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RESUMO

Estudos de anadlogos de reservatérios sdo utilizados visando o melhor entendimento da distribui¢do
espacial das suas propriedades, j& que muitas caracteristicas de reservatérios ndo permitem a
observagdo direta devido a sua profundidade e limitagdes dos dados de subsuperficie. A Bacia do
Parana possui dois sistemas petroliferos com potencial para geracdo e acumulagdo de
hidrocarbonetos. O Grupo Itararé, pelo histérico de exploragdo, € o melhor alvo exploratorio da
bacia, pois possui espessos intervalos de arenitos com qualidade de reservatorio moderada a boa e
também por estar em contato direto com os folhelhos devonianos da Formagdo Ponta Grossa,
rochas geradoras de gas. Contudo, os reservatorios sdo altamente complexos devido ao seu
ambiente de sedimentacdo ter sido dominado por fluxos gravitacionais com influéncia glacial.
Com o objetivo de ampliar o conhecimento sobre o potencial de reservatorio do Grupo Itararé,
bem como o entendimento de suas heterogeneidades, esse estudo visa preencher a lacuna de dados
quantitativos em analogos e a correlacdo entre os dados petrofisicos, facies e associagdes de
facies, utilizando dados de testemunhos e afloramentos nas regides de Mafra e Doutor Pedrinho,
Santa Catarina. Foram analisadas facies sedimentares com o intuito de avaliar as heterogeneidades
presentes nas sucessOes arenosas de forma a integrar dados de superficie e subsuperficie, e
compreender a continuidade lateral de acordo com as correlagdes estratigraficas. Foram utilizados
equipamentos como, gamaespectrometro, fluorescéncia de raios-x portatil e minipermedmetro para
aquisi¢do dos dados petrofisicos e geoquimicos. Descri¢des sedimentologicas e petrografia
também foram realizadas. Como resultado, 15 facies foram descritas, sendo que arenitos com
gradacdo normal e macigos apresentaram os valores mais elevados de porosidade (9 a 32%) e
permeabilidade (68 a 222 mD). Os valores API para as facies com gradacido normal obtiveram a
maior variagdo (63° a 152° API). Em relag@o as facies de arenito macigo a variagao foi menor (61°
a 103° API). As andlises geoquimicas relativas aos elementos SiO,, Al,O;, Fe,O3 e TiO, foram
utilizadas para avaliar a relagdo dos argilominerais na composi¢do das amostras. Nos arenitos finos
o oxido de ferro esta associado a cimentagdo e argilominerais. Ambas as facies estdo associadas a
fluxos turbiditicos de alta e baixa densidade. Esses turbiditos sdo associados a facies deformadas e
remobilizadas por depositos de transporte em massa. Nesse caso, a porosidade e permeabilidade
sdo menores € a continuidade lateral € baixa. Como conclusdo, as melhores facies reservatorio do
Grupo Itararé sdo associadas aos locais mais no interior da bacia, distante do paleotalude e da
influéncia de escorregamentos e fluxos de detritos, onde as facies turbiditicas devem ser mais bem
desenvolvidas.

Palavras chaves: petrografia; geoquimica; facies turbiditicas; depositos de transporte em massa;

heterogeneidade de reservatorios.



ABSTRACT

Studies on reservoir analogs have been widely used aiming to better understand the spatial
distribution of reservoir properties, since many reservoirs do not allow direct observation due to
their depth and difficulty of sampling. The Parana Basin has two known petroleum systems with
potential for the generation and accumulation of hydrocarbons. The Itararé Group, due to the
exploration history, is the best exploratory target in the basin because it has thick intervals of
sandstones with moderate to good reservoir quality and also because it often lies directly on gas-
prone source rocks of the Devonian Ponta Grossa Formation. In order to increase knowledge
about Itararé Group reservoirs, as well as to better understand its heterogeneities, this study aims
to integrate petrophysical data with facies and facies associations using both outcrop and cores
from shallow wells in the region of Mafra and Doutor Pedrinho, Santa Catarina. By doing this it is
expected to fill a gap of quantitative data in previous studies on reservoir analogs in the Itararé
Group. Cores and outcrops were analyzed in sedimentary facies in order to integrate surface and
subsurface data, and to understand the lateral continuity according to stratigraphic correlations.
Equipment such as gamma-ray spectrometer, portable x-ray fluorescence, and a minipermeameter
were used for the acquisition of quantitative data. Sedimentological description of cores and
outcrops as well as thin section description were also carried out. As a result, 15 facies were
described, in which massive and normally graded sandstones showed the highest porosity (9 to
32%) and permeability (68 to 222 mD). The API values have wide variation in facies with
normally graded due to composition variation (63 to 152 °API). In relation to the massive facies,
the API variation is lower (61-103 °API). The analyzed geochemical values are related to the
elements Si0O;, Al,Os, Fe,Os and TiO,, to evaluate the relation of the clay minerals in the
composition of the samples. In samples of higher clast size, iron and titanium oxides are
associated with clay minerals. In fine sands, the iron oxides are associated with cementation and
clay minerals. Both facies are interpreted as the deposits of turbidity currents. These turbidites are
spatially associated with deformed facies remobilized by mass transport which porosity and
permeability and lateral continuity of sand bodies are lower. We conclude that the best reservoir
facies in the Itararé Group will be associated with sites located basinward from the slope region
and the influence of mass-transport processes.

Key-words: petrography, geochemistry; turbidite facies; mass-transport deposits; reservoir

heterogeneity.
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1. INTRODUCAO
1.1 Introducio ao Tema

Um sistema petrolifero pode ser descrito pela interdependéncia de fatores geologicos e
processos essenciais a formacgdo e acumulagdo de hidrocarbonetos. Os fatores geologicos
dependem da rocha geradora, reservatorio, selante e de soterramento. Os processos essenciais
a formagdo podem ser descritos como formagdo de armadilhas, geragdo, migragdo e
acumulagdo de hidrocarbonetos (Magalhaes ef al., 1995).

Depositos sedimentares associados a fluxos gravitacionais em aguas profundas
constituem importantes reservatorios e conhecimentos a respeito desses depdsitos tém
aumentado nos ultimos anos. Porém, a geometria deposicional das facies e o
interrelacionamento entre os diferentes fatores controladores da distribui¢do dos arenitos sdo
pouco entendidos.

Na Bacia do Parand, dois sistemas petroliferos apresentam potencial para geragdo e
acumulagdo de hidrocarbonetos, sdo eles: Ponta Grossa- Itararé, Ponta Grossa- Rio Bonito,
Irati- Rio Bonito e Irati- Pirambdia (Arthur & Soares, 2002). O sistema Ponta Grossa- Itararé
apresenta acumula¢des de gas e condensando armazenado nos arenitos no Grupo Itararé,
como no campo de Barra Bonita, com rocha geradora contida na por¢do superior da Formagao
Ponta Grossa, em folhelhos devonianos (Milani & Catto, 1998).

O Grupo Itararé contém registros de sedimentagdo durante o periodo de glaciagdo
gondwanica neopaleozoica na Bacia do Parand (Vesely & Assine, 2004) e os maiores
volumes de reservatorios arenosos estdo contidos no Membro Rio Segredo da Formagdo
Taciba e a parte superior da Forma¢do Campo Mourdo, cuja porosidade maxima € de 10%. O
Membro Rio Segredo, descrito por Franca & Potter (1989), ¢ considerado o melhor
reservatorio do Grupo Itararé por ser constituido de corpos arenosos espessos (até 50 m), de
grande continuidade lateral, além de estar sotoposto ao folhelho do Membro Rio do Sul e/ou
lamitos do Membro Chapéu do Sol como rochas selante. O predominio de niveis
estratigraficos de arenitos com bom potencial para reservatérios favorece o acumulo de
hidrocarbonetos, principalmente de gas proveniente das rochas geradoras da Formagido Ponta
Grossa (Franga & Potter, 1988). Entretanto, o Grupo Itararé ¢ caracterizado pela alta
complexidade em relagdo a diversos processos de deposi¢do que resultam em alta
heterogeneidade na distribuicdo de facies e associagdes de facies, com baixa continuidade
lateral dos litotipos.

A rotina de caracterizagdo de reservatorios em subsuperficie tem como principal fonte
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de dados os pogos, o que requer elevados recursos financeiros e, ainda assim, ndo proporciona
observar a dimensao horizontal (Cosentino, 2001). Como uma alternativa viavel para suprir
informagdes adicionais aos pogos, as analises de afloramentos em superficie, como
reservatdrios analogos, permitem a aquisi¢do de dados e propriedades petrofisicas, tais como
porosidade, permeabilidade, radioatividade natural das rochas, elementos arquiteturais,
geometrias dos depositos e facies em uma resolugdo muito maior que a usual no
desenvolvimento de um reservatério de petroleo (Slatt, 2006). Em afloramento também ¢
possivel observar, em maior detalhe, a variagdo espacial das propriedades essenciais de um
reservatorio, como porosidade e permeabilidade que controlam o armazenamento e fluxo de
fluidos, e suas relagdes com os controles deposicionais e diagenéticos (Slatt, 2006).

Dentro dessa tematica, este trabalho visa compreender as heterogeneidades presentes
em reservatorios, assim como seus controles deposicionais, utilizando como exemplo os
depositos do Grupo Itararé, Bacia do Parana, na regido de Mafra e Doutor Pedrinho em Santa
Catarina. Testemunhos disponiveis das Formagdes Taciba e Campo Mourdo em Mafra, assim
como afloramentos dessas unidades na area de Doutor Pedrinho, sdo analisados neste trabalho
com o intuito de avaliar as heterogeneidades presentes nas sucessdes arenosas de forma a
integrar dados de superficie e subsuperficie, e compreender a continuidade lateral de acordo
com as correlagdes estratigraficas.

A hipotese deste trabalho consiste na possibilidade de, a partir da constru¢do de um
modelo conceitual de deposi¢do por correlagio de dados de facies, associagdo de facies,
propriedades petrofisicas, de testemunhos e afloramento, ser possivel uma melhor
caracterizagdo do reservatério e suas heterogeneidades do que com base somente em perfis de
pogos. A geragdo do modelo possui como maior motivagdo o estabelecimento de critérios
preditivos para exploracdo/explotacio de gds em reservatdrios complexos e de baixa

permeabilidade em depositos de aguas profundas.
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1.2 Estrutura da Dissertacio

Esta dissertag@o estrutura-se em quatro capitulos, iniciando-se pela introdu¢do ao tema
estudado, abordando a importancia cientifica e para a industria do petroleo, os objetivos da
pesquisa, area de estudo e métodos aplicados para atingir os objetivos propostos (Capitulo 1).

O Capitulo 2 aborda revisdes sobre os conceitos e métodos aplicados na pesquisa. A
contextualizagdo geologica ¢ abordada em escala regional e local abrangendo os principais
trabalhos realizados no Grupo Itararé e a evolugdo dos conhecimentos. Foram revisados os
conceitos de reservatorios analogos, propriedades petrofisicas e geoquimicas.

O Capitulo 3 apresenta os resultados e discussdes obtidos e sdo apresentados em
formato de artigo, redigido em inglés, visando a publicagdo em uma revista cientifica
internacional. As figuras e tabelas possuem numeracdo sequencial em relagdo a dissertacgdo.
As referencias utilizadas no artigo estdo contidas no item 3.7.

O Capitulo 4 apresenta considerac¢des finais, abortando uma discussdo em relagdo aos
métodos utilizados e a aplicagdo desses métodos nos resultados apresentados. Em sequéncia
sdo apresentadas as referéncia bibliograficas utilizadas.

1.3  Objetivos

O principal objetivo do trabalho consiste em avaliar a correlagdo entre facies e
propriedades petrofisicas e geoquimcias em testemunhos e afloramentos como subsidio de um
modelo de caracterizac¢do espacial dos reservatorios e suas heterogeneidades.

Como objetivos especificos tém-se:

o Compreender a distribuicdo e associagdo de facies em afloramentos e
testemunhos
o Compreender os controles deposicionais das propriedades petrofisicas como

porosidade, permeabilidade e radioatividade gama

o Compreender a variagdo de propriedades petrofisicas e geoquimicas em
testemunhos e afloramentos

o Avaliar a variagdo das propriedades petrofisicas e geoquimicas em facies
reservatorio e ndo reservatorio

o Promover o avango no entendimento das heterogeneidades em reservatérios
ndo convencionais nas bacias terrestres brasileiras

o Compreender a distribuicdo das facies reservatorio em relagido a deposig¢do na

bacia
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1.4 Area de Estudo

As areas de estudo estdo contidas nos municipios e Mafra e Doutor Pedrinho, Santa
Catarina, e fazem parte do Grupo Itararé, Bacia do Parana.

