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RESUMO 
 

A Bacia do Parnaíba, localizada no nordeste do Brasil, é uma bacia intra-cratônica, 
multifásica, de idade Paleozoica, que contém inúmeros campos de gás natural, gerados na 
Formação Pimenteiras, do Devoniano, um sistema petrolífero atípico, onde a maturação da rocha 
fonte e os mecanismos de formação de trapas são causados pelo Evento Magmático do Atlântico 
Central (CAMP), de idade Neo Triássica. A modelagem numérica de sistemas petrolíferos em 
ambientes atípicos é um processo desafiador devido ao número de variáveis adicionais e 
desconhecidas que precisam ser modeladas. As incertezas relacionadas à idade e sequência das 
intrusões magmáticas, às propriedades térmicas do magma, à escassez e qualidade dos 
parâmetros orgânicos de calibração térmica e ausência de esquemas cinéticos adequados 
podem levar a previsões incorretas sobre a transformação das rochas geradoras, bem como na 
estimativa de fase e composição das acumulações de hidrocarbonetos modeladas. Esta tese 
apresenta resultados inovadores em três linhas principais de pesquisa: 1) Aquisição de novos 
dados orgânicos e geoquímicos, como carbono orgânico total (TOC), pirólise e vitrinita dos níveis 
enriquecidos em matéria orgânica da Formação Pimenteiras; 2) Estabelecimento de um esquema 
cinético composicional específico para a rocha geradora da Formação Pimenteiras e 
subsequente implementação no simulador numérico 3D de sistemas petrolíferos 3) Estudo das 
variações da cristalização da ilita (índice de Kubler) ao longo do perfil de três poços da bacia, 
com o objetivo de entender o impacto do calor devido às intrusões magmáticas sobre os minerais 
argilosos, utilizando um extenso conjunto de dados de difração de raios-X. Os resultados dos 
dados geoquímicos demonstram o impacto das intrusões de soleiras de diabásio sobre o perfil 
de maturação, levando a valores de reflectância de vitrinita acima de 5% de Ro, no campo de 
sobre maturação, também mostrando uma importante redução nos valores de TOC. A escassez 
de partículas de vitrinita e a ampla gama de maturidade indicam a dificuldade de usar a 
reflectância de vitrinita como um único indicador da maturação da rocha geradora. Os resultados 
cinéticos mostraram uma distribuição estreita da energia de ativação (entre 50-56 kcal/mol), em 
linha com uma estrutura homogênea do querogênio. A análise do pirolisados corrobora com a 
deposição de matéria orgânica algal/bacteriana em um ambiente predominantemente marinho, 
de querogênio do Tipo II. A implementação do esquema cinético no simulador numérico e a 
comparação com um esquema cinético análogo, de uma rocha geradora Devoniana da América 
do Norte (Woodford Shale), mostrou diferenças de -66,6%, -19,5% e -0,8%, respectivamente, 
para os ORL’s A, B e C, nas massas de petróleo geradas, indicando um efeito substancial do 
esquema cinético nas previsões da modelagem numérica. A análise dos dados de difração de 
raios-X na fração argila, com ênfase na decomposição do pico 10A, permitiu a individualização 
das fases de moscovita/mica detríticas das fases de ilita neo formadas pelo metamorfismo de 
contato. O Índice de Kubler (largura total no máximo de largura – FWHM, na sigla em inglês), 
medido no pico associado à ilita, mostrou uma correlação consistente com a reflectância de 
vitrinita, permitindo a melhoria na calibração térmica dos modelos numéricos 

Palavras-Chave: Sistemas Petrolíferos Atípicos, Esquema Cinético Composicional, Modelagem 
de Sistemas Petrolíferos, Calibração Térmica, Cristalinidade da Ilita 

  



 
 

ABSTRACT 
 

The Parnaíba Basin, located in northeastern Brazil, is an intra-cratonic, multi-phase 
Paleozoic basin that hosts a considerable number of natural gas fields sourced from the 
Devonian Pimenteiras Formation. It is an atypical petroleum system, where source rock 
maturation and trap formation mechanisms are driven by the Central Atlantic Magmatic 
Event (CAMP), which occurred during the Late Triassic. Numerical modeling of petroleum 
systems in such atypical environments is a challenging process due to the numerous 
additional unknown variables that must be accounted for. Uncertainties related to the 
timing and age of magmatic intrusions, thermal properties of the magma, the scarcity and 
quality of organic thermal calibration parameters, and appropriate kinetic schemes can 
lead to inaccurate predictions of source rock transformation as well as the phase and 
composition of predicted hydrocarbon accumulations. This thesis presents novel results 
in three main areas of research: 1) Acquisition of a new dataset of organic geochemical 
parameters, such as total organic carbon (TOC), pyrolysis data, and vitrinite reflectance, 
from the organic-rich layers (ORLs) of the Pimenteiras Formation; 2) The establishment 
of a specific compositional kinetic scheme for the Pimenteiras Formation source rock and 
its implementation into a 3D petroleum system modeling (PSM) simulator; and; 3) The 
investigation of illite crystallinity variations (Kübler Index) across profiles from three wells 
in the basin, to  investigate and understand the impact of magmatic heating on clay 
minerals, using an extensive dataset of X-ray diffraction (XRD) data. The geochemical 
data reveals the impact of magmatic sill intrusions on the maturation profiles, resulting in 
vitrinite reflectance values exceeding 5% of Ro, entering the overmature range, and 
showing significant reductions in TOC values. The scarcity of vitrinite particles and the 
wide thermal maturity range highlight the limitations of using vitrinite reflectance as a sole 
thermal maturity proxy. The kinetic analysis revealed a narrow activation energy 
distribution (between 50–56 kcal/mol), consistent with a homogeneous kerogen structure. 
Pyrolysate analysis supports the deposition of algal/bacterial organic matter in a 
dominantly marine, Type II kerogen environment. The implementation of the new kinetic 
scheme into the numerical simulator and its comparison with a North American Devonian 
source rock analogue (the Woodford Shale) showed differences of -66.6%, -19.5%, and -
0.8% in generated petroleum masses for ORLs A, B, and C, respectively, indicating the 
substantial impact of the kinetic scheme on PSM predictions. XRD analysis of the clay 
fraction, focusing on the decomposition of the 10Å peak, enabled the differentiation 
between detrital muscovite/mica and newly formed illite phases. The Kübler Index (full 
width at half maximum—FWHM), measured from the decomposed illite peak, showed a 
consistent correlation with vitrinite reflectance, enhancing the thermal calibration of 
numerical models. 

Keywords: Atypical Petroleum Systems; Compositional Kinetic Scheme; Petroleum 
System Modeling; Thermal Calibration; Illite Crystallinity.  
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1. INTRODUCTION 
 

The numerical modelling of sedimentary basins evolution and the petroleum 

generation, expulsion, and migration, so called petroleum system modeling (PSM), has 

been extensively used since early 1980´s and was classic developed for typical petroleum 

systems, where the source rock maturation is mainly driven by the interaction between 

sediment burial and basal heat flow.   

The Parnaíba basin, the subject of this research, is an intra-cratonic, muti-phasic 

Paleozoic basin, situated in the NE of Brazil. In this basin the main petroleum system 

occurs into the Meso-Devonian Eo-Carboniferous sequence, where the main source rock 

is the Meso/Eodevonian Pimenteiras Formation and the main reservoirs are the Cabeças 

(Meso/Eodevonian) and Poti (Mississipian) formations. Although, the source rock 

maturation and trap formation mechanisms differ significantly from the typical petroleum 

system due to the occurrence of two important magmatic events during the basin 

evolution, the Central Atlantic Magmatic Event (CAMP), during Neo Triassic and the 

Paraná-Etendeka Magmatic Event, Eo Cretaceous in age. Both events are well described 

and characterized along the basin, through geological, geochemical, and 

geochronological data.  

Magmatism, especially the CAMP event, is responsible for the triggering   source 

rock thermal maturation due to the massive intrusion of magmatic sills into the Pimenteiras 

Formation and the intensive thermal stress produced by the magmatism. The formation 

of hydrocarbon traps in the Cabeças and Poti formations is due to the magmatic intrusion 

of diabase sills into these units, and the timing of hydrocarbon generation and migration 

and the synchronism in the trap filling is strongly controlled by the magmatism. The 

combination of the factors described above led to classifying this petroleum system as 

atypical. 

The challenges in PSM within the atypical petroleum systems may include, but are 

not restricted to: 

 Thermal calibration of the models: The main paleothermometer in PSM, the 

index of vitrinite reflectance (%Ro) did not capture the full range of paleo 

temperatures, which reached more than 400 °C in the past, the common ranges 
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of metamorphic rocks. 

 Specific kinetic parameters for source rock transformation: kinetic models from 

analogous basin and/or ages will not correctly describe the thermal 

transformation of the kerogen and a specific kinetic scheme is mandatory. 

 Timing of trap formation and hydrocarbon generation, expulsion, and trapping: 

high resolution geochronological data (TIMS U/Pb in zircon – Resolution > 20 k 

years) are required to be precisely set up the input parameters in the model and 

geochemical composition of the magmatic rocks must be used to determine the 

thermal properties of the magma. 

 Thermal parameters of magmatic intrusion such as liquid temperatures, thermal 

conductivity, heat capacity and crystallization heat of magma. 

 Uncertainties in models of tectonic evolution of intracratonic basins and the 

consequent heat flow model associated with this process. 

 

Numerical modeling of atypical petroleum systems requires the integration of organic 

and inorganic geochemical data, geochronological data and the incorporation of additional 

paleothermometers as support to fine tune of the physical process, leading to more 

accurate results and predictions. 

The mind map presented in Figure 1 shows some of the main challenges listed above, 

highlighting the thermal calibration process and the correct addressing of hydrocarbon 

maturity and generation. In the workflow, the main investigation lines performed in this 

research are presented.  

This research aims to achieve the expected improvements in modeling process, such 

as the definition of specific kinetic parameters for kerogen to petroleum transformation 

and the enhancement of the calibration process with the use of inorganic calibration 

parameters as support of classical vitrinite reflectance. 
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Figure 1 – Workflow of improvements in Petroleum System modeling subject of this research. In orange the 
main challenges to be addressed are presented and in green the research topics in the form of topics 
investigated during work. The dark green items, with relevant scientific impact, became the papers to be 
published. 

1.1. OBJECTIVES, HYPOTHESES AND EXPECTED PRODUCTS 
 

The main goal of this thesis is: 

 

To improve the petroleum system modeling process on the atypical 
petroleum system of the Parnaíba Basin, reducing the number of uncertainties 
throughout fixing some of them with already available investigations and robust 
new research. This improvement will produce more accurate predictions of the 
petroleum systems of this basin and to enable to reproduced this method in other 
similar geologic contexts. 
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The aim is to achieve the statement described above through attaining some 

specific objectives, such as: 

 1) to establish a specific compositional kinetic scheme of organic matter 

transformation for the Devonian Pimenteiras Formation and to test the impacts on the 

petroleum system numerical modeling, compared with default kinetics (software library). 

2) to understand the effects and the extent of the contact metamorphism caused 

by the intrusion of the massive diabase sills within of the Meso-Devonian Eo-

Carboniferous sequence, in the Parnaíba Basin using a couple of inorganic and organic 

thermal indicators. 

3) to use and to present extensive newly acquired data that supports the 

interpretations and the statements 

The main hypotheses investigated in this research are: 

 The use of generic kinetic parameters, such as those available in 

commercial numerical simulator packages, are not enough accurate to 

represent the transformation of organic matter in petroleum in the Parnaíba 

Basin, and the definition of a specific kinetic scheme is mandatory to 

accurate predictions of hydrocarbon generation. 

 The thermal stress caused by magmatic intrusion led the Meso-Devonian 

Eo-Carboniferous sediments into the classic ranges of anchimetamorphism 

or even epizone zone due to temperatures stretching up to 450 °C in the 

past, during the CAMP magmatic event. 

 This range of thermal stress will cause a transformation in clay mineral, 

including smectite-illite transformation, and this effect can be measured. 

 The relationship between vitrinite reflectance and the crystallinity of clay 

minerals (Kubler Index, e.g.) may vary in environments affected by severe 

contact metamorphism compared to regional tectonic settings, due to kinetic 

factors. Therefore, classical relationships should be reviewed before 

applying them. 
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The main products available at the end of this research are: 

 

 New compositional kinetic scheme for kerogen transformation of the 

Pimenteiras Formation organic-rich levels, as well as implementation and 

tests of this scheme in 3D petroleum system numerical modeling simulator. 

 Establishment of a consistent inorganic paleo thermometer to be used in 

addition to vitrinite reflectance in zones with high thermal stress as well as 

in zones with absence or scarcity of vitrinite data (eg, Deep marine 

environments or formations older than the Devonian). The most likely 

candidate is the Illite Crystallinity Index (Kübler Index) refined by the spectral 

decomposition on DRX data to separate authigenic from detrital 

contributions. 

 Discussion over the classical relationship between the Kübler Index and 

Vitrinite Reflectance and the proposal of a specific KI-Ro relationship for 

severe contact metamorphism environments. 

 Paper 01: Compositional Kinetic Scheme for the selected organic-rich levels 

in the Pimenteiras Formation, Devonian of the Parnaíba Basin – Implications 

for Atypical Petroleum Systems Modeling. 

Status in September 2025: Submitted to Marine and Petroleum 
Geology in April 2025 – Peer Review 

 Paper 02: The integration of Kubler Index and vitrinite reflectance as 

thermal calibration parameters in the numerical modelling of the atypical 

petroleum system of the Pimenteiras Formation, Devonian of the Parnaíba 

Basin, NE – Brazil 
Status in September 2025: Authors Revision 
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1.2. AVAILABLE DATASET TO THE RESEARCH PROJECT 
 

The data available for use in this research are part of the data acquired by ENEVA 

in their exploratory campaign in the Parnaiba Basin, and includes seismic and well data, 

confidential in their origin. The company allowed the author to use and publish the dataset 

presented here. Some names and exact locations of the data may differ from the originals 

to maintain the confidentiality of the original information without impact on the research 

results. 

The specific dataset available for this study includes, but is not restricted to:  

 03 Exploratory/Appraisal wells including: 

 Wells Stratigraphic Tops; 

 Wireline Logs (Including spectral gamma ray log); 

 54 Analysis of TOC, Pyrolysis and Vitrinite Reflectance; 

 203 Analysis of X-Ray Diffraction (DRX) in whole rock and clay fraction 

(natural, glycol and heated);  

 18 Analysis of X-Ray Fluorescence (FRX);  

 Compositional Kinetic Scheme Study for the Pimenteiras Formation (levels 

A and C), including new vitrinite reflectance data, from 2 key 

Wildcat/Appraisal wells in the northern part of the Parnaíba Basin. 

 Two sets of 3D Petroleum System Models performed in Petromod, including 

results of temperature, pressure and source rock maturity in the present and 

along basin evolution. 

 One Set of 2D Petroleum System Modeling – E-W Regional Cross-Section 

 Three sets of 1D Petroleum System Models performed in Petromod in the 

selected wells. 
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2. THEORETICAL FOUNDATION 
 

In this chapter, the main theoretical aspects of this work will be detailed, involving 

the geological background of the Parnaíba Basin, the area of this study, including the 

tectonic evolution and structural framework of the basin basement, the stratigraphic 

framework with the geological record and the stratigraphic interval of interest, the Meso 

Devonian/Eo-Carboniferous sequence. 

A detailed description of the atypical petroleum system is also presented with 

emphasis in the Pimenteiras Formation, the main source rock interval in the basin, and 

the focus of the analytical program and interpretations performed here. 

As support for the hypotheses testing, the petroleum system numerical modeling 

process is described, including topics as classical inputs, calibration process and kinetic 

parameters for kerogen to hydrocarbon transformation are discussed.  

By the end, the X-Ray diffraction technique is presented and the methods to 

achieve the paleo thermal stress through the study of illite crystallinity are discussed, 

including the Kubler Index and the peak deconvolution techniques. 

 

2.1. GEOLOGICAL BACKGROUND OF PARNAÍBA BASIN 
 

2.1.1. Tectonic evolution and structural framework 
 

The Parnaiba Basin is an intra cratonic, multi-phasic Paleozoic and Phanerozoic 

basin, characterized by a volcano sedimentary filling, located in the northeast portion of 

Brazil (Figure 2). The geology of the basin was intensely studied throughout the decades 

for several authors and there are some hypotheses on the mechanisms of basin formation 

and evolution. One of the main hypotheses is that the initial subsidence of the basin was 

triggered by the extensional collapse during the stabilization of the South American 

Platform during Brazilian-Pan African Orogeny (Almeida and Carneiro, 2004, Brito Neves 

et al. 1984, Cordani et al. 2003). An evolution process from a rift a basin towards an intra 

cratonic sag was postulated by Oliveira and Mohriak (2003) and seismic evidence of 
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deeper horsts and grabens, below the Paleozoic sequence were showed by Miranda et 

al. (2018), although this lower sequence of siliciclastic rocks, below the pre Silurian 

unconformity,  was characterized by Porto et al. (2018) and Porto et al., 2022, as 

Ediacaran to Lower Cambrian in age and represents the Riachão Basin. 

 

Figure 2 – Geological Map of the Parnaíba Basin, showing the occurrence of the geological units, their ages 
and the distribution of wells and exploratory blocks along the basin. 

Several authors have recently integrated airborne gravity and magnetic data with 

surface geology and subsurface data, including wells, reflection seismic and deep 

refraction seismic to understand the structure and composition of the basement beneath 
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the basin as well as to understand the basin evolution mechanisms. It is possible to 

highlight the paper from Daly et al. (2014) describing the internal crustal structure through 

the analysis of deep seismic profile and pointed out that there is no seismic evidence of 

crustal stretching or crustal thinning.  Tozer et al (2017) have studied the crustal structure 

and the gravity anomalies beneath the basin. Michelon (2020) characterized through 

seismic mapping and structural interpretation, the magmatism in subsurface, detailed the 

main tectonic events fingerprinted in the basin and presented a volumetric estimation of 

the magmatism inside of the basin. These authors also proposed some of the major 

crustal boundaries which are supported by airborne gravity and magnetic data. 

Interpretation carried out by de Castro et al., 2014. Soares et al., 2018 through the 

acquisition and interpretation of a wide-angle reflection-refraction profile (WARR) along 

the basin investigates the crustal thickness and Moho reflection without recognize an 

expressive lithosphere-driven process related to the basin implementation.  

The most comprehensive study carried out to understanding the Parnaiba Basin 

formation is described in detail in Tozer et al., 2017 and Watts et al., 2018. These two 

papers present a detailed study of gravity anomalies, crustal modelling, flexural back-

stripping, and the comparison of these with a viscous-elastic flexural modelling of deep 

buried loads in the basement of the Parnaíba Basin are presented. These authors propose 

an initial load of a dense material in the base of lower crust as the main driven mechanism 

of basin generation and evolution and they present the main evidences of this process as: 

1) offset of sedimentary sequences over the basement; 2) the residual gravity anomalies 

at the center of the basin; 3)  constant rates of sediment deposition (through the analysis 

of back stripping curves) 4) comparison of flexural model with back stripping subsidence 

curves and, 5) Comparison with analogous intra cratonic basins of Congo (Cuvette 

Centrale) and Michigan basins. This interpretation and the subsequent consequences are 

adopted in the present study, if the basin evolution did not experienced crustal and/or 

lithospheric thinning with the absence of thermal anomalies derived from these processes. 

