples (Figura 5).
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Figura 5 — A origem de arenitos macigos (S1), laminados (S2) e climbing rippled (S3)
relacionados a mudangas na taxa de precipitacao de sedimentos e diminui¢do na velocidade

de fluxo para suspensdes turbulentas sustentadas.
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Fonte: Zavala e Shuxin (2018)

3.2 PETROLOGIA SEDIMENTAR

Rochas sedimentares representam a maior por¢ao em superficie dentre os tipos de rocha no
planeta, sendo necessario uma forma consistente e confidvel para categorizar sua grande
variedade determinada pelos constituintes do seu arcabougo. Dentre as variadas formas de
categorizar a composi¢ao dessas rochas, a separacao entre componentes detriticos (terrigenos)
e quimicos ¢ uma das mais comuns (FOLK, 1980).

De acordo com Folk (1980) minerais detriticos sao aqueles derivados da erosao de areas
fonte representando 60 a 80% da coluna estratigrafica. Sio majoritariamente compostos pelo
quartzo, argilominerais, feldspato potassico, plagioclasio, entre outros. Em contrapartida os
minerais quimicos sao provenientes da precipitacao de solugdes presentes da bacia sedimentar,
abrangendo de 20 a 40% da coluna estratigrafica. De forma geral sdo evidenciados por
carbonatos, silica, sulfatos e sais, entre outros.

Na classificacdo de arenitos, especificadamente, Folk (1980) demonstrou um esquema de
trés polos agrupando quartzo (Q), feldspatos (F) e fragmentos de rocha (FR; Figura 6). O uso
conjunto desse esquema com o método de contagem Gazzi-Dickinson se tornou o principal
esquema para classificacao dessas rochas (FOLK, 1980; INGERSOLL et al., 1984). O método

Gazzi-Dickinson refere-se a contagem de 300 graos em lamina delgada com caracterizagdes
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mais detalhadas na tentativa de melhorar a distribuicdo percentual desses elementos no

montante total da rocha.

Figura 6 — Classificacdo composicional de arenitos.

Quartzoarenito

FR

Fonte: Folk (1980)

33 PROPRIEDADES FISICAS E MECANCIAS DAS ROCHAS

As propriedades fisicas e mecanicas das rochas estao diretamente relacionadas com a sua
dindmica em ambientes sedimentares, cujas caracteristicas relacionadas a energia do meio
definem e controlam o grau de selecao das particulas e, consequentemente, da distribuicao e
conexao do sistema de poros (TIAB; DONALDSON, 2016; VALLEJO et al., 2002; ZHANG,
2016). Propriedades como peso especifico aparente, porosidade e velocidade de ondas
ultrassonicas compressionais (P) e cisalhantes (S) sdo utilizadas ativamente na descri¢ao e
entendimento das interagdes do material rochoso com o meio. Sistemas turbiditicos, por
exemplo, tendem a apresentar grande heterogeneidade e, portanto, podem apresentar
diferentes valores e comportamentos de acordo com essas propriedades em uma mesma
sucessao sedimentar. Uma breve introdugdo para cada propriedade abordada nesse estudo sdao

listadas a seguir.
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3.3.1 Peso especifico aparente

Peso especifico aparente (p. ex. ya) compreende a relagdo entre o peso de um material € o
volume que ocupa no espago. Essa propriedade, referente a uma amostra de rocha, depende
da composi¢ao mineral, porosidade e material preenchido nos poros da mesma (Vallejo et al.
2002, Zhang 2016). Segundo Farmer (1983), rochas sdo materiais divididos, de forma
simplificada, em trés fases (Figura 7): solida (p. ex. particulas minerais), liquida (p. ex. agua)

e gasosa (p. ex. ar). A combinagdo das fases liquida e gasosa caracterizam os vazios do

material.
Figura 7 - Fases constituintes de uma rocha.
3 Y
LiQuIDO Wot Yo
(AGUA) Vv
Ww Vw
SOLIDO X L
. Peso (W)
GAS Volume (V)
Ws Vs
g - Gas
w - Liquido (agua)
v - Vazios
v s - Sélido

Fonte: Adaptado de Farmer (1983).

Devido a existéncia de vazios que podem ou nao estar preenchidos por adgua, diferentes
pesos especificos podem ser determinados para uma mesma amostra, relacionando suas

diferentes fases (Tabela 3.1).

Tabela 3.1 - Relacao do peso especifico com as diferentes fases presentes em uma rocha.

Peso especifico Formula Observagdes
Natural Ynat = A Condi¢des naturais de teor de umidade
t
W, Considera-se inexistente a presenca de agua nos poros
Seco Ya =
Ve (Wt = Ws)
Weae Considera-se todo o volume de vazios preenchidos por
Saturado Vsat =
Ve agua (Vv =Tw)
) |7A Peso especifico da parte solida apenas,
Solidos Vs =0 ) )
Vs desconsiderando o volume de vazios

Fonte: adaptado de Zhang (2016).
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3.3.2 Porosidade

Porosidade pode ser classificada como total ou efetiva, no contexto da engenharia, e como
primaria ou secundaria, no contexto da geologia, representando os espacos vazios dentro de
um material, assim como sua distribui¢do e conectividade.

Os métodos existentes para determinar a porosidade levam em conta a interagdo do material
com um fluido, e como esse preenche o sistema de poros. Porosidade total engloba todos e
quaisquer poros presentes na rocha, sendo esses acessiveis ou nao (isolados). No entanto a
porosidade efetiva s6 considera poros conectados e acessiveis (TIAB; DONALDSON, 2016).
Essa divisdo ¢ necessaria devido a importancia da interconectividade entre os poros que
contribuem para a percolacdo de fluidos, exibindo diferengas significativas entre valores de
porosidade efetiva e porosidade total (VALLEJO et al., 2002).

A porosidade também ¢ influenciada pela diagénese e processos pds-deposicionais,
transformando o sistema de poros ao longo desses processos. Porosidade priméria refere-se
aos poros originados na deposi¢dao da rocha, enquanto a secundéria concerne poros gerados
ou preenchidos por processos diagenéticos, dissolugcdo de minerais, precipitagdo de fluidos e
outros (AMYX; BASS; WHITING, 1960; TIAB; DONALDSON, 2016).

A Equagado 1 derivada de Vallejo et al. (2002) e Zhang (2016) demonstra o calculo da

porosidade efetiva (ou aparente) pelo método gravimétrico de Arquimedes.

o =W_sat —W_d)/(W_sat — W_sub) (1)

onde:

@: Porosidade;

Wsat: Peso saturado;

Wd: Peso seco;

Wsub: Peso submerso.

A porosidade € especialmente significativa em rochas sedimentares reservatorio devido a
habilidade de se poder mensurar quantitativamente a capacidade de armazenar fluidos (6leo,
gas e agua) ao longo da estrutura da rocha (TIAB; DONALDSON, 2016). Tanto Goodman
(1989) como Vallejo et al. (2002) advogaram que a porosidade pode variar de 0 a 90 % nas

rochas sedimentares, com valores mais comuns entre 15 e 30 %.
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3.3.3 Velocidade de ondas ultrassonicas

A velocidade de propagagdo de ondas ultrassonicas pode exibir diferentes classificacdes,
alternando entre as defini¢cdes de propriedade mecanica (VALLEJO et al., 2002) ou fisica
(ZHANG, 2016) da rocha. Essa propriedade apresenta diversas relagdes empiricas € usos
indiretos para afericdo de, por exemplo, propriedades mecanicas deformacionais (p. ex.
Coeficiente de Poisson e Modulo de Young; ZHANG, 2016), como também correlagdes com
diferentes propriedades (ABDI; KHANLARI; JAMSHIDI, 2018; DE CARVALHO;
CARRASQUILLA, 2015; GARIA et al, 2019; GUPTA; SESHAGIRI RAO, 1998;
HAMADA; JOSEPH, 2020; KAHRAMAN, 2007; KARAKUL; ULUSAY, 2013;
OLORUNTOBI; BUTT, 2020; ZAMORA et al., 1993).