A regido de Mafra-SC esta localizada no norte de Santa Catarina, divisa com o estado
do Parana (figura 1). A cidade possui facil acesso a partir da rodovia BR-116, distando cerca
de 100 km de Curitiba. Na regido afloram diamictitos e folhelhos da formac¢do Campo
Mourdo, Grupo Itararé, expostos em diversas pedreiras (Weinschutz & Castro, 2004). Através
de campanhas particulares realizadas para trabalhos de Weinschutz & Castro (2004,
2005,2006), foram obtidos testemunhos da regido que estdo disponiveis na Universidade do
Contestado, Mafra-SC. Para esse trabalho foram utilizados 3 testemunhos que abrangem
grandes variagdes de facies. As localizacdes dos testemunhos utilizados estdo destacadas na
Figura 1.

A area de Doutor Pedrinho esta localizada no norte de Santa Catarina, regido do Vale
Europeu. A cidade possui facil acesso através de rodovias pavimentadas ao redor. A regido
possui diversos afloramentos preservados, grande variedade de facies como folhelhos,
diamictitos, conglomerados, arenito, siltitos e argilitos. Os depositos sdo associados as
formag¢des Campo Mourdo, Taciba e Rio Bonito (Aquino, 2015; Valdez ef al., 2017) O

afloramento em Doutor Pedrinho e Rio dos Cedros estdo destacados na figura 1.
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1.5  Material e Métodos

Os métodos utilizados para a elaboragdo desse trabalho contemplaram revisdo
bibliografica, aquisi¢do de dados em campo, analises e tratamento dos dados.
1.5.1 Levantamento Bibliografico

A primeira etapa realizada foi um levantamento bibliografico visando compreender a
geologia regional e local assim como os métodos adequados para se obter os resultados
esperados.

1.5.2 Descricao de facies

As descricdes de facies foram realizadas através da descricdo de 3 testemunhos
totalizando 177,8 metros, e dois afloramentos, o codigo das facies foram atribuidas a partir da
classificagdo de Eyles ef al. (1983). No total foram realizadas 6 campanhas de campo. A
primeira etapa consistiu em verificar a qualidade dos testemunhos para utilizagdo dos métodos
propostos, em sequéncia foi realizado o campo de aquisi¢do de dados em testemunho. Duas
etapas de campo foram necessarias para definir quais afloramentos seriam utilizados como
analogo. Por ultimo, foram adquiridos os dados estratigraficos, petrofisicos e geoquimicos dos
afloramentos.

1.5.3 Aquisicio de Dados Petrofisicos por Gamaespectrometro, Mini Permeametro e
Porosidade

A andlise petrofisica visou analisar os elementos radioativos das amostras por
gamaespectrometria e também estimar a permeabilidade a partir da utilizagdo de
equipamentos portateis.

A leitura da radiacdo emitida pelos elementos U, K e Th foi realizada a partir da
utilizagdo do gamaespectrometro portatil RS-230 BGO Super-SPEC, cedido e calibrado pela
empresa CPRM, Servico Geoldgico do Brasil e pela Universidade Estadual de Campinas,
Unicamp. A leitura foi realizada durante 120 segundos enquanto o equipamento se mantinha
em contato com a amostra (Figura 2). Os valores de gama total foram convertidos para API
(American Petroleum Institute), medida de referéncia estabelecida pela Universidade de
Houston, Texas. O valor API ¢ calculado através das componentes uranio, torio e potassio,
API= 4Th+ 8U+16K (Ellis & Singer, 2008), onde U e Th sdo medidos em ppm e K em
porcentagem. Para n3o ocorrer interferéncia com outros equipamentos, o aparelho foi
posicionado de forma que o sensor apontasse para o lado oposto ao emissor do equipamento

de fluorescéncia de raios X, a uma distancia de a0 menos 2 metros entre os equipamentos.
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Figura 2: Leitura gamaespectrométrica

Os dados de permeabilidade foram adquiridos através do mini permeametro 7inyPerm
II, Vindium Engineering, Inc., permeametro de ar portatil, cedido pelo Instituto de
Geociéncias da USP (Universidade de Sao Paulo). O equipamento pode ser utilizado tanto em
laboratorio quando em campo. Durante a utilizagdo, deve-se manter o equipamento estatico. A
medigdo ¢ realizada através do contato da abertura de 9 mm do equipamento com a amostra,
esse contato ocorre através de uma borracha que evita o vazamento e for¢a o ar a entrar
apenas na amostra. Quando pressionado o bocal da sonda, € gerado um véacuo na parte interna
do equipamento. Através de um microcontrolador, o volume de ar retirado da rocha ¢
controlado e entdo o valor da permeabilidade é fornecido de formato adimensional. Tal
medida foi posteriormente foi convertida em milidarcy através da equagdo (1) de calibragdo
(Figura 3) fornecida pelo fabricante:

T=-0,8206log (k] + 12,8737 (1),

onde T ¢ o valor fornecido pelo equipamento k € a permeabilidade em milidarcy (mD).

Foram realizadas 3 leituras do mesmo local e entdo realizada a média. Os valores
foram obtidos a intervalos de 30 cm ao longo dos testemunhos e afloramentos (Figura 4). A
partir de estudos realizados com o equipamento do mesmo fabricante, Filomena ef al. (2014),
concluiram que o tempo limite do equipamento para leitura da permeabilidade em campo

equivale a 5 minutos, com valor minimo de 9 mD, que ¢ o limite de detec¢do do equipamento.
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T T=04112 In(t) + 9.729
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Figura 3: Curva de calibragio do equipamento 7inyPerm 11

Figura 4: Leitura da permeabilidade

A caracteriza¢do dos constituintes diagenéticos e porosidade foram realizadas em sete
laminas delgadas selecionadas nos afloramentos, nas facies de interesse. As laminas foram
confeccionadas no LAMIR (Laboratorio de Analise de Minerais ¢ Rochas Industriais) e
consistiu na impregnagdo de resina liquida azul. O percentual de porosidade foi obtido por

meio de analise de 300 pontos contados nas 1aminas delgadas.
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1.5.4 Aquisi¢iao de Dados Geoquimicos por Fluorescéncia de Raios X portatil

Os testemunhos e afloramentos foram submetidos & analise pelo método de
fluorescéncia de raios X (FRX) que identifica os elementos maiores, menores € traco.

A espectrometria de fluorescéncia de raios-X se baseia na excitagdo de uma amostra
por raios-x. Um feixe de raios-x primario excita raios- X secundarios que possuem
comprimentos de onda caracteristicos dos elementos presentes na amostra. Esse método ¢
usado para determinar a concentracdo dos elementos presentes a partir da calibragdo de
referéncia (Rollinson, 1993).

Os testemunhos e afloramentos foram analisados a partir do contato do equipamento
XL3T Niton Thermo durante 120 segundos. O equipamento foi cedido pela empresa CPRM,
Servico Geologico do Brasil, para realizacdo da pesquisa (Figura 5). O equipamento possui
uma camera acoplada onde € possivel focar o local a ser realizada a medida em um ponto

determinado. O feixe de raios-X pode ser focado em até 3mm.

Figura 5: Leitura dos dados geoquimicos
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2.  FUNDAMENTACAO TEORICA
2.1 Contexto Geologico
2.1.1 Consideragdes gerais sobre a Bacia do Parana

A Bacia do Parand corresponde a uma bacia intracratonica com vasta regido de
sedimentacdo na América do Sul. Possui uma area de aproximadamente 1.600.000 km? e esta
contida na por¢do meridional do Brasil. A bacia estende-se para a Argentina, Paraguai e
Uruguai, apresenta uma evolugdo tectonossedimentar policiclica e possui uma sucessido
sedimentar-magmatica entre Neo-Ordoviciano e Neocretaceo (Milani, 2004). A evolucdo da
bacia estd relacionada a um intervalo de estabilidade da Plataforma Sul-Americana, apds os
eventos metamorficos e magmaticos do Ciclo Brasiliano (Almeida & Hasui, 1984).

Os primeiros estudos sobre depdsitos sedimentares da Bacia do Parana sdo de White
(1908), em Santa Catarina. Este autor definiu o Sistema Santa Catarina, constituidos pelas
séries S3o Bento, Passa Dois e Tubardo e é considerado o “marco zero” da estratigrafia da
bacia. Trabalhos de carater regional foram realizados por Maack (1947), Sanford & Lange
(1960), Northfleet ef al. (1969), Fulfaro & Landim (1976), Soares et al. (1977), Almeida
(1980), Fulfaro et al. (1982), Zalan et al. (1987), Soares (1991), Milani (1997), Milani &
Ramos (1998), Milani (2004) e deram sequéncia nos estudos estratigraficos da bacia. Dentre
esses, Fulfaro & Landim (1976) propuseram subdividir o arcabougo estratigrafico da Bacia do
Parand em quatro sequéncias (I, II, Il e IV), as quais foram mais tarde redefinidas por
diversos autores como Soares ef al (1977), Milani (1997) Zalan et al., (1987) e Soares (1991).

Neste contexto, para Milani (1997) o preenchimento da bacia ocorreu através de ciclos
tectonossedimentares de segunda ordem, limitados por descontinuidades regionais,
compreendendo as supersequéncias Rio Ivai (Ordoviciano-Siluriano), Parana (Devoniano),
Gondwana I (Carbonifero-Eotridssico), Gondwana II (Meso a Neotriaassico), Gondwana III
(Neojurassico-Eocretaceo) e Bauru (Neocretaceo). Essas supersequéncias estdo associadas a
ciclos transgressivos-regressivos paleozoicos e a ciclos sedimentares continentais durante o
mesozoicos, esses associados a rochas igneas (Figura 6) (Milani & Ramos, 1998). As
espessuras maximas da bacia atingem 7.000 metros em seu depocentro.

Os limites atuais da bacia sdo erosivos ou de origem tectonica. A nordeste, a bacia ¢
limitada entre a zona de falha Guapiara e o arco Goiania/Alto Paranaiba. A noroeste, a bacia ¢
limitada pelo cinturdo de dobramentos do Paraguai/Araguaia. A borda oeste da bacia ¢

delimitada pelo Arco de Assungdo, com direcdo N-S. O Arco Ponta Grossa, a noroeste, € 0
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Arco do Rio Grande, a sudoeste, criaram reentrancias na borda oriental da bacia, nos estados
do Paranad e Rio Grande do Sul, respectivamente. O evento tectonico do soerguimento da
Serra do Mar também influenciou nos limites orientais da bacia, na regido sudeste do Brasil
(Zalan et al., 1987).

O presente trabalho aborda as unidades do Grupo Itararé, contido na sequéncia Permo-

Carbonifera, na borda leste da Bacia do Parana.
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2.1.2 Evolucio dos Conhecimentos Estratigraficos sobre o Grupo Itararé

O Grupo Itararé possui um extenso histérico em relagdo a evolu¢do do conhecimento.
O primeiro levantamento sobre os depositos glaciais da sucessdo Permo-Carbonifera da Bacia
do Parana ocorreu com a descrigdo de ocorréncias de diamictitos sobrepostos ao arenito
Furnas, no Estado do Parana por Derby (1878).

A Série Itararé foi definida como unidade estratigrafica por Oliveira (1927). Todos os
depositos com influéncia glacial na regido sul de Sdo Paulo e norte do Parana foram incluidos
dentro dessa série, restringindo a Série tubardo de White (1908) apenas para as camadas pos-
glaciais. Leinz (1937) propdem o ambiente deposicional para a Série Itararé como
sedimentacdo terrestre e depdsitos de arenitos fluvio-glaciais em processos de glaciagdo
continental de carater ciclico.

Gordon (1947) subdividiu a Série Tubardo em Grupo Itararé e Grupo Guata. O Grupo
Itararé¢ foi definido pela primeira vez neste trabalho e subdividido em duas formagdes,
Formagdo Palmira, constituida pela sucessdo glacial basal, e Formagdo Taio, constituida por
uma sucessdo marinha.

Barbosa & Almeida (1948) subdividiram a Série Tubardo em cinco novas formagdes a
partir do estudo em pogo no Estado de Sdo Paulo, onde horizontes de diamictitos foram
descritos como tilitos. Lange (1954) subdividiu a Série Tubardo como Grupo Itararé e Grupo
Guata assim como Gordon (1947), porém o Grupo Itararé foi subdividido nas formagdes
Palmeira e Teixeira Soares a partir da base de origem glacial e no topo por sucessdo marinha.

Diversos estudos foram realizados em escala local, sem abranger a continuidade lateral
das sequéncias. Dessa forma, diversas classificagdes com distintas atribuigdes hierarquicas
foram propostas. Petri (1964) e Rocha-Campos (1967) propuseram uma coluna
litoestratigrafica do Grupo Tubarfo subdividido em dois Subgrupos: Itararé¢ e Guata, o
primeiro, basal, corresponde a sucessdo glacial e o topo ao pos-glacial.

Schneider et al., (1974), elevou formalmente a unidade Itararé para grupo a partir de
trabalhos de mapeamento realizado pela Petrobras que acarretaram grandes avangos no
conhecimento da bacia. O Grupo Itararé foi subdivido nas formagdes Campo do Tenente,
Mafra e Rio do Sul através de mapeamentos realizados nos Estados de Santa Catarina e
Parana.