The state of art of the Parnaíba Basin basement framework knowledge is 

summarized in the work from Porto et al., 2022, who presented the tectonic-structural 

framework of the basin basement (Figure 3) using seismic interpretation and gravity 
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modeling constrained by crustal thickness map, well data and integration with a 

compilation of recent geophysical studies (de Castro et al., 2014; Porto et al., 2018; Tozer 

et al., 2017 and Watts et al., 2018).They present a scenario with a complex collisional 

tectonic setting, including two main Pre-Brazilian orogeny crustal blocks (Amazonian-

West Africa and Central African Blocks) surrounded by the Brazilian Orogeny mobile belts, 

contradicting older ideas of an stable cratonic block beneath the basin. Another relevant 

contribution is the description and modeling of mid-crustal reflection as a remanent paleo 

suture zone, with impact on lithosphere density and one of the possible driving 

mechanisms for the basin formation. 

 
Figure 3 – Paleotectonic map of Pre-Silurian basement of Parnaíba Basin proposed by Porto et al., 2022 
and used as reference in this study. 
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2.1.2. Stratigraphic Framework 
 

The basin stratigraphy is based on surface and subsurface efforts driven by oil and 

gas exploration and was detailed by Della Fávera (1990), Góes et al. (1990); Góes and 

Feijó (1994), Young (2006) and Vaz et al. (2007). Those authors described four Paleozoic 

and two Mesozoic sedimentary sequences, and assuming the multi-phased character of 

the basin. Lately, Barbosa et al. (2016), Ferraz et al. (2017), and Cruz et al. (2019) 

detailed, respectively, the Neo-Carboniferous/Eo -Triassic, Meso Devonian/Eo -

Carboniferous and Silurian sequences in the light of the sequence stratigraphy. The 

stratigraphic chart of the Parnaíba Basin, adopted in this study is presented in Figure 4, 

Vaz et al. (2007). 

 

Figure 4 – Stratigraphic chart of the Parnaíba Basin by Vaz et al., 2007. 
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2.1.2.1. The Meso-Devonian Eo-Carboniferous Sequence 
 

The Meso Devonian/Eo-Carboniferous sequence, represented in the stratigraphic 

chart (Vaz et al., 2007,  Figure 4) as Canindé Group, includes from the base to the top the 

Itaim, Pimenteiras, Cabeças, Longá and Poti formations (Lithostratigraphic Classification) 

and it is the sequence that play the leading role in the hydrocarbon occurrences and 

includes the potential source rocks and reservoirs. The stratigraphic record may reach 

maximum stacked thickness of 1450 m.  

The Meso Devonian/Eo-Carboniferous sequence is widely distributed along the 

basin and the main outcrop area is located on the eastern border of the basin. It is 

deposited over the silurian sequence and separated by this basal unit by the eo - Devonian 

unconformity. There is an internal unconformity (eo - Carboniferous Unconformity) 

separating the Poti formation from the basal units. The upper limit of the neo 

Carboniferous - eo Triassic sequence is through the meso Carboniferous Unconformity 

Vaz et al. (2007). 

From the point of view of sequence stratigraphy, focused on the Meso 

Devonian/Eo-Carboniferous sequence is important to highlight the papers from Young, 

(2006) who studied in detail the Pimenteiras Formation and Ferraz et al., (2017) describing 

the whole sequence. 

Young, (2006), using core data from 13 wells in the east border defined nine 

sequences, comprising two regressive-transgressive cycles into de Pimenteiras 

Formation, deposited in a shallow shelf environment with storm and deltaic influence 

(Figure 5).  

Miranda, (2014) recognized 8 microfacies using thin section analysis and 

compositional analysis using DRX, FRX and QEMScan® and describe similarity with the 

seven facies successions detailed by Young (2006). 

Ferraz et al., (2017) defined two depositional sequences (SEQ1 and SEQ2 - Figure 

5). The basal sequence (SEQ1, Figure 5) begins with a low stand system tract 

(LST/TSNB) with progradation parasequences deposited under deltaic systems under 
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influence of storm, and capped at the top by the maximum regressive surface 

(MRS/SRM1). The transgressive system tract (TST) is characterized by shallow shelf 

mudstones with progradation stacking followed by the high stand system tract (HST) 

where mudstones and sandstones were deposited in shelf and fluvial-estuarine peri 

glacial deposits, limited at the top by the maximum transgression surface (MFS/STM1). 

The SEQ2 is an LST/TST entirely deposited in  shelf environment, and at the top, there is 

a partially eroded record of a HST, cut by the Meso-Carboniferous unconformity. 

The Pimenteiras Formation, object of this study, is represented by the 

transgressive system tract (TST - basal portion of the formation) and the high stand 

system tract (HST/TSNA - upper portion) of the SEQ1 (Ferraz et al., 2017 - Figure 5). 

The TST (Figure 6 and Figure 7), as the basal portion of the formation, is 

characterized by two parasequences, with an aggradational to retrogradational stacking, 

with deposition of shelf shales intercalated with few lenses of sandstones, indicating a 

storm facies contribution. The gamma ray increases towards the top of the formation, 

reaching up to 150 API at the level of the maximum transgressive surface (MTS/STM1 - 

Ferraz et al., 2017). 

The HST (Figure 8), is characterized by the progradational stacking of 

parasequences, culminating at the top with the Neodevonian unconformity, the limit 

between Cabeças and Longá formations Ferraz et al. (2017). 
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Figure 5- High resolution sequence stratigraphy, system tracs, stratigraphic surfaces and facies successions 
from the upper part of Itaim, Pimenteiras and lower part of Cabeças formations, according to Young, (2006). 
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Figure 6 – Stratigraphic cross section along Parnaíba Basin showing the correlation between key wells 
Ferraz et al. (2017). 

 

 
 

Figure 7 – Type section of Transgressive System Tract corresponding to the lower portion of Pimenteiras 
formation, object of this study, according to FERRAZ et al., (2017).  



16 
 

 
 

Figure 8 – Type section of the High Stand System Tract (HST/TSNA) corresponding to the upper part of the 
Pimenteiras formation according to Ferraz et al., (2017) .  

 

2.1.3. The atypical petroleum system of the Parnaíba basin 
 

The atypical petroleum system was initially described in the Parnaiba Basin by 

Rodrigues (1995), Eiras and Wanderley Filho, 2003 and later detailed by Miranda et al., 

2018, and it is mainly characterized by the influence of igneous intrusions of Jurassic 

magmatism, which affects the source rock maturation (Pimenteiras Formation), in the 

formation of the structural traps and the sealing capacity as well as the generation of 

migration pathways due to instantaneous generation under high pressure.  
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The depletion of TOC and the effect thermal alteration of diabases on the host 

rocks was qualitatively described by Rodrigues (1995). Miranda (2014), using well logs, 

side well cores, X-Ray Diffractometry and QEMScan® data have quantified those effects 

on the organic rich black shales of the Pimenteiras formation and the effects of diabase 

intrusions and the results of contact metamorphism, including formation of hornfels, 

development of organic porosity and micro-fracturing in shales. 

Miranda et al., 2018 describe in detail the elements and the processes of the 

atypical petroleum system into the Parnaiba basin, with a description of the main source 

rocks, reservoirs and sealing units and the effects of the thermal stress in hydrocarbon 

generation, the effects in reservoir obliteration and the mechanism of formation of a 

extensive four-way closure traps (Figure 9). The authors also describe at least five model 

of accumulations related to atypical petroleum systems (Figure 10), highlighting the 

effects of the magmatism on each of the petroleum system elements, source rock, trap, 

seal, and reservoir.  

Heilbron et al., 2018 characterized through geochemical and geochronological data 

one magmatic event of Cambrian age, and other three magmatic pulses, associated with 

CAMP magmatic event (Lower Jurassic), the Parana-Etendeka (Lower Cretaceous) and 

South Atlantic breakup respectively. All those events are potential candidates to trigger 

hydrocarbon generation or remobilization. 

Significant alteration of the reservoir quality was also observed by Lopes, (2019) 

who described the effects of thermal alteration in reservoirs of Cabeças and Poti 

formations. The author studied the authigenic mineralization caused by hydrothermal 

fluids due to magmatism and estimates through chlorite geothermometry that the rocks 

reached two temperature plateaus of 150 °C and 250 °C and the analysis of stable 

isotopes of C and O in calcite and S in pyrite indicates a magmatic source of the fluids. 

The process of rock and fluid interaction leads to reservoir quality depletion according to 

the author.  

Michelon (2020) characterized magmatism in subsurface through seismic mapping 

and structural interpretation, detailed the main tectonic events fingerprinted in the basin 

and presented a volumetric estimation of the magmatism within the basin. A high-
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resolution U-Pb (ICP-MS and TIMS) was performed and confirm CAMP age magmatism 

inside of Poti (Meso Devonian/Eo-Carboniferous sequence)and Tianguá (Silurian 

sequence) formations, although the extensive subsurface geochemical data was not able 

to distinguish CAMP and Paraná-Etendeka magmatic events. 

Aragão, (2020) using well data and one dimensional PSM evaluated the effects of 

magmatic intrusions inside of the Pimenteiras Formation and noted the impact on the 

maturation, generation ad expulsion mass of hydrocarbons in different intrusion contexts. 

The author described the relationship between the thickness and position of the intrusion 

in the maturation of source rock and TOC depletion, caused by the consumption of organic 

matter in hydrocarbon generation during the magmatic event. Another relevant 

observation was the sensibility of the modeling results to the age and synchronism among 

multiple intrusion, adding a challenge in thermal calibration process.  

Mio (2022) described low-grade metamorphism in the argillaceous materials near 

the source rock and suggested the possibility of use as thermal calibration data. The 

author also demonstrates the effects of diabase sills intrusions on the results of petroleum 

system modeling in 2D lines along distinct domains in the the basin (Figure 11) and the 

evidence on the spectral gamma ray log data of the total organic carbon (TOC) 

consumption close to the diabase sill intrusion. 

Mio et al. 2023 described similar effects noted by Aragão, 2020 and Mio, 2022, 

using three dimensional PSM in the northern part of the basin and showed the initial 

results of using illite crystallinity (Kubler Index - Kubler (1964) ) as a calibration parameter 

in the modeling of atypical petroleum system in the Parnaíba Basin.  
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Figure 9 – Schematic cross section along Parnaíba basin showing the influence of intrusive diabase sills on 
the petroleum system along Parnaíba Basin. Miranda (2014). 

 

 
 

Figure 10 – Accumulation models for atypical generation and trapping of hydrocarbons in the Parnaíba 
Basin. Miranda (2014) 



20 
 

 
 

Figure 11 – 2D Petroleum System modeling line (E-W) along the Parnaíba basin showing the present-day 
fingerprint of the thermal stress caused by the magmatism (Mio, 2022). 

 
2.2. PETROLEUM SYSTEMS NUMERICAL MODELING 

 

2.2.1. Short history, principles, and process on petroleum systems numerical 
modeling 

 

Petroleum Systems Modeling (PSM) is a modern statement for the “Basin 

Modeling” term, adopted in the early 1970´s to describe the quantitative modeling of 

geological processes in sedimentary basins on geological timescales Hantschel and 

Kauerauf (2009).  

The term is not only used to describe the modeling of sediment related processes 

(heat and pore water flow modeling, sediment compaction and temperature-controlled 

chemistry of hydrocarbon generation), but also to describe crustal modeling and mantle 

processes as well as mass transport processes (Allen and Allen, 2005, Turcotte and 

Schubert, 1982). 

Several textbooks described in detail the processes of basin evolution and 

petroleum generation, from de organic matter deposition to hydrocarbon preservation at 



21 
 
the trap, and the books from Tissot and Welte (1984), Turcotte and Schubert, (2002), 

Allen and Allen, (2005), Peters et al., (2005) and Hantschel and Kauerauf, (2009) presents 

the complete description of the main principles and process defined by Magoon and 

Beaumont (1998), who defined in their classic paper “Petroleum Systems” the processes 

and elements need to petroleum an accumulation occurs. 

One of the most comprehensive works is the book published in 1984 by Bernard 

Tissot and Dietrich Welte, named “Petroleum formation and occurrence” where the 

authors in the preface of the second edition (1984) stated the importance of the numerical 

modeling and the need for computational support to perform the calculations and to 

achieve what they call the “Age of true quantification in the geosciences”: 

 
“It is evident that computer modeling is here to stay and may very well revolutionize 

the field. The computer can be used as an experimental tool to test geological ideas and 
hypotheses whenever it is possible to provide adequate software for normally very 
complicated geological processes. The enormous advantages offered by computer 
simulation of geological processes are that no physical or physicochemical principles are 
violated and that for the first time the geological time factor, always measured in millions 
of years rather than in decades, can be handled with high-speed computers with large 
memories. Thus, the age of true quantification in the geosciences has arrived. We believe 
that this computer aided, quantitative approach will have an economic and intellectual 
impact on the petroleum industry, mainly on exploration” Bernard P. Tissot & Dietrich H. 
Welte, 1984 
 
 The authors presented at that time some of the processes they believe to be 

mandatory to be modelled to achieve the understanding of basin evolution: the behavior 

of temperature, porosity, pressure and thermal conductivity along the basin´s evolution 

and continuous burial (Figure 12). It is important to highlight that these two authors were 

the precursors of the two main schools in basin modeling, the Institute Français du Pétrole 

(IFP) and the University of Aachen in Germany, the first on responsible for the 

development of Genex™ and TemisTM basin modeling suites, and the second one for the 

development of PetromodTM. 
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The development of numerical modeling can be divided into three distinct phases: 

 

 Phase 01 - beginning in the early 1980´s, with the development of 1D 

temperature and pressure modules, solving simultaneously two unknows, 

the hydraulic head (pore pressure) and the temperature, both in function of 

time and distance (Yukler et al., 1979). Some assumptions were made at 

this time, as: a) Darcy law is valid; b) fluid and heat flow takes place only 

vertically (1D); c) geothermal gradient in the only source of heating and, d) 

heat is distributed by conduction and forced convection (fluid flow). 

 

 Phase 02 – During the early 1990´s, based in the publication of Ungerer et 

al., (1990) with refinements in fluid flow of three components (water, liquid 

petroleum and gas) and the application of Darcy allowed the calculation all 

relevant processes of fluid flow accumulation and seal break through. The 

Figure 13 the conceptual calculation process idealized by Ungerer et al., 

(1990) is showed, with the improvements in multi-phasic flow and the 

possibilities of coupled calculations between the modules, in advance of the 

previous 1D possibilities. 

 

 Phase 03 – After 1998 with the refinement of calculation and the 

improvements in computational capacity a new generation of basin 

modeling was developed and the main advances were the full 3D 

calculations of heat and pore pressure, as well as the three phasic Darcy 

fluid flow. The high computational demands to full Darcy calculations lead to 

the development of alternative migration engines such as flowpath, invasion 

percolation and hybrid models, where Darcy law is applied in low 

permeability facies and simple flowpath equations are applied into high 

permeability facies Hantschel and Kauerauf, (2009). This third phase is also 

characterized by the implementation of multi-component kinetics and PVT 

(pressure - volume - temperature) phase calculations, leading to more 

accurate subsurface phase predictions. 
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By the end of the 1990´s, the main basin modeling or petroleum system modeling 

packages have already solved the main problems in geological processes involving basin 

evolution over time (Figure 14). In the last decades, since the engines or calculators were 

ready, a significant number of additional processes were implemented into the basin 

simulators, since the time-temperature-pressure relationship can be easily calculated and 

handled. It includes several possibilities of kinetically controlled processes such as 

kerogen to hydrocarbon conversion, mineral transformation (diagenetic process, quartz 

overgrowth, illitization, thermal sulfur reduction e.g), modeling of contaminants (CO2, N, 

He) and biogenically petroleum generation. Kinetically controlled processes such as 

biomarkers and apatite fission track predictions have been also incorporated into the basin 

modeling routines. 

At the time of this work, the main promising utilization to the basin simulators is the 

modeling and prediction on the Carbon Capture, Utilization and Storage (CCUS) 

workflows. Is there an important effort in technology development to take advantage of 

existent simulators on those flows. 

 
 

Figure 12 – Evolution of a sedimentary basin, from the initial deposition (t = t0) to the basin configuration 
observed today (t = tx). Parameters such as temperature, are changing continuously in each sedimentary 
unit according to the improvement in depth of burial (adapted from Tissot & Welte, 1984). 
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Figure 13 – Conceptual flow of two-dimensional basin modeling as proposed by Ungerer et al., (1990) with 
the advance on two-phases fluid flow and the possibilities of coupled thermal calculation with single-phase 
fluid flow and maturation calculations. In green, the input files and parameters in yellow the calculation 
modules and in light red the outputs of each module of calculation and the arrows indicates interactions 
among the steps of calculations. 
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Figure 14 – Main geological processes on basin modeling Hantschel; Kauerauf (2009). The outputs of the 
basin models, with a scenario of temperature and pressures along the time, served as the basis for 
modelling of other geological and physical processes such as mineral transformation, modelling of 
hydrocarbon contaminants and carbon dioxide storage. 

 

2.2.2. Structure of a model and modeling steps 
 

 The process to build a basin or petroleum system model consists of the collection 

of distinct geological information, including crustal and tectonic data, stratigraphic filling 

and depositional system, global climates, paleo geography and paleo geomorphology 

information (Hantschel and Kauerauf, 2009, Tissot and Welte, 1984). 

The main initial structure of a model encompasses four main steps (Figure 15):  

 Geometry of the model at the present day: stratigraphic tops (1D), seismic 

horizons (2D) or seismic maps (3D models). 

 Model filling: The facies may be set for each stratigraphic unit, being single 

facies or a mixing of facies, a single value (1D), varying along the section 

(2D) or along the map (3D Models). 
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 Model Parameters Definition and meshing: Definition of initial meshing size 

and internal sub layering, definition of age of stratigraphic units, definition of 

the source rock and reservoirs intervals and their properties (thickness, 

richness and distribution), definition of past geometry parameters such as 

paleo bathymetry, paleo thickness, uplifts and erosions (applicable for 1D, 

2D and 3D models). 

 Definition of Boundary Conditions: definition of the bottom and top 

conditions of the model, including the basal heat flow and the sediment to 

water temperature interface (SWI) at the top of the model, at the present 

and along the model evolution. It can be set using direct values or using 

different approaches and assumptions to achieve these values. 

 

The subsequent phases of the modeling process include calibration, simulation, 

results analysis, and post-processing.  

The calibration phase is performed after initial geometrical forward simulations, 

normally ran using the modules of three-dimensional simulation of temperature and 

pressure, without generation and migration calculations activated (in 1D models the 

calibration process includes generation, since it is not a time-consuming problem – in 2D 

model the third-dimension ins given by the finite elements dimension, orthogonal to the 

modeled section). The calibration consists of the comparing calculated data with 

measured data (Figure 16 - a) of temperature, pressure, porosity and vitrinite reflectance, 

not restricted to these parameters. 

Since the model presents a satisfactory calibration quality, the full simulations can 

be performed (Figure 16 - a) and the results of temperature, pressure, porosity, 

maturation, HC expulsion and migration, HC saturation, composition and phase (not 

restricted to that) become available (Figure 16 – b and c), at the present and during the 

time of basin evolution (Figure 17). 