Durante a interacdo das ondas com o meio rochoso, propriedades e caracteristicas como
porosidade e saturacao de fluidos (GREGORY, 1976; HAN; NUR; MORQAN, 1986; HICKS;
BERRY, 1956; KAHRAMAN, 2007; KASSAB; WELLER, 2015) assim como conteudo
argiloso e microfraturas (HAN; NUR; MORQAN, 1986; MINEAR, 1982) sao estipulados
como as maiores influéncias na redu¢ao dessas velocidades.

Essa propriedade ¢ geralmente subdividida em velocidade de ondas P (ou
primarias/compressionais/longitudinais) e ondas S (ou secundarias/cisalhantes/transversais;
Figura 8), apresentando comportamentos diferentes conforme o tipo de espago de propagacao.
As ondas P se propagam em material so6lido, liquido e gasoso, enquanto as ondas S se

propagam somente em meio sélido.
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Figura 8 - (A) Onda P com direcdo de vibracdo das particulas paralela a dire¢ao de
propagacdo da onda; (B) onda S com dire¢do de vibragdo das particulas perpendicular a
direcdo de propagacdo da onda; e (C) representagdo da diferencga de velocidade das ondas P

e S em meio rochoso.

Onda P / Primaria l Compressmnal / Longitudinal

IR MR

Dlregao de vibragao das partlculas
Onda S / Secundaria / Cisalhante / Transversal
A
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das ondas P das ondas S

Fonte: Do autor (2023)

3.34 Point Load Index

Segundo Selmo (2014) o ensaio de cargas pontuais ou Point Load Test (PLT) ¢ a forma
mais barata de se obter a resisténcia a compressao uniaxial de rochas, apesar de ser um ensaio
destrutivo. Esse teste consiste fundamentalmente em se determinar a resisténcia ao
puncionamento em corpos de prova com didmetros entre 25 mm e 100 mm, aplicando uma
carga pontual e compressiva através de duas pontas conicas, causando a ruptura da amostra
de rocha no processo, resultando em um indice (Equacdo 2; ZHANG, 2016). No
posicionamento da amostra no aparelho, caso a razao entre altura e didmetro do plug for maior
que 1.0, o teste ocorrera de forma diametral, enquanto se a razao for entre 0.3 e 1.0, o teste
ocorrerd de forma axial (ISRM, 1985). A presenca de elementos estratigraficos em rochas
sedimentares influencia na orientagdo da amostra, sendo necessario considerar o topo e a base
do plug. Os resultados provenientes desse teste sdo usados para determinar o indice de
resisténcia da rocha a uma carga compressiva pontual para posteriormente, de forma indireta,
determinar a resisténcia a compressao uniaxial através de um conjunto de equagdes (Equacao

2 a 5). A resisténcia de qualquer rocha ¢ influenciada principalmente por sua porosidade,
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tamanho de grdo, composicdo e saturacdo de fluidos quando presentes (KARAKUL;

ULUSAY, 2013; QI et al., 2022).

I_.s=P/D"2 (2)

onde:

P: Carga de ruptura;

I: Point Load Index;

D: Diametro da amostra.
O tamanho da amostra e sua relagdo altura/diametro (4/D) interferem no valor de /i, cuja
formato geralmente € cilindrico (Equagdo 3). Para remediar a influéncia desses fatores se

tornou usual a conversao de /; para um correpondente com D = 50 mm (Z50)):
1_(s(50)) =1_sxk_PLT 3)
onde:

kprr: Fator de corregao;

Essa mesma variavel (kp.7) pode ser determinada via Equacao 4:

k_PLT = [(D/50)] ~0.45 4)

O propdsito da conversao ¢ devido a relagdo do /; com valores de resisténcia a compressao

uniaxial (Equagao 5; Farmer 1983, Vallejo et al. 2002):
o_c=f xI_(s(50)) (5)
onde:

oc: Resisténcia a compressao simples da rocha;

f: Fator de conversdo relativo ao didmetro da amostra (23 para D = 50mm).
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4 MATERIAIS E METODOS

Esta secdo descreve os procedimentos seguidos neste estudo para caracterizar a facies
sedimentares, a petrografia e propriedades fisicas e mecanicas dos arenitos turbiditicos
analogos a reservatorio coletados. Além da pesquisa bibliografica, a parte de procedimentos
experimentais foi dividida em trés temas principais (Figura 9). Primeiramente, a andlise
facioldgica e petrografica das rochas para caracterizar seus processos deposicionais e
composi¢do. Os resultados obtidos fornecem algumas informagdes sobre a génese ¢ o tipo de
arcabouco. Em segundo lugar, as propriedades das rochas sdo avaliadas usando diferentes
técnicas, com sua maioria realizada em estagios secos e umidos da rocha. Terceiro, a analise
estatistica para caracterizar se os resultados respeitam uma distribuicdo normal e possiveis

outliers. O detalhe de cada subse¢do ¢ fornecido a seguir.

Figura 9 - Fluxo de trabalho para aquisi¢do, analise e determinagao das propriedades fisicas e

mecanicas dos arenitos.
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Fonte: Do autor (2023)

4.1 ANALISE DE FACIES E PETROGRAFIA

Os arenitos turbiditicos estudados foram retirados de afloramentos da Formagao Taciba

(Grupo Itataré), nas regides de Doutor Pedrinho e Presidente Getulio, borda leste da Bacia do
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Parana (Figura 1B). Cinco se¢des colunares foram utilizadas para analisar as sucessdes de
facies e interpretar os processos deposicionais relacionados, bem como estabelecer um
controle estratigrafico durante os procedimentos de amostragem. Facies e associacdes de
facies foram identificadas com base em uma ampla variedade de caracteristicas sedimentares,
incluindo estrutura, tamanho de grao, classificacdo, orientacdo, imbricagcdo, ¢ formas de
acamamento de acordo com Miall (2006). O processo dominante neste estudo sdo os sistemas
turbiditicos hiperpicnais, levando a adogao dos modelos de facies de Bouma (1962) e Zavala
(2008) como base para interpretacao.

As amostras de arenito foram utilizadas para andlise petrografica. A composi¢cao mineral
do arcabougo foi obtida via microscopia petrografica no Laboratério de Anélise de Bacias e
Reservatorios (LABAC). As composicdes modais dos arenitos foram baseadas no método de
contagem de pontos de Gazzi-Dickinson (INGERSOLL et al., 1984). Trezentos graos foram
contados por lamina delgada, e os resultados foram plotados no diagrama F-Q-L Folk (1980)

para classificar os arenitos.

42 CARACTERIZACAO DAS PROPRIEDADES FiSICAS E MECANICAS

A produgao dos plugs de arenito foi realizada em trés etapas no Laboratorio de Geotecnia
Aplicada (LGA) da UFSC. Primeiramente, 23 amostras foram coletadas de afloramentos com
o uso de martelo, priorizando planos de fraqueza nas rochas. Em segundo lugar, foram
moldadas 57 placas com espessura média de 4 cm, por uma serra diamantada. Em terceiro
lugar, por intermédio de uma furadeira de bancada FSB16P 16 mm 5/8 pol. 1/2 HP 370W
(Figura 9), com capacidade de furacao de 3 a 16 mm (5/8 pol.), rotacdo de 250 a 3.100 rpm e
mesa movel inclindvel capaz de rotagao e abertura do mandril suficientes para perfuragdo em
serra copo diamantada de 50 mm, foram extraidos uma média de trés plugs por cada placa
(total de 183). Os plugs foram produzidos com orientagao perpendicular ao acamamento, com
proporgao cilindrica de 1:1 entre altura e diametro (37,5+0,5 mm).