A Formag¢do Campo do Tenente foi descrita como depodsitos argilosos na base e
ritmitos e diamictitos de matriz arenosa em direcdo ao topo. Foram também descritos arenitos

amarelados na por¢do basal, mal selecionados, finos a médios, com estratificagdo plano
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paralela e cruzada acanalada, e com estrias glaciais. A espessura maxima mapeada foi de 200
metros.

A Formagdo Mafra foi descrita como uma sucessdo arenosa de granulometria variavel,
de arenitos finos até arenitos médios e grossos. Secundariamente foram descritos diamictitos,
conglomerados, ritmitos, argilitos e argilitos varvicos. A espessura maxima descrita foi de
350m.

A Formagdo Rio do Sul possui na parte basal folhelhos e argilitos cinza escuros e na
parte superior consiste em argilitos, folhelhos varvicos, ritmitos, arenitos finos e diamictitos.
Diversas estruturas foram identificadas por Schneider ef al. (1974) nessa formagéo, tais como
laminagdo convoluta, plano-paralela e cruzada, marcas ondulares e estruturas de
escorregamentos nas camadas siltitico-arenosas. A secdo foi descrita com 350 metros de
espessura. A sequéncia de argilitos e folhelhos varvicos foram identificados em toda a se¢éo
com 50 a 60 metros de espessura.

Soares ef al. (1977) realizaram estudos no Estado de S@o Paulo e utilizam a divisdo de
Barbosa e Almeida (1948) como referéncia da classificagdo estratigrafica. Esses autores
afirmaram que as classificagdes anteriores foram realizadas de forma equivocada devido a
inexisténcia da continuidade lateral das camadas e auséncia de limites. Dessa forma, os
autores realizam nova classificacdo estratigrafica para a regido de Sao Paulo. O Grupo
Tubardo foi subdivido em Formagdo Tatui e Subgrupo Itararé, que foi separado em quatro
novas associagdes de acordo com os sistemas deposicionais: a associagdo I foi relacionada a
depositos continentais fluviais, a associacdo II com depdsitos glaciais, associagdo III com
depositos mistos e associagdo IV a depositos marinhos. Soares ef al. (1977) ndo consideraram
a classificagdo recente de Schneider ef al. (1974) tento criado uma nova classifica¢do para o
Itarare.

Franga & Potter (1988), a partir do mapeamento regional da unidade Itararé com base
na analise de testemunhos e perfis de pogos, propuseram uma nova nomenclatura
estratigrafica para o Grupo Itararé. Foram definidas trés novas unidades, formag¢des Lagoa
Azul, Campo Mourdo e Taciba.

A Formagdo Lagoa Azul constitui a se¢do basal do Grupo Itararé, sob o embasamento
cristalino, nos estados do Parana, Sdo Paulo e sul de Mato Grosso do Sul. A espessura
maxima descrita equivale a 560 metros. A formacdo ¢ composta por dois membros, Cuiaba
Paulista e Tarabai. O Membro Cuiaba Paulista € composto por arenitos de granulometria fina

a média, bem selecionados, com ocorréncias comuns de pirita € outros minerais pesados.
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Esses arenitos apresentaram baixa permeabilidade devido a intensa cimentagdo. O Membro
Tarabai ¢ composto por siltitos e lamitos seixosos com ocorréncias de corpos arenosos de até
25 metros, localmente contendo seixos de granito de até 3 cm.

A Formagdo Campo Mourdo compreende arenitos, siltitos, folhelhos e lamitos
seixosos. Os arenitos, predominantes, possuem granulometria média a grossa, sendo comum a
presenca de clastos de folhelho e bolas de argila orientadas. Ocorrem também conglomerados
com seixos e matacdes e arenitos conglomeraticos. A espessura maxima da formagéo ¢ de 927
metros na regido sudeste do Estado de Sdo Paulo. O Membro Lontras esta relacionado ao topo
da Formag¢do Campo Mourdo, constituido por folhelhos cinza-escuros a preto. Franga &
Potter (1988) correlacionam o Membro Lontras com o folhelho Lontras da Formagéo Rio do
Sul de Schneider ez al. (1974).

A Formagdo Taciba constitui a parte superior do Grupo Itararé e ¢ composta por
lamitos seixosos, arenitos, folhelhos e siltitos. E subdividida nos membros Rio Segredo,
Chapéu do Sol e Rio do Sul. O Membro Rio Segredo possui litologia predominante de
arenitos macicos, de granulometria grossa a média, intercalados com siltito. Ocorrem também
arenitos finos a muito fino com laminag¢des cruzadas cavalgantes e microfalhas. O Membro
Chapéu do Sol € composto por lamitos seixosos que gradam a folhelho cinza-escuro com
nddulos de pirita e seixos de granito e raros arenitos. O Membro Rio do Sul se correlaciona a
Formag@o Rio do Sul de Schneider ez al. (1974) e possui ocorréncia de argilitos, folhelhos,
arenitos finos, ritmitos e diamictitos.

O trabalho de Franca & Potter (1988) caracterizou o Grupo Itararé em ambito regional,
diferente dos trabalhos que haviam sido realizados anteriormente. Porém, essa caracterizagio
ocorreu apenas através de dados de testemunhos e pogos. Nos afloramentos, as mesmas
formag¢des ndo foram identificadas pelos autores. Diversos trabalhos foram realizados em
sequéncia discutindo a estratigrafia da bacia, tais como Soares (1991), Milani ef al. (1994),
Franga et al. (1996), Castro (1999), Vesely & Assine (2004) e Weinschutz (2006).

Para este trabalho, a estratigrafia adotada abrange os trabalhos de Schneider ef al.

(1974) e Franga & Potter (1988).
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Tabela 1: Correlagio das classificagdes de Schneider et al. (1974) e Franga & Potter (1988) do Grupo Itararé.
Adaptado de Vesely 2006

Schneider et al. (1974) Franga & Potter (1988)
g Membro Rio Mg
Fm. Rio do Sul g5 do Sul SHIDIO
o do st S Chapéu do Sol

Membro Rio Segredo

Membro Lontras

Fm. Mafra

Grupo Itararé
Fm. Campo
Mourido

Membro Tarabai

Fm. Campo do Tenente

Fm. Lagoa
Azul

Membro Cuiaba Paulista

2.1.3 Geologia Local

A regido de Mafra esta inserida nos intervalos das Formagdes Campo Mourdo e
Taciba. Os testemunhos analisados RB3, TC4 e BRS foram descritos previamente em
trabalhos de Weinschutz & Castro (2004, 2005 e 2006).

O pogo RB3 foi perfurado a sudoeste da cidade de Mafra, possui aproximadamente 60
m de profundidade. Esse poco apresenta extensos corpos arenosos interpretados como
depositados por desaceleragdes de correntes de turbidez. A base desse pogo € constituida por
ritmitos, interpretados como substrato lacustre-glacial, onde se alojou o sistema turbiditico
(Weinschutz & Castro, 2000).

O pogo TC4 foi perfurado na Universidade do Contestado (CENPALEO-UNC), a 15
km do pogo RB3 (figura 7), possui 81m de profundidade e amostra a Formagdo Campo
Mourdo. Foram diferenciados dois niveis de arenito, o nivel inferior foi interpretado como
deltaico sob influéncia glacial e o nivel superior, como ciclo fluvial a deltaico. O topo do pogo
¢ marcado por folhelhos negros, reconhecidos como folhelho Lontras, formados por processos
marinhos transgressivos, de acordo com Weinschutz & Castro, 2005.

O poco BRS foi perfurado a 3 km a sudeste do pogo TC4 (figural). Possui em torno de
5Im de espessura na Formagdo Campo Mourdo, apresenta duas sucessdes de
granodecrescéncia ascendente de arenito-diamictito-ritmito interpretados como eventos de

deglaciacdo (Weinschutz & Castro, 2005).
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O Grupo Itararé em Doutor Pedrinho foi subdividido por d’Avila (2009) em quatro
sequéncias deposicionais, a partir de descontinuidades presentes na area. Através de um novo
mapeamento na area, Aquino (2015), refez a subdivisdo em trés sequéncias, a figura 7 indica
as trés sequéncias na area de Doutor Pedrinho. A sequéncia 1 € constituida por 30 metros de
diamictitos intercalados por folhelhos ricos em dropstones (Figura 7). Acima dessa unidade,
ocorrem diamictitos ressedimentados de até 80 metros de espessura.

A sequéncia 2 possui contato abrupto e erosivo com a sequéncia 1 e corresponde a
conglomerados e arenitos de até 30 metros de espessura (Figura 7). O topo dessa sequéncia ¢
constituido por folhelhos, denominados de folhelho Lontras, essa sequéncia marca o topo da
Formag¢do Campo Mourdo.

A sequéncia 3 corresponde a intercalagcdes de arenitos e folhelhos (Figura 7),
interpretados como turbiditos, posicionados na Formagao Taciba.

Trabalhos recentes na area de Doutor Pedrinho como Aquino et al.( 2016), Fallgatter
& Paim, (2017) e Valdez et al ( 2017) abordam os processos deposicionais relacionados a
glaciacdo e deglaciacdo. Aquino ef al. (2016), abordam uma das sequéncias deposicionais na
area de Doutor Pedrinho, com foco em um episddio glacial. Os autores descrevem as facies e
associacdo de facies da area formados por fluxos hidrodinamicos, Jet Efflux, ocorridos
durante a mudanca de fluxos supercriticos a subcriticos. As geometrias das facies foram
caracterizadas como possiveis reservatorios de oleo e gas.

Fallgatter & Paim, 2017, abordam a area de Doutor Pedrinho no contexto glacial, com
a intenc¢do de reconhecer a morfologia e o controle topografico na sedimentagdo e realizar a

reconstrucdo glacial no periodo de sedimentacdo.
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Figura 7: Mapa geologico da area de Doutor Pedrinho. B-) Se¢do estratigrafica de Doutor Pedrinho, Valdez et
al., 2017.

2.2  Reservatorios em sequéncias glaciogénicas

Os depositos glaciogénicos ocorrem em diversas areas no mundo € sdo importantes
reservatorios de hidrocarbonetos com idades que variam do Neoproterozdico ao Pleistoceno
(Huuse et al., 2012). Sdo exemplos, as bacias paleozoicas da América do Sul, Africa, India,
Arabia Saudita, Australia, Antartica e Malasia (Eyles et al., 1995; Huuse et al., 2012), e
bacias do Pleistoceno na Europa (Huuse et al., 2012).

As facies e associacdes de facies geradas por depodsitos glaciais possuem diversos
processos sedimentares € ambientes deposicionais associados. Os sedimentos sdo depositados
a partir de processos subaéreos, subglaciais, proglaciais, lacustres, marinho raso ¢ profundo.
Além disso, esses depodsitos sdo associados a deposi¢des em periodos interglaciais,
produzindo sucessdes complexas intercaladas por periodos glaciais € ndo-glaciais.

Em condi¢des proglaciais sdo comuns fluxos de agua de degelo. Os depositos

sedimentares caracteristicos sdo cascalhos e areia grossa a média, sdo formados a partir de
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diversos processos de sedimentagdo como, glaciofluvial, glaciodeltaicos, glaciolacustre,
eolico e depdsitos de transporte em massa (Figura 8). Em ambientes lacustres ou marinhos,
esses depositos formam grandes acumulagdes em forma de leques, com extensdes laterais e
espessuras consideraveis (Brodzikowski & van Loon, 1991).

Os tunnel valleys sdo sucessdes desenvolvidas em condigdes subglaciais, sdo
confinadas, possuem alto potencial de preservacdo e também geram grandes acumulagdes de
sedimentos. S&o geradas, normalmente, durante o recuo do degelo e, sob a influéncia da
glaciacdo, depositam sedimentos subglaciais, fluvio-glaciais, glacio-marinhos e deltaicos
(Huuse et al., 2012; Ghienne & Deynoux, 1998).

As propriedades dos reservatorios glaciais variam de acordo com o tipo de bacia
sedimentar em que ocorre a deposi¢cdo, da proveniéncia e transporte. Uma caracteristica
comum entre esses depdsitos sdo as deformagdes geradas por glaciotetonica (Brodzikowski &
van Loon, 1991).

Na Bacia do Parand, sdo descritos eventos glaciais durante o Carbonifero-Permiano
(Franga & Potter, 1991). Esses eventos estdo relacionados ao grande evento da glacia¢do do
Gondwana durante o Paleozoico.

As investigacdes do potencial petrolifero da Bacia Parana iniciaram no final do século
XIX, quando foram identificados os arenitos asfalticos na cidade de Bofete, no Estado de Séo
Paulo. Mas foi em apenas 1996 que a Petrobras fez a primeira descoberta comercial, no
campo de gas Barra Bonita e a acumula¢do de Mato Rico. A bacia possui apenas 124 pogos
perfurados e com distribui¢do irregular, 30.000km de linhas sismicas 2D e 171 km? de linhas
sismicas 3D. Da totalidade dos pogos, 22 contém indicios de gas ou 6leo, 10 possuem
acumulagdes subcomercias € o campo de Barra Bonita ¢ o tinico com dois pogos produtores
(Petersohn, 2008).