27 
 

 
Figure 15 – Main requirements for a basin model, including: a) the initial geometries; b) model filling with 
facies and properties; c) model definition and meshing, with attribution of ages, reservoirs and source rocks 
properties, paleo geometries, paleo bathymetries and erosions, and d) boundary conditions of the maps, as 
the surface-to-sediment temperature interface (SWI) and heat flow at the base of the basin, that can be from 
direct maps or inferred from another information (paleo bathymetries, crustal stretching maps etc.). Based 
on Hantschel and Kauerauf (2009). 

 
Figure 16 – Basin modeling process steps, describing the calibration process (a), the simulation step (b) 
and the results and post-processing process (c).  
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Figure 17 – Example of extraction of basin modeling results along the time. Cross section in dip direction in 
Pelotas Basin, Brazilian South Atlantic Margin, showing the evolution of overpressure in two different 
scenarios, in a) the evolution of overpressure without the contribution of hydrocarbon generation; b) the 
evolution of overpressure with coupled calculation of maturity and hydrocarbon generation. (Kia and Mio, 
(2022). 

 

2.2.3. Transport Processes 
 

 The main physical processes involved in basin modeling, and which were 

described as the basis of basin models by Tissot and Welte, (1984) and Ungerer et al., 

(1990), the heat flow, pore pressure, compaction, Darcy flow migration process and 

diffusion are transport process (Hantschel and Kauerauf, 2009). They can be described, 

derived, and formulated in a similar way in math and the core problem is the interaction 

between two initial quantities, the state variable and the flow variable (Figure 18). The 

calculation of influence of a flow variable acting from any location on any other neighboring 

location is the main part of the mathematical formulation and it is given by the flow 

equation. For each transport process there is a material property that can be directly 

measured or estimated. 
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Figure 18 -Fundamentals Physical Transport Laws and their variables. Hantschel and Kauerauf (2009). 

 

2.2.4. Thermal calculations and calibrations 
 

 Considering the flow equations presented in the Figure 18 the heat flow and the 

temperature are the basic variables for the heat conduction, where temperature is the 

state variable and heat flow is the corresponding flow variable. For a given difference of 

temperature between points A and B, (or gradient) a heat flow is generated. The heat flow 

decreases the temperature difference. The heat flow is controlled by the bulk thermal 

conductivity (thermal conductivity of rock matrix + fluids) and the response of temperature 

is the function of the heat capacity of the rock or mineral (Hantschel and Kauerauf, 2009). 

A mass balance (or energy) scheme can be used to formulate the boundary 

conditions to calculate the development of both, state and flow variables through time. 

The practical solution (inside of the simulator e.g.) requires the discretization of the space 

in cells and the construction and inversion of a large matrix. The matrix elements represent 

the change in state variable (change in temperature) caused by the flow (heat flow) 

between two neighboring cells. The number of cells is the number of unknown, and the 

solution of the matrix gives a solution vector (temperature inside of each cell). The number 

of cells impact directly on the computational requirements and the expended time in 

calculations in exponentially dependent of the number of cells and therefore the resolution 

of the model (Hantschel and Kauerauf, 2009). 
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The heat can be transferred in three different ways, conduction, convection, and 

radiation (Hantschel and Kauerauf, 2009, Turcotte and Schubert, 2002). The magnitude, 

orientation, and the distribution of the heat flow in the base of sediments into a 

sedimentary basin is determined by the crustal and mantellic process (Allen and Allen, 

2005, Hantschel and Kauerauf, 2009). The sources of internal heat derived from two main 

mechanisms, the internal earth cooling and the radiogenetic heat production, with 

contributions of 17% and 83% respectively, according to Turcotte and Schubert (2002).  

The heat flow analysis into sedimentary basin can be divided into two distinct 

problems (Figure 19), the crustal model to calculate the heat influx at the base of the basin 

and a second heat flow into the sediments itself, in the two cases the boundary conditions 

are stablished in the base and in the top of the calculation, normally expressed as 

temperatures, and the heat flow is function of the transfer of these temperature through 

the rocks and sediments with distinct thermal conductivities and heat capacities 

(Hantschel and Kauerauf, 2009). The Equation 1 explains the basic equation of heat flow, 

where  is the heat flow or heat flux, k is the thermal conductivity of the rocks or sediments 

and  is the thermal gradient between two points of calculation. 

 

 

Equation 1 - Thermal conductivity equation. 

 

 

Figure 19 – Boundary value problem for a heat flow analysis (A) of the lithosphere and (B) in the sediments 
Hantschel and Kauerauf (2009). 
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2.2.4.1. Heat Transfer - Steady State and Transient Effect 
 

The heat transfer, based on the Equation 1,  is the simple calculation of one 

directional heat flow, without interaction between the convection, radioactive heat and 

changes in the geometry, thermal conductivity, and heat capacity along the time. This type 

of calculation is so called steady state calculations and was extensively applied in solving 

one-dimensional models in the recent past (Hantschel and Kauerauf, 2009). 

However, the most complex geological problems involve all the variables described 

above, and the basin modeling process deals with the variation in thickness along the 

time, and some thermal properties as thermal conductivity and heat capacity that are 

temperature dependent. Variations of basal heat flow, the insertion of intrusions into the 

model and the changes in porosity and compaction lead the thermal calculation to be 

performed using transient effect into the calculations, which will accommodate this 

variation into the differential equations to perform the calculation (Hantschel and 

Kauerauf, 2009, Turcotte and Schubert, 2002). 

2.2.4.2. Thermal Rock Properties – Thermal Conductivity and Specific Heat Capacity 
 

The most relevant thermal properties of rocks and sediments in PSM are the 

thermal conductivity and the specific heat capacity. 

Thermal conductivity is the ability of a material to conduct heat, and in rocks and 

sediments, it can be a complex mixture of different types of minerals, the pore space and 

the consequent amount of fluid and the nature of the fluids filling the porous space. The 

thermal conductivity is a temperature-dependent property, and it can vary widely. There 

are some well-stablished models to handle thermal conductivity variations such as 

Sekiguchi-Waples Model (Sekiguchi, 1984, apud Hantschel and Kauerauf, 2009) model 

and Linear Model (Hantschel and Kauerauf, 2009). 

The heat capacity is an intrinsic property, the ratio of an infinitesimal amount of 

heat to be absorbed by a body with the increase of the temperature and the specific heat 

capacity is the same property at a given unit of mass. The specific heat capacity is 

therefore the storage capacity for heat energy per unit mass.  
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The ratio of heat capacity to thermal conductivity is a measure of the transient effect 

(Hantschel and Kauerauf, 2009). 

Like thermal conductivity, the specific heat capacity is temperature dependent, and 

there are some models to describe the behavior of this property with temperature 

variation, as Waples Model, Pore Fluid functions and Linear dependency models. 

 

2.2.4.3. Radiogenic Heating 
 

The natural decay of radioactive elements such as Uranium (U), Thorium (Th) and 

Potassium (K) produces a strong contribution in the internal heat flow (Turcotte and 

Schubert, 2002). The contribution of mantle and crustal rock are function of the 

composition and ages of those rocks and in sediments is also function of the porosity 

since it is a volumetric response. 

The common way to estimate the contribution in the sediments is the calculation of 

the radiogenic heat is to use the gamma ray or spectral gamma ray to calculate the bulk 

(Buecker and Rybach, 1996) and individual contribution of each of the radio isotope 

(Rybach, 1973) in the heat flow. 

 

Equation 2 – Heat production rates (Qr) due to radiogenic production according to Rybach (1973), using the 
individual concentration (C) of Uranium (U), Thorium (Th) and Potassium (K). 

 

 Correction of heat production rates including the age of the rocks were proposed 

by Hantschel and Kauerauf, (2009), calculating the radioactive decay of each element 

along geological age, through the equations below, where Xp is the contribution of the 

element (U, Th and K) in the past and t is time: 

Equation 3 – Age correction of Uranium (U) contribution for the heat production rate (Hantschel and 
Kauerauf, 2009). 
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Equation 4 - Age correction of Thorium (Th) contribution for the heat production rate (Hantschel and 
Kauerauf, 2009). 

 

 

Equation 5 - Age correction of Potassium (K) contribution for the heat production rate (Hantschel and 
Kauerauf, 2009). 

 

2.2.4.4. Three-Dimensional Heat Flow Equations 
 

The three-dimensional heat flow calculation takes in account the internal input and 

output energy balance in a given unit of mass, due to the temperature variations plus the 

radiogenic heat contribution and the convection. It is performed using transform type 

differential equations, with temperature as the field variable and the heat flow as the 

transport variable, in the form of Equation 1, where  are bulk thermal conductivity, 

bulk density and bulk heat capacity tensors,  are the pore fluid vectors of 

density heat capacity and velocity,  and Qr is the bulk radiogenic heat production. 

 

Equation 6 – Transport type differential equation of multi-dimensional heat transfer Hantschel; Kauerauf 
(2009). 

 

Since the modern simulators are based on one finite elements method, even in a 

1D model there is a third dimensional calculation and the multi-dimensional heat transfer 

calculation including transient effect can be performed. 
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2.2.4.5. Magmatic Intrusions 
 

An important process in the thermal calculations in the sedimentary basin history 

is the contribution of the heating due to the magmatic intrusions. Instead of fact of short 

duration of the heating source, the instantaneous temperatures can reach values 

extremely higher, triggering processes as thermal maturity of source rocks (Eiras and 

Wanderley Filho, 2003; Miranda et al., 2018), impact in vitrinite maturity, (Hantschel and 

Kauerauf, 2009, Tissot and Welte, 1984) as well as inorganic transformation in clay 

minerals (Lopes, 2019, Mio et al., 2023, Pytte, 1982, Pytte and Reynolds, 1988).  

The modeling of igneous intrusions in PSM is performed by assuming an inner 

boundary of temperature in the center of the intrusive body at the time of the intrusion, 

and some magma properties such as intrusion and solidus temperature, crystallization 

heat and magma density  (Delaney, 1988 apud Hantschel and Kauerauf, 2009). 

 

Figure 20 – Intrusion model and the default values presented by Delaney (1988) in a Fortran 77 routine for 
calculation. Apud (Hantschel and Kauerauf, 2009) 
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2.2.4.6. Organic and inorganic calibration tools in PSM 
 

In this chapter, the most common organic calibration tool, the reflectance of vitrinite 

as well as the alternative illite to smectite calibration model are presented 

2.2.4.6.1. Kerogen, Kerogen Types and Vitrinite Reflectance 
 

The most important and common organic paleo thermometer, extensively used in 

the oil and gas industry as the main tool in recognizing the thermal fingerprint in potential 

source rocks is the vitrinite, and this maceral is part of the material called kerogen 

(Hantschel and Kauerauf, 2009). 

Kerogen can be defined as the fraction of organic matter (Total Organic Carbon – 

TOC) in sediments or sedimentary rocks that is insoluble in organic solvents, whereas 

bitumen is the part that can be dissolved in those organic solvents (Figure 21). The 

kerogens can be divided into three main types according to the they path evolution in the 

H/C and O/C Van Krevelen diagram, (Figure 22) Tissot and Welte (1984): 

 Type I – With typically high H/C originally ratio, mainly constituted by 

aliphatic chains with few aromatic nuclei, they present high potential of oil 

and gas generation. The main source is algal lipids by microbial activity. 

 Type II – With more aromatic and naphthenic rings and intermediate to high 

H/C ratio (less than Type I kerogens) and good potential for oil and gas 

generation. Usually related to marine deposition in reduction environments, 

locally can present important sulfur contends. 

 Type III – Contain mostly condensed polyaromatics and oxygenated 

functional groups with minor aliphatic chains. The O/C ratio is higher than 

types I and II while the H/C decreases substantially. The potential for oil is 

low although it can generate considerable amounts of gas in the higher 

degree of thermal evolution. The organic matter is mostly derived from 

terrestrial higher plants. 
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Residual kerogen can also be present in sediments, and it is constituted by 

reworked, oxidized or inertinitic materials with no hydrocarbon potential, characterized as 

dead carbon in TOC analysis. 

 

 

Figure 21 – Composition of disseminated organic matter in sedimentary rocks. Adapted from Tissot and 
Welte (1984). From the initial TOC, part of carbon is the kerogen, which is insoluble in organic solvents and 
part is the bitumen (HC´s already generated), composed of aromatics and saturated HC´s and NSO. 
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Figure 22 - Van Krevelen Diagram showing the evolution path of the main kerogen types, according to the 
ratios of H/C vs O/C (Tissot and Welte, 1984). 

 Vitrinite is part of coal material, which is originally sourced in the sedimentary 

basins from terrestrial input of higher plants. It is considered the best parameters to define 

coalification stages (Tissot and Welte, 1984) and widely used thermal maturation indicator 

in maceral in coal, coaly particles, or dispersed organic matter (Hantschel and Kauerauf, 

2009). In the Figure 23, is shown an schematic division of organic matter in sediments, 

where vitrinite is part of kerogen, the portion which is insoluble in organic solvents and 

since it has meant a terrestrial input it is expected to be found in different depositional 

environments where source rocks are being deposited. 

 The measurement of reflectance of vitrinite particles (formally known as percent of 

Ro) is performed at microscope, in a polished thin section, and the relationship between 

the reflectance values with the increase of thermal maturity was widely investigated 

(Tissot and Welte, 1984) and some ranges of thermal maturity, so called maturity 

windows, where proposed, from peat stage (%Ro = 0,25) until anthracite (%Ro = 4,5). 

Some kinetic models were proposed to describe the thermal transformation of vitrinite and 

the most widely used are Waples (1980),  Larter (1988) and Sweeney and Burnham., 

(1990).  
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 The Sweeney & Burnham (1990) is the kinetic model most used and implemented in 

all modern simulators. This model described four main reactions that occurs during 

thermal evolution of vitrinite, the elimination of water, carbon dioxide, methane and higher 

hydrocarbons, and a simplified model (Easy Ro) is the kinetic parameters incorporating 

all these processes. Figure 24 shows the Easy Ro kinetic parameters and the comparison 

with a similar model proposed by Larter (1988). 

 

 
 

Figure 23 – Geochemical fractionation of organic matter(Hantschel and Kauerauf, 2009). 
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Figure 24 – Kinetic parameters for the transformation of vitrinite as described by Sweeney and Burnham 
(1990), right, and Larter (1988), left. 

The kinetic of vitrinite reflectance during the thermal transformation can be used to 

estimate the degree of thermal transformation of the kerogen, and can give a good 

indication of the thermal status of a given source rock, although, since the kerogen is a 

complex mixture of organic matter particles, including alginite, exinite, vitrinite e.g. and the 

transformation of each of these compounds in petroleum depends on specific kinetic 

reaction, the use of a vitrinite scale of measurement might present important differences 

between the thermal status and the expected products of the reactions. The Figure 25 

shows an example of these variations, in the A, the limits of maturity windows proposed 

in the Easy Ro model (Hantschel and Kauerauf, 2009; Sweeney and Burnham 1990) and 

in B the limits presented by Tissot and Welte, (1984). There are some agreements on the 

immature zone and in the wet gas/dry gas zones, although into the oil zone there are 

different proposals since it depends on the type of organic matter, as demonstrated by 

Tissot and Welte (1984), analyzing different types of kerogens with distinct limits between 

maturity windows. 
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Figure 25 – Some of proposed limits for the “maturity windows” of source rocks based on the values of 
reflectance of vitrinite (%Ro), in A, the limits proposed in the Easy Ro model from Sweeney & Burnham., 
(1990), detailing the oil windows, and in B, the limits presented by Tissot; Welte (1984), with some variations, 
especially in oil zones, with the variation of the kerogen type. 

The use of vitrinite reflectance as calibration tool in petroleum system modeling 

consists in the comparison of the measured vitrinite data points with the curve calculated 

by the simulator using some of the kinetical model described above. This comparison 

allows the review of thermal models in the present and during the basin evolution to 

achieve the best fit between the observed and modelled data. In the Figure 26 an example 

of fitting of measured data from bottom hole temperature (BHT) and modelled 

temperatures as well as the fitting of vitrinite data from a set of wells with the model using 

Easy Ro vitrinite calculation (Canelas, 2020).  

Although, when the source rock is submitted to high thermal stress due to the 

intrusion of magmatic bodies, in atypical petroleum systems as in the Parnaíba Basin 

(Lopes, 2019, Mio et al. 2023, Miranda et al. 2018), the values of reflectance can exceed 

the maximum calculated in the models and reach the overmature status (4% Ro), putting 

additional challenge in the use for calibration. In the Figure 27 - A, using around 5500 data 
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of pyrolysis, from 60 wells, converted to vitrinite reflectance using the Jarvie et al., (2001) 

method, is possible to recognize a linear trend of maturity increasing with the depth, 

relative to the burial of the basin. These data, with S2 values greater than 2 mgHC/gRock, 

showing an increasing straight trend in subsurface, reaching at 3500 m of burial (basin 

depocenter depth) values around 0.6 %Ro. 

In Figure 27 - B, using 214 data of measured vitrinite, from 26 wells it is possible to 

see the impact of thermal stress on vitrinite, and the challenge in defining any burial trend 

based on this data. 

 

Figure 26 – Example of thermal calibration use bottom hole temperature (BHT) and vitrinite reflectance data 
do fit the petroleum system model in ultradeep settings in Foz do Amazonas basin, Brazil Canelas (2020). 
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Figure 27 – Maturity profile of Parnaíba Basin based on TMax and Vitrinite Reflectance data (%Ro). In A 
the burial trend of maturity, using TMax data converted to vitrinite. In B the thermal effect of the magmatism 
in the vitrinite reflectance, changing the burial trend, leading the vitrinite to reach the overmature window 
Mio et al. (2023).  

 

2.2.4.6.2. Smectite to Illite transformation calibration models 
 

The Smectite/Illite transformation was studied by several authors (Dutta, 1986, 

Pytte, 1982, Pytte and Reynolds, 1988) in different ranges of time and temperature and 

there is an agreement that the process of transformation is kinetically controlled rather 

than equilibrium factors (Pytte and Reynolds, 1988). These authors presented a synthesis 

of those studies (Table 1) and highlighted the higher temperatures and faster 

transformation times of contact metamorphism in this process. 

Pytte & Reynolds, (1988) presented the kinetic formulation for Smectite to Illite 

transformation based on the study of contact metamorphism in shales intruded by basalts 

sills in Colorado, USA (Pytte, 1982 apud Pytte and Reynolds, 1988), where it is clear the 

variation in I/S ratio with the proximity of the intrusion (Figure 28). The kinetic formulation 
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includes a first order kinetic, related to the pore-fluid ratio of K/Na (Equation 7), and a fifth 

order kinetic relative to the mole fraction of the smectite (Equation 8). The final kinetic is 

a sixth order kinetical scheme, that can be easily implemented into the basin modeling 

simulators to calculate the thermal effects of both, burial, and intrusion, in the smectite to 

illite transformation. This scheme is implemented into the Petromod simulator together 

with another kinetical scheme defined by Dutta (1986). 