Tais amostras foram identificadas de acordo com o afloramento a qual pertencem, seguindo
uma cadeia de nomenclaturas onde os prefixos BPR0O0O (p. ex. BPR318) correspondem a
localizagdo dos afloramentos em uma regido, inseridos na Bacia do parand, BPR000-00 (p.
ex. BPR318-07) representam as amostras coletadas nos afloramentos correspondentes e
BPR000-00x0 (p. ex. BPR318-07i1) constituem os plugs extraidos de partes inferiores a
superiores referentes as amostras (Figura 9). Nao obstante a letra mintscula utilizada como
sufixo na nomenclatura do plug pode variar entre: i (inferior); mi (médio inferior); m (médio);

ms (médio superior); s (superior); u (inica).
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A caracterizagdo dos plugs ¢ exemplificada por duas baterias de testes: seco e saturado
(Figura 9). Para a determinagdo apropriada das propriedades fisicas foram mensuradas as
dimensdes e realizados ensaios de: peso especifico aparente seco, saturado e submerso e
consequentemente o calculo da porosidade pelo método gravimétrico de Arquimedes (ver
secdo 3.3.2). Para as propriedades mecanicas os ensaios foram de velocidades de ondas P e S
(nas condigdes seco e saturado) e PLT exclusivamente na condi¢ao seca.

Todos os procedimentos relacionados as propriedades seguiram as normas da American
Society for Testing and Materials (ASTM) e da International Society for Rock Mechanics
(ISRM). No entanto, algumas adaptacdes foram feitas para melhorar as quantificagcdes das
propriedades para arenitos (ASTM, 2016; AYDIN, 2014; BROWN, 1981; ISRM, 1985).

O diametro e a altura de cada plug foram medidos trés e duas vezes, respectivamente,
calculando-se os valores médios posteriormente. Esse procedimento foi adotado para testar
possiveis variacdes no formato do plug devido as inconsisténcias observadas durante o
processo de perfuragdo manual.

A secagem ocorreu em temperaturas e duracdes adaptadas para o tipo de rocha neste estudo,
empregando 60°C por 48h a despeito de 105°C em 24h no intuito de evitar carbonizagdo de
elementos organicos, perda de compostos volateis e agua intersticial presente em
argilominerais ou na estrutura do material (SOEDER, 1986).

A saturagdo também apresentou duracdo maior que a apresentada na norma supracitada,
precedendo a saturagdo via submersdo em agua com bomba de pressao negativa (712mmHg)
durante 2 horas, por submersdo em pressao ambiente por um periodo minimo de 24h.
Mudanga cuja finalidade era manter ao méximo a integridade e estrutura dos arenitos, evitando
desagregacao de graos e geracao de microfraturas.

As velocidades da onda P foram medidas com o Detector Ultrassonico de Concreto IWIN-
U910 acoplado a transdutores de 54Hz e as velocidades de onda S foram medidas com o
Pundit Lab (+) acoplado a transdutores de 250Hz. Para este trabalho, a adaptacao deste método
consistiu no tipo de gel utilizado para registro das ondas S, onde o gel padrdo foi substituido
por glucose de milho, devido a viscosidade e semelhante e maior disponibilidade no mercado.

Os ensaios utilizando o PLT neste estudo foram realizados no sentido axial ¢ em condicao
seca, tomando-se o cuidado com condicionante geoldgica de topo e base da amostra,
decorrentes do perfil deposicional. A ASTM D5731 (ASTM, 2016) define que os corpos de
prova a serem utilizados neste tipo de ensaios devem possuir didmetros entre 30 mm e 85 mm,
sendo que neste estudo os plugs apresentaram didmetros entre 33 e 38 mm em func¢do das

especificagcdes dos equipamentos laboratoriais na UFSC e correcdes por desbaste/lixamento.
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Por fim a partir dos resultados obtidos, utilizaram-se as conversdes e corregdes para calcular
a resisténcia a compressao uniaxial (oc; ASTM, 2016; ZHANG, 2016; ver se¢do 3.3.4).

Um ponto a ser observado nos ensaios de PLT ¢ o modelo de ruptura considerado valido
segundo a ASTM D5731 (ASTM, 2016), tomando como exemplo o plug BPR097-02i7
(Figura 10C e D). Em contrapartida na mesma figura demonstra-se um modelo de ruptura
invalido, exibido pelo plug BPR097-01i2 (Figura 10G e H). Em resumo, os plugs submetidos
a ruptura axial devem desenvolver as superficies de ruptura ao longo de um plano no eixo
axial, sendo que as rupturas validas predominantemente dividem o mesmo em duas partes e,
eventualmente, em trés. Planos de ruptura iniciados no topo e cujo ponto de saida seja a face

radial, foram descartados e o valor lido foi considerado invalido.

Figura 10. Exemplo de ruptura valida (BPR097-0217) e ruptura invalida (BPR097-0112)
submetidos ao teste de carga pontual (Point Load Test). (A e E) posi¢do para execugao do
teste; (B e F) plugs antes da ruptura; (C e G) visao vertical apds a ruptura; (D e H) visao
obliqua apds a ruptura.

BPR097-02i7

DCI‘ﬂ

— BPR0Y7-0112

3

Fonte: Do autor (2023)

43 ANALISE ESTATISTICA

Os resultados das propriedades foram analisados estatisticamente em testes de Shapiro-
Wilk e d'Agostino-Pearson, graficos QQ e graficos de frequéncia para avaliar se as
propriedades respeitam uma distribuicdo normal (D’Agostino e Pearson, 1973; Shapiro e
Wilk, 1965). Em analise preliminar foi constatado que os dados apresentaram uma natureza
ndo paramétrica, tornando a matriz de correlagdo de Spearman a melhor opgao para avaliar a

significancia entre eles (Spearman, 1904). Cabe ressaltar que a correlacdio de Spearman
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implica em uma regressao linear, apresentando um coeficiente de correlacdo (rs) diferente

dependendo da melhor regressao ajustada nas relagdes de propriedades (R?) discutidas.
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ABSTRACT

Sandstones from turbidity systems of the Itararé Group present a highly complex facies
arrangement and composition. This study presents an integrated interpretation of sedimentary
facies, petrography, physical and mechanical data from 183 sandstone plugs in full air and
water saturation. Properties such as solid, dry, and saturated apparent specific weight, P- and
S-wave velocities, porosity, and unconfined compressive strength were investigated.
Hyperpycnal flow was the main transport and accumulation process of the studied sandstones
that occurred in an extrabasinal submarine fan environment, involving the collapse of
suspended load with flow fluctuations. The sandstones are mainly subarkose to arkose and
have low to high clay content, with massive, rippled bedding and fine to medium grain size.
Physical and mechanical properties are fairly related (~50-56%) to each other, as well as to
grain size and arrangement, porosity, and turbidite facies. This correlation highlights good to
very good negative trends for porosity, which regulated positive trends for all other variables
as grain size increases from facies S3w to S1. Therefore, in this research it was possible to
attest that the process of transport and deposition by the hyperpycnal turbidity current exerts
primary controls on the mechanical behavior of the studied sandstones.

KEYWORDS: Rock mechanics; Hyperpycnal flow; Turbidites; Mineral composition of
sandstones; Facies analysis; Sandstones; Parana Basin; Itararé Group.

5.1.1 Introduction

Petroleum and gas reservoirs are essentially constituted by a top layer of sealant rocks and
a bottom layer of source rocks, with a in between reservoir porous rocks. The latter is
commonly constituted by sedimentary rocks like sandstone, limestones and dolomites that
represent 66% of superficial total rock content in the planet as potential storage for gas and
crude oil (Bucheli, 2005; Tiab and Donaldson, 2016).