O Grupo Itararé € considerado o melhor alvo exploratério da bacia (Petersohn, 2008),
possui espessos intervalos de arenitos com boa qualidade para reservatorio e contato direto
com os folhelhos da Formagdo Ponta Grossa. O campo do Campo de Barra Bonita, por

exemplo, estd nos arenitos da Formagdo Campo Mourio.
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Figura 8: Ambientes de depésitos glaciogénicos (adaptado de Huuse ef a/ . 2012)

Os arenitos do Grupo Itararé foram classificados em dois grupos por Franga & Potter
(1991), com base na resposta a perfilagem gama (radiagdo gama natural), aqueles com valores
de grau API (American Petroleum Institute) menor do que 50° e arenitos com grau API maior
do que 50°. O primeiro grupo de arenitos (API maior que 50°) possui alto teor de argila e
porosidade baixa ou ausente, contém apenas porosidade primaria. O segundo grupo (API
menor ou igual a 50°) contém baixo teor de argila e porosidade em torno de 30%,
predominantemente secundaria do tipo intergranular, formada por dissolugdo de cimento
carbonatico precoce. O segundo grupo foi caracterizado como potencial reservatorio.

Assim, os reservatorios do Grupo Itararé podem ser mapeados através de porosidade
em torno de 10% e raios gama em torno de SO°API. Nesse caso, a Formagdo Campo Mourédo
e o Membro Rio Segredo, da Formagdo Taciba, apresentam maior volume de reservatdrios
(Francga & Potter,1989).

Vesely et al . (2007) caracterizaram os arenitos da Formag¢do Campo Mourdo em
Ponta Grossa, Parana. Os arenitos Vila Velha constituem boas exposi¢des para a realizagdo de
um analogo para o sistema petrolifero Ponta Grossa-Itararé¢. Foram definidas para essa area
quatro unidades deposicionais denominadas A, B, C e D. Dessas unidades, as C e D foram

identificadas como potencial reservatorio, onde a influencia glacial ¢ subordinada. A
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sequéncia C foi classificada como um sistema deposicional de fluxos turbiditicos
hiperpicnais, associados a descargas de agua de degelo e a sequéncia D, esta relacionada um
sistema deposicional de frente de deltas através da progradagdo da linha de costa, com a
interagdo marinha e fluvial. Através de dados de pogos a associagdo D € o melhor analogo de
reservatorio com porosidade média igual a 17% e atinge permeabilidade de até 900md.

Apesar de apresentar numerosos indicios de 6leo e varias acumulagdes subcomerciais,
a Bacia do Parana ¢ ainda pouco explorada, mas muito promissora (Petersohn, 2008). Na
literatura existem poucos dados da correlagdo das facies com as propriedades petrofisicas. As
formagdes Campo Mourdo e Taciba, classificadas por diversos autores como reservatério do
Grupo Itararé, possuem dados petrofisicos apenas de pogos perfurados pela Petrobras.

2.3  Analogos de reservatorios

Os estudos de reservatérios analogos sdo utilizados em larga escala visando o melhor
entendimento da distribuicdo espacial das propriedades de reservatdrios inacessiveis, ja que
muitas estruturas e rochas de reservatorios ndo permitem a interpretacdo direta devido a sua
profundidade e baixa amostragem. Os andlogos sdo utilizados para criacdo de modelos
tridimensionais das propriedades de um reservatério, em representagdes mais precisas em
subsolo (Howell ef al. 2014), com o objetivo determinar o volume, carater e distribui¢do das
rochas que constituem um reservatorio bem como a quantidade de hidrocarboneto recuperavel
(Alexander, 1993).

As propriedades como porosidade e permeabilidade dos reservatdrios variam de
acordo com as suas heterogeneidades internas e descontinuidades. O reconhecimento das
principais caracteristicas das facies, arquitetura e geometria dos reservatorios analogos
contribuem para melhores estimativas de reservas e modos de explotagdo (Alexander, 1993).

Os analogos de reservatorio possuem trés categorias de comparagdo como: processos e
ambientes deposicionais modernos, simulagdes experimentais e anadlogos de rochas aflorantes
(Alexander, 1993). Os andlogos em afloramentos s@o mais utilizados e visam obter
informagdes dos dados geométricos de subsuperficie (Howell ef al., 2014).

Diversos fatores influenciam no reconhecimento dos reservatorios. Os andlogos
permitem reconhecem e analisar as heterogeneidades que afetam o fluxo de fluidos o interior
do reservatorio nas diversas escalas em que ocorrem. As heterogeneidades ocorrem em
escalas microscopicas, mesoscopicas, macroscopicas e megascopicas (figura 9) (Cosentino,

2001, Slatt, 2006).
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Figura 9: Classificacdo de heterogeneidade em reservatdrio de acordo com a escala (Adaptado de Slatt, 2006).

Em escalas microscopicas, as heterogeneidades s3o relacionadas aos poros, a
segregacdo granular, contato e tipo dos grios, que controlam a permeabilidade.
Heterogeneidades mesoscopicas sdo comparaveis a escala de testemunhos e afloramento. As
de escalas macroscopicas sdo associadas a correlagdo entre pogos e assim a continuidade ou
descontinuidade lateral. Heterogeneidades megascopicas abrangem a geometria e arquitetura
dos reservatorios, definidas a partir de sismicas 2D e 3D, correlagdo de pocos e mapeamento
regional para a caracterizagdo do sistema deposicional (Cosentino, 2001, Slatt, 2006).

Este trabalho aborda os andlogos de reservatério de escala microscopica em relagdo a
descricdo de laminas e a avaliagdo da permeabilidade, mesoscOpicas € macroscopicas a partir

da descric¢do de testemunhos e afloramentos.

2.4  Petrofisica

Os dados petrofisicos sdo de grande importancia para estudos de reservatorios. Duas
propriedades de escala microscopica, como porosidade e permeabilidade, controlam o
armazenamento e fluxo dos fluidos em um reservatorio, e assim definem a qualidade do

reservatorio (Slatt, 2006).

2.4.1 Porosidade

A porosidade consiste no volume de poro por unidade de volume. Corresponde a
fracdo do volume total da amostra ocupado por vazios, incluindo cavidades e fraturas,
nomeados de porosidade absoluta (Chilingar e7 al. 2005). A porosidade efetiva, por sua vez,
considera apenas o volume associado aos poros interconectados, isso €, o poro disponivel para

a movimentacdo dos fluidos.
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A porosidade pode também ser classificada como primaria e secundaria. A porosidade
primaria considera o espago poroso formado no momento da deposi¢do, sedimentacdo. A
porosidade secundaria consiste na porosidade pos-deposicional, resultado de processos de

soterramento, dissolu¢do, recristalizacdo e fraturas (Halliburton, 2001).

2.4.2 Permeabilidade

A permeabilidade consiste na capacidade de uma rocha conduzir fluidos através dos
seus poros interconectados (Cosentino, 2001) ou fraturas (Schlumberger, 1989). Essa
propriedade petrofisica ¢ uma das variaveis mais importantes para o estudo de
hidrocarbonetos. Sua unidade ¢ em darcy, sendo usualmente indicada em milidarcy (mD).

A taxa volumétrica do fluxo € proporcional ao gradiente de pressdo, de acordo com a

lei de Darcy (2):
L
Q= a(#) 2

Onde Q representa a taxa do fluxo em (m’/s), A representa a area da secdo (m?), p

representa a viscosidade dindmica (Pa.s), Ap representa o gradiente de pressdo ao longo do

comprimento (Pa/m), e k representa a permeabilidade (Chilingar et al., 2005).

Para determinar a permeabilidade € necessario conhecer diversos fatores como
tamanho e formato da formagdo, propriedade de pressdo exercida nos fluidos e a quantidade
de fluxo no fluido (Halliburton, 2001). As variagdes da permeabilidade ocorrem em diferentes
escalas, em microescala, a permeabilidade ¢ referente aos poros (micrometros), em
mesoescala (centimetros a metros), as variagdes de permeabilidade ocorrem por segregacao
granulométrica, quantidade e tipo de argila presente, alteracdes diagenéticas e estruturas
sedimentares. Esse tipo de escala de permeabilidade ¢ analisado durante estudos em
testemunhos, nas descri¢des de litofacies. A macroescala esta relacionada a associagdo de
facies e a representag@o no sistema deposicional (Bryant & Flint, 1993).

As classificagdes de permeabilidade variam entre absoluta, efetiva e relativa. A
permeabilidade absoluta consiste na capacidade do meio poroso transmitir fluidos em meios
saturados por somente uma fase de fluidos. A permeabilidade efetiva esta na capacidade de
escoamento de uma fase fluida em presenga de outras fases. Dessa forma a permeabilidade
efetiva € sempre menor que a absoluta. A permeabilidade relativa ¢ a razdo entre a
permeabilidade efetiva do fluido e a permeabilidade absoluta da rocha (Cosentino, 2001,

Flores et al., 2006).
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2.5 Geoquimica

A utilizag@o de concentracdes elementares de rocha total permite a caracterizagdo e
correlacdo de rochas sedimentares. Dados geoquimicos sdo amplamente utilizados na
caracterizagdo de intemperismo, ambiente tectdnico, proveniéncia sedimentar e classificagdo
das rochas (Taylor & McLennan (1985), Herron (1988), Moradi et al. (2016) e Wang et al.
(2013).

Para a caracterizacdo de rochas reservatorios, o estudo geoquimico permite agrupar as
facies presentes e as caracteristicas particulares de cada grupo (Zhang ef al., 2018). O uso do
perfil geoquimico de elementos maiores permite avaliar a variagdo composicional da se¢do
sedimentar e indica as facies mais homogéneas em questio de composi¢do. Através da
utilizagdo do diagrama de Harker (1909) ¢ possivel avaliar o grau de maturidade quimica dos
sedimentos e rochas.

O uso da concentragdo elementos maiores e traco permite a construgdo de graficos
ternarios e perfis que informam a litologia, qualidade do reservatorio e intemperismo

(MacDonald ef al., 2010).
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3. RESULTADOS E DISCUSSOES

Variation of petrophysical and geochemical properties analogs reservoirs facies of

Itararé Group, Parana Basin

3.1 ABSTRACT

Since many reservoirs do not allow direct observation due to their depth and/or
difficulty of sampling, studies of analogs have been commonly used as a tool to understand
the spatial distribution of reservoir properties. The Parana Basin is 1.6 million km? large and
has two known petroleum systems. However, there are only 124 irregularly distributed wells
drilled in the basin, among which 22 contain gas or oil traces, 10 have sub commercial
accumulations. The Barra Bonita field in central Parana state is the only producing field so far
discovered. Although there are numerous indications of oil, the Parand Basin is still little
explored, but very promising. The Carboniferous Itararé Group, due to the exploration
history, is the best exploratory target in the basin because it has thick intervals of sandstones
with moderate to good reservoir quality and also because it often lies directly on gas-prone
source rocks of the Devonian Ponta Grossa Formation. In order to increase knowledge about
Itararé Group reservoirs, as well as to better understand its heterogeneities, this study aims to
integrate petrophysical data with facies and facies associations using both outcrop and cores
from shallow wells in the region of Mafra and Doutor Pedrinho, Santa Catarina. By doing this
it is expected to fill a gap of quantitative data in former previous on reservoir analogs in the
Itararé Group. Cores and outcrops were analyzed in sandstones in order to integrate surface
and subsurface data, and to understand the lateral continuity according to stratigraphic
correlations. Equipment such as gamma-ray spectrometer, portable x-ray fluorescence, and a
minipermeameter were used for the acquisition of quantitative data. Sedimentological
description of cores and outcrops as well as thin section description were also carried out. The
facies with the greatest potential reservoir are Sm and Sg, massive and graded sandstones and
predominance of medium to fine grain size. These facies have high permeability values. In
outcrop in Rio dos Cedros, the Sg facies presents the best reservoir properties such as
secondary porosity of 32% and average permeability of 1439 mD. The interval of this facies
has extensive lateral continuity in the basin scale. When compared to the outcrop in Doutor

Pedrinho, this same facies does not have lateral continuity and the permeability values are low
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when compared. The geochemical data allowed evaluating the gamma-ray variation in
relation to chemical elements, such as iron oxide. In outcrop, The API radiation is higher in
relation to the cores, as well as Al,O; and Fe,O;. These values are related to the large amount
of intraclasts and cementation by iron oxides-hydroxides. Despite in the great amount of iron
presents in the Rio dos Cedros samples, the porosity is mainly secondary, generated by the
dissolution of feldspars. The correlation between the cores and outcrops allowed the
evaluation of the influences of mass transport deposits in the petrophysical properties of
sandstones. In cores, sandstones interspersed with these deposits have high permeability, but
it is not possible to evaluate the continuity of these sandstone packages. In outcrops it was
possible to observe that these deposits affect lateral continuity, permeability and porosity. We
conclude that the best reservoir facies in the Itararé Group will be associated with sites within

the basin that are away from the slope region and the influence of mass-transport processes.

Key-words: petrography, geochemistry; turbidite facies; mass-transport deposits;

reservoir heterogeneity.