In the Equation 7, k is the rate of reaction, A is frequency factor, and U ins activation 

energy for a given R (gas constant) and T (Temperature in Kelvin). In the Equation 8, -

dS/dt is the rate of transformation of initial contend of smectite, S is the molar fraction of 

smectite, K/Na is the ratio of those components in the reaction products and the exponents 

a and b means the order of the kinetics. Values of a and b were tested for the variations 

of time and temperature presented in the Table 1 and the best fit was a = 5 and b = 1 for 

A values of 5,6 x 107 s-1 and U = 33.2 kcal/mol. The application of this kinetic parameters 

in real data is presented in the Figure 28. 

 

Equation 7 – First Arrhenius Order Kinetic (or temperature dependence of reaction rates), relative to the 
pore fluid activity ratio K/Na.  Pytte and Reynolds (1988). 

 

 

Equation 8  - Fifth order kinetic parameters for equation for the Smectite to Illite transformation from Pytte 
and Reynolds (1988), after Pytte (1982) and Reynolds (1980), apud Pytte and Reynolds (1988). 

 
Table 1 – Approximate times at temperature exceeding 90% of the peak values for argillaceous rocks 
containing I/S with 80% of illite. 



44 
 

 
Figure 28 – Composition of I/S in the shale near to an intrusive basalt dike in Colorado. The points were 
defined using X-ray diffractometry and the curve is calculated using the kinetic model equation from Pytte; 
Reynolds (1988). 

 

2.2.5. Challenges in atypical Petroleum Systems Modeling 
 

The atypical petroleum systems, in the sense as described by Eiras and Wanderley 

Filho (2003) and Miranda et al. (2018) presents some key characteristics that point to 

some challenges in the numerical modeling process.  

Magmatism introduces uncertainties in the ages of the intrusions as well as in the 

magma composition (Michelon, 2020), and these parameters are essential to the accurate 

thermal definition of the model and the calibration process. The sequence of the intrusion 

along the sedimentary column can drastically change the timing of hydrocarbon 

generation and trap filling (Aragão, 2020). 
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The reservoir quality can be obliterated by authigenic and contact metamorphism 

processes by quartz overgrowth and/or clay mineral developments into the pore space 

(Lopes, 2019; Miranda et al. 2018). 

In terms of source rocks, the processes related to thermal stress can trigger the 

hydrocarbon generation and primary migration from source rock (Miranda, 2014 and 

Rodrigues, 1995).  

In terms of thermal calibration, considering the source rocks are Devonian in ages 

Vaz et al., (2007) in the Paleozoic Brazilian basins and the fact the organic rich intervals 

are related with marine environments, normally associated with transgressive surfaces 

and maximum flooding surfaces (Ferraz et al, 2017, Rodrigues, 1995), the scarcity of the 

vitrinite particles is expected, due to small availability of superior plants at this age and 

the distal depositional environmental itself. It points to an important challenge in thermal 

calibration of the models in the past, and the support of external paleo thermometers can 

bring accuracy on the modeling process (Mio, 2022). A list of some of main challenges, 

the impact of these challenges on the modeling results, as well as the required actions to 

turn around those problems was proposed by Mio et al. (2023), and shown in the Figure 

29. 

 

 

Figure 29 – Main challenges in modeling atypical petroleum systems, the impact in the results and the 
proposed action items to be addressed to solve the problems Mio et al. (2023). 
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2.2.6. Kinetic of Organic Matter Transformation 
 

The maturation of kerogen and its transformation into hydrocarbons can be 

quantified through chemical kinetics parameters, using mass balance of generated 

compounds (Hantschel and Kauerauf, 2009). The measurement of the quantities of 

generated compounds according to the controlled increase of temperature experiments 

allow to determine the number of reactants and products, define the reactivity 

distributions, and establish the Arrhenius type of frequency factor and activation energies 

needed to reaction occur. The rate of reactions is defined by using different heating rates, 

and the inversion of different pairs of transformation ratio led to different pairs of frequency 

factors (A) and activation energy (E), as described in Equation 7. (Hantschel and 

Kauerauf, 2009).  

The transformation ratio of organic matter or the converted mass fraction of initial 

reactant, is normally described as a first order kinetic equation (Equation 7), assuming a 

linear dependency of reactant conversion. The temperature dependency of the rate of the 

reaction is described as an Arrhenius law with two parameters A and E. Frequency factor 

A is the frequency at which molecules will be transformed and the activation energy E 

represents the energy needed to initiate the reaction (Equation 7). 

The initial research developed to understand the process of transformation from 

organic matter into kerogen (diagenesis), the subsequent degradation of the kerogen to 

oil and gas (catagenesis) and cracking compounds into dry gas (metagenesis) was fully 

described by Tissot and Welte (1984), Figure 30. Those authors also conducted 

experimental processes of heating the kerogen to obtain and measure the generated 

compounds with the available methods to define the initial parameters to compare artificial 

laboratory results with natural processes.  They also review the previous results of artificial 

maturation of Toarcian shales from Paris Basin with results of vitrinite reflectance and 

defined the initial relationships of time-dependence from transformation, the initial 

elementary composition changes in O and H. 
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Figure 30 – General Scheme of the evolution of the organic matter, from deposition to metamorphism, 
Abrakasa et al. (2022) adapted from Tissot and Welte (1984). 

After this initial approach, this field of science experienced a series of 

developments, incluiding: time and temperature dependence in the petroleum formation 

(Waples, 1980); primary cracking of four classes of hydrocarbons (Espitalié et al. 1988); 

kerogen classification and pyrolysis gas chromatography (Horsfield, 1989 and 1990);  bulk 

kinetics of oil generation Ungerer et al. (1990); kinetic model for vitrinite reflectance 

(Larter, 1988; Sweeney and Burnhan, 1990); the thermal evolution of oils (Behar et al. 

1991); kinetic modelling of kerogen and oil cracking in a closed pyrolysis system (Behar 

et al. 1992); bulk oil generation and expulsion, along with kerogens changes (Sweeney et 

al. 1995); cracking comparisons between thermal cracking in open and closed pyrolysis 

systems and multi-compounds kinetics (Behar et al. 1997); fourteen compound kinetics 

and hydrocarbon phase prediction (Di Primio and Horsfield, 2006).  

A large variety of kinetics models, from bulk to multi-compositional schemes was 

compiled and presented in Hantschel and Kauerauf (2009), covering a wide range of 

geological ages, from Devonian to Cenozoic, and different geological environments from 
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type I lacustrine to Type III terrestrial organic matter. Those schemes covered bulk kinetics 

(Sweeney and Burnham, 1990, Tegelaar and Noble, 1994), multi component kinetics for 

four compounds (Ungerer et al. 1990), nine compounds (Vandenbroucke et al. 1999) and 

fourteen compounds (Di Primio and Horsfield, 2006). Most of these, bulk and 

compositional schemes, are available in commercial numerical simulator packages. 

 

2.3. X-RAY DIFFRACTOMETRY 
 

2.3.1. X-Ray Diffractometry 
 

X-ray diffraction (XRD) is a non-destructive analytical technique widely used for 

material characterization, particularly in studying physical properties such as phase 

composition, crystal structure, and preferred orientation of powdered or clay fraction 

samples. It is a fundamental methodology in various fields, including materials science, 

geosciences, and engineering, enabling precise identification of crystalline compounds 

and monitoring of structural transformations (Cullity and Stock 2001). 

X-rays are electromagnetic radiation, analogous to visible light waves, but with 

significantly shorter wavelengths — ranging approximately from 10 nanometers to 10 

picometers. These wavelengths lie between the ultraviolet and gamma-ray regions of the 

electromagnetic spectrum. Due to this characteristic, X-rays possess high energy and 

significant penetrating power, making them particularly effective in analyzing solid 

materials (Giacovazzo et al. 2002). 

X-ray radiation, also known as Röntgen radiation, is generated when accelerated 

electrons collide with a metallic target, typically composed of copper or molybdenum. 

Upon interacting with the crystalline structures of materials, X-rays undergo diffraction, 

producing specific patterns that can be recorded and interpreted using appropriate 

detectors. These diffraction patterns are unique to each crystalline substance, allowing for 

qualitative and, in many cases, quantitative identification of the constituents present in the 

analyzed sample (Silva, 2012). 
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In the field of mineralogy, X-ray diffraction plays a crucial role in mineral 

identification and the investigation of geological processes. It is particularly useful in 

characterizing clay minerals, oxides, sulfides, and silicates in rock, soil, and sediment 

samples. XRD enables differentiation of polymorphs with distinct crystalline structures—

such as kaolinite and dickite — and identification of mineralogical alterations associated 

with weathering, diagenesis, and metamorphism. Additionally, it is applied in the 

evaluation of mineral deposits, monitoring stability in tailings dams, and research on 

critical minerals for industrial and technological applications (Peters and Ward, 2010). 

The analytical methodology of XRD can vary depending on the sample´s 

granulometric fraction. For total powder analysis, the sample is dried, homogenized, and 

ground to achieve a particle size of less than 0.074 mm (200 mesh), then compacted into 

appropriate holders for direct reading. The clay fraction (<2 μm) requires physicochemical 

pretreatments such as dispersion, sedimentation, and, in some cases, removal of organic 

matter and iron oxides. After separation, the clay fraction is mounted on oriented glass 

slides, allowing the identification of lamellar minerals based on the position and intensity 

of diffraction peaks, before and after thermal treatments or solvation with ethylene glycol. 

These procedures enhance the sensitivity and resolution of mineralogical identification 

(Moore and Reynolds, 1997). 

Typical applications of X-ray diffraction also include the investigation of ceramic 

and semiconductor materials, as well as soil analysis in environmental and geotechnical 

studies. Furthermore, XRD is employed in the pharmaceutical industry for quality control 

of drugs and identification of crystalline polymorphs that may affect the bioavailability of 

active ingredients. In summary, X-ray diffraction is an indispensable tool in structural 

material analysis, providing detailed information with high reliability without compromising 

the physical integrity of the examined samples. 

2.3.1.1. The Illite Crystallinity and the Kubler Index 
 

The Kübler Index (KI) was introduced by Bernard Kübler in the 1960s as a 

quantitative parameter to evaluate the crystallinity of illite group minerals, primarily in clay 

fractions. Prior to this, mineralogical studies of clays were largely qualitative, making it 
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challenging to establish consistent criteria for assessing metamorphic grades, especially 

under low-temperature conditions. Kübler’s pioneering work revolutionized this approach 

by linking the width of the 10 Å basal reflection line (d001) observed in X-ray diffraction 

(XRD) patterns to the degree of structural ordering in illite, providing a proxy for diagenetic 

and low-grade metamorphic transformations (Kübler, 1967).  

The KI specifically measures the full width at half maximum (FWHM) of the 10 Å 

basal peak, expressed in degrees two-theta (2θ). Narrower peaks indicate more ordered 

crystalline structures, reflecting higher metamorphic grades or thermal maturity. Over 

time, the index has been calibrated against various metamorphic facies, enabling the 

delineation of zones such as the anchizone and epizone in sedimentary basins and 

orogenic belts. The measurement of FWHM at 10 Å was established by Kübler (1967) as 

an evolution of the previous measurement of the ratio between the 10 Å and 10.5 Å 

defined in his classical paper of Kubler (1964). 

The crystallinity index or KI is directly related to the size and perfection of coherent 

scattering domains within the mineral’s layered structure. Illite and related minerals 

typically exhibit basal spacings around 10 Å due to their layered structure. During 

metamorphism, dehydration and recrystallization processes promote better stacking and 

a reduction of structural defects, resulting in sharper peaks with smaller FWHM values 

(Moore and Reynolds, 1997). Considering this, the KI is an indirect but reliable measure 

of the mineral’s structural evolution, capturing subtle changes in lattice parameters and 

stacking faults that are difficult to quantify by other methods. This sensitivity makes the KI 

indispensable for studying low-grade metamorphism as described by several authors 

(Campos et al. 2015, Frey and Robinson 1999, Lanson and Champion 1991, Pytte, 1982, 

Pytte and Reynolds, 1988). 

The KI has been widely applied to characterize low-grade metamorphic 

environments, particularly in analyses of clay fractions isolated from sedimentary rocks 

and shales. For example, Warr and Cox (2016) utilized the KI to map metamorphic zones 

in New Zealand’s South Island, correlating variations in crystallinity with thermal gradients 

and tectonic settings. Additionally, KI allows tracking the diagenetic to metamorphic 

transition, where illite progressively replaces smectite through illitization.  
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A significant advancement in KI application was demonstrating its correlation with 

vitrinite reflectance (Ro), a key parameter for assessing thermal maturity in sedimentary 

geology and petroleum system modeling. (Mählmann and Frey, 2012) demonstrated that 

KI values strongly correlate with vitrinite reflectance, enabling integrated reconstructions 

of burial and thermal histories. The index also serves as a valuable proxy in basin analysis 

and hydrocarbon exploration, where understanding the thermal evolution of source rocks 

is critical. By monitoring mineralogical transformations within the clay fraction, 

geoscientists can infer maximum paleotemperatures and assess organic matter 

maturation levels. These authors also conducted interlaboratory studies showing that the 

narrowing of the illite 10 Å basal peak (indicating increased crystallinity) is associated and 

mathematically correlated with increased vitrinite reflectance. This relationship positions 

the KI as a non-organic mineralogical proxy to qualitatively estimate the ranges of 

temperature reached by sedimentary rocks. Despite the fact of an extensive research on 

KI versus %Ro correlation, in the literature only scarce papers present validated datasets 

of this correlation, highlighting the relations proposed by Frey and Robinson (1999) and 

Mählmann and Frey (2012), presented in the Figure 31, which some mathematical 

regression can be applied in order to extend the correlation to another geological contexts. 

Combining KI with vitrinite reflectance provides a more robust approach to 

reconstructing basin thermal histories, especially where vitrinite reflectance may be 

unreliable due to absence or degradation of organic material, although some revision and 

recommendations of inter-laboratory correlations were proposed to achieve an acceptable 

level of standardization for calibration and correlation between KI and %Ro (Mählmann 

and Frey, 2012, Warr and Mählmann, 2015). These standardized calibration procedures 

include the use of reference materials, establishing the Controlled Index of Crystallinity 

Scale (CIS), which improves reproducibility of results. 

The analytical process of XRD analysis and the subsequent KI determination 

requires careful sample preparation of specific aliquots, especially the clay fraction. The 

clay fraction (<2 μm) is separated by sedimentation and often chemically treated to 

remove organic matter and iron oxides that interfere with diffraction patterns. Oriented 

mounts of the clay fraction on glass slides maximize basal reflection intensity and 
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minimize peak broadening caused by random particle orientation (Moore and Reynolds, 

1997). The presence of mixed-layer clay minerals, such as illite-smectite, poses 

challenges in interpreting KI data. Techniques like ethylene glycol solvation and thermal 

treatments are employed to discriminate these phases and refine index calculations (Pytte 

and Reynolds,1988). 

 

 

Figure 31 – Regression lines and equations from the relationship between Kubler Index or ICII (Illite 
Crystallinity Index) and percent of vitrinite reflectance from the data presented by Frey and Robinson, (1999) 
and Mählmann and Frey (2012). 
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3. DATASET AND METHODOLOGY 
 

The dataset used in this study is summarized in the Figure 32, showing the location of  

the 2D and 3D petroleum system models, and the location of the wells A, B, C and D, 

which ones were used for vitrinite reflectance, compositional kinetics, XRD analyses and 

1D PSM simulations. 

 

Figure 32 - Location of 3D, 2D and 1D PSM models used in this study. 3D SPM Model 01 and 02, the E-W 
line of 2D PSM model, and the 1D PSM models Well A, B and C. Additionally, the location of well B and D 
which were the selected wells to perform the study of compositional kinetics of the Pimenteiras formation is 
shown. 

3.1. Analysis of Reflectance of Vitrinite 
 

The visual analysis of kerogen and the determination of the vitrinite reflectance index 

was performed in by LCV/GeoLab Sur Laboratories, in Buenos Aires, Argentina and it 

was used a Carl Zeiss Axiomager A2m equipped with halogen and mercury sources. The 

measure plates were prepared in an epoxy base with a concentration of kerogen after 

dissolution in HCl and HF acids. The kerogen classification was complemented using 

microscopic analysis in palynologic type slabs.  
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A total of 54 samples (29 samples ate Well A, 14 samples at Well B and 11 samples 

at Well C) were analyzed for vitrinite reflectance index and the organic petrography and 

visual analysis of the kerogens. 

3.2. Definition of compositional kinetic scheme from pimenteiras source rock and 
implementation on petromod 

 

 The determination of specific kinetic parameters for Pimenteiras formation was 

performed using two samples after a screening of 41 selected samples in the radioactive 

levels A, B, C, and D (Rodrigues, 1995) from wells B and D (Figure 33), in the north portion 

of the Parnaíba Basin, using the PhaseKinetic approach of di Primio and Horsfield, (2006). 

The criteria for selecting the samples obey the following requirements: 

 wells drilled with water base mud (WBM) to avoid contamination with 

organic fluids from drilling mud. 

 Immature samples without the thermal effect of the magmatic 

intrusion, based on the initial screening of thermally mature samples 

using a previous 1D PSM thermal simulation. 
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Figure 33 – Photomosaic of sample selection for compositional kinetic analysis. A) Box with cuttings of 
Pimenteiras formation at the well 1- PA-1-MA; B) set of samples selected inside of each organic rich interval 
of the Pimenteiras fm. (A, B, C and D); C) detail of the selected sample at level A of the Pimenteiras 
formation, one of the selected samples for kinetic study. 

The analytical program was performed in the laboratory of Geos4 in Michendorf, 

Germany and comprise the following workflow: 

 TOC/Rock-Eval parameters –  

 Petrographic maturity assignment in optical microscopy. 

 Organofacies Type definition - Open-system pyrolysis-GC-FID. 

 Bulk-kinetic modelling parameters - Source Rock Analyzer-FID.  

 PhaseKinetic modelling parameters - MSSV – pyrolysis-GC-FID. 

 

Pyrolysis was performed in Rock-Eval 6TM. The analysis was performed in two 

steps: pyrolysis (conventional Rock Eval measurement) and oxidation (TOC 

determination). Pyrolysis: 300°C for 3 minutes then at 25°C/min. to 650°C (0 min.) and 

oxidation: 400°C (3 min.) at 25°C/min. to 850°C (5 min.). 
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Petrographic maturity was performed using Leica DM 4P microscope equipped 

with Hilgers FOSSIL MOT on 20 shale/sandstone cutting samples thin section, embedded 

in epoxy resin, and polished. The mean random reflectance was measured following 

standard procedures defined by Taylor et al. (1998). A synthetic reflectance standard (N-

LASF46A: 1.311 %Rr) was applied. Reflectance measurements were performed on 

different types of vitrinite, bitumen and zooclasts (eg. graptolites and chitinozoa). 

The thermovaporisation (free hydrocarbon) and the pyrolysis gas chromatography 

(petroleum types) were performed using the Quantum MSSV-2 Thermal Analysis 

System©. For the thermovaporisation milligram quantities of sample material were sealed 

in a glass capillary and heated to 300°C in the injector unit for 5 minutes. The tube was 

then cracked open using a piston device coupled with the injector, and the released 

volatile hydrocarbons analyzed by gas chromatography.  