The primarily properties (physical and mechanical) are a source of geological
characterization in function of rocks mechanics that can be divided into sub areas like
petrophysical, geomechanical, of identification, classification properties and more (Amyx et
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al., 1960; Farmer, 1983; Jaeger et al., 2007; Tiab and Donaldson, 2016; Vallejo et al., 2002;
Zhang, 2016). Properties as mentioned can present strong correlations that could be
interpreted to better understand their behavior, predict different properties, analyze rock mass
quality, presence or non-existence of fissures, anisotropy, and more (Almeida et al., 2016;
Hamada and Joseph, 2020; Hicks and Berry, 1956; Karakul and Ulusay, 2013).

Physical and mechanical properties of rocks are directly related to the rock framework in
terms of porous distribution, particle sorting, internal structures, textures, and more.
Depositional environments and processes control these factors in rock genesis. Turbidity
systems consist in genetic sedimentary units that form in depositional environments
dominated by subaqueous gravitational flows (Mutti, 1992; Normark et al., 1985; Stelting et
al., 2000). The main factors that influence the development and determine the composition of
a turbidity system are tectonics context (source rock), climate and sedimentation conditions
(sediment input) and base level fluctuation (accommodation space). These sedimentary
systems comprise soft and porous reservoir sandstones, witch form in a deep marine
environment by hyperpycnal flows (Bates, 1953; Zavala and Shuxin, 2018).

Turbidity systems form complex sandy reservoirs. Although this systems do not represent
the largest hydrocarbon reserves in the world, they have become of great interest to the
hydrocarbon industry (Huang, 2018; Normark et al., 1993; Prather, 2003; Shanmugam, 2016;
Talling et al., 2015; Weimer et al., 2006). In many sedimentary basins globally, there are
proven petroleum systems that have already produced drilled and yet-to-be-drilled prospects
(Franca and Potter, 1991; Mendonga et al., 2003; Vesely et al., 2007).

In this study, turbidite sandstone samples from the Taciba Formation are used to investigate
the relationship between physical and mechanical properties with sedimentary processes
(hyperpycnal flow), mineralogical composition and diagenetic processes. The study aims to
attest the correlation between physical and mechanical characteristics of sandstone to the
sedimentary environment.
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Fig. 1. (A) Simplified geological map of the Parana Basin depicting its Supersequences (modified from Milani
et al. 2007a); (B) Geological map focusing on the area with outcrops visited in the Taciba Formation, Parana
Basin, Brazil.
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5.1.2 Geological Setting

The Parana Basin is a wide sedimentary-magmatic basin in the south-central region of
Brazil (Fig. 1A) with an area of 1.5 million square kilometers and sections with the largest
thickness of 7,000 m. According to Milani et al (2007a), the stratigraphic record of this basin
includes six Supersequences (sensu Vail et al., 1977): Rio Ivai (Ordovician to Lower Silurian),
Parana (Devonian), Gondwana I (Carboniferous to Lower Triassic), Gondwana II (Middle to
Upper Triassic), Gondwana III (Upper Jurassic to Lower Cretaceous), and Bauru (Upper
Cretaceous).

The Gondwana I Supersequence (Fig. 1A), which is approximately 2500 m thick (Milani
& Zalan, 1999), is subdivided into the Itararé, Guata, Passa Dois groups, as well as the
Piramboia and Sanga do Cabral formations (Milani et al., 2007b). This Supersequence
represents a complete transgressive-regressive cycle (Paleozoic) that begins, at the base, with
strata of glacial, deep-marine, platform and post-glacial coastal origin, until strictly
continental depositions at the beginning of the Mesozoic (Milani et al., 2007b).

The Itararé Group (Fig. 1B) was individualized in the Campo do Tenente, Mafra and Rio
do Sul formations, according to Schneider et al. (1974). However, Franca and Potter (1988)
reinterpreted this Group into three formations: Lagoa Azul, Campo Mourdo and Taciba. The
turbidity systems of the Taciba Formation comprise outcrops in the Doutor Pedrinho and
Presidente Getulio regions (Fig. 1B), east of the state of Santa Catarina, which have been
extensively studied as analogues for modern systems containing hydrocarbon reservoirs
(Cioccari and Mizusaki, 2019; Francga and Potter, 1991, 1988; Milani et al., 2007a; Vesely et
al., 2007; Zalan et al., 1990).

5.1.3 Material and methods

This section describes the procedures followed in this study to characterize the sedimentary
facies, petrography, physical and mechanical properties of reservoir turbidite sandstones
collected (Fig. 2). The experimental procedures are divided in three main themes. First, the
faciological analysis and petrography of the rocks to characterize its depositional processes
and composition. The gathered results provide some insight into the genesis and type of its
framework. Second, the properties of the rocks are evaluated using different techniques. Most
techniques are performed on a dry and wet stages of the rock, excluding one. Third, the
statistical analysis to characterize if the results respect a normal distribution and possible
outliers. The detail of each subsection is provided as follows.
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Fig. 2. Workflow to acquisition and analyses of the samples to determine physical and mechanical properties of
the sandstones.

5.1.3.1 Sampling, facies analysis and petrography of sandstones

The turbidite sandstones studied were taken from outcrops of the Taciba Formation (Itataré
Group), in Doutor Pedrinho and Presidente Getulio regions eastern edge of the Parana Basin
Fig. 3A). Five columnar sections (Fig. 3B) were used to analyze the facies successions and
interpret the related depositional processes, as well as establish a stratigraphic control during
sampling procedures.

Facies and facies associations were identified based on a wide variety of sedimentary
features including fabric, grain size, sorting, orientation and imbrication, and bed forms
according to Miall (2006). The dominant process in this study sandstones are hyperpycnal
turbidity systems (see section 5.1.4.1), hence the adoption of Bouma (1962) and Zavala (2008)
facies models.

The sandstone samples were used for petrographic analysis (Fig. 4). Mineral composition
of framework grains was obtained on optical petrographic microscopic of the Reservoir and
Basin Analysis Laboratory (LABAC). The modal compositions of the sandstones were based
on the Gazzi-Dickinson point counting method (Ingersoll et al., 1984). Three hundred grains
were counted per thin section, and the results were plotting on the F-Q-L Folk (1966) diagram
to classify the sandstones.

5.1.3.2 Analysis of physical and mechanical properties

The production of sandstone plugs was conducted in three stages at the Applied
Geotechnics Laboratory (LGA) of the UFSC. Firstly, twenty-three samples were collected
from outcrops using a hammer, prioritizing rock weakness plans. Secondly, they were shaped
into fifty-seven slabs with an average thickness of 4 cm, by a diamond saw. Thirdly, an average
of three plugs were extracted from each slab (total of one hundred eighty-three), using a
diamond hole saw. The plugs were produced with an orientation perpendicular to the bedding,
with a 1:1 ratio cylindrical shape between height and diameter (37.5+0.5 mm; Fig. 2).
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All procedures related to sizing, drying, saturation, weighing, record of P and S wave
velocities, and determination of uniaxial compressive strength followed the American Society
for Testing and Materials (ASTM) and International Society for Rock Mechanics (ISRM)
standards. However, some adaptations were made to improve the quantifications for
sandstones properties (ASTM, 2016; Aydin, 2014; Brown, 1981; ISRM, 1985).

In terms of scaling the diameter and height of each plug were measured three and two
times, respectively, calculating the mean values afterwards. This procedure was adopted to
test possible variations on the shape of the plug due to inconsistencies noted during manual
drilling process (Fig. 2).

The drying time and temperature of plugs were reduced from 105°C in 24h to 60°C in 48h
to avoid the processes of carbonization, oxidation, vaporization of volatile substances, as well
as loss of structural water from clay mineral (Soeder, 1986). Likewise, to ensure efficient and
complete drying of samples.

As for the saturation process, it was initially conducted by submersion in water for 24h
under atmospheric pressure and subsequently by vacuum pressure of 712mmHg for 2h. These
periods of submersion in both pressures were to keep at most the integrity of the sandstone
plugs and its structure, slowly building up its saturation.