3.2  Introduction

Outcrop analogs are widely used to understand the spatial distribution of reservoir
properties since many prospects and producing fields do not allow direct interpretation
because of their depth and/or difficulty in sampling. Analogs are used to develop a geological
conceptual model and create three-dimensional models of the reservoir properties for more
accurate representations in the subsurface (Howell et al. 2014). This helps to determine the
volume, character and distribution of the rocks that form a reservoir, as well as their
heterogeneities and the amount of recoverable hydrocarbon (Alexander, 1993).The
distribution of properties such as porosity and permeability in reservoirs varies according to
their internal heterogeneities and discontinuities generated during the depositional and post-
depositional processes. The recognition of the main characteristics of analog reservoir facies,
architecture and geometry contribute to better estimates of reserves and modes of exploitation
(Alexander, 1993).

Two oil systems with potential for generation and accumulation of hydrocarbons in
the Paran4 Basin have been identified, however their exploitation is still very incipient with
only one commercial accumulation. The investigation of the petroleum potential of the Parana

Basin began at the end of the 19th century when asphaltic sandstones were identified in the
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Piramboia Formation, Sao Bento Group, in the city of Bofete, State of Sdo Paulo (Araujo e
al., 2004). However it was only in 1996 that Petrobras made its first commercial discovery in
the Barra Bonita gas field and the accumulation of Mato Rico. Currently there are only 124
drilled and irregularly distributed wells, 30,000 km of 2-D seismic lines and 171 km? of 3-D
seismic lines. Of all the wells, 22 contain gas or oil traces, 10 with sub-commercial
accumulations and the Barra Bonita field is the only one with two producing wells (Petersohn,
2008). Among the recognized petroleum systems in the basin are Ponta Grossa-Itararé and
Irati- Piramboia (Arthur and Soares, 2002).

Despite numerous indications of oil and several sub-commercial accumulations, the
Parana Basin has significant unexplored potential. Due to the exploration history, the Itararé
Group is the best exploratory target of the basin since it has thick intervals of sandstones with
good quality for reservoir and direct contact with shales of the Ponta Grossa Formation
(Franga and Potter, 1991). Characterized by high complexity in relation to several
depositional processes resulting on high heterogeneity in the facies distribution and low
lateral continuity of the lithotypes, the Itararé¢ Group is still little studied in relation to its
reservoir potential.

The properties of glacial reservoirs vary according to the type of sedimentary basin,
from provenance and transport. Glaciogenic deposits occur in several areas of the world and
are important reservoirs of hydrocarbons ranging from the Neoproterozoic to Pleistocene
(Huuse et al., 2012). A common feature among these deposits are the deformations generated
by glaciotectonic (Brodzikowski and van Loon, 1991) and heterogeneities. These deposits are
complex and have a difficult prediction in relation to the best reservoir facies. The Itararé
Group is one of the world’s best examples of glacial-influenced reservoirs (Huuse et al.,
2012)

There are few studies on the relationship between depositional aspects and
petrophysical properties (Franga and Potter, 1988, 1989, 1991, Vesely 2006, Vesely et al.,
2007). The Campo Mourdo and Taciba formations, classified by several authors as reservoir
analogs of the Itararé Group (Aquino ef al., 2016, Fielding ef al., 2012, Huuse ef al., 2012,
Potter et al., 1995, Eyles et al., 1995), have petrophysical data, such as porosity and
permeability, collected only in deep exploration wells drilled by Petrobras and Paulipetro.

In order to increase knowledge about the potential reservoir of Itarare Group, this

study aims to fill the gaps in understanding heterogeneities and quantitative data in similar



40

reservoir studies. This study will also address the correlation between petrophysical data,
facies and facies associations in Campo Mourdo and Taciba Formations, in southern Brazil.
3.3  Geological Context

The Parand Basin is an South America intracratonic basin with vast sedimentation
over Argentina, Uruguay and Paraguay covering an area of approximately 1,600,00 km?2 The
Basin presents a polycyclic tectono-sedimentary evolution and has a sedimentary-magmatic
succession between early Ordovician and early Cretaceous (Milani, 2004). The Basin’s
evolution is related to the stability of the South American Platform after metamorphic and
magmatic events of the Brazilian Cycle (Almeida and Hasui, 1984).

The basin has two depositional cycles separated by erosive discordance. The first
cycle is composed of Siluro-Devonian deposits of the Paranad Group and the second cycle is
equivalent to the Permo-Carboniferous of the Itararé, Guatd and Passa Dois groups. The
Itararé Group was deposited during the Early-Paleozoic glaciation and presents essentially
retrogradational stratigraphic stacking represented by sandy intervals at the base and pelitic
intervals at the top (Franga and Potter, 1988, Vesely and Assine, 2004). The thicknesses of
the glacier-influenced deposits reach more than 1300 m and are composed of marine deposits
such as turbidites, mass transport deposits, outwash and fan facies (Schneider ef al, 1974,
Franga and Potter, 1988; Eyles, 1993; Vesely and Assine, 2004). Schneider et al.( 1974),
through outcrop data, subdivided the Itararé Group into the Campo do Tenente, Mafra and
Rio do Sul formations.

Franca and Potter (1988), based on well data, subdivided the Itararé Group into the
Lagoa Azul, Campo Mourdo and Taciba formations. The Lagoa Azul Formation constitutes
the basal section of the Itararé Group, above the crystalline basement. The formation is
composed of two members, Cuiabd Paulista and Tarabai. The Cuiaba Paulista member is
composed of well sorted medium- to fine grain sandstones well sorted, with common
occurrences of pyrite and other heavy minerals. These sandstones show low permeability due
to intense cementation. The Tarabai member is composed of siltstones and mudstones with
occurrences of sandy bodies up to 25 meters thick, locally containing granite pebbles.

The Campo Mourdo Formation consists of sandstones, siltstones, shales and
mudstones. The predominant sandstones are medium- to coarse grain size with presence of
shale clasts and oriented intraclasts of clays. There are also conglomerates with pebbles,
cobbles and conglomeratic sandstones. The maximum thickness of the formation is 927

meters in the southeast region of Sdo Paulo State. The Lontras member is related to the top of
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the Campo Mourdo Formation, consisting of black-gray shales and dark shales (Franga and
Potter, 1988)

The Taciba Formation constitutes the upper part of Itararé Group and is composed of
mudstones, sandstones, shales and siltstones. It is subdivided into Rio Segredo, Chapéu do
Sol and Rio do Sul members. Rio Segredo has a predominant member lithology of massive
sandstone of medium- to coarse grain size. There are also fine to very fine sandstones with
cross-bedding lamination and micro-faults. Chapéu do Sol member is composed of mudstones
and dark gray shales with pyrite nodules and granite pebbles. The occurrence of sandstones is
rare.

The Itararé Group sandstones were classified into two groups by Franga and Potter
(1991) based on the gamma ray response. The first group has natural gamma ray values lower
than 50 API (American Petroleum Institute). The second group has values greater than 50
API. The first group of sandstones has high clay content and low or absent secondary
porosity, only containing primary porosity. The second group contains low clay content and
total porosity around 30%, predominantly intergranular secondary porosity of the
intergranular type formed by dissolution of early carbonaceous cement. The second group was
characterized as a potential reservoir by the authors. The Campo Mourdo Formation and Rio
Segredo Member present a large volume of reservoirs (Franga and Potter, 1989).

The analyzed cores (RB3, TC4 and BRS) were previously described in Weinschutz
and Castro (2004, 2005, 2006) and are located at Mafra and Doutor Pedrinho areas in Santa
Catarina,in the southeast region of Parand Basin in the Itararé Group (Fig. 10). The RB3 core,
drilled southwest of the city of Mafra, is approximately 60 m deep. This core has extensive
sandy bodies which are interpreted as deposits from decelerations of turbidite currents. The
base of the core consists of rhythmites, interpreted as a lacustrine-glacial substrate where
turbidite system was deposited (Weinschutz and Castro, 2006).

The TC4 core, drilled in the Contestado University (CENPALEO-UNC), is 81m deep
and was drilled from the Campo Mourdo Formation, 15 km from the RB3 well. Two levels of
sandstones were differentiated. The lower level was interpreted as deltaic under glacial
influence and the upper level as fluvial to deltaic cycle. The top of the core is marked by black
Lontras shales formed by transgressive marine processes, according to Weinschutz and Castro
(2005).

The BRS core was drilled 3 km southeast of well TC4 from the Campo Mourdo

Formation. It is 51m thick and presents two successions of ascending fining upward of
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sandstones-diamictites-rhythmites interpreted as events of deglaciation (Weinschutz and
Castro, 2005).

The Doutor Pedrinho region of the Itararé Group was subdivided by D’Avila (2009)
into four depositional sequences. Through new mapping in the area Aquino (2015) re-
subdivided into three sequences. Figure 11 indicates the three sequences in the Doutor
Pedrinho area. Sequence 1 consists of 30 meters of diamictites interspersed with shales rich in
dropstones. Above this unit, re-sedimentary diamictites of up to 80 meters of thick occur.

Sequence 2 has abrupt and erosive contact with Sequence 1 and corresponds to
conglomerates and sandstones up to 30 meters thick (Fig. 11 B). The top of this sequence
consists of Lontras shale. Sequence 2 corresponds with the top of Campo Mourdo Formation.
Sequence 3 corresponds to intercalations of sandstones and shales (Fig. 11B), interpreted as
turbidites, positioned in the Taciba Formation.

The outcrops described in this study are at Sequence 2 (Aquilo et al, 2016)
stratigraphic level in the Doutor Pedrinho and Rio dos Cedros in Campo Mourdo Formation
(Fig. 11B). The cores used in this study are located in Campo Mourao and Taciba Formations

(Weinschutz and Castro, 2004, 2005, 2006).
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Figure 11: A-) Geological map of Doutor Pedrinho region B-) Doutor Pedrinho composite section. Modified
from Valdez ef al.( 2017).

3.4  Material and Methods

This study was based on the analysis and facies descriptions of 3 cores, total length of
177.8 meters, located in Mafra-SC and 2 outcrops in Doutor Pedrinho and Rio dos Cedros-SC
regions (Fig. 10). The facies code was assigned from the classification of Eyles et al. (1983).

The petrophysical analysis was divided in three: 1) Quantification of the radioactive
elements using the portable RS-230 BGO Super Spec gamma spectrometer; 2) Estimation of
the permeability using the portable TinyPerm 2, Vindium Engineering air permeameter; 3)
Evaluation of the porosity and diagenetic constituents using blue resin impregnated thin
sections.

Gamma-ray and permeability values were obtained from 30 cm intervals along the
cores and outcrops. The reading of the radiation emitted by the element U, K and Th was
made with the use of portable RS-230 BGO Super-SPEC. The reading was performed for 120
seconds while the equipment remained in contact with the samples. The values of gamma-ray

have been converted to API, reference measurement established by the University of Houston,
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Texas, through the uranium, thorium and potassium components, API= 4Th+ 8U+16K (Ellis
and Singer, 2008).

The permeability data were acquired through the portable air permeameter 7inyPerm
1I, Vindum Engineering, Inc. The permeability value is provided in dimensionless format.
Such a measure was subsequently converted into millidarcy by the calibration equation (1)
provided by the manufacturer:

T=-0,8200leg,, (k] + 12,8737 (1).

T is the value provided by the equipment, k is the permeability value of each point was
considered by the average of 3 readings from the same site. For the lower limit of
measurement was used the recommendation of Filomena et al. (2014), based on studies
carried out with the equipment of the same manufacturer, with the waiting time of up to 5
minutes for equipment pressure stabilization, corresponding to the equipment detection limit
of 9 mD.

The characterization of diagenetic constituents and porosity were performed in seven
this sections of samples collected in outcrops. The thin sections were made in LAMIR
(Laboratory of Analysis of Minerals and Industrial Rocks) at Federal University of Parana,
Brazil. The porosity quantification was obtained by the counting of 300 points.

The cores and outcrops were submitted to x-ray fluorescence (FRX) analysis using a
portable equipment X137 Niton Thermo at the field. The equipment provides semi-
quantitative results of major elements such as oxides SiO2, Al.Os, TiO:, Fe:0s and K20 .
Samples were analyzed from the XL3T Nifon Thermo contact for 120 seconds in Test All Geo

mode.

3.5 Results
3.5.1 Stratigraphy: facies and facies associations

Fifteen sedimentary facies including conglomerates, sandstones, shales, rhythmites,
heterolithic and diamictites were identified based on the description of three cores and two
outcrops. The photographic compositional of Doutor Pedrinho outcrop and the recurrent
facies are identified in figure 26 A and B (Anexo 1). The general image of Rio dos Cedros
outcrop is shown in figure 27 (Anexo 2). Table 2 shows the described facies, their
corresponding acronyms and their respective depositional interpretation. Four facies
associations were grouped according to the dominant process and the stacking pattern

interpreted. Being denominated associations A, B, C and D (table 3).