For the Pyrolysis gas the samples were heated in a flow of helium, and products 

released over the temperature range 300-600°C (40K/min) were focused using a 

cryogenic trap and then analyzed using a 50m x 0.32mm BP-1 capillary column equipped 

with a flame ionization detector. The GC oven temperature was programmed from 40°C 

to 320°C at 8°C/minute. Boiling ranges (C1, C2-C5, C6-C14, C15+) and individual 

compounds (n-alkenes, n-alkanes, alkylaromatic hydrocarbons, phenols and 

alkylthiophenes) were quantified by external standardisation using n-butane. 

The bulk kinetic response was analyzed on twelve samples by non-isothermal open 

system pyrolysis at four different laboratory heating rates (0.7, 2.0, 5.0 and 15K/min) using 

an RE 6 and a Source Rock Analyzer®. The generated bulk petroleum formation curves 

serve as input for the bulk kinetic model consisting of an activation energy distribution and 

a single frequency factor (Figure 34). The selected samples for the bulk kinetic model and 

for the PhaseKinetic were the samples labelled 20189, from the Pimenteiras formation 

source rock interval A in Well B, at 2277 m, and the sample 20170 from Well D at 2034 

m, in the source rock interval C. 

For the PhaseKinetic the microscale sealed vessel pyrolysis (MSSV - Horsfield, 

1989 a) was performed using the Quantum MSSV-2 Thermal Analysis System®. Milligram 

quantities of sample material were sealed in glass capillaries and artificially matured at 
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0.7K/min using a special MSSV prep-oven for the PhaseKinetics approach. The tubes 

were then cracked open using a piston device coupled with the injector, and the released 

products were swept into the GC using a flow of helium. An HP5890 II instrument was 

used for GC analysis (column: BP-1, 50 m length, i.d. 0.32 mm, film thickness 0.52 μm) 

with flame ionization detection. Individual compounds in the gas range (C1-C5), coarse 

boiling ranges (C1, C2-C5, C6-C14, C15+) and 25 pseudo-boiling ranges for each carbon 

number at and above C6 were quantified for the PhaseKinetics approach. Quantification 

was performed by external standardization using n-butane. Response factors for all 

compounds were assumed to be the same, except for methane whose response factor 

was 1.1. 

The implementation of the analyzed kinetical scheme inside of the Petromod 

calculator Is done by the compilation of laboratory tables of energy of activation versus 

percent of a given component. Four different compositional schemes were defined in the 

PhaseKinetic study, such as black oil, two, four and fourteen compounds. The four 

compounds scheme (Methane, C2-C5, C6-C14 and C15+) was used in simulations to 

compare de effects of a generic kinetic scheme for a USA-Canada Devonian source rock 

(Woodford Shale – Hantschel and Kauerauf (2009). 

 

 
Figure 34 - Bulk kinetic parameters for three samples based on slow heating rates (0.7; 2.0; 5.0K/min) using 
discrete models. The sample 20189 (center) was the sample selected for PhaseKinetics. It is a sample of 
2077 m (Pimenteiras SR A) from Well B. 
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3.3. X-Ray diffraction analysis 
 

The X-Ray diffraction analysis was performed initially in three selected wells (Wells 

A, B and C) comprising 66 samples in Well A, 70 samples in Well B and 71 samples in 

well C. Most part of the samples are inside of Pimenteiras formation with few samples 

inside of Longá, Cabeças and Itaim formations (Table 2). 

The samples include different sources, such as composed samples from well 

cuttings and samples collected from scratches from side well cores (SWCs). 

Samples were analyzed into three different laboratories: the first set at Instituto 

LAMIR (Universidade Federal do Paraná – UFPR, Brazil), the second set at LCV/Geolab 

Sur in Buenos Aires, Argentina and the third set at Centro de Investigaciones Geológicas 

- Universidad de La Plata, Argentina. At the three laboratories the samples were analyzed 

in two distinct fractions: whole rock (powder) fraction and clay fraction. The clay fraction 

was analyzed in a natural untreated state, ethylene-glycolated state and heated at 550°C. 

The samples processed in LAMIR were analyzed in a PanAnalytical EMPYREAN@ 

diffractometer, with a copper anode and energies of 40 kV and 30 mA using a step scan 

0.017° and scan step time of 10,16 s, with a start position of 3.5085 (°2θ) to 69.97 (°2θ). 

The clay fraction was separated into two steps, the first, after centrifugation, to remove 

the coarse fraction and contaminants at the top of the mixture, and the second, after a 

second cycle of centrifugation, to collect the upper part of suspension, aiming to sample 

the preferred the d001 oriented clay mineral. 

The second set of samples was processed in LCV/Geolab Sur, using a Phillips 

XPert MPD diffractometer with a copper anode and energies of 40 kV and 40 mA using a 

step scan 0.040 (°2θ) and scan step time of 1,00 s with variable scanning position angles. 

The third set of samples, processed at CIG – UNLP, was analyzed using a Phillips 

XPert Pro diffractometer with a copper anode and energies of 40 kV and 40 mA using a 

step scan 0.030 (°2θ) and scan step time of 1,00 s with variable scanning position angles. 

The separation of clay fraction in LCV and CIG-UNLP was performed after 

suspension in distillated water of the sample powder and ultrasonic vibration for 30 

minutes to ensure the suspension of material fine than 4 microns. The natural clay sample 

is collected with a pipette in the upper part of the suspension, after the decantation 



59 
 
process, respecting Stokes Law parameters, assuring the preferential orientation of the 

clay minerals at the crystallographic plane d001. The Ethylene-Glycolated sample was 

obtained after explosion of 12 hours in the Ethylene-Glycol vapors, and the heated sample 

was obtained after 2 hours in an oven at 550°C (Figure 35). 

 

 

Figure 35 - Photomosaic of clay fraction sample preparation and analyses at CIG – UNPL laboratories, La 
Plata, Argentina. A – Diffractomer Phillips Xpert Pro; B - Sample crushing and homogenization; C - 
Decantation in tubes; D – Pipetting and glass base mounting of natural clay plate; E – Samples in the oven 
for two hours heating at 550°C; F – Dried natural clay fraction before analysis; G – Interface of Phillips Xpert 
Pro equipment during measuring process. 

LAMIR, LCV and CIG equipment operates with the same wavelengths as follow: K 

Alpha1 1.54060 Â, K Alpha2 1,54443 Â, KBeta 1,39225 Â and the K Alpha2/ K Alpha1 

ratio was 0,5. The details of the samples are presented in the table below:  
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# Well Top (MD) Base (MD) Av.Depth (MD) TVD (m) TVDSS (m) Formation Source Laboratoty 
1 Well A 1305 1314 1309,5 1227,50 -1221,50 Poti Cuttings CIG/UNPL 
2 Well A 1323 1326 1324,5 1242,50 -1236,50 Poti Cuttings CIG/UNPL 
3 Well A 1338 1341 1339,5 1257,50 -1251,50 Poti Cuttings CIG/UNPL 
4 Well A 1353 1356 1354,5 1272,50 -1266,50 Poti Cuttings CIG/UNPL 
5 Well A 1368 1371 1369,5 1287,50 -1281,50 Poti Cuttings CIG/UNPL 
6 Well A 1383 1386 1384,5 1302,50 -1296,50 Longá Cuttings CIG/UNPL 
7 Well A 1398 1401 1399,5 1317,50 -1311,50 Longá Cuttings CIG/UNPL 
8 Well A 1413 1416 1414,5 1332,50 -1326,50 Longá Cuttings CIG/UNPL 
9 Well A 1428 1431 1429,5 1347,50 -1341,50 Longá Cuttings CIG/UNPL 

10 Well A 1443 1446 1444,5 1362,50 -1356,50 Longá Cuttings CIG/UNPL 
11 Well A 1458 1461 1459,5 1377,50 -1371,50 Longá Cuttings CIG/UNPL 
12 Well A 1473 1476 1474,5 1392,50 -1386,50 Longá Cuttings CIG/UNPL 
13 Well A 1509 1512 1510,5 1428,50 -1422,50 Cabeças Cuttings CIG/UNPL 
14 Well A 1524 1527 1525,5 1443,50 -1437,50 Cabeças Cuttings CIG/UNPL 
15 Well A 1539 1542 1540,5 1458,50 -1452,50 Cabeças Cuttings CIG/UNPL 
16 Well A 1554 1557 1555,5 1473,50 -1467,50 Cabeças Cuttings CIG/UNPL 
17 Well A 1569 1572 1570,5 1488,50 -1482,50 Cabeças Cuttings CIG/UNPL 
18 Well A 1581 1584 1582,5 1500,50 -1494,50 Cabeças Cuttings CIG/UNPL 
19 Well A 1608 1611 1609,5 1527,50 -1521,50 Pimenteiras Cuttings CIG/UNPL 
20 Well A 1623 1626 1624,5 1542,50 -1536,50 Pimenteiras Cuttings CIG/UNPL 
21 Well A 1638 1641 1639,5 1557,50 -1551,50 Pimenteiras Cuttings CIG/UNPL 
22 Well A 1653 1656 1654,5 1572,50 -1566,50 Pimenteiras Cuttings CIG/UNPL 
23 Well A 1830 1833 1831,5 1749,50 -1743,50 Pimenteiras Cuttings CIG/UNPL 
24 Well A 1899 1902 1900,5 1818,50 -1812,50 Pimenteiras Cuttings CIG/UNPL 
25 Well A 1914 1917 1915,5 1833,50 -1827,50 Pimenteiras Cuttings CIG/UNPL 
26 Well A 1929 1932 1930,5 1848,50 -1842,50 Pimenteiras Cuttings CIG/UNPL 
27 Well A 1935 1935 1935,0 1853,00 -1847,00 Pimenteiras SWC LCV/Geolab Sur 
28 Well A 1959 1962 1960,5 1878,50 -1872,50 Pimenteiras Cuttings CIG/UNPL 
29 Well A 1968 1968 1968,0 1886,00 -1880,00 Pimenteiras SWC LCV/Geolab Sur 
30 Well A 1974 1977 1975,5 1893,50 -1887,50 Pimenteiras Cuttings CIG/UNPL 
31 Well A 1989 1992 1990,5 1908,50 -1902,50 Pimenteiras Cuttings CIG/UNPL 
32 Well A 1998 1998 1998,0 1916,00 -1910,00 Pimenteiras SWC LCV/Geolab Sur 
33 Well A 2004 2007 2005,5 1923,50 -1917,50 Pimenteiras Cuttings CIG/UNPL 
34 Well A 2019 2022 2020,5 1938,50 -1932,50 Pimenteiras Cuttings CIG/UNPL 
35 Well A 2025 2025 2025,0 1943,00 -1937,00 Pimenteiras SWC LCV/Geolab Sur 
36 Well A 2034 2037 2035,5 1953,50 -1947,50 Pimenteiras Cuttings CIG/UNPL 
37 Well A 2049 2049 2049,0 1967,00 -1961,00 Pimenteiras SWC LCV/Geolab Sur 
38 Well A 2049 2052 2050,5 1968,50 -1962,50 Pimenteiras Cuttings CIG/UNPL 
39 Well A 2064 2064 2064,0 1982,00 -1976,00 Pimenteiras SWC LCV/Geolab Sur 
40 Well A 2064 2067 2065,5 1983,50 -1977,50 Pimenteiras Cuttings CIG/UNPL 
41 Well A 2079 2082 2080,5 1998,50 -1992,50 Pimenteiras Cuttings CIG/UNPL 
42 Well A 2082 2082 2082,0 2000,00 -1994,00 Pimenteiras SWC LCV/Geolab Sur 
43 Well A 2094 2097 2095,5 2013,50 -2007,50 Pimenteiras Cuttings CIG/UNPL 
44 Well A 2097 2097 2097,0 2015,00 -2009,00 Pimenteiras SWC LCV/Geolab Sur 
45 Well A 2109 2112 2110,5 2028,50 -2022,50 Pimenteiras Cuttings CIG/UNPL 
46 Well A 2115 2115 2115,0 2033,00 -2027,00 Pimenteiras SWC LCV/Geolab Sur 
47 Well A 2124 2127 2125,5 2043,50 -2037,50 Pimenteiras Cuttings CIG/UNPL 
48 Well A 2130 2130 2130,0 2048,00 -2042,00 Pimenteiras SWC LCV/Geolab Sur 
49 Well A 2139 2142 2140,5 2058,50 -2052,50 Pimenteiras Cuttings CIG/UNPL 
50 Well A 2154 2157 2155,5 2073,50 -2067,50 Pimenteiras Cuttings CIG/UNPL 
51 Well A 2160 2160 2160,0 2078,00 -2072,00 Pimenteiras SWC LCV/Geolab Sur 
52 Well A 2169 2172 2170,5 2088,50 -2082,50 Pimenteiras Cuttings CIG/UNPL 
53 Well A 2184 2187 2185,5 2103,50 -2097,50 Pimenteiras Cuttings CIG/UNPL 
54 Well A 2199 2202 2200,5 2118,50 -2112,50 Pimenteiras Cuttings CIG/UNPL 
55 Well A 2202 2202 2202,0 2120,00 -2114,00 Pimenteiras SWC LCV/Geolab Sur 
56 Well A 2214 2217 2215,5 2133,50 -2127,50 Pimenteiras Cuttings CIG/UNPL 
57 Well A 2229 2229 2229,0 2147,00 -2141,00 Pimenteiras SWC LCV/Geolab Sur 
58 Well A 2229 2232 2230,5 2148,50 -2142,50 Pimenteiras Cuttings CIG/UNPL 
59 Well A 2244 2247 2245,5 2163,50 -2157,50 Itaim Cuttings CIG/UNPL 
60 Well A 2259 2262 2260,5 2178,50 -2172,50 Itaim Cuttings CIG/UNPL 
61 Well A 2274 2277 2275,5 2193,50 -2187,50 Itaim Cuttings CIG/UNPL 
62 Well A 2289 2292 2290,5 2208,50 -2202,50 Itaim Cuttings CIG/UNPL 
63 Well A 2304 2307 2305,5 2223,50 -2217,50 Itaim Cuttings CIG/UNPL 
64 Well A 2319 2322 2320,5 2238,50 -2232,50 Itaim Cuttings CIG/UNPL 
65 Well A 2334 2337 2335,5 2253,50 -2247,50 Itaim Cuttings CIG/UNPL 
66 Well A 2349 2352 2350,5 2268,50 -2262,50 Itaim Cuttings CIG/UNPL 

1 Well B 1350 1353 1351,5 1286,50 -1259,00 Poti Cuttings CIG/UNPL 
2 Well B 1365 1368 1366,5 1301,50 -1273,00 Poti Cuttings CIG/UNPL 
3 Well B 1380 1383 1381,5 1316,50 -1288,00 Poti Cuttings CIG/UNPL 
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4 Well B 1395 1398 1396,5 1331,50 -1303,00 Poti Cuttings CIG/UNPL 
5 Well B 1410 1413 1411,5 1346,50 -1317,00 Poti Cuttings CIG/UNPL 
6 Well B 1425 1428 1426,5 1361,50 -1332,00 Poti Cuttings CIG/UNPL 
7 Well B 1440 1443 1441,5 1376,50 -1346,00 Poti Cuttings CIG/UNPL 
8 Well B 1449 1461 1455,0 1426,28 -1361,28 Poti Cuttings LAMIR 
9 Well B 1455 1458 1456,5 1391,50 -1361,00 Poti Cuttings CIG/UNPL 

10 Well B 1470 1473 1471,5 1406,50 -1376,00 Poti Cuttings CIG/UNPL 
11 Well B 1473 1482 1477,5 1447,75 -1382,75 Poti Cuttings LAMIR 
12 Well B 1485 1488 1486,5 1421,50 -1391,00 Longá Cuttings CIG/UNPL 
13 Well B 1500 1503 1501,5 1436,50 -1405,00 Longá Cuttings CIG/UNPL 
14 Well B 1509 1521 1515,0 1484,84 -1419,84 Longá Cuttings LAMIR 
15 Well B 1515 1518 1516,5 1451,50 -1420,00 Longá Cuttings CIG/UNPL 
16 Well B 1530 1533 1531,5 1466,50 -1435,00 Longá Cuttings CIG/UNPL 
17 Well B 1533 1548 1540,5 1509,37 -1444,37 Longá Cuttings LAMIR 
18 Well B 1545 1548 1546,5 1481,50 -1449,00 Longá Cuttings CIG/UNPL 
19 Well B 1560 1563 1561,5 1496,50 -1464,00 Longá Cuttings CIG/UNPL 
20 Well B 1575 1578 1576,5 1511,50 -1479,00 Longá Cuttings CIG/UNPL 
21 Well B 1590 1593 1591,5 1526,50 -1494,00 Longá Cuttings CIG/UNPL 
22 Well B 1605 1608 1606,5 1541,50 -1508,00 Cabeças Cuttings CIG/UNPL 
23 Well B 1620 1623 1621,5 1556,50 -1523,00 Cabeças Cuttings CIG/UNPL 
24 Well B 1635 1638 1636,5 1571,50 -1538,00 Cabeças Cuttings CIG/UNPL 
25 Well B 1650 1653 1651,5 1586,50 -1552,00 Cabeças Cuttings CIG/UNPL 
26 Well B 1653 1662 1657,5 1624,33 -1559,33 Cabeças Cuttings LAMIR 
27 Well B 1665 1668 1666,5 1601,50 -1567,00 Cabeças Cuttings CIG/UNPL 
28 Well B 1680 1683 1681,5 1616,50 -1582,00 Cabeças Cuttings CIG/UNPL 
29 Well B 1695 1698 1696,5 1631,50 -1597,00 Cabeças Cuttings CIG/UNPL 
30 Well B 1827 1830 1828,5 1763,50 -1726,00 Pimenteiras Cuttings CIG/UNPL 
31 Well B 1971 1974 1972,5 1907,50 -1866,00 Pimenteiras Cuttings CIG/UNPL 
32 Well B 1971 1971 1971,0 1931,38 -1866,38 Pimenteiras SWC LCV/Geolab Sur 
33 Well B 1995 1998 1996,5 1931,50 -1890,00 Pimenteiras Cuttings CIG/UNPL 
34 Well B 2010 2013 2011,5 1946,50 -1904,00 Pimenteiras Cuttings CIG/UNPL 
35 Well B 2019 2019 2019,0 1978,19 -1913,19 Pimenteiras SWC LCV/Geolab Sur 
36 Well B 2021 2021 2021,0 1980,15 -1915,15 Pimenteiras SWC LCV/Geolab Sur 
37 Well B 2022 2037 2029,5 1987,95 -1922,95 Pimenteiras Cuttings LAMIR 
38 Well B 2025 2028 2026,5 1961,50 -1919,00 Pimenteiras Cuttings CIG/UNPL 
39 Well B 2040 2043 2041,5 1976,50 -1934,00 Pimenteiras Cuttings CIG/UNPL 
40 Well B 2055 2058 2056,5 1991,50 -1948,00 Pimenteiras Cuttings CIG/UNPL 
41 Well B 2064 2088 2076,0 2033,86 -1968,86 Pimenteiras Cuttings LAMIR 
42 Well B 2070 2073 2071,5 2006,50 -1963,00 Pimenteiras Cuttings CIG/UNPL 
43 Well B 2085 2088 2086,5 2021,50 -1978,00 Pimenteiras Cuttings CIG/UNPL 
44 Well B 2100 2103 2101,5 2036,50 -1992,00 Pimenteiras Cuttings CIG/UNPL 
45 Well B 2112 2127 2119,5 2076,02 -2011,02 Pimenteiras Cuttings LAMIR 
46 Well B 2115 2118 2116,5 2051,50 -2007,00 Pimenteiras Cuttings CIG/UNPL 
47 Well B 2130 2133 2131,5 2066,50 -2022,00 Pimenteiras Cuttings CIG/UNPL 
48 Well B 2145 2148 2146,5 2081,50 -2037,00 Pimenteiras Cuttings CIG/UNPL 
49 Well B 2160 2163 2161,5 2096,50 -2051,00 Pimenteiras Cuttings CIG/UNPL 
50 Well B 2175 2178 2176,5 2111,50 -2066,00 Pimenteiras Cuttings CIG/UNPL 
51 Well B 2190 2193 2191,5 2126,50 -2081,00 Pimenteiras Cuttings CIG/UNPL 
52 Well B 2205 2208 2206,5 2141,50 -2095,00 Pimenteiras Cuttings CIG/UNPL 
53 Well B 2220 2223 2221,5 2156,50 -2110,00 Pimenteiras Cuttings CIG/UNPL 
54 Well B 2235 2238 2236,5 2171,50 -2125,00 Pimenteiras Cuttings CIG/UNPL 
55 Well B 2238 2262 2250,0 2204,67 -2139,67 Pimenteiras Cuttings LAMIR 
56 Well B 2250 2253 2251,5 2186,50 -2140,00 Pimenteiras Cuttings CIG/UNPL 
57 Well B 2265 2268 2266,5 2201,50 -2154,00 Pimenteiras Cuttings CIG/UNPL 
58 Well B 2280 2283 2281,5 2216,50 -2169,00 Pimenteiras Cuttings CIG/UNPL 
59 Well B 2289 2292 2290,5 2225,50 -2178,00 Pimenteiras Cuttings CIG/UNPL 
60 Well B 2319 2322 2320,5 2255,50 -2207,00 Pimenteiras Cuttings CIG/UNPL 
61 Well B 2325 2328 2326,5 2261,50 -2213,00 Pimenteiras Cuttings CIG/UNPL 
62 Well B 2340 2343 2341,5 2276,50 -2228,00 Pimenteiras Cuttings CIG/UNPL 
63 Well B 2355 2358 2356,5 2291,50 -2243,00 Pimenteiras Cuttings CIG/UNPL 
64 Well B 2370 2373 2371,5 2306,50 -2257,00 Itaim Cuttings CIG/UNPL 
65 Well B 2385 2388 2386,5 2321,50 -2272,00 Itaim Cuttings CIG/UNPL 
66 Well B 2388 2397 2392,5 2344,08 -2279,08 Itaim Cuttings LAMIR 
67 Well B 2400 2403 2401,5 2336,50 -2287,00 Itaim Cuttings CIG/UNPL 
68 Well B 2415 2418 2416,5 2351,50 -2302,00 Itaim Cuttings CIG/UNPL 
69 Well B 2430 2433 2431,5 2366,50 -2316,00 Itaim Cuttings CIG/UNPL 
70 Well B 2445 2448 2446,5 2381,50 -2331,00 Itaim Cuttings CIG/UNPL 