The P wave velocities were measured with IWIN-U910 Concrete Ultrasonic Detector
coupled with 54Hz transductors and S wave velocities were measured with Pundit Lab (+)
coupled with 250Hz transductors. For this work, the adaptation of this method consisted of
the type of gel used to record S waves, where the standard gel was replaced by corn glucose,
due to the similar viscosity and facility of acquisition.

The uniaxial compressive strength was calculated indirectly by the Point Load Test (PLT)
method (ASTM, 2016). This procedure was performed only in dry conditions due to low
availability of plugs per slab and its destructive nature.

5.1.3.3 Statistical analysis

Statistical data were analyzed in Shapiro-Wilk and d’ Agostino-Pearson tests, QQ plots and
frequency charts to evaluate if the properties respect a normal distribution (D’ Agostino and
Pearson, 1973; Shapiro and Wilk, 1965). Therefore, due to its nonparametric nature a
Spearman correlation matrix was created to assess the significance between them (Spearman,
1904). It should be mentioned that the Spearman correlation implies a linear regression,
presenting a different correlation coefficient (rs) depending on the best regression fitted on
relationships of properties (R?) discussed further in this study.
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5.1.4 Results and discussions

This section describes the results according to lithofacies, depositional processes, physical
and mechanical properties of the plugs. This characterization is necessary to better understand
the nature of the rock and its relationship between each property. In the last subsection an

integration with geologic factors and property values are made to attest a possible significance
between them.

5.1.4.1 Lithofacies and depositional processes

The analyzed turbidite sandstones present a wide variety of lithofacies which compound a
thick succession of tabular to lenticular layers, with gently undulating top and bottom,
sometimes amalgamated. The main turbidite lithofacies include fine- to medium-grained
sandstone, coarse-grained sandstone, siltstone, as well as black shale (Fig. 3B).

Facies associations indicate deposition from hyperpycnal flows (Bates, 1953; Zavala,
2008; Zavala and Shuxin, 2018) that includes high-density turbidity flows (HDTf) and low-
density turbidity flows (LDTf) (Fig. 3B) which have a high- to low-sediment concentration

rates, respectively, whose main particle support mechanism is the turbulence (Mulder and
Alexander, 2001).
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Fig. 3. (A) Location of the outcrops in the Doutor Pedrinho and Presidente Gettilio regions, Santa Catarina, Brazil

(see Fig. 1); and (B) columnar sections of turbidity systems from the Taciba Formation with lithologic description
and positions of sandstones samples.

The sedimentary succession comprises a progradational pattern (from the base to the top)
of tabular black shales, siltstones, fine-grained sandstones, to thick tabular medium-grained
sandstones, presenting load structures and scarce mud intraclasts in its base. Mud intraclasts
at the base of some sandstones indicate the passage from high-density turbidity flows (HDTY),
which erode the semi-consolidated substrate.

Medium-grained sandstones are moderately selected, normally graded, with a massive
bedding (facies Sm), with intraclasts of shale and turboglyphs at its base. Facies Sm is one of
the most common features in sandstones and corresponds to the Ta of Bouma and S1 of Zavala
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facies (Bouma, 1962; Zavala et al., 2012). According to these authors, these facies indicate
sediments transported as suspended load within a sustained turbulent flow accumulated by a
gradual gravitational collapse as the flow wanes and loses flow capacity. In long-time
hyperpycnal flows, they are associated with climbing ripples (St/Tc/S3) sandstones where
thick amalgamated packages occur with alternation of these facies, caused by momentary
changes in flow conditions (Zavala et al., 2008). Thick-heterolytic successions with massive
very fine-grained sandstone bodies with climbing ripples (facies Sr/Tc/S3) are indicative of
turbulent flows with high suspended sandy load (Jobe et al., 2012; Mulder and Alexander,
2001; Sumner et al., 2008). Facies S3 often grades horizontally and vertically with facies S2
(Sanders, 1965; Zavala et al., 2006).

Fine-grained sandstone with parallel or low angle truncating lamination (facies Sh/Tb/S2)
is very usual in turbidite beds (Bouma, 1962) and suggest a common origin by traction plus
fallout processes. According to the Zavala and Shuxin (2018), in hyperpycnal flows, laminated
fine-grained sandstones represents transitional facies between massive sandstones (facies
Sm/Ta/S1) and sandstones with climbing ripples (facies Sr/Tc/S3).

Massive to laminated siltstone and mudstone (facies Fm/F1/Ta/Tb/S4) as rhythmites facies
(> 20 cm of thickness), fine-grained sandstone with ripple cross-lamination and flaser/wavy
bedding (facies Sr/Tc/S3), as also aggrading wave structures (symmetric ripples; facies
So/Tc/S3w) indicate depositions from muddy hyperpycnal flows in marine environment.

Massive siltstones (Fm) or black shales (Fm/FI/Td-e/L) display abundant and small-scale
load cast structures, forming very thick bedsets termed “lofting rhythmites” (Zavala et al.,
2006) alternating with shales commonly deposited in basin plain environments (Mutti, 1977).

In the BPR318 and BPR332 outcrops was registered hybrid deposits that contain four
divisions of Haughton et al. (2009) (see Fig. 3) facies tract: H1, H2 and HS divisions. The H1
division is deposited from a high-density turbidity current (like S1 Zavala facies). The H2
division includes clean and clay-rich sandstones, with sheared dewatering pipes that result
from episodic near-bed turbulence damping, in a transitional flow between turbidity current
and debris flow. This division is overlain by clean sandstones with parallel (Sh) and ripple
cross-lamination (Sr) deposited from low-density turbidity current. Furthermore, this division
is capped by laminated shales (HS division) that result from suspension.

5.1.4.2 Mineralogical composition of sandstones

The studied sandstones are generally immature and poorly to medium sorted, with major
components of quartz and feldspars grains, matrix, and cements. Mudy and silty-intraclast is
very common at the base of sandstones. Quartz is the most abundant grain component in the
sandstones with occurrence ranging from 71-84%. Both monocrystalline (Qm) and
polycrystalline quartz (Qp) occurs (Fig. 4) and suggests provenance from both granitic and
metamorphic rocks. According to Basu et al. (1975), Qm both nonundulose and undulose,
usually subangular to subrounded grains (dominant in sandstones), indicate source of plutonic
or low-rank metamorphic rocks, respectively.

Feldspars are the second abundant detrital grains in the sandstones and ranges from 12.3 to
26.3% consisting of both alkali feldspar and plagioclase grains (Fig. 4). Feldspar grains may
be unaltered but usually are replaced by calcite.

Matrix content ranges from < 1% to 5 % and is mainly composed of clay minerals (as illite
or smectite), fine-grained altered feldspar is very difficult to identify. It is not possible to assess
how much of the matrix is primary and how much was produced by the alteration of grains
(such as feldspars or lithic fragments). In some thin sections calcite and iron cements were
observed.
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Sandstone reservoir characteristics are largely determined by diagenetic processes that
either reduce or enhance porosity. The diagenetic processes include: mechanical and chemical
compactions, cementation by quartz, calcite, kaolinite, or ferric oxyhydroxide (FeO(OH));
dissolutions and illitization of unstable feldspar grains.

According to Folk’s (1980) classification, the turbidite sandstones of the Taciba Formation
can be classified as subarkose and arkose.

. . ok b

Fig. 4. (A and B) micrography with polarized light representing S1 facies with high concentration of
monocrystalline quartz (Qm) and feldspar minerals with dissolution features; (C and D) intraclasts that occur at
the base of S1 facies; micrographs on plane polarized (E) and cross polarized (F) light representing the S2 facies
with long, thin and continuous intraclasts related to hummocky-like structures; (G and H) cross polarized
micrography of the S3 and S3w facies. Monocrystalline quartz (Qm), polycrystalline quartz (Qp), deformed
silty-intraclast (pseudomatrix), and feldspar (Fd) grains. Facies code from Zavala and Shuxin (2018).