Table 2: Description facies and interpretation

Gm Massive Massive conglomerates; subangular Hyperconcentrated
conglomerate polymitic clasts; gravel sandy matrix density flows
Gg Normal Polymictic Conglomerate, normal grading High density turbidity
grained to medium sandstones; massive; sandy currents
conglomerate clasts
Gh Stratified Polymictic stratified conglomerate; High density turbidity
conglomerate normal grading to coarse sandstone; currents
sandy matrix; angular to rounded clasts
Gmm Muddy Massive conglomerate; subangular Debris flow
matrix polymitic clasts; muddy matriz
conglomerate
Sm Massive Fine to very fine sandstone; massive with Low density turbidity
Sandstone occurrences of medium and homogeneous currents
sand; rare occurrence of intraclasts
Sg Normal Sandstones grading from gravel to very Low density turbidity
grained fine grain size; cross lamination; shale currents
sandstone intraclastos; clay slides; overload
structure
Sr Low-angle Sandstones grading from medium to very Low density turbidity
Cross fine grain size; cross lamination; clay currents
lamination laminations; overload structure
sandstone
Si Inverse Fine sandstone with inverse gradation to High density turbidity
grained conglomerate; presence of cross- currents
sandstone lamination as granulometry increases
Sgi Normal Sandstone grading from coarse to fine High density turbidity
graded grain size with angular rhythmic currents
sandstone intraclasts
with
intraclasts
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Fm Shale Black shale with restricted occurrences of Fine settling
folds up to 5 cm thick
Fl1 Laminated Gray siltstone laminated Low density turbidity
siltstone currents
RI Rhythmite Rhythmite composed of clay/silt and sand Low density turbidity
intercalation. In sandy portions occurs currents associated
climbing-ripples, dropstones and levels of with ice-rafted debris
concentrated millimeter clasts
Hsm Heterolith Heterolith formed by clay at the top and Low density turbidity
sand at the base through fluidization currents
generating pillar structures at the top and
ball-and-pillow at the base
Dm Diamictite Massive diamictites with angular and Deposition by
round polymictic clasts, millimetric to subaquatic mass
metric; silty matrix; faults and folds occur transport deposits
Ds Stratified Stratified heterogencous diamictites with Slumps and cohesive
heterogencou sandstones and conglomerate clasts debris flow
s diamictites deformed; muddy matrix; deformed
sandstone inclusions; fluidization
Table 3: Facies and facies association
Association Facies Interpretation
A Gh, Gm, Gg, Sg, Sgi, High density turbidity
Sm, Si, Fl currents (Lowe, 1982)
Sg, Sr, Sm, Hsm Low density turbidity
B currents (Lowe, 1982)
C Fm, RI, Dm Fine settling and low-
density turbidity currents
D Ds, Gmm Slump and cohesive debris

flow
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Association A: Composed of sandstones and conglomerates, this association has
vertical pattern of fining upward to fine sandstone. The sequence thickness varies from 1 to
10 meters, often the base of this sequence is composed of medium sand. In this association,
fine sandstones with clays laminations and the presence of intraclasts, Sg (Fig. 12 A, B, C, D
and G), Sgi (Fig. 12 1) and Sm facies. Thin sandstones with inverse gradation also occur with
conglomerate with cross-lamination in the medium sandstone portions denominates as Si
facies (Fig. 12 E and F). The conglomerates (Gh, Gm, Gg) have erosive contact at the base,
polymictic clasts and are supported matrix (Fig. 12 H). This association of facies is
interpreted as turbidity from high to low density (Lowe, 1982).

Association B: Composed of sandstones of normal gradation, from gravel to fine
sandstones, the association of facies B has cross-laminations in the medium sandstones,
occurrence of clay slides, clay intraclasts and overload structures associated with clay lenses
(Sg) (Fig. 12 B and C). There is also cross-bedding lamination interspersed with clays. Sm
facies 1s composed of massive sandstones with rare occurrences of intraclastos (Fig. 12 B).
The heterolithic facies (Hsm) is formed by clay at the top and sand the base by fluidization,
with the presence of pillar structures at the top and Ball-and-pillow at the base. The facies
association B is arranged gradually on the association A. The facies that compose this
association are Sg, Sr, Sm. They are associated with low density turbidite (Lowe, 1982).

Association C: association composed of pelitic rocks with intercalations of fine
sandstones. There are shales, rhythmites and diamictites arranged on association B and are
overlapped by association A. The facies that compose this association are Fm, Rl e Dm.. The
rhythmite (R1) is composed of intercalated slabs of clay/silt and very fine sand. In the sandy
portions occur climbing ripples. Dropstones are common in rhythmites. The diamictites (Dm)
are massive, composed of silty matrix and clasts of varied protholiths (Fig. 13 E and F). The
shales (Fm) present in the cores are black and have restricted occurrence of folds up to Scm
(Fig 13G). This association of facies is related to moments of low energy with decanting of
fine sediments, sometimes with the presence of small turbidite flows that generate the
rhythmites. The diamictites are related to the distal area of the depositional system with the
presence of rain-out.

Association D: Composed of diamictites and conglomerates. The diamictites (Ds) are
stratified, heterogeneous, with presence of sand, conglomerates and other polymictic clasts
(Fig. 13 H and I). The matrix is composed of silt. Fluidization structures and deformations are

recurrent in the facies. The conglomerate is matrix-supported (Gmm), composed of matrix
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clay and polymictic clasts (Fig. 13 J). The lateral variation of the conglomerate occurs
amalgamated by overload processes. The facies that composes this association are related
with slumps process and debris flow. The association D has occurrence over associations A

and C in the cores TC4, BRS and Doutor Pedrinho outcrop.
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Association A
Sg-Rio dos Cedros Sg-Rio dos Cedros

Figure 12: Association A panel. A-) Detail of Sg facies in Rio dos Cedros outcrop. B-) Intraclasts in Sg facies.
C-) Clay slides in Sg facies in Doutor Pedrinho outcrop. D-) Intraclasts in Sg facies. E-) Sg facies in Doutor
Pedrinho. F-) Si facies in TC4 core. G-)Detail of the top of facies Sg in TC4 core with presence of intraclasts. H-
) Conglomeratic facies en TC4 core. I-) Sgi facies with intraclasts of rhythmiths
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Association B

Sg-BR5

Association C
Dm-BR5

Association D
Ds-TC4

Figure 13: Association B, C and D panel. A-) Intraclasts in Sm facies. B-) Sg facies with granulometry variation.
C-) Clay slides in Sg facies. D-) Clay slides in Sr facies. E-) Dm facies in Doutor Pedrinho. F-) Sm facies in BR5
core. G-) Fm facies in RB3 core. H-) Fluidization structure in Dm facies. I-) Ds facies in TC4 core. J-) Gmm
facies.
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3.5.2 Petrophysics

Petrophysical data were obtained using portables equipment’s as gamma-ray
spectrometer and permeameter from cores and outcrops and are presented as averages and
standard deviation by facies (table 4). The petrophysical profiles correlated to the stratigraphic
columns are presented in figures 16 to 20. Porosity values, from petrography analysis,

include sandstones facies Sm, Sg and Si.

Table 4: Facies in relation to U (ppm), Th(ppm), K(%), API, permeability (mD) and N (number of occurrences

of facies)

U (ppm) Th (ppm) K (%) K (mD) N

Facies | Average | Max | Min | Average | Max | Min | Average | Max | Min | Average | Max | Min

Gm 23 33 | 1,7 8.4 138 25 2,0

>

33 | 1.3 | 783 | 3527 | 88 | 5

Gg 3.1 39 | 23 9.2 132 | 54 2,2 30| 12 7.8 3.8 3.8 5
Gh 2.5 30 | 22 6,1 6,6 | 54 1,3 14 | 10 123.9 5499 | 6,6 8
Gmm 3.9 39 | 3,9 13,7 13,7 | 13,7 3,2 32 | 32 68,0 680 | 630 1
Sm 2.4 48 | 14 5,6 11,3 | 2,7 1,2 22 | 10 67,7 3366 | 74 | 79
Sg 23 47 | 12 6,1 159 | 42 1,3 32 1 1,0 2221 [ 87227 2,6 | 238
Sr 23 35115 5,7 74 | 42 1,2 1,5 | 1,0 19,6 176,5 | 2.6 | 81
Si 2.8 34 | 22 9.6 149 | 56 23 34 | 11 32.4 2542 | 32 7

)

Sgi 23 28 | 2.1 5.9 68 | 53 12

>

13 | 1.1 | 1054 | 2148 | 66 | 10

Fm 2.7 32 | 21 6.0 68 | 54 13 15 | 12| 81 88 | 49 | 6
Fl 25 25 | 25 5.6 56 | 56 12 12 | 12 1.0 10 | 1o 1
Rl 22 28 | 17| 6.1 72 | 53 12 14 | 10 | 437 | 3182 | 47 | 14

Hsm 25 28 | 2.2 56 6,7 | 4.7 14 15 | 14 | 97 116 | 88 | 3

Dm 3.1 43 [ 21| 105 |17.8| 49 2.1 32 | 11 9.0 137 | 74 | 19
Ds 2.6 19 [ 16 | 67 |147] 42 14 33 | 07 | 215 | 5000 | 1.4 | 131

3.5.3 Gama-ray spectroscopy
Among the analyzed facies, the facies with highest average uranium concentrations
occur in the conglomerates (Gg) and the diamictites (Dm), with 3.1 ppm. Theses facies have

clasts of varied protoliths as constituents. The lowest concentrations occur in the facies Rl, 2.2
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The highest mean concentrations of thorium occur in the facies Dm, 10.5 ppm, Si 9.6
ppm and Gg, 9.2 ppm. The lowest concentrations occur in the facies Sm, Fl and Hsm with
values equivalent to 5. 6 ppm. In relation to potassium, the Gmm facies has value of 3.2%.
The facies Si, Gg, Dm and Gm have a high value, around 2%. Sandy (Sm, Sg, and Sr) and
clayey (Fm and Rl) facies have values between 1.2 and 1.3%.

Conglomerate facies Gm, Gg, Si and diamictites (Dm) have high API mean values
however they show high dispersion (Fig. 14). The lowest API values occur in the facies Sr,
Sgi, Sm, Rl, Fl,with the predominance of sandstones and siltstones. Facies Sg has wide
variation in the measured values (Fig. 14) as seen in Rio dos Cedros profile (Fig. 17), between
meters 3 and 4, it is possible to verify this variation, with higher values at the conglomeratic
base of the sequence. The API values decrease when granulometry varies until fine
sandstones. In Doutor Pedrinho (Fig. 16), between meters 15 to 17, the increase in API values

is inversely proportional to the decrease in particle size.

API
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Figure 14: Box Splot dos valores API em relacdo as facies. As maiores dispersdes ocorrem nas facies Sg, Ds,
Dm, Gme Gg ¢ Si.

3.5.4 Permeability
Based on the average permeability values and the profiles obtained in outcrops and

cores (Figs. 7 to 11), it was possible to identify the facies with higher reservoir potential. The
acquired permeability values are considered good and excellent according to Hyne (2001)
although the values have limitations due the reduced readings numbers of outcrop relative to
cores. The facies Sg has an average permeability of 222 mD, with a maximum value
equivalent to 8723 mD, at Rio do Cedros outcrop (Fig. 17), presenting the greatest dispersion

among the measured facies (Fig. 15). The facies Gh, Sgi, Gm, Si, have permeability averages
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values 124 and 78 mD, in the cores and outcrops (Fig. 15). In the massive conglomerate facies
(Gmm), massive sandstones (Sm), rhythmites (RIl), stratified diamictite (Ds) and fine
sandstones (Sr) showed values ranging from 68 to 20 mD. The heterolithic facies, massive
diamictites (Dm), shale (Fm), conglomerate (Gg), siltstone (FI) obtained averages smaller

than the limits of detection, the values considered for these facies is less than 9 mD.

Permeability (mD)
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Figure 15: Box Splot dos valores de permeabilidade em relagdo as facies, a linha em vermelho representa o
limite de detecgdo do equipamento (9 mD).
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Figure 16: Profile Doutor Pedrinho outcrop compound. Values of API, permeability (mD), SiO,, Al,O;, Fe,O3
associated with the stratigraphic column. The red line indicates the limit of detection of the permeameter (9mD).
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Figure 17: Profile Rio dos Cedros outcrop compound. Values of API, permeability (mD), SiO,, AlO;, Fe,O3
associated with the stratigraphic column. The red line indicates the limit of detection of the permeameter (9mD).
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Figure 19: Profile TC4 core. Values of API, permeability (mD), SiO,, ALO; Fe,O; associated with the
stratigraphic column. The red line indicates the limit of detection of the permeameter (9mD).
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Figure 20: Profile BR5 core compound. Values of API, permeability (mD), SiO,, Al,O;, Fe,O; associated with
the stratigraphic column. The red line indicates the limit of detection of the permeameter (9mD).
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3.5.5 Petrography and Porosity

The analyzed samples have fine grain size with the framework predominantly formed
by quartz, from 60 to 80%. The relative abundances of feldspars and lytic fragments vary
according to the sample being classified as litharenite and feldspathic litharenite (Dott, 1964).
The porosities estimated using thin sections of the Sm, Sg and Si facies range from 5 to 32%.
The presence of clayled matrix is very punctual with texture of pseudomatrix. The
cementation occurs mostly by iron oxide-hydroxide rims and, in the fines fractions, with an
intergranular habit. We observed, punctually, quartz overgrowth and carbonate cement nodule
(Table 4).