1 Well C 1305 1314 1309,5 1242,50 -1242,50 Poti Cuttings CIG/UNPL 
2 Well C 1323 1332 1327,5 1260,50 -1260,50 Poti Cuttings CIG/UNPL 
3 Well C 1341 1350 1345,5 1278,50 -1278,50 Poti Cuttings CIG/UNPL 
4 Well C 1359 1368 1363,5 1296,50 -1296,50 Poti Cuttings CIG/UNPL 
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5 Well C 1509 1512 1510,5 1443,50 -1443,50 Poti Cuttings CIG/UNPL 
6 Well C 1524 1527 1525,5 1458,50 -1458,50 Poti Cuttings CIG/UNPL 
7 Well C 1539 1542 1540,5 1473,50 -1473,50 Poti Cuttings CIG/UNPL 
8 Well C 1554 1557 1555,5 1488,50 -1488,50 Poti Cuttings CIG/UNPL 
9 Well C 1590 1593 1591,5 1524,50 -1524,50 Poti Cuttings CIG/UNPL 

10 Well C 1605 1608 1606,5 1539,50 -1539,50 Longá Cuttings CIG/UNPL 
11 Well C 1620 1623 1621,5 1554,50 -1554,50 Longá Cuttings CIG/UNPL 
12 Well C 1635 1638 1636,5 1569,50 -1569,50 Longá Cuttings CIG/UNPL 
13 Well C 1650 1653 1651,5 1584,50 -1584,50 Longá Cuttings CIG/UNPL 
14 Well C 1665 1668 1666,5 1599,50 -1599,50 Longá Cuttings CIG/UNPL 
15 Well C 1680 1683 1681,5 1614,50 -1614,50 Longá Cuttings CIG/UNPL 
16 Well C 1695 1698 1696,5 1629,50 -1629,50 Cabeças Cuttings CIG/UNPL 
17 Well C 1710 1713 1711,5 1644,50 -1644,50 Cabeças Cuttings CIG/UNPL 
18 Well C 1725 1728 1726,5 1659,50 -1659,50 Cabeças Cuttings CIG/UNPL 
19 Well C 1740 1743 1741,5 1674,50 -1674,50 Cabeças Cuttings CIG/UNPL 
20 Well C 1755 1758 1756,5 1689,50 -1689,50 Cabeças Cuttings CIG/UNPL 
21 Well C 1770 1773 1771,5 1704,50 -1704,50 Cabeças Cuttings CIG/UNPL 
22 Well C 1785 1788 1786,5 1719,50 -1719,50 Cabeças Cuttings CIG/UNPL 
23 Well C 1800 1803 1801,5 1734,50 -1734,50 Cabeças Cuttings CIG/UNPL 
24 Well C 1815 1818 1816,5 1749,50 -1749,50 Cabeças Cuttings CIG/UNPL 
25 Well C 1821 1821 1821,0 1754,00 -1748,00 Cabeças SWC LCV/Geolab Sur 
26 Well C 1830 1833 1831,5 1764,50 -1764,50 Pimenteiras Cuttings CIG/UNPL 
27 Well C 1845 1848 1846,5 1779,50 -1779,50 Pimenteiras Cuttings CIG/UNPL 
28 Well C 1860 1863 1861,5 1794,50 -1794,50 Pimenteiras Cuttings CIG/UNPL 
29 Well C 1866 1866 1866,0 1799,00 -1793,00 Pimenteiras SWC LCV/Geolab Sur 
30 Well C 1875 1878 1876,5 1809,50 -1809,50 Pimenteiras Cuttings CIG/UNPL 
31 Well C 1890 1893 1891,5 1824,50 -1824,50 Pimenteiras Cuttings CIG/UNPL 
32 Well C 1908 1911 1909,5 1842,50 -1842,50 Pimenteiras Cuttings CIG/UNPL 
33 Well C 1917 1917 1917,0 1850,00 -1844,00 Pimenteiras SWC LCV/Geolab Sur 
34 Well C 1923 1926 1924,5 1857,50 -1857,50 Pimenteiras Cuttings CIG/UNPL 
35 Well C 1938 1941 1939,5 1872,50 -1872,50 Pimenteiras Cuttings CIG/UNPL 
36 Well C 1953 1956 1954,5 1887,50 -1887,50 Pimenteiras Cuttings CIG/UNPL 
37 Well C 1962 1962 1962,0 1895,00 -1889,00 Pimenteiras SWC LCV/Geolab Sur 
38 Well C 1968 1971 1969,5 1902,50 -1902,50 Pimenteiras Cuttings CIG/UNPL 
39 Well C 1983 1986 1984,5 1917,50 -1917,50 Pimenteiras Cuttings CIG/UNPL 
40 Well C 1998 2001 1999,5 1932,50 -1932,50 Pimenteiras Cuttings CIG/UNPL 
41 Well C 2007 2007 2007,0 1940,00 -1934,00 Pimenteiras SWC LCV/Geolab Sur 
42 Well C 2013 2016 2014,5 1947,50 -1947,50 Pimenteiras Cuttings CIG/UNPL 
43 Well C 2022 2022 2022,0 1955,00 -1949,00 Pimenteiras SWC LCV/Geolab Sur 
44 Well C 2025 2028 2026,5 1959,50 -1959,50 Pimenteiras Cuttings CIG/UNPL 
45 Well C 2061 2064 2062,5 1995,50 -1995,50 Pimenteiras Cuttings CIG/UNPL 
46 Well C 2076 2079 2077,5 2010,50 -2010,50 Pimenteiras Cuttings CIG/UNPL 
47 Well C 2088 2088 2088,0 2021,00 -2015,00 Pimenteiras SWC LCV/Geolab Sur 
48 Well C 2091 2094 2092,5 2025,50 -2025,50 Pimenteiras Cuttings CIG/UNPL 
49 Well C 2106 2109 2107,5 2040,50 -2040,50 Pimenteiras Cuttings CIG/UNPL 
50 Well C 2124 2127 2125,5 2058,50 -2058,50 Pimenteiras Cuttings CIG/UNPL 
51 Well C 2133 2136 2134,5 2067,50 -2067,50 Pimenteiras Cuttings CIG/UNPL 
52 Well C 2172 2175 2173,5 2106,50 -2106,50 Pimenteiras Cuttings CIG/UNPL 
53 Well C 2175 2175 2175,0 2108,00 -2102,00 Pimenteiras SWC LCV/Geolab Sur 
54 Well C 2184 2187 2185,5 2118,50 -2118,50 Pimenteiras Cuttings CIG/UNPL 
55 Well C 2199 2202 2200,5 2133,50 -2133,50 Pimenteiras Cuttings CIG/UNPL 
56 Well C 2214 2217 2215,5 2148,50 -2148,50 Pimenteiras Cuttings CIG/UNPL 
57 Well C 2229 2232 2230,5 2163,50 -2163,50 Pimenteiras Cuttings CIG/UNPL 
58 Well C 2232 2232 2232,0 2165,00 -2159,00 Pimenteiras SWC LCV/Geolab Sur 
59 Well C 2244 2247 2245,5 2178,50 -2178,50 Pimenteiras Cuttings CIG/UNPL 
60 Well C 2247 2247 2247,0 2180,00 -2174,00 Pimenteiras SWC LCV/Geolab Sur 
61 Well C 2259 2262 2260,5 2193,50 -2193,50 Pimenteiras Cuttings CIG/UNPL 
62 Well C 2259 2259 2259,0 2192,00 -2186,00 Pimenteiras SWC LCV/Geolab Sur 
63 Well C 2280 2283 2281,5 2214,50 -2214,50 Pimenteiras Cuttings CIG/UNPL 
64 Well C 2295 2298 2296,5 2229,50 -2229,50 Pimenteiras Cuttings CIG/UNPL 
65 Well C 2301 2301 2301,0 2234,00 -2228,00 Pimenteiras SWC LCV/Geolab Sur 
66 Well C 2310 2313 2311,5 2244,50 -2244,50 Pimenteiras Cuttings CIG/UNPL 
67 Well C 2325 2328 2326,5 2259,50 -2259,50 Pimenteiras Cuttings CIG/UNPL 
68 Well C 2337 2337 2337,0 2270,00 -2264,00 Pimenteiras SWC LCV/Geolab Sur 
69 Well C 2340 2343 2341,5 2274,50 -2274,50 Pimenteiras Cuttings CIG/UNPL 
70 Well C 2355 2358 2356,5 2289,50 -2289,50 Pimenteiras Cuttings CIG/UNPL 
71 Well C 2364 2364 2364,0 2297,00 -2291,00 Pimenteiras SWC LCV/Geolab Sur 

Table 2 – Samples used in the X-Ray diffraction analysis with indication of the depths, formation, source of 
samples and laboratories used in the study 
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 The initial interpretation of diffractograms was performed using the software 

HighScore Plus@ from PanAnalytical, and the recognizing of Illite phase was performed 

initially using the four samples (whole rock powder, natural clay, glycolated and heated) 

following the workflow proposed by USGS (USGS Clay mineral identification flow diagram 

- Figure 36) where illite is characterized by a peak in 10Â in an air dried sample, with no 

changes in the glycolated and heated diffractograms. The measure of the full width at half 

maximum intensity (FWHM) was also measured in the 10Â peak, manually inserted, after 

automatic correction of background in the Higscore Plus@ software. After the initial 

screening of the presence of a 10A peak phase, the data files were exported to be 

processed into the DecompXR software. 

 

Figure 36 - USGS Clay mineral identification flow diagram for 10Â phase. 

  

 The conversion from measured illite crystallinity (FWHM) to percent of vitrinite 

reflectance %Ro using the exponential regression of the data presented by Frey and 

Robinson, (1999) and Mählmann and Frey, (2012), according to the Figure 31. 

3.4. Spectral decomposition of illite peaks on XRD data 
 

Spectral decomposition of the clay minerals was performed according to Lanson & 

Velte, (1992), Lanson (1997) and Lanson et al, (1998) procedures and was done in the 

reflection plane (d001) within the range of 3.5 to 10.5 °2θ CuKα; (25.2 to 8.2 Â). 
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The decomposed peaks (intensity, positions °2θ and FWHM) were calculated the 

software DecompXR (Beta Version 1.0.0.2) developed by Lanson (1997) using automatic 

fitting option and manually peak insertion and adjustment, especially in noisy samples. 

During the modeling and interpretation two main clay phases were considered: 1) Illite 

phases, near to 8,4 to 8,6 °2θ and, 2) muscovite or mica like phase (Lanson, 1997) near 

to 8,8 °2θ. In some samples a third and fourth phase was recognized near to 9,2 °2θ and 

was initially classified as Talc and chlorite, near to 6,2 °2θ (Figure 37). 

The two main peaks, illite (authigenic formation, associated with metamorphism 

due to the magmatic intrusions) and detrital muscovite, associated with a previous phase 

of depositional micas, were studied and the FWHM was measured. The results of Kübler 

Index were firstly converted to equivalent in vitrinite (according to the regression 

established over the data presented by Mählmann and Frey (2012) and compared with 

measured vitrinite reflectance (%Ro) along the three wells. The KI and %Ro values were 

compared with modelled %Ro from 1D PSM model and were used to improve the thermal 

calibration of the models (Figure 38). The full results of peak decomposition and the 

interpretation of the main clay mineral phases are presented in Appendix B. 

 

Figure 37 – Process of decomposition of X-Ray diffractogram into DecompXR software and interpretation 
of possible clay mineral phases. A) Mica-Like or Muscovite phase; B) and C) addition of Illite phases; D) 
Chlorite phase; E) Talc/Pyrophyllite and F) Final interpretation with insertion of a broad FWHM peak to 
correct background. 
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Figure 38 – Example of use of KI converted to %Ro and the comparison with measured %Ro along the 
interval of the Pimenteiras Formation at the well A, showing the preliminary results. Green triangles 
represent the first KI (converted to %Ro) measure at Highscore Plus Software@, the purple and yellow 
diamonds represent the KI (converted to %Ro) from decomposition at DecompRX software. The illite phase 
(yellow diamonds - authigenic formed) match with the measured vitrinite reflectance (red circles) while the 
detrital muscovite phases (purple diamonds) present a higher crystallinity. Conversion from KI to %Ro was 
performed using Mählmann and Frey (2012). 

3.5. Petroleum systems modeling 
 

The dataset of petroleum system modeling built for this work comprises (Figure 

32): 

 Two sets of three-dimensional models (3D PSM) in the northern part of the 

Parnaíba Basin. 

 One set of two-dimensional model (2D PSM) along a E-W cross line in the 

central/north part of the basin. 

 Three sets of one-dimensional (1D PSM) inside of the 3D models. 

 

The 3D PSM models incorporates the 3D geological model (structural and 

stratigraphic framework), where a detailed seismic interpretation of the Meso 
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Devonian/Eo-Carboniferous sequence (from Cabeças to Itaim formations) was performed 

and a focused interpretation of the diabase sills in 2D seismic lines was integrated with 

impedance data from wells and seismic to propagate the 2D interpretation into the 3D 

geological models. It resulted in two 3D geological models, the first one, in the north part 

of the Figure 32 (3D PSM Model 01) and the second one (3D PSM Model 02) located in 

the south, both in the central part of the Parnaíba basin. The Figure 39 illustrates some of 

the steps in the workflow used to build the 3D models. These two models were converted 

into 3D PSM models and filled with the facies, reservoir, and source rock properties, 

already incorporating the new compositional kinetic parameters defined for the 

Pimenteiras Formation. 

 

 
Figure 39 – Workflow of 3D Model Construction. A) Location of the two three-dimensional models and the 
1D PSM models; B) seismic coverage at the 3D PSM Model 01; C) Example of a 2D seismic interpretation; 
D) Seismic acoustic impedance; E) Acoustic impedance from well analysis; F) Seismic acoustic impedance 
populated into the 3D geological model and G) Acoustic impedance into the 3D model from seismic plus 
well analysis 

. The 2D PSM model consist in a E-W 2D depth seismic line, with 186 km, covering 

2 distinct domains in the basin, the west part, where there is a decrease in the number 

and thickness of diabase sill intruded into the Pimenteiras formation and upper units and 

the east portion of the central part of the basin, with massive intrusion along Pimenteiras, 

Cabeças and Poti formations (Figure 40). The 2D section extends eastward near to the 
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main gas discoveries in the basin, the Parque dos Gaviões (Park of Hawks) cluster, 

encompassing 13 gas fields and more than 40 billion cubic meters of accumulated gas 

(already produced + certified reserves).  

Additionally, three 1D PSM models were performed to provide thermal data for 

vitrinite (%Ro – Easy Ro Model - Sweeney and Burnham., 1990), smectite/illite ratio (Pytte 

and Reynolds, 1988) for comparison with the Kübler Index from DRX analysis (location of 

the 1D PSM models in the Figure 32). The one-dimensional models were built using 

detailed information from stratigraphy, including the well tops as well as all diabase sill 

intrusions interpreted by the drilling as shown in the Table 3, with the information from 

Well A model. The ages of the units and the main hiatus in the basin were incorporated 

according to the stratigraphic chart presented in Figure 4. These 1D model, were lately 

used to compare the results of modelled vitrinite reflectance with measurements of vitrinite 

reflectance and KI-Illite values converted to vitrinite reflectance. 

Figure 41 show the example of Well A PSM model, with the results and calibration 

of temperature at the present-day and the burial history curves showing the evolution of 

temperature and calculated vitrinite reflectance over time. 
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Figure 40  - 2D PSM Model. A)  Depth converted seismic section (E-W Direction) with the interpretation of 
main horizons and faults; B) Petromod 2D PSM Model highlighting the Meso-Devonian/Eo Carboniferous 
sequence and the atypical petroleum system: 1) Diabase intrusive sill; 2) Poti Formation; 3) Longá 
Formation; 4) Cabeças Formation, 5) Pimenteiras Formation and 6) Itaim Formation. 
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Table 3  - Example of input table of 1D PSM model (Well A) with the well tops/horizons, stratigraphic ages, 
depth, and thickness. The event type discriminates against Deposition, Hiatus and Intrusions. The total 
intrusive thickness in this well is 260 m. 