5.1.4.3 Correlations of physical and mechanical properties

To access physical and mechanical properties, is important to analyze descriptive statistics,
outliers, and normality tests to prevent and optimize interpretation of data. The gathered
statistical results imply a non-normal distribution and stated an overall good Spearman
correlation (Spearman, 1904) and significance (p-value < 0.05) in most properties (Fig. 5).
Outliers were encountered in every property, but most of them presented no significant change
(less than 2%) in fitting curves. The most impactful sample was the plug BPR256-02i1
reducing the R? by 11% on the worst case in apparent specific weight. The values related to

this property were withdrawn from interpretation.
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Fig. 5. Descriptive analysis comparing Shapiro-Wilk (W-stat) and d’ Agostino-Pearson (DA-stat) tests, frequency
histograms, QQ plots and Spearman’s correlation matrix for each property presented in Table 1. The bottom half
of the correlation matrix shows the p-values. Solid (ys), dry (yd), saturated (ysat) apparent specific weight,
porosity (¢), dry P wave (vpd) and S wave (vsd) velocities, saturated P wave (vpsat) and S wave (vssat) velocities,

and uniaxial compressive strength (cc).
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In this study the definition used for physical and mechanical properties were derivative
from Vallejo et al. (2002), where the physical properties resemble the identification and
classification properties, without the framework characteristics. While the mechanical
properties stay the same.

The analysis of physical and mechanical properties of the turbidite sandstones such as solid
(vs), dry (yq), saturated (ysa) apparent specific weight, porosity (@), dry P wave (vpa) and S
wave (vsq) velocities, saturated P wave (vpsa) and S wave (vssar) velocities, and uniaxial
compressive strength (o¢) are presented in Table 1.

Table 1. Number of plugs per sample, respective facies code and its average values of P and S wave velocity,
solid, dry, and saturated apparent specific weight, porosity, and uniaxial compressive strength.

Outcrop Facies Neof Vs vd ysat o) vpd (vpsat) vsd (vssat) oc
code plugs (kN/m?) (kN/m?) (KN/m?) (%) (m/s) (m/s) (MPa)
BPR097-01 S3w 06 24.38 21.47 22.63 11.94% 2426 (2382) 1335 (1116) 73.45
BPR097-02 S1 12 24.04 20.22 21.77 15.89% 1684 (1506) 1024 (688) 52.49
BPR256-01 S1 06 24.25 20.05 21.74 17.32% 1764 (1574) 1077 (721) 50.11
BPR256-02 S1 08 24.69 20.14 21.94 18.42% 2149 (1967) 1155 (875) 59.42
BPR256-03 S3 03 25.23 22.50 23.56 10.79% 2051 (2246) 1011 (1031) NaN
BPR256-04 S1 05 24.90 20.96 22.51 15.81% 1772 (1870) 987 (764) 36.24
BPR317-01 S1 01 25.34 22.77 23.76 10.13% 3019 (3251) 1516 (1323) NaN
BPR317-02 S1 01 25.57 22.23 23.51 13.05% 2707 (2875) 1525 (1224) NaN
BPR317-03 S3w 08 25.30 23.52 24.21 7.02% 3553 (3686) 1716 (1018) 167.66
BPR317-04 S1 07 25.62 20.85 22.66 18.59% 2755 (2858) 1537 (783) 83.58
BPR317-07 S2 08 24.58 21.33 22.62 13.20% 2461 (2256) 1434 (896) 65.89
BPR317-08 S1 04 24.77 20.44 22.14 17.48% 1983 (1872) 1252 (792) 45.87
BPR318-01 S3w 01 24.34 20.82 22.23 14.45% 2131 (2070) 993 (585) NaN
BPR318-02 S3w 20 24.86 21.28 22.68 14.38% 2618 (2747) 1766 (754) 79.87
BPR318-04 S1 14 24.45 20.76 22.23 15.08% 1884 (1888) 1139 (813) 59.32
BPR318-05 S1 09 24.47 21.19 22.50 13.36% 2587 (2612) 1700 (873) 84.73
BPR318-06 S1 17 24.14 20.38 21.90 15.57% 2000 (1945) 1250 (814) 58.60
BPR318-07 S1 11 24.79 20.74 22.33 16.35% 2262 (2269) 1498 (873) 58.30
BPR318-08 S1 06 24.19 20.45 21.96 15.46% 2048 (1743) 1337 (814) 58.20
BPR332-01 S3w 04 24.96 22.64 23.55 9.30% 3090 (2542) 1835 (956) 110.37
BPR332-02 S1 19 24.55 21.66 22.81 11.78% 2516 (2349) 1438 (886) 92.18
BPR332-03 S1 09 24.71 22.41 23.33 9.37% 3742 (3727) 1576 (924) 132.85
BPR332-06 S2 04 24.95 22.75 23.61 8.81% 2683 (2409) 1401 (929) 103.59
Equations Wd*1000/ Wd*1000/ Wsat*1000/ Wsat-Wd/ 15 (50) ¢
Vs \Y% A% Wsat-Wsub
Total plugs 183 183 183 183 183 183 183 183 51

Values in parentheses refer to saturated plugs; Wd = dry weight; Wsat = saturated weight; Wsub = submerged
weight; V = volume; Vs = volume of solids; gravity acceleration (9,8 m/s?); Is (50) = Point Load Index for 50
mm diameters; f= correction factor (23). NaN = no data. Facies code from Zavala and Shuxin (2018).

Even in sandstones the range of quantitative properties is large, going between 2500 to
4500 m/s in P wave velocities, 1500 to 3000 m/s in S wave velocities, 21.28 to 26.47 kN/m?
in apparent specific weight, 1 to 35% in ¢, and 20 to 170 MPa in o. (Farmer, 1983; Vallejo et
al., 2002; Zhang, 2016).

According to the results, the values of solids (ys) range from 20.08 kN/m? to 25.92 kN/m?
and standard deviation (std) of 0.57 kN/m?. On the other hand, dry (ya) values vary from 17.25
kN/m? to 23.68 kN/m* and std of 0.98 kN/m?. Likewise, ysar whose values are distributed
between 18.63 kN/m?® to 24.37 kN/m? and std of 0.73 kN/m*. As well the ¢ which showed
values ranging from 6.67% and 19.71% and std of 3.23%.

Continuing, the values of v,q varies from 1436 and 4061 m/s and std of 549 m/s. Moreover,
Vpsat range from 1298 m/s to 4140 m/s and std of 600 m/s. Furthermore. vyq fluctuate from 757
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to 2186 m/s and std of 285 m/s. As well as Vs ranging from 532 to 1333 m/s and std of 167
m/s. Ultimately the o, varying from 35.18 to 181.21 MPa and std of 36.48 MPa.

As shown in Fig. 5 the properties are well correlated but is imperative the association with
different authors. Data presented lower values of ys than usual, compared with ¢, grouped in
the clay minerals zone (Fig. 6A). Comparing this estimation of mineral composition with
described in thin sections, the results doesn’t match. Highlighting a difference from effective
to total porosity caused by the calculation method. River-marine to shallow marine quartz
sandstones (Nubia sandstones) presented higher ¢ values (Kassab and Weller, 2015). Deep
marine reservoir sandstones deposited in submarine fans from Chicontepec Basin (Silva,
2013), quartz and arkose sandstones from Rio Bonito Formation (Franga, 2017), and depth
collected (2000 to 3000m approx.) continental shelf margin dominated by tides quartz
sandstone (Basal Sandstone Unit) from Western Canada Sedimentary Basin (Weides et al.,
2014) showed similar values.