The Sm facies, described in the thin sections DP-01, 02 and 07 (Fig. 21 A, B, C, D;
Fig. 22 A and B), has a porosity range from 9 to 32% and a permeability from 73 to 498 mD
(table 4). This facies is composed predominantly of fine to medium grain size, moderately
selected grains, high sphericity and sub-rounded grains. The structure composed is variable in
with sample and is described in table 4. There is clayey pseudomatrix associated with lytic
fragments. Cementation occurs from as iron oxide-hydroxide cuticle, quartz overgrowth.

The Sg facies described in the DP-03 and 05 (Fig. 21 E, F, G and H) thin sections have
a porosity range from 15 to 27% and permeability values from 135 to 950 mD (table 4). The
granulometry varies of fine, medium and coarse grain size, grains are poorly and moderately
selected, low and high sphericity and subangular and sub-rounded grains. Irregular levels of
fine grain size occurs. Occurrence of pseudomatrix of localized clay minerals. Cementation
occurs as iron oxide-hydroxide cuticles

The Si facies described in the DP-06 and DP-08 (Fig. 22 A, B, E and F) thin sections
have porosity ranging from 5 to 10% and permeability between 261 and 480 mD (table 4).
The granulometry varies of fine to medium grain size, well selected grains, high sphericity
and sub-rounding grains. Occurrence of pseudomatrix of clay minerals. Cementation occurs

from iron oxide-hydroxide cuticles.
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Figure 21: Photomicrography, porosity and permeability data of outcrop samples. A-) Primary and secondary
porosity, iron oxide cuticle as cement (10X). B-) Partial and total dissolution of grains (10X). C-) Primary and
secondary porosity, cuticles of iron oxide
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Figura 22: Photomicrography, porosity and permeability data of outcrop samples. A-) Primary porosity, presence
of cementation by iron oxide (4x). B-) Porosity filled cuticles of iron oxide (10X). C-) Primary porosity,
presence of cementation and stain by iron oxide (10x). D-) Cuticles of iron oxide as cement and primary porosity
(10X). E-) Primary porosity, presence of cementation by compaction of clays minerals and iron oxide (4x). F-)

Secondary porosity by partial and total dissolution of grains and iron oxide as cement (10X).
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Total
Thi Porosit;
1.n Granulometry Mineralogy Matrix Cementation OfOSI 2 Permeability
Section (Primary
+Secondary)
fises Monocrys.talline quartz (60°.A)). dlagsy iron oxi.de-
Polycrystalline quartz (5%) Lithic . hydroxide
moderately . pseudomatrix . 32%
: fragments (modified fragments and : cuticle
DP-01 selected; high . ; associated 498 mD
.. siltstones (20%)) feldspars (15%) . . (80%); quartz
sphericiy; sub- . L . with lytic (40% + 60%)
" Trace minerals: biotite, muscovite —_— overgrowth
and chlorite & (20%)
iron oxide-
hydroxide
: . ; o cuticle
fine to medium; | Monocrystalline quartz (60%), Lithic clayey (70%):
moderately fragments (siltstones (15%), pseudomatrix locali;; d 9%
DP-02 selected; high sandstones (3%), igneous (2%)), ; associated carbonete 167 mD
sphericiy; sub- Feldspars (20%), Trace minerals: with lytic nodules (89% + 11%)
rounded muscovite, staurolite fragments
(20%); quartz
overgrowth
(10%)
fine: well Monocrystalline quartz (80%); clayey
select;: d: high Feldspars (15%);, Lithic fragments pseudomatrix iron oxide- 12%
DP-07 spheric i <ub (siltstones and altered fragments ; associated hydroxide 73 mD
B rounZ; d (5%)); Trace minerals: muscovite and with lytic (100%) (83% + 17%)
biotite fragments
Monocrystalline quartz (21%); clave
fine and coarse; Polycrystalline quartz (9%); Lithic b . iron oxide-
. pseudomatrix . 15%
poorly selected, fragments (siltstones (20%), . hydroxide
DP-03 P . ; associated . 135 mD
low sphericiy; sandstones (15%), metamorphic with Ivtic cuticle (40% + 60%)
subangular (10%) and igneous (5%)); Feldspars - (100%) ’ °
fragments
(20%)
dium; 1
fedium Monocrystalline quartz (60%); Lithic cavey ; iron oxide-
moderately . pseudomatrix . 27%
. fragments (siltstones (15%), . hydroxide
DP-05 selected; high ; associated . 950 mD
s sandstones (5%)), feldspars (20%); : ; cuticle
sphericiy; sub- . . with lytic (5% + 95%)
Trace minerals: muscovite (100%)
rounded fragments
1 0/
S _— Monocrystall.lne quartz (63%), clayey . iron oxide-
Polycerystalline quartz (7%), pseudomatrix . 5%
well selected; e ; hydroxide
DP-06 . .. Feldspars (20%); Lithic fragments ; associated . 480 mD
high sphericiy; . . . cuticle
(siltstones and altered fragments with lytic (90%+ 10%)
sub-rounded (100%)
(10%)) fragments
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fine to medium; Polycrystalline quartz (7%); Lithic clayey . d
moderately fragments (siltstones (10%), pseudomatrix tron OXI. © 10%
DP-08 selected; high sandstones (5%), metamorphic (5%)); ; associated hydr(.)xllde 261 mD
sphericiy; sub- Feldspars (10%); Trace minerals: with lytic (cll:)t(l)i;) (80% + 20%)
rounded muscovite, biotite, tourmaline fragments

3.5.6 Geochemistry

The major elements (SiO,, AlOs, Fe;Os;, and K,O) analysis are presented in
percentage (%) in the appendix A. The mean values of SiO2, Al203, Fe203, TiO2,
Si02/A1203, Fe203/Ti02, API and K(mD) are presented in table 5, by facies Sg, Sm, Sr e Si
by RB3, TC4 e BRS in cores and Doutor Pedrinho (DP), Rio dos Cedros (RC) in outcrops.
The profile values of the oxides are distributed in figures 16 to 20.

The data were processed in order to characterize the geochemical correlations between
the reservoir and non-reservoir sandstones and their relationship in cores and outcrops.

In Doutor Pedrinho profile (Fig. 16) the greatest geochemical variation occurs in
sandstone facies (10.5 - 17m). With this data, it was possible to evaluate that lower values of
silica, aluminium and iron oxides are associated with higher permeability values. The
aluminium and iron oxides directly affect the permeability quality due the presence of clay
minerals and heavy minerals. High API values also occur at peak iron and aluminum ranges.
In Dm facies the value of iron oxide is higher in relation to other facies (3.1%, table 5). In Ds
facies occurs greater variation of oxides and API due to protholiths from landslides.

In TC4 core (Fig. 19), the sandstones facies in associations A and B have the highest
values of iron oxide are related to lower permeability. In the range of 30-35m the permeability
varies according to the Al,O3; curve. In this interval the iron oxide has no variation. In Ds
diamictite, the variations of SiO,, Al,0; and Fe,0O;5 are higher in relation to the profile in
Doutor Pedrinho, the permeability is also higher.

In relation to the core RB3 (Fig. 18), the ratio between the amount of iron oxide and
permeability is direct. The more homogeneous facies in relation to granulometry (Sm) is also
the most homogeneous in relation to permeability. This same relation occurs in Sm facies in
BRS core (Fig. 20). The peaks of API values are related to the peaks of Al,O; and Fe,Os,
probably relates to the clay-minerals in the form of intraclasts and clay slides that’s occurs in

Sg facies. In relation to Rio dos Cedros (Fig. 17), the facies Sg has less variation of iron oxide
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and greater permeability. However, the average value of iron (2.3%) is higher in relation to

RB3 core (1.7%). This average variation may be related to the weathering in outcrop.

Table 6: Mean values of de SiO,, Al,Os, Fe,0;, TiO,, API and K for the facies Sg, Sm, Sr, Si, Ds and Dm in
cores and outcrops

SiO, RB3 TC4 BRS DP RC ALO; RB3 TC4 BRS DP RC
Sg 67,6 | 683 | 68,6 | 47,0 | 37.8 | Sg 6,8 | 59 | 71 | 88 | 104
Sm 69,2 - 67,2 | 50,9 - Sm 6,7 - 73 | 11,4 -
Sr - 73,7 | 71,1 - - Sr - 6,9 | 80 - -
Si - 49,5 - 1429 - Si - 6,8 - 7.7 -
Ds - 62,8 | 48,9 | 53,5 - Ds - 6,2 | 9,1 | 83 -
Dm - - 58,6 | 46,0 - Dm - - 10,1 | 8,7 -
Fe, 03 RB3 TC4 BRS DP RC TiO, RB3 TC4 BRS DP RC
Sg 1,7 10,7 | 1,6 | 21 23 | Sg 04030305/ 04
Sm 1,7 - 04 | L6 - Sm 0.4 - 02 |05 -
Sr - 0,7 | 1,2 - - Sr - 04 | 04 - -
Si = 4,2 - 2,6 - Si - 0,5 - 0.4 -
Ds - 1,3 | 40 | 23 - Ds - 04 | 06 | 05 -
Dm = = 29 | 31 - Dm - - 0,6 | 0,6 -
SiO,/ALO; RB3 TC4 BRS DP RC FeOy4TiO, RB3 TC4 BRS DP RC
Sg 10,1 {123 [ 99 [ 5,5 40 |Sg 45 132 | 53 45| 74
Sm 10,4 - 9.6 | 46 - Sm 52 - 2,2 | 38,2 -
Sr - 11,0 | 89 - - Sr - 1,9 | 3.2 - -
Si = 7.4 - 6,2 - Si - 9.5 - 7,1 -
Ds - 10,7 | 56 | 6,9 - Ds - 42 | 68 | 43 -
Dm - = 6,2 | 54 - Dm - - 50 | 53 -
API RB3 TC4 BRS DP RC k@mbD) RB3 TC4 BRS DP RC
Sg 60 58 62 90 83 | Sg 131 | 107 | 148 | 36 | 1439
Sm 60 - 57 | 92 - Sm 76 - 40 | 35 -
Sr - 59 61 - - Sr - 38 10 - -
Si - 64 - 123 - Si - 7 - 140 -
Ds - 61 66 | 118 - Ds - 103 | 29 17 -
Dm - - 66 | 139 - Dm - - 9 [500 -

Using geochemical data SiO,, Al,Os, Fe;O3; and K,O we classified the sandstones at
SandClass system (Herron, 1988). This system uses log rations between Si0,/Al,O3, which
distinguishes sandstones with rich and quartz and shales rich in clays, and the Fe;03/K,0 ratio
distinguishes lithic fragments from feldspars. Samples of the Sg facies were classified as
litharenites, arkose and subarkose for the core samples, and as wacke, arkose, shale and
ferruginous shales for the outcrop samples (fig. 23 A and B). The classification between cores
and outcrops vary due to the higher amount of SiO, in the cores and Al,O3 in outcrops.

Samples of Sm, Sr and Si facies in the cores were classified as litharenite, arkose and wacke
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(fig. 23 C). Samples of Sm and Si facies were classified as shales, wacke, litharenite and
arkose for the outcrop data (fig. 23 D). The compositional, intraclasts and diagenesis

variations of clay probably interfere in the classifications.
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Figure 23: Classification by Sandclass system by locality and facies. A-) Classification for the Sg facies in cores
B-) Classification for the Sg facies in outcrop C-) Classification for the Sm, Sr and Si facies in cores. D-)

Classification for the Sm, Sr and Si facies in outcrop.

3.6  Discussions
3.6.1 Distinction between reservoir and non-reservoir facies in surface and subsurface

Among the facies described, Sg and Sm have the best permeability and porosity
values with potential for good reservoir. This variation of reservoir and non-reservoir
properties can be seen in table 5.

The Sg facies occurs in outcrops and cores and have the highest permeability value
and wide variation of API values in DP samples (average value of 90). In relation to the
outcrop RC, the Sg facies have average API values equivalent to 83, higher than the RB3 (60)
and BRS (62) cores. This variation occurs, as in DP, due to the changes generated by
diagenesis with presence of radioactive minerals. The high Fe,O3/TiO; ratio in RC indicates
the presence of heavy minerals.

The non-reservoir facies Ds and Dm present in samples of DP (118 and 139,
respectively) and low permeability (17 mD for facies Ds and values below the detection limit
for Dm facies).

The diamictites with clasts of sandstones and conglomerates (Ds) have higher

permeability values in relation to the diamictites generated by decantation of fines and
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rainfall. The highest permeability value is related to the sandstones bodies contained within
the diamictites Ds (Fig. 16, Fig. 19 and Fig. 26 (Anexol)), although it does not have lateral
continuity, as evaluated in outcrop, theses sandstones may contain permeability.