 

Age (Ma) Well Top/Horizon Depth (TVDSS) Thickness Event Type Layer Name
0 HIA_RECENTE -76 0 Hiatus HIA_RECENTE

80 ITP -76 130 Deposition ITA
110 COD 54 226 Deposition COD
115 COR 280 8 Deposition COR
125 HIA_PSB 288 0 Hiatus HIA_PSB
155 PSB 288 80 Deposition PSB
200 HIA_SAM 368 0 Hiatus HIA_SAM
220 SAM 368 58 Deposition SAM
245 MOT 426 24 Deposition MOT
260 PEF_01 450 244 Deposition PEF_01

 SOL_PEF 694 5 Intrusion SOL_PEF
280 PEF_02 699 41 Deposition PEF_02
300 PIA_01 740 76 Deposition PIA_01

 SOL_PIA 816 50 Intrusion SOL_PIA
308 PIA_02 866 153 Deposition PIA_02
315 HIA_POT 1019 0 Hiatus HIA_POT
330 POT_01 1019 38 Deposition POT_01

 SOL_POT 1057 10 Intrusion SOL_POT
339 POT_02 1067 232 Deposition POT_02
345 LON 1299 106 Deposition LON

 SOL_LON 1405 16 Intrusion SOL_LON
360 CAB_01 1421 85 Deposition CAB_01

 SOL_CAB 1506 19 Intrusion SOL_CAB
365 CAB_02 1525 5 Deposition CAB_02
370 PIM_01 1530 76 Deposition PIM_01

 SOL_PIM_01 1606 112 Intrusion SOL_PIM_01
374 PIM_02 1718 53 Deposition PIM_02

 SOL_PIM_02 1771 19 Intrusion SOL_PIM_02
377 PIM_03 1790 13 Deposition PIM_03

 SOL_PIM_03 1803 16 Intrusion SOL_PIM_03
379 PIM_04 1819 41 Deposition PIM_04

 SOL_PIM_04 1860 13 Intrusion SOL_PIM_04
383 PIM_05 1873 287 Deposition PIM_05
390 ITM 2160 140 Deposition ITM
405 JAI 2300 150 Deposition JAI
430 TIA 2450 250 Deposition TIA
438 IPU 2700 100 Deposition IPU
450 HIA_BAS 2800 0 Hiatus HIA_BAS
550 BAS 2800 500 Deposition BASEMENT

Total Sill Thickeness (m) (PIM Formation) 160
Total Sill Thickeness (m) 260

Well A
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Figure 41 – 1D PSM Model (Well A) showing the present-day temperature, calibrated with bottom hole 
temperature data (A), and the burial history graphs for temperature (B) and vitrinite reflectance (C), using 
the Sweeney and Burnham (1990) model. 
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4. RESULTS 
 

4.1. Vitrinite Reflectance Analysis 
 

A total of 54 samples (29 samples at Well A, 14 samples at Well B and 11 samples 

at Well C) were analyzed for vitrinite reflectance index, organic petrography and visual 

analysis of the kerogens and the results are presented in Table 4. 

Figure 42 shows some examples of high-quality samples from Well A (1968m) and 

Well C (1917m) each with approximately 30 measures and a reasonable concentration of 

measurements near the average values. The Figure 43 highlights the scattering of the 

reflectance values in some of the measures, with a high dispersion of minimum and 

maximum in two samples, at Well B (2061m, 11 measures) and Well A (2064m, five 

measurements). 

The results of vitrinite reflectance were incorporated into the Petromod@ and used as 

primary input for thermal calibration and the comparison with the results of illite 

crystallinity, discussed in the results chapter. 
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Figure 42 – Examples of vitrinite reflectance measurements procedure in two good quality samples. In the 
left, Well A at 1968 m, with 32 measures of primary vitrinite: In the right, Well C, 1917 m, with 27 measures 
of primary vitrinite. 

 
Figure 43 - Examples of vitrinite reflectance measurements procedure in two low quality samples. In the 
left, Well B at 2061 m, with 11 measures of primary vitrinite with high dispersion in the values: In the right, 
Well A, 2064 m, with five measures of primary vitrinite, showing the challenge in finding good quality 
measurements in some of the samples. 



73 
 

Well Source Depth 
(m) %Ro %Ro 

Min 
%Ro 
Max n Std 

Dev. Conf. 
Amorphous Liptinite 

Vitr. Inert. Bit. Contam. 
Fluor. No 

Fluor. Alg. Esp. Res. Cut. Liptdr. Other 

Well A Cu 1617 3.28 2.73 4.19 10 0.44 Low Tr 90 - - - - Tr? - Tr Tr 10 - 
Well A Cu 1620 3.42 2.54 4.20 12 0.48 Low Tr 90 - - - - - - Tr Tr 10 - 
Well A Cu 1647 2.78 2.48 3.62 9 0.34 Low 10 80 - - - - - - Tr Tr 10 - 
Well A Cu 1830 2.76 2.75 2.77 2 0.02 Very Low Tr 100 - - - - - - Tr Tr - - 
Well A Cu 1920 3.99 3.07 4.80 3 0.87 Very Low Tr 100 - - - - Tr? - Tr Tr - - 
Well A Cu 1926 2.89 2.68 3.24 3 0.31 Very Low Tr 100 - - - - - - Tr Tr - - 
Well A Cu 1935 2.76 2.26 3.24 4 0.44 Very Low 100 Tr - - - - - - Tr Tr Tr - 
Well A Cu 1959 2.80 2.31 3.13 11 0.29 Low 100 Tr - - - - - - Tr Tr Tr - 
Well A Cu 1968 2.17 1.79 2.56 32 0.22 Medium 100 Tr - - - - - - Tr Tr Tr - 
Well A Cu 1977 2.24 1.88 2.51 33 0.18 Medium 95 Tr - - - - - - 5 Tr - - 
Well A Cu 1992 1.88 1.61 2.09 37 0.13 Medium 95 Tr - Tr - - Tr - 5 Tr Tr - 
Well A Cu 2010 1.68 1.31 1.90 35 0.16 Medium 100 Tr - Tr - - Tr - Tr Tr Tr - 
Well A Cu 2025 1.42 1.20 1.64 35 0.14 Medium 95 Tr - Tr - - Tr - 5 Tr Tr - 
Well A Cu 2031 1.31 1.04 1.59 20 0.18 Low 100 Tr - Tr - - Tr - Tr Tr - - 
Well A Cu 2037 1.38 1.09 1.63 38 0.13 Medium 100 Tr - Tr - - Tr - Tr Tr - - 
Well A Cu 2046 1.24 0.95 1.45 20 0.16 Low 100 Tr - Tr - - Tr - Tr Tr - - 
Well A Cu 2049 1.14 0.93 1.35 16 0.15 Med-Low 100 Tr - Tr - - Tr - Tr Tr - - 
Well A Cu 2064 0.89 0.72 1.08 5 0.17 Low 100 Tr - Tr - - Tr - Tr Tr - - 
Well A Cu 2082 0.59 0.51 0.68 11 0.06 Low 90 Tr Tr 5 - Tr 5 - Tr Tr - - 
Well A Cu 2115 0.59 0.57 0.59 3 0.01 Low 85 Tr Tr 10 - Tr 5 - Tr Tr - - 
Well A Cu 2121 0.60 0.52 0.69 7 0.06 Low 80 Tr Tr 15 - Tr 5 - Tr Tr - - 
Well A Cu 2130 0.70 0.57 0.79 27 0.06 Medium 85 Tr Tr 10 - Tr 5 - Tr Tr - - 
Well A Cu 2160 0.64 0.55 0.75 13 0.07 Medium 65 Tr 5 10 - Tr 10 - Tr Tr - 10 
Well A Cu 2184 0.66 0.55 0.80 20 0.08 Med-Low 65 Tr 10 10 - Tr 10 - Tr Tr - 5 
Well A Cu 2205 0.72 0.72 0.72 1 - Med-Low 40 Tr 20 20 - Tr 20 - Tr Tr - Tr 
Well A Cu 2211 0.67 0.53 0.78 12 0.09 Med-Low 55 Tr 15 15 - Tr 15 - Tr Tr - Tr 
Well A Cu 2217 0.64 0.51 0.77 9 0.10 Med-Low 75 Tr 5 5 - Tr 10 - Tr Tr - tr 
Well A Cu 2229 0.68 0.58 0.82 23 0.07 Med-High 90 Tr 5 5 - Tr 5 - Tr Tr - - 
Well A Cu 2238 0.67 0.67 0.67 1 - Med-Low 60 Tr 10 15 - Tr 15 - Tr Tr - - 
Well B Cu 1665 2.63 1.97 3.29 11 0.49 Low 20 80 - - - - Tr? - Tr Tr - - 
Well B Cu 1827 2.83 2.27 3.74 3 0.80 Very Low 20 80 - - - - - - Tr Tr - Tr 
Well B Cu 1971 2.66 2.66 2.66 1 -- Very Low Tr 100 - - - - - - Tr Tr - Tr 
Well B Cu 1998 2.04 1.76 2.44 3 0.35 Very Low 10 90 - - - - Tr - Tr Tr - - 
Well B Cu 2001 2.26 1.57 2.83 12 0.36 Low 30 70 - - - - - - Tr Tr - - 
Well B Cu 2019 2.14 1.93 2.33 12 0.11 Low 30 70 - - - - - - Tr Tr - - 
Well B Cu 2061 1.95 1.43 2.4 11 0.32 Low 40 60 - - - - Tr - Tr Tr - - 
Well B Cu 2121 1.12 1.06 1.19 4 0.05 Low 100 Tr - Tr - - Tr - Tr Tr - - 
Well B Cu 2202 0.84 0.84 0.84 1 -- Low 100 Tr - Tr - - Tr - Tr Tr - - 
Well B Cu 2259 0.56 0.53 0.59 2 0.04 Low 75 Tr 5 10 - - 10 - Tr Tr - - 
Well B Cu 2274 0.67 0.63 0.72 5 0.03 Low 80 Tr Tr 10 - - 10 - Tr Tr - - 
Well C Cu 1821 1.47 0.98 1.92 31 0.26 Medium 100 Tr - Tr? - - Tr? - Tr Tr - - 
Well C Cu 1886 1.61 1.13 1.93 34 0.20 Medium 100 Tr - Tr? - - Tr? - Tr Tr - - 
Well C Cu 1917 2.51 2.22 2.95 27 0.19 Medium 100 Tr - Tr? - - Tr? - Tr Tr - - 
Well C Cu 1962 2.10 1.59 2.49 29 0.29 Medium 100 Tr - Tr? - - Tr? - Tr Tr Tr - 
Well C Cu 2007 2.30 2.15 2.45 4 0.13 Very Low 50 50 - - - - Tr? - Tr Tr Tr? - 
Well C Cu 2022 2.26 2.07 2.43 4 0.19 Very Low 50 50 - - - - - - Tr Tr Tr? - 
Well C Cu 2088 2.26 1.97 2.68 6 0.26 Very Low 20 80 - - - - - - Tr Tr Tr? - 
Well C Cu 2175 2.61 1.87 2.98 12 0.37 Low 20 80 - - - - - - Tr Tr - - 
Well C Cu 2232 2.17 1.74 2.50 6 0.31 Low 70 30 - - - - - - Tr Tr - Tr? 
Well C Cu 2247 2.17 1.47 2.46 6 0.38 Low 70 30 - - - - - - Tr Tr Tr - 
Well C Cu 2259 3.08 2.79 3.37 2 0.41 Very Low 10 90 - - - - - - Tr Tr Tr - 
Well C Cu 2301 3.58 3.03 3.94 4 0.39 Very Low 10 90 - - - - - - Tr Tr Tr - 
Well C Cu 2337 2.40 2.40 2.40 1 - Very Low Tr 100 - - - - - - Tr Tr Tr - 
Well C Cu 2364 2.57 2.39 2.76 2 0.26 Very Low Tr 100 - - - - - - Tr Tr - - 

 

Table 4 – Measured values of vitrinite reflectance (%Ro, %Ro Min and %Ro Max) and visual analysis of 
kerogen in 54 samples at the wells A, B and C. Alg. = Alginite; Esp. = Esporinite; Res. = Resinite; Cut. = 
Cutinite; Liptdr. = Liptodetrinite; Vitr. = Vitrinite; Inert. = Inertinite; Bit. – Bitumen and Cont. = Contaminants 
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After an initial screening of thermal maturation in the sample selection, the 2D PSM 

model was carried out to validate the thermal scenario using the initial geochemical data 

such as pyrolysis, vitrinite, graptolite, and bitumen reflectance. The Figure 44 

encompasses the integration of 2D PSM model and geochemical/maturity screening for 

the selection of the two Samples for Phase Kinetics analysis. 

 

Figure 44 2D PSM Model. (A)  Depth converted seismic section (E-W Direction) with the interpretation of 
main horizons and faults; (B) Petromod 2D PSM Model highlighting the Meso-Devonian/Eo Carboniferous 
sequence and the atypical petroleum system: 1) Diabase intrusive sill; 2) Poti Formation; 3) Longá 
Formation; 4) Cabeças Formation, 5) Pimenteiras Formation and 6) Itaim Formation. (C) Calculated Vitrinite 
reflectance along the 2D Model, indicating the position of the wells 01 and 02 and the samples 20170 and 
20189, with the geochemical and maturity parameters used to selection for phase kinetics. VR* values were 
initially calculated using TMax Jarvie et al. (2001) and later were compared with vitrinite, grapholite and 
bitumen reflectance. 
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4.2. Organofacies, Compositional Kinetics and Phase Behavior Results 
 

The analytical results (and later implementation of the analyzed kinetical scheme 

inside of the Petromod calculator) was done by the compilation of laboratory tables of 

energy of activation versus the percentage of a given component, as exemplified in Table 

5 and Table 6,  respectively. The black oil, oil and gas, four compounds and fourteen 

compounds kinetic parameters for organic-rich levels A (Sample 20189, well B at 2,277m) 

and C (Sample 20170, well D at 2,034 m), is shown graphically in Figure 45 and Figure 

46. 

Well Sample kcal/mol C1 C2-5 C6-14 C15+ 
Well 01 20189 45 0,00 0,00 0,00 0,00 

Well 01 20189 46 0,00 0,00 0,00 0,00 

Well 01 20189 47 0,00 0,00 0,00 0,00 

Well 01 20189 48 0,00 0,00 0,00 0,00 

Well 01 20189 49 0,00 0,00 0,00 0,00 

Well 01 20189 50 0,00 0,00 0,00 0,00 

Well 01 20189 51 0,00 0,00 0,00 0,00 

Well 01 20189 52 100,00 100,00 100,00 100,00 

Well 01 20189 53 0,00 0,00 0,00 0,00 

Well 01 20189 54 0,00 0,00 0,00 0,00 

Well 01 20189 55 0,00 0,00 0,00 0,00 

Well 01 20189 56 0,00 0,00 0,00 0,00 

Well 01 20189 57 0,00 0,00 0,00 0,00 

Well 01 20189 58 0,00 0,00 0,00 0,00 

Well 01 20189 59 0,00 0,00 0,00 0,00 

Well 01 20189 60 0,00 0,00 0,00 0,00 

Well 01 20189 61 0,00 0,00 0,00 0,00 

Well 01 20189 62 0,00 0,00 0,00 0,00 

Well 01 20189 63 0,00 0,00 0,00 0,00 

Well 01 20189 64 0,00 0,00 0,00 0,00 

Well 01 20189 65 0,00 0,00 0,00 0,00 

Well 01 20189 66 0,00 0,00 0,00 0,00 

Well 01 20189 67 0,00 0,00 0,00 0,00 

Well 01 20189 68 0,00 0,00 0,00 0,00 

Potential (%)     9,19 14,97 28,95 46,90 
 

Table 5 - Four components compositional scheme table for the sample 20189, from the Pimenteiras 
formation source rock interval A in Well 01, at 2277 m showing the energy of activation values in kcal/mol 
versus the percentual amount of each compound. 
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Well Sample kcal/mol C1 C2-5 C6-14 C15+ 
Well 02 20170 45 0,00 0,00 0,00 0,00 

Well 02 20170 46 0,00 0,00 0,00 0,00 

Well 02 20170 47 0,04 0,09 0,12 1,12 

Well 02 20170 48 0,16 0,33 0,45 4,31 

Well 02 20170 49 0,23 0,48 0,66 6,27 

Well 02 20170 50 0,42 0,87 1,21 11,47 

Well 02 20170 51 0,49 1,02 1,42 13,48 

Well 02 20170 52 5,13 7,01 7,06 7,31 

Well 02 20170 53 0,00 0,00 0,00 0,00 

Well 02 20170 54 0,00 0,00 0,00 0,00 

Well 02 20170 55 55,29 73,60 71,48 55,96 

Well 02 20170 56 5,64 4,91 4,30 0,07 

Well 02 20170 57 25,99 9,32 10,59 0,00 

Well 02 20170 58 0,94 0,34 0,38 0,00 

Well 02 20170 59 3,73 1,34 1,52 0,00 

Well 02 20170 60 0,00 0,00 0,00 0,00 

Well 02 20170 61 0,00 0,00 0,00 0,00 

Well 02 20170 62 1,95 0,70 0,79 0,00 

Well 02 20170 63 0,00 0,00 0,00 0,00 

Well 02 20170 64 0,00 0,00 0,00 0,00 

Well 02 20170 65 0,00 0,00 0,00 0,00 

Well 02 20170 66 0,00 0,00 0,00 0,00 

Well 02 20170 67 0,00 0,00 0,00 0,00 

Well 02 20170 68 0,00 0,00 0,00 0,00 

Potential (%)     13,95 16,42 55,92 13,71 
 

Table 6 - Four components compositional scheme table for the sample 20170, from the Pimenteiras 
formation source rock interval C in Well 02, at 2034 m showing the energy of activation values in kcal/mol 
versus the percentual amount of each compound. 

The analysis of kinetics of the Pimenteiras Formation ORL A at Well B and ORL C 

at Well D led to some important achievements in understanding the process of 

transformation of the Type II marine kerogen in petroleum. Optical microscopy of source 

rock organic matter revealed that the Alginite is an important part of the maceral 

assemblage with a significant contribution of amorphous organic matter and traces of 

vitrinite (Mahlstedt and Horsfield, 2023). Pyrolysate composition is indicative of marine 

algal material, especially the smooth decrease of concentrations of straight alkyl-chain 

homologues with increasing carbon-atom number and the absence of maxima in the wax-

region, characteristic of selectively preserved lacustrine algal material (Figure 47), 

Horsfield (1989a, 1990). 
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Organic matter dominated by selectively preserved algal material comprises 

homogeneous kerogen usually characterized by very narrow activation energy (Ea) 

distributions with a single dominant generation potential between 50 and 55 kcal/mol 

(Figure 47 B), (Mahlstedt and Horsfield, 2023). Thus, hydrocarbons generation from 

Pimenteiras SR Level C (sample 20170) can be described by a single Ea at 52 kcal/mol 

responsible for 100% of the bulk kerogen-to-petroleum-conversion reaction, in contrast, 

the Pimenteiras SR Level A (sample 20189) has one dominant Ea centered at 55 kcal/mol 

which accounts for “only” ~70% of the bulk reaction leaving potential for minor Ea´s  

distributed between 50 and 60 kcal/mol (Figure 48).  