Both y4 and vysat are closely related with ¢ in a negatively proportional relationship caused
by their interdependency and subjected to framework changes (Fig. 6B; Tiab and Donaldson
2016). The results showed good to very good correlation with potential trend. Kassab and
Weller (2015) samples exhibited a liner trend with R? of 87.58% (v4) and 73.10% (ysat), and
lower yd and ysat values that are influenced negatively by the higher porosity. Franca (2017)
presented samples with exponential trend and R? of 90.07% (y4), with similar ysat values.
Channel aeolian kaolinitic sandstone (Wunder, 2016) showed a potential trend and R? of 89.42%
(v4). This sandstones sort of continues the values of plugs in a complementary fashion with
increasing ¢ and decreasing yq. Sandstone, siltite and conglomerate boring samples from
Nenjiang, Yaojia, Quantou and Shahezi formations in Songliao Basin (Lu et al., 2020)
exhibited linear trend and R? of 79.10% (y4). Carbonate, clayey-carbonate, and clayey
sandstones from Yatagan (Mugla), Golbasi-Haymana Highway and Uziilmez (Zonguldak)
(Karakul and Ulusay, 2013) presented only three values, making it difficult to determine a

credible trend. Its clayey and carbonate content can explain the low to medium porosity
attested.
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Fig. 6. Comparison between physical properties with different authors. (A) Apparent specific weight of solids
with porosity; (B) apparent specific weight with porosity.

Wave velocities are influenced by porosity, saturation degree and fluid properties which
can show a negative relationship (Fig. 7A-B; Hamada and Joseph, 2020; Karakul and Ulusay,
2013; Kassab and Weller, 2015; Zhang, 2016). The P wave values showed a good relationship
with potential trends. In contrast S wave values presented exceptionally low correlation with
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no clear trend (cloud of points). Specially in S wave values the operator’s visually
interpretation in its time of arrival could add imprecision on the gathered results. It should be
noted that values with higher vpq than vpsar could be related to effective clay content or low
bulk compressibility of plugs (Biot, 1956; Karakul and Ulusay, 2013). Kassab and Weller
(2015) demonstrated samples with R? of 21.16% (vpd) and 38.44% (vpsat) and linear trend,
besides vsa € Vssat Which showed no correlation. As described by the author the clay content
and lining iron oxides of the samples are elements that enhance the pore distribution and throat
radius. Despite porosity’s enhancement, the clay content has a negatively effect on P and S
wave velocities, mainly when structured or laminated (Minear 1982; Han et al. 1986). Lu et
al. (2020) showed samples with linear trend and R? of 72.65% (vpd) and 73.38% (vsd). The
authors revealed a positive correlation for increasing depth with density and wave velocity,
caused by the particles being closely connected, smaller pores and a blocky mesostructure.

Those same wave velocities are also influenced by clay content, framework and density of
rocks which can present a positive relationship (Fig. 7C-D; Zhang 2016). Correlations were
made with properties in the same saturation state (dry or saturated). As stated above, a variety
of properties influence the wave velocities which compose or depend on the apparent specific
weight. The P wave values showed a good relationship with a linear (vpa) and logarithmic
(vpsat) trends. However, vsq presented poor relationship with a logarithmic trend and vssat
displayed a cloud of points with no significant correlation. Values in this correlation showed
greater scattering than the one mentioned above. This can be explained by the impreciseness
in the gathered results, as well as apparent specific weight property generalization for porosity,
clay content and framework elements. Kassab and Weller (2015) showed samples with a linear
trend and R? 0f 31.36% (vpa) and 59.29% (vpsat). Their S wave values did not reveal any trends.
Lu et al. (2020) presented samples with a linear trend and R? of 78.47% (vpa) as well as a
potential trend and R? of 79.41% (vsa). As mentioned before, the depth variation influences
directly in the density/apparent specific weight of the samples.

Nevertheless, wave velocities are as well deep related with mechanical deformational
properties as o, Poisson’s ratio and Young’s modulus with overall positive correlations (Fig.
7E-F; Gupta and Seshagiri Rao 1998; Karakul and Ulusay 2013). Values range from very good
(Vpd and vpsar) to good (vsq) and poor (vssar) relationships, with potential (vpq), linear (vpsar), and
logarithmic (vsqa and vssa) trends. Lu et al. (2020) presented samples with logarithmic trend
and R? of 87.89% (vpa) and 87.44% (vsa). Fine, medium, and coarse sandstones from different
depths in Xiao Jihan Coal Mine (Yu et al., 2021) exhibited logarithmic trend and R? of 97.65%
(vpa). Despite the high correlation, the data quantity of three samples could represent a trend
bias. In a similar way, a single medium- to fine-grained lithic quartz sandstone from Ningxiang
City, Hunan Province (Zhu et al., 2021) showed vpa values of 2685.36 m/s and o, of 36.53
MPa.

Negative relationships with . with ¢ is based on the porosity influence on the rock
structure (Fig. 7G; Zhang 2016). Strength values presented very good relationship and
negatively potential trend. Lu et al. (2020) samples showed R? of 92.47% with linear trend
followed by Weides et al. (2014) and Wunder (2016) data.

The properties addressed in this section are deeply related and significantly influence each
other (Farmer, 1983; Tiab and Donaldson, 2016; Vallejo et al., 2002; Zhang, 2016). In these
correlations the main controlling factors were the framework, ¢ and clay content. Data showed
a complementary behavior among values from different authors, remaining in the sandstone
range. The difference in @, ys, ya and ysar could be related to the subarkose to arkose
composition and immature and poorly to medium sorting of the sandstones compared to
quartz-rich samples (Kassab and Weller, 2015) and better sorting depositional environments
(Wunder, 2016). These characteristics combined with porous system and fluid saturation can
influence mechanical properties as o. as well (Gregory, 1976; Qi et al., 2022). Structure
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elements as microcracks can affect negatively wave velocities according to its density and
length variations (Hudson and Harrison, 1997; Kassab and Weller, 2015). As well as low bulk
compressibility whose explains unusual higher dry P wave velocities compared to saturated P
wave velocities (Biot, 1956). Clay content dispute with porosity as the most important
parameter in reducing wave velocities, with a bigger influence when its structure or laminated
perpendicular to the measurement direction (Han et al., 1986; Karakul and Ulusay, 2013;
Minear, 1982). Nevertheless, Karakul and Ulusay (2013) introduced a variable called effective
clay content (porosity plus clay content as a function of saturation), which in high values could
explain the unusual behavior according P wave velocities.
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Fig. 7. Comparison between physical and mechanical properties with different authors. (A) P wave velocity with
porosity; (B) S wave velocity with porosity; (C) P wave velocity with apparent specific weight; (D) S wave
velocity with apparent specific weight; (E) P wave velocity with uniaxial compressive strength; (F) S wave
velocity with uniaxial compressive strength; (G) uniaxial compressive strength with porosity.

5.1.4.4 Correlation of physical and mechanical properties versus related turbidite facies

From the integrated analysis of physical and mechanical properties, facies, and
mineralogical composition of turbidite sandstones it was possible to establish the
interrelationship between them. Physical and mechanical properties are engineering
parameters that allow to understand the inherent characteristics and mechanical behavior of
rocks. These properties are related, for example, to the structure, texture, mineralogical
composition, pore distribution and type of fluids in the rock. Therefore, these properties are
widely used in geophysics, engineering, and petroleum exploration, to help understand the
origin, evolution, behavior, and potential of a reservoir for hydrocarbons and other fluids.

Based on the data presented in this work, it was possible to verify a good correlation
between sedimentary facies, mineralogical composition, physical and mechanical parameters
of turbidite sandstones from the Taciba Formation (Itararé¢ Group; Fig. 3A). The facies S
associations (sensu Zavala and Shuxin 2018: collapse of suspended-load related sedimentary
facies) attest that the sandstones analyzed in this work were deposited by hyperpycnal flows
as an extrabasinal submarine fans environment. These sand-rich submarine fans may occur as
laterally bodies that, in many situations, are not in physical contact with one another (Fig. 3B).