The variation of the Si0,/Al,O5 rations in the Sg facies in core (9.9 -12.3) and outcrop
(4.0 -5.5) showed high SiO, values for outcrop. The discrepancy in these values is due to the
influence of water contained in outcrop, which alters the reading of portable x-ray
fluorescence. The values are reduced by up 20% (Lemiere, 2018). Thus, sandstones are
erroneously classified as shales and ferruginous shale by geochemical classification system by
Herron (1988). This variation between Si0,/Al,O; ratio may also occur due to a difference in
sedimentation provenance or/and diagenesis. However, specific work is needed in the area to
make this assessment.

3.6.2 Diagenetic controls on petrophysical properties

The petrographic results obtained in this work differ from data analyzed in deeper
portions of the basin. Previous work carried out in the Itararé Group by Franga and Potter
(1989, 1991) defined the petrographic and petrophysical properties through well data. The
Campo Mourdo Formation was described with 11% matrix and classified as wackes,
presenting mainly secondary intergranular porosity by dissolution of carbonate, with siderite
partially dissolved. In this work, the data of the Campo Mourdo Formation indicate a
pseudomatrix of 5% and of punctual occurrence in the samples, the rocks were classified as
litharenite and feldspathic sandstones. Thin sections samples were acquired only in outcrops,
while data acquired by Francga and Potter (1989, 1991) were analyzed in several deep cores
(up to 5000m depth) along the basin. The composition variation between the samples ate the
edge of the basin and the center may still be related to the sediment source.

The diagenetic process that occur in samples of outcrops are associated to the
eodiagenetic, mesodiagenetic and telodiagenetic phases described by Franga and Potter
(1988), where loss of porosity by cementation, compaction and porosity gain by dissolution
occurs.

In the study area, Aquino et al. (2016) describers’ paleocurrent with several directions,
indicating more than one point of sediment input. D’ Avila (2009) describes a main source of
sediment input to SSE with contribution to the north. Fran¢a and Potter (1988) propose the
main direction of sedimentary input to the west for regions in the center of the basin. In this

way, the source areas may have varied compositions at the time of deposition. In addition to
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the source issue, burial and diagenesis associated with formations at deeper sites also
influence the cements.

In addition to the petrographic data, the acquired petrophysical data are in contrast
with the literature. The API values for the facies with higher permeability range from 60 to
90, for both cores and outcrops. The porosity for theses ranges is above 10% in outcrop.
Franga and Potter (1991) conclude that the gamma-ray limit for sandstones with good
reservoir potential is less than or equal to 50 and porosity greater than 10%.

Evaluating by these standards, no sandstone identified in outcrop or core would be
considered as a good reservoir according to the criteria of those authors. The values
discrepancy for gamma-ray can be recurrent from the calibration of the equipment used or in
relation in the source of sediments. Regardless of these factors, the gamma-ray acquired in
this work present a large average variation for the data of outcrops and cores. The
telodiagenesis can be indicators of this increase.

From the discussion of these data, the best target for gamma-ray for sandstones with
good reservoir potential in Sg and Sm facies vary between 60 and 80.

3.6.3 Potential Reservoirs

Based on the permeability and porosity distribution, the facies association A and B
have geometric and petrophysical characteristics that makes them interesting reservoir facies.
These associations are composed of sandstones of the facies Sg, Sm, Sr and Si and were
interpreted as deposits of high density turbidity fluxes, which sometimes evolve into low
density current (Lowe, 1982).

The facies Sg has continuous intervals of 48 meters in cores and 6 meters in outcrops
in Rio dos Cedros, besides presenting regional lateral continuity (Aquino, 2015). In relation to
the paleoenvironment, these associations would be positioned basin in relation to the paleo-
slope, in the middle-distal portion of the turbidite lobes (D’ Avila, 2009, Andrews et al., 2019)
(Fig. 24).

When intercalated with the association of facies D, the facies Sg and Sm have low
lateral continuity and high heterogeneity. The mass transport deposits deposited close to the
slope over the turbidite lobes alter the reservoir properties of these facies due to
remobilization, generating more complex and heterogeneous deposits.

Mass transport deposits are described in abundance n the Parana Basin (Canuto, 1985,
Gravenor and Rocha-Campos, 1983, Vesely, 20006, d’Avila, 2009). According to the

intercalation of theses deposits with turbidite sandstones, it is possible that there is
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accumulation of tight gas coming from Ponta Grossa as source rock. In these cases these
reservoirs have low permeability and high heterogeneity (Nehring, 2008). Although the main
target is related to turbidite lobes, these depositions can also be considered as reservoirs
according to the geometry of the facies and extensive layers of sandstones for commercial

accumulation of gas.

Slides/Slumps

Slides/slumps associated
with turbidite section

Turbidite lobes

Figure 24: Representation of paleoenvironment in relation to the slope. The most proximal portion is influenced
by slides and the most distal part of the turbidite lobes are not influenced by these deposits.

3.6.4 Exploratory Implications in the Parana Basin

The described turbidite sequences generated from high and low density currents have a
paleocurrent pattern to the north with contributions from east and South-southeast (D’Avila,
2009). The influence of mass transport deposits on the turbidites results from the proximity to
the slope. In basin scale, from the analysis of well data from Petrobras (Franga and Potter,
1991), it is possible to evaluate the intercalation of diamictites in turbidite deposits. Analysis
of the wells 2-TG-1-SC, 2-PU-1-SC, 1-MI-1A-PR, 1-R-1-PR (Fig. 25), and other near wells,
it was possible to evaluate that the further south of the basin, the sandstones of Campo

Mourdo Formation occur more intercalated with diamictites, shales and siltstones and the
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sandstones packages are not very thick. Towards the center of the basin, the intercalation with
diamictites decreases and sandstones have direct contact with the shales of the Ponta Grossa
Formation. Ate the top of the Campo Mourdo Formation occur black shales recognized as
Lontras shales. In the base of Taciba Formations occurs thick diamictites (up to 150m).

Considering the results of this study and the regional paleography, the greatest
exploratory potential for the upper part of the Campo Mourdo Formation occurs towards the
middle of the basin, distant from the paleoslope. Covering the region of Santa Catarina and
Parana, where also the sandstones are in direct contact with the Ponta Grossa shales, the
source rock of this system (Fig. 25). The traps are structural from the diabase sills, very
recurrent in this portion of the basin, and also stratigraphic traps associated to the geometry of
the turbidites and their eventual confinement in diamictites and shales.

The comparison between the wells of Petrobras and the cores described allows us to
relate the proximity of the paleoslope to the mass transport deposits. In the outcrops, it was
possible to evaluate the impact of these deposits on the sandstone layers, generating
heterogeneities, low lateral continuity and low permeability. The core TC4 and outcrop in
Doutor Pedrinho are associated to the proximity to the slope. Regarding the basin, the position
of the slope at the time of deposition of Campo Mourdo Formation and Taciba Formation is
not known and for the prospect of permeable and porous sandstones, knowledge of this
position is essential. Thus, for a better positioning of the potential reservoirs it is necessary to

know the edge of the basin, the slope and the reach of the mass transport deposits.
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Figure 25: Detail of the Parana Basin in the study area with the positions of cores and outcrops analyzed.
Position of Petrobras wells and direction of the paleocurrents (D’ Avila, 2009). Well correlation section.
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3.7  Conclusion

From the analysis of petrographic, petrophysical and geochemical data, it was possible
to characterize the best reservoir facies for the Campo Mourdo Formation and the influence of
the deposits of this formation on the basin scale.

The facies with the greatest potential reservoir are Sm and Sg, massive and graded
sandstones and predominance of medium to fine grain size. These facies have high
permeability values. In outcrop in Rio dos Cedros, the Sg facies presents the best reservoir
properties such as secondary porosity of 32% and average permeability of 1439 mD. The
interval of this facies has extensive lateral continuity in the basin scale.

When compared to the outcrop in Doutor Pedrinho, this same facies does not have
lateral continuity and the permeability values are low when compared.

The geochemical data allowed evaluating the gamma-ray variation in relation to
chemical elements, such as iron oxide. In outcrop, The API radiation is higher in relation to
the cores, as well as Al,O3 and Fe,Os;. These values are related to the large amount of
intraclasts and cementation by iron oxides-hydroxides. Despite in the great amount of iron
presents in the Rio dos Cedros samples, the porosity is mainly secondary, generated by the
dissolution of feldspars.

The correlation between the cores and outcrops allowed the evaluation of the
influences of mass transport deposits in the petrophysical properties of sandstones. In cores,
sandstones interspersed with these deposits have high permeability, but it is not possible to
evaluate the continuity of these sandstone packages. In outcrops it was possible to observe
that these deposits affect lateral continuity, permeability and porosity.

At basin scale, from Petrobras well data, it was possible to evaluate the relationship
between the proximity of the basin edge and the intercalation between sandstones and
diamictites, influencing the reservoir properties. In portion plus the edge-center of the basin,
the sandstones are interspersed only by siltstones and rarely by shales. This indicates that
turbidity lobes are not being influenced by mass transport deposits.

For the prospect in Parana Basin the Campo Mourdo Formation, between the areas of
Santa Catarina and Parana, it is necessary to investigate the position of the slope ate the
moment of these deposition and the reach of the mass transport deposits so that the sandstones

have permeability and porosity.
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4.  CONSIDERACOES FINAIS

A metodologia utilizada nesse trabalho contou com 3 equipamentos,
gamaespectrometro, mini permeametro e fluorescéncia de raios-x portatil. Esses
equipamentos de campo possuem limitagdes em relagdo as leituras. O equipamento
gamaespectrometro, quando utilizado em testemunho, ndo atinge toda a largura da se¢do e o
equipamento ndo entra 100% em contato com a amostra, dessa forma, as leituras de radiagio
gama nos testemunhos podem ter sido influenciadas pela falta de contato e possuem valores
de radiag@o inferiores em relagdo ao afloramento.

O mini permeametro, quando utilizado em campo, possui limite de detec¢do de 9 mD
que ¢ atingido apds 5 minutos de leitura. Apesar de ndo ter sido calibrado com dados de
permeabilidade em plugs em permedmetro a vacuo, o equipamento permite a realizacdo de
varias medidas a baixo custo, além de fornecer parametros de permeabilidade entre as facies.

O equipamento fluorescéncia de raios-x portatil sofre interferéncia da agua contida em
afloramento. A influéncia da agua nas leituras geoquimicas reduz os valores reais dos
elementos na amostra. A dgua absorve a radiagdo e produz dispersdo mais forte da radiagdo
primaria, o que leva a redug@o na intensidade dos raios-x, a dispersdo ¢ efetiva em até 20% do
teor relativo da agua nas amostras. Leituras realizadas em laboratorio a partir da secagem das
amostras permitiram a minimizag¢do dessa limitacgao.

Dessa forma, os equipamentos utilizados em campo possuem desvantagens quando
relacionados ao seu uso em laboratério, mas permitem a aquisi¢do de grande numero de dados
a baixo custo.

Os resultados apresentados nessa pesquisa destacam as principais propriedades
petrofisicas e geoquimicas para o intervalo da Formagdo Campo Mourdo no Grupo Itararé.
Foram descritas a porosidade e permeabilidade em afloramentos e as relacdes dessas
propriedades com valores da radia¢do gama e de elementos geoquimicos.

Foram realizados perfis de trés pocos na regido de Mafra e dois afloramentos em
Doutor Pedrinho e Rio dos Cedros, Santa Catarina. As facies com maior potencial
reservatdrio sdo Sm e Sg, arenitos macigos ou com gradagdo normal e predominio de areia
média a areia fina. Essas facies possuem valores elevados de permeabilidade. No afloramento
em Rio dos Cedros, a facies Sg apresenta as melhores propriedades de reservatério como
porosidade secundaria de 32% e permeabilidade média de 1439 mD. O intervalo dessa facies

possui continuidade lateral extensa, em escala de bacia.
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A partir da correlagcdo dos dados de afloramento e testemunho foi possivel avaliar a
influéncia de depdsitos de transporte em massa, recorrentes na bacia, nas propriedades de
reservatério. Quanto mais préximo ao talude, maior a influéncia desses depositos nos
depositos turbiditicos. Os arenitos intercalados a escorregamentos possuem baixa
continuidade lateral e baixa permeabilidade, quando comparados a arenitos em por¢des mais
distais ao talude. Sendo muito recorrentes na bacia, os depodsitos de transporte em massa
podem armazenar gas a partir do sistema Ponta Grossa-Itararé como reservatorios 7Tight Gas,
para isso, se faz necessario extensos corpos areniticos intercalados a esses depositos, para que
a quantidade de acumulagdo de gés seja comercial.

Para o prospecto na Bacia do Parana, para a Formac¢ao Campo Mourdo, entre as areas
de Santa Catarina e Parand, ¢ necessario investigar a posi¢do do paleotalude no momento
dessas deposi¢des e o alcance dos depdsitos de transporte em massa para que os arenitos

possuam permeabilidade e porosidade.
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Anexo 1

Figure 26: A-) Photographic composition of Doutor Pedrinho Outcrop. B-) Photographic composition of Doutor Pedrinho outcrop with recurrent facies.



Anexo 2

Figure 27: General image of Rio dos Cedros outcrop.