Many facies tracts have been proposed to explain the processes and products of sediment
gravity flows in subaqueous environments (Bouma, 1962; Lowe, 1982; Mutti et al., 2003;
Postma et al., 1983; Zavala, 2008). However, in this study the facies model proposed by
Zavala (2008) was the one that allowed better integration with the physical and mechanical
data of the sandstones (Fig. 8A-I).

The facies S1 is the most frequent of the samples analyzed, which data is concentrated in
the lowest values of s, Yd, Vsat, Vpd, Vpsat, Vsd, Vssat, and oc, while in highest values of .
Additionally, this facies was the one with the greatest dispersion of data. On the other hand,
facies S2 presented intermediate to low values for all properties.

Facies S3 showed intermediate to low values for ¢, vpd, Vpsa, Vsa and Vssa, while
intermediate to high values for ys, y4, and ysa. It was not possible to gather results for o
property. Facies S3w presented two areas of concentration. The first one with low values of ¢
and high values for the other properties, and the second one with intermediate to- high values
for all properties.

Additionally, the petrographic data attest to an increase in clay content from facies S1 to
facies S3. Generally, these facies have a transitional relationship laterally and vertically,
passing from facies S1 (massive sandstones) to facies S2 (sandstone with parallel lamination),
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from facies S3 (sandstones with current cross-lamination) or facies S3w (sandstones with
symmetrical ripples).
Therefore, considering the depositional processes involved (e.g., HDTf or LDTY, see Fig.
3B), it is possible to state that the viscosity and speed of sediment flow are primary factors
that control the distribution of facies, and consequently physical and mechanical properties.
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Fig. 8. Comparisons of physical and mechanical properties categorized by turbidite facies code (see Fig. 6 and
Fig. 7; Zavala and Shuxin, 2018). (A) Apparent specific weight of solids with porosity; (B) apparent specific
weight with porosity; (C) P wave velocity with porosity; (D) S wave velocity with porosity; (E) P wave velocity
with apparent specific weight; (F) S wave velocity with apparent specific weight; (G) P wave velocity with
uniaxial compressive strength; (H) S wave velocity with uniaxial compressive strength; (I) uniaxial compressive
strength with porosity.

On this same note, trend from properties values showed an overall inverted relationship
with porosity as a function of sedimentary facies (Fig. 9). The ¢ mean values presented a
generalized descending trend as facies progress on deposition from turbulent flow (S1 to S3).
on the other hand, apparent specific weight, vpd, Vpsat, Vsd, and oc exhibited a generalized
ascending trend.

Facies S3 and S3w represent the final stages of turbulent sand load deposition in collapsed
suspension, characterized by a drop-in sediment supply rate and flow velocity. In this phase
of deposition, flaser heterolytic beds are formed, for example. In this study the samples
characterized as from these facies showed significant differences in clay content, bedding,
sorting, and structures (Fig. 3B). The flaser bedding, current cross-lamination, laminated and
higher content of clay from S3 facies compared to better sorted, symmetrical ripples, detrital
or in form of intraclasts lower clay content from S3w facies can explain the higher apparent
specific weight values to lower porosity and majority of wave velocities values (Han et al.,
1986; Karakul and Ulusay, 2013; Minear, 1982; Tiab and Donaldson, 2016). The vat is
unaffected by this variation.

Nevertheless, the alteration of grains (feldspars or intraclasts) to clay, or the production of
cements (meso- or telogenetic) during diagenesis, although not very significant in these
sandstones, could be considered.
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(2012): (A) apparent specific weights, (B) porosity, (C) P- and S-wave velocities, and (D) uniaxial compressive
strength.

5.1.5 Conclusions

In this study, the integration of rock mechanics, faciological and petrographic data made it
possible to determine the relationship between sedimentary processes and the physical and
mechanical properties of turbidite sandstones.

The turbidite sandstones studied showed satisfactory correlations between physical and
mechanical aspects due to the distribution of facies patterns generated by long-lasting
hyperpycnal flows in an extrabasinal submarine fan environment in Parana Basin.

The lateral and vertical relationship of sedimentary facies S1 to S3w characterizes
progressive changes in the flow regime during sedimentation processes, showing a
progressive decrease in viscosity and flow velocity. Therefore, porosity values and wave
propagation speed change as a function of suspended material ratio (or clayey intraclasts) and
sedimentary structures (flaser/wavy bedding) from facies S1 to facies S3 of the sandstones.

Turbidite sandstones are subarkosic and arkosic presenting different porosity values
depending on faciological changes. However, as the porosity calculation only considered the
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effective absorption of fluids in the sandstones, possible interference from the cement and clay
mineral content arising from the alteration of unstable minerals must be considered.

The average physical and mechanical properties trends are inversely controlled by porosity
variations. The apparent specific weights and the resistance to uniaxial compression showed
mirror behavior in relation to this property. The propagation velocities of P- and S-waves
resemble this behavior, but with variations more associated with faciological changes in the
sandstones. S-wave velocities in saturated samples do not exhibit significant variations with
changes in sedimentary facies, or any other measured property.

Based on these results, for future work, we recommend higher precision experiments to 1)
deepen the interpretation of geomechanical properties, integrated with petrographic and
geochemical studies to make considerations about provenance and related diagenetic
processes; 1) test this same methodology in turbidity systems from other tectonic contexts;
and 1i1) include petrophysical quantitative analysis to model the distribution of permoporous
systems.
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6 CONCLUSOES

Neste estudo, a integragdo de dados de mecanica das rochas, facioldgicos e petrograficos
possibilitou determinar a relagao entre os processos sedimentares e as propriedades fisicas e
mecanicas de arenitos turbiditicos.

Os arenitos turbiditicos estudados exibiram correlagdes satisfatorias entre os aspectos
fisicos e mecanicos devido a distribui¢ao dos padrdes de facies gerados por fluxos hiperpicnais
de longa dura¢do em um ambiente de leque submarino extrabasinal na Bacia do Parana.

A relacdo lateral e vertical das facies S1 para S3w caracterizam mudancgas progressivas no
regime de fluxo durante os processos de sedimentagdo, mostrando uma diminui¢dao
progressiva na viscosidade e velocidade do fluxo. Dessa maneira, os valores de porosidade e
velocidade de propagacdo de onda mudam em funcdo de material em suspensdo (ou
intraclastos argilosos) e estruturas sedimentares (acamamento flaser/wavy) da facies S1 para
a facies S3 nos arenitos.

Os arenitos turbiditicos sao subarcoseos e arcoseos apresentando diferentes valores de
porosidade dependendo das alteracdes faciologicas. Entretanto, como o célculo da porosidade
considerou apenas a absor¢do efetiva de fluidos nos arenitos, deve-se considerar a possivel
interferéncia do teor de cimento e argilominerais provenientes da alteracdo de minerais
instaveis.

As tendéncias gerais das propriedades fisicas € mecanicas sdo inversamente controladas
pelas variagdes da porosidade. Os pesos especificos aparentes e a resisténcia & compressao
uniaxial apresentaram comportamento espelhado em relacdo a essa propriedade. As
velocidades de propagagao de ondas P e S assemelham-se a esse comportamento, porém com
variacOes mais associadas a alteragdes facioldgicas nos arenitos. As velocidades de ondas S
em amostras saturadas nao exibem variagdes significativas com mudangas nas facies
sedimentares, ou qualquer outra propriedade medida.

Com base nesses resultados, para trabalhos futuros, recomendam-se experimentos de maior
precisdo para i) aprofundar a interpretacdo das propriedades fisicas e mecanicas, integradas
com estudos petrograficos e geoquimicos para investigacdo sobre procedéncia e processos
diagenéticos relacionados; ii) testar essa mesma metodologia em sistemas turbiditicos de
outros contextos tectonicos; e iii) incluir analises petrofisicas quantitativas para modelar a

distribuicdo de sistemas permoporosos.
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