A comparison of the transformation ratio rate versus temperature curves for the 

Pimenteiras samples and Woodford Shales (Devonian from the USA and Canada) is 

shown in Figure 48. The kinetics of the Pimenteiras samples are generally slower than 

those of the classical Type II marine kinetic scheme available in commercial packages. 

The temperatures required for the onset and end of hydrocarbon generation (indicated by 

the temperature at  10% and 90% of TR respectively)  in the samples of the Pimenteiras 

range from 120-140°C and 140-170°C, respectively, while the Woodford shale generates 

petroleum (10-90% TR) over a broader temperature interval of 60°C between 100 and 

160°C (Figure 48). 
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Figure 45 – Compositional scheme for the black oil (A), two components (B), four components (C) and 
fourteen components (D) for the sample 20189, from the Pimenteiras Formation source rock interval A in 
Well B, at 2277 m. 

 
Figure 46  – Compositional scheme for the black oil (A), two components (B), four components (C) and 
fourteen components (D) for the sample 20170, from the Pimenteiras Formation source rock interval C in 
Well D, at 2034 m. 



79 
 

 

Figure 47 - Organofacies, kinetics and phase behavior for samples 20189 (ORL A – Well B) and 20170 
(ORL C – Well D) showing the petroleum type of samples into the gas/condensate field (A – Horsfield 
(1989a)), the narrow distribution of activation energies for samples 20189 and 20170, between 50 to 60 
kcal/mol (B), and the impact of these petroleum type and kinetic parameters on phase composition (C). 
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Figure 48 Kinetic Results A) Comparison of transformation ratio curves between the Pimenteiras Formation 
and Woodford Shale, calculating using heating rates of 3k/My  (Devonian from USA/Canada – Hantschel 
and Kauerauf 2009). B) Bulk kinetic curves for several samples from Pimenteiras Formation showing a 
narrow interval of activation energies (between 55 to 60 kcal/mol); Comparison of four compounds kinetic 
schemes for: C) Woodford Shale; D) Pimenteiras level C; and E) Pimenteiras level A. 
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4.3. XRD Analysis, Kubler Index and Esquevin Index Results 
 

The results of the analysis of XRD data, focusing on the recognizing of Illite and 

Muscovite phases in the natural clay faction, and the measurement of the FWHM, or 

Kubler Index at the 10Â peaks of decomposed diffractogram are presented in the Table 

7. The results of calculation of the equivalent of vitrinite reflectance (%Ro) using the 

equations presented in the Figure 31 is presented to both mineral phases. 

The Table 7 also presents the values of measurements of the intensity of 

illite/muscovite peaks on the crystallographic planes d001 and d002 of the 

Smectite/Illite/Muscovite, respectively the peaks at 10Â and 5Â in the clay fraction 

diffractogram. Finally, the calculated results of the Esquevin index are also presented in 

the table below. 
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# Well Av.Depth 
(MD) Formation Source KI Illite %Ro Illite KI 

Muscovite 
%Ro 

Muscovite Intensity 10Â Intensity 5Â Esquevin 
Index Remarks 

1 Well A 1309,5 Poti Cuttings 1,10 0,67 0,43 1,96 126,00 48,00 0,38  
2 Well A 1324,5 Poti Cuttings 0,85 0,89 0,34 2,60 75,00 35,00 0,47  
3 Well A 1339,5 Poti Cuttings N/A N/A 0,21 4,52 33,00 15,00 0,45 Noisy 
4 Well A 1354,5 Poti Cuttings 0,64 1,25 0,35 2,48 58,00 32,00 0,55  
5 Well A 1369,5 Poti Cuttings 0,68 1,16 0,33 2,65 27,00 18,00 0,67  
6 Well A 1384,5 Longá Cuttings 0,81 0,94 0,35 2,52 89,00 36,00 0,40  
7 Well A 1399,5 Longá Cuttings 0,81 0,95 0,31 2,86 192,00 73,00 0,38  
8 Well A 1414,5 Longá Cuttings 0,78 0,98 0,55 1,48 244,00 70,00 0,29  
9 Well A 1429,5 Longá Cuttings 0,76 1,02 0,33 2,67 192,00 63,00 0,33  

10 Well A 1444,5 Longá Cuttings 0,71 1,10 0,37 2,32 194,00 60,00 0,31  
11 Well A 1459,5 Longá Cuttings 0,78 0,99 0,18 5,18 241,00 69,00 0,29  
12 Well A 1474,5 Longá Cuttings 0,61 1,32 0,23 4,05 253,00 66,00 0,26  
13 Well A 1510,5 Cabeças Cuttings 0,55 1,49 0,49 1,67 69,00 24,00 0,35  
14 Well A 1525,5 Cabeças Cuttings 0,59 1,35 0,51 1,63 135,00 33,00 0,24  
15 Well A 1540,5 Cabeças Cuttings 0,61 1,32 0,28 3,21 128,00 47,00 0,37  
16 Well A 1555,5 Cabeças Cuttings 0,41 2,04 0,34 2,58 100,00 32,00 0,32  
17 Well A 1570,5 Cabeças Cuttings 0,46 1,82 0,39 2,19 141,00 57,00 0,40  
18 Well A 1582,5 Cabeças Cuttings 0,39 2,20 0,35 2,48 129,00 49,00 0,38  
19 Well A 1609,5 Pimenteiras Cuttings 0,32 2,70 0,33 2,63 279,00 90,00 0,32  
20 Well A 1624,5 Pimenteiras Cuttings 0,37 2,34 0,28 3,15 278,00 66,00 0,24  
21 Well A 1639,5 Pimenteiras Cuttings 0,32 2,77 0,36 2,43 259,00 92,00 0,36  
22 Well A 1654,5 Pimenteiras Cuttings 0,33 2,69 0,33 2,66 420,00 126,00 0,30  
23 Well A 1831,5 Pimenteiras Cuttings 0,31 2,84 0,31 2,84 288,00 77,00 0,27  
24 Well A 1900,5 Pimenteiras Cuttings 0,28 3,15 0,20 4,68 189,00 68,00 0,36  
25 Well A 1915,5 Pimenteiras Cuttings 0,30 2,92 0,29 3,12 310,00 103,00 0,33  
26 Well A 1930,5 Pimenteiras Cuttings 0,55 1,46 0,39 2,17 207,00 63,00 0,30  
27 Well A 1935,0 Pimenteiras SWC 0,49 1,70 0,58 1,38 1110,00 285,00 0,26  
28 Well A 1960,5 Pimenteiras Cuttings 0,36 2,44 0,27 3,35 104,00 49,00 0,47  
29 Well A 1968,0 Pimenteiras SWC 0,40 2,12 0,28 3,24 537,00 139,00 0,26  
30 Well A 1975,5 Pimenteiras Cuttings 0,37 2,34 0,28 3,21 97,00 46,00 0,47  
31 Well A 1990,5 Pimenteiras Cuttings 0,39 2,21 0,35 2,48 144,00 96,00 0,67  
32 Well A 1998,0 Pimenteiras SWC 0,60 1,34 0,21 4,45 729,00 180,00 0,25  
33 Well A 2005,5 Pimenteiras Cuttings 0,38 2,28 0,28 3,17 149,00 66,00 0,44  
34 Well A 2020,5 Pimenteiras Cuttings 0,43 1,98 0,22 4,19 143,00 40,00 0,28  
35 Well A 2025,0 Pimenteiras SWC 0,40 2,13 0,37 2,35 273,00 67,00 0,25  
36 Well A 2035,5 Pimenteiras Cuttings 0,40 2,11 0,35 2,52 63,00 28,00 0,44  
37 Well A 2049,0 Pimenteiras SWC 0,66 1,19 0,31 2,87 345,00 105,00 0,30  
38 Well A 2050,5 Pimenteiras Cuttings 0,62 1,29 0,31 2,81 88,00 39,00 0,44  
39 Well A 2064,0 Pimenteiras SWC 0,57 1,41 0,24 3,76 644,00 189,00 0,29  
40 Well A 2065,5 Pimenteiras Cuttings 0,57 1,42 0,31 2,86 132,00 50,00 0,38  
41 Well A 2080,5 Pimenteiras Cuttings 0,73 1,06 0,21 4,35 126,00 38,00 0,30  
42 Well A 2082,0 Pimenteiras SWC 0,73 1,06 0,31 2,87 743,00 235,00 0,32  
43 Well A 2095,5 Pimenteiras Cuttings 0,66 1,19 0,26 3,50 82,00 42,00 0,51  
44 Well A 2097,0 Pimenteiras SWC 0,90 0,84 0,30 2,93 646,00 192,00 0,30  
45 Well A 2110,5 Pimenteiras Cuttings 1,14 0,64 0,24 3,74 56,00 29,00 0,52  
46 Well A 2115,0 Pimenteiras SWC 0,95 0,79 0,34 2,53 680,00 206,00 0,30  
47 Well A 2125,5 Pimenteiras Cuttings 1,19 0,61 0,31 2,87 120,00 36,00 0,30  
48 Well A 2130,0 Pimenteiras SWC 1,05 0,70 0,43 1,97 553,00 157,00 0,28  
49 Well A 2140,5 Pimenteiras Cuttings 0,92 0,82 0,43 1,96 57,00 35,00 0,61  
50 Well A 2155,5 Pimenteiras Cuttings 0,95 0,79 0,32 2,77 88,00 32,00 0,36  
51 Well A 2160,0 Pimenteiras SWC 1,04 0,71 0,43 1,95 841,00 241,00 0,29  
52 Well A 2170,5 Pimenteiras Cuttings 1,23 0,58 0,36 2,37 125,00 39,00 0,31  
53 Well A 2185,5 Pimenteiras Cuttings 1,07 0,69 0,35 2,52 71,00 23,00 0,32  
54 Well A 2200,5 Pimenteiras Cuttings 1,06 0,69 0,27 3,28 104,00 52,00 0,50  
55 Well A 2202,0 Pimenteiras SWC 1,14 0,64 0,44 1,88 700,00 218,00 0,31  
56 Well A 2215,5 Pimenteiras Cuttings 1,07 0,69 0,44 1,92 110,00 39,00 0,35  
57 Well A 2229,0 Pimenteiras SWC 0,98 0,76 0,29 3,12 490,00 121,00 0,25  
58 Well A 2230,5 Pimenteiras Cuttings 0,99 0,75 0,38 2,26 117,00 40,00 0,34  
59 Well A 2245,5 Itaim Cuttings N/A N/A N/A N/A N/A N/A N/A Noisy 
60 Well A 2260,5 Itaim Cuttings N/A N/A N/A N/A N/A N/A N/A Noisy 
61 Well A 2275,5 Itaim Cuttings N/A N/A N/A N/A N/A N/A N/A Noisy 
62 Well A 2290,5 Itaim Cuttings N/A N/A N/A N/A N/A N/A N/A Noisy 
63 Well A 2305,5 Itaim Cuttings N/A N/A N/A N/A N/A N/A N/A Noisy 
64 Well A 2320,5 Itaim Cuttings N/A N/A N/A N/A N/A N/A N/A Noisy 
65 Well A 2335,5 Itaim Cuttings N/A N/A N/A N/A N/A N/A N/A Noisy 
66 Well A 2350,5 Itaim Cuttings N/A N/A N/A N/A N/A N/A N/A Noisy 
1 Well B 1351,5 Poti Cuttings 0,83 0,93 0,35 2,49 88 30 0,34  
2 Well B 1366,5 Poti Cuttings 0,92 0,82 0,35 2,44 100 42 0,42  
3 Well B 1381,5 Poti Cuttings 0,64 1,24 0,22 4,19 62 25 0,40  
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4 Well B 1396,5 Poti Cuttings 0,88 0,86 0,36 2,42 68 33 0,49  
5 Well B 1411,5 Poti Cuttings 1,04 0,71 0,42 2,01 220 77 0,35  
6 Well B 1426,5 Poti Cuttings 0,90 0,84 0,39 2,17 351 131 0,37  
7 Well B 1441,5 Poti Cuttings 0,86 0,88 0,41 2,08 662 293 0,44  
8 Well B 1455,0 Poti Cuttings 0,91 0,83 0,26 3,56 150 60 0,40  
9 Well B 1456,5 Poti Cuttings 0,91 0,83 0,35 2,47 672 274 0,41  

10 Well B 1471,5 Poti Cuttings 0,58 1,38 0,44 1,88 404 141 0,35  
11 Well B 1477,5 Poti Cuttings 0,71 1,10 0,26 3,45 263 71 0,27  
12 Well B 1486,5 Longá Cuttings 0,67 1,18 0,45 1,87 601 206 0,34  
13 Well B 1501,5 Longá Cuttings 0,57 1,40 0,40 2,13 254 74 0,29  
14 Well B 1515,0 Longá Cuttings 0,74 1,05 0,23 3,95 200 77 0,39  
15 Well B 1516,5 Longá Cuttings 0,78 0,99 0,37 2,34 490 195 0,40  
16 Well B 1531,5 Longá Cuttings     88 25 0,28 very noisy 
17 Well B 1540,5 Longá Cuttings 0,68 1,15 0,17 5,79 200 56 0,28  
18 Well B 1546,5 Longá Cuttings 0,69 1,13 0,19 4,93 329 96 0,29  
19 Well B 1561,5 Longá Cuttings 0,67 1,18 0,50 1,65 288 72 0,25  
20 Well B 1576,5 Longá Cuttings 0,59 1,35 0,25 3,59 310 82 0,26  
21 Well B 1591,5 Longá Cuttings 0,57 1,41 0,43 1,98 187 60 0,32  
22 Well B 1606,5 Cabeças Cuttings 0,57 1,43 0,39 2,19 233 67 0,29  
23 Well B 1621,5 Cabeças Cuttings 0,54 1,52 0,40 2,13 189 44 0,23 noisy 
24 Well B 1636,5 Cabeças Cuttings 0,53 1,54 0,38 2,27 173 48 0,28  
25 Well B 1651,5 Cabeças Cuttings 0,49 1,70 0,32 2,77 690 215 0,31  
26 Well B 1657,5 Cabeças Cuttings 0,41 2,08 0,23 4,09 332 99 0,30  
27 Well B 1666,5 Cabeças Cuttings 0,48 1,73 0,28 3,26 826 278 0,34  

28 Well B 1681,5 Cabeças Cuttings 0,40 2,15 0,28 3,20 981 264 0,27  
29 Well B 1696,5 Cabeças Cuttings 0,28 3,18 0,28 3,18 678 227 0,33 only 1 Phase 
30 Well B 1828,5 Pimenteiras Cuttings 0,32 2,75 0,32 2,75 377 103 0,27  

31 Well B 1972,5 Pimenteiras Cuttings 0,26 3,47 0,26 3,47 944 347 0,37  

32 Well B 1971,0 Pimenteiras SWC 0,39 2,19 0,35 2,44 919 180 0,20  
33 Well B 1996,5 Pimenteiras Cuttings 0,29 3,10 0,29 3,10 217 76 0,35  
34 Well B 2011,5 Pimenteiras Cuttings 0,46 1,83 0,26 3,51 231 67 0,29  
35 Well B 2019,0 Pimenteiras SWC 0,56 1,43 0,26 3,53 762 175 0,23  
36 Well B 2021,0 Pimenteiras SWC 0,40 2,15 0,26 3,50 632 155 0,25  
37 Well B 2029,5 Pimenteiras Cuttings 0,57 1,40 0,18 5,41 204 74 0,36  
38 Well B 2026,5 Pimenteiras Cuttings 0,32 2,74 0,31 2,81 326 101 0,31  
39 Well B 2041,5 Pimenteiras Cuttings 0,58 1,39 0,34 2,54 385 120 0,31  
40 Well B 2056,5 Pimenteiras Cuttings 0,45 1,85 0,27 3,33 276 86 0,31  
41 Well B 2076,0 Pimenteiras Cuttings 0,46 1,81 0,16 6,08 142 53 0,37  
42 Well B 2071,5 Pimenteiras Cuttings 0,68 1,16 0,27 3,32 69 40 0,58  
43 Well B 2086,5 Pimenteiras Cuttings 0,54 1,51 0,22 4,13 135 55 0,41  
44 Well B 2101,5 Pimenteiras Cuttings 0,37 2,34 0,31 2,83 161 63 0,39  
45 Well B 2119,5 Pimenteiras Cuttings 0,65 1,21 0,31 2,82 212 88 0,42  
46 Well B 2116,5 Pimenteiras Cuttings 0,77 1,00 0,26 3,54 537 187 0,35  
47 Well B 2131,5 Pimenteiras Cuttings 0,83 0,92 0,29 3,13 439 146 0,33  
48 Well B 2146,5 Pimenteiras Cuttings 0,60 1,34 0,29 3,10 260 80 0,31  
49 Well B 2161,5 Pimenteiras Cuttings 0,89 0,85 0,29 3,12 191 57 0,30  
50 Well B 2176,5 Pimenteiras Cuttings 0,76 1,02 0,28 3,25 286 91 0,32  
51 Well B 2191,5 Pimenteiras Cuttings 0,94 0,79 0,31 2,82 173 61 0,35  
52 Well B 2206,5 Pimenteiras Cuttings 0,79 0,97 0,33 2,69 153 44 0,29  
53 Well B 2221,5 Pimenteiras Cuttings 0,76 1,01 0,27 3,41 282 104 0,37  
54 Well B 2236,5 Pimenteiras Cuttings 0,89 0,85 0,32 2,70 180 63 0,35  
55 Well B 2250,0 Pimenteiras Cuttings 0,96 0,78 0,21 4,45 170 60 0,35  
56 Well B 2251,5 Pimenteiras Cuttings 0,78 0,98 0,26 3,48 255 96 0,38  
57 Well B 2266,5 Pimenteiras Cuttings 0,85 0,90 0,38 2,25 104 46 0,44  
58 Well B 2281,5 Pimenteiras Cuttings 0,84 0,91 0,33 2,68 258 84 0,33  
59 Well B 2290,5 Pimenteiras Cuttings 0,83 0,92 0,30 3,01 66 27 0,41  
60 Well B 2320,5 Pimenteiras Cuttings 0,91 0,82 0,25 3,68 150 45 0,30  
61 Well B 2326,5 Pimenteiras Cuttings 0,96 0,77 0,34 2,59 70 45 0,64 very noisy 
62 Well B 2341,5 Pimenteiras Cuttings 0,83 0,92 0,32 2,78 107 48 0,45  
63 Well B 2356,5 Pimenteiras Cuttings 0,86 0,88 0,39 2,18 55 18 0,33  
64 Well B 2371,5 Itaim Cuttings 0,74 1,06 0,40 2,14 71 40 0,56  
65 Well B 2386,5 Itaim Cuttings     77 24 0,31 very noisy 
66 Well B 2392,5 Itaim Cuttings 0,93 0,81 0,28 3,17 234 66 0,28  
67 Well B 2401,5 Itaim Cuttings 0,70 1,11 0,43 1,93 88 33 0,38  
68 Well B 2416,5 Itaim Cuttings 0,84 0,91 0,18 5,31    very noisy 
69 Well B 2431,5 Itaim Cuttings         
70 Well B 2446,5 Itaim Cuttings 0,64 1,25 0,39 2,19 55 36 0,65   

1 Well C 1309,5 Poti Cuttings 0,51 1,62 0,29 3,11 137 43 0,31  
2 Well C 1327,5 Poti Cuttings 0,45 1,87 0,23 4,07 372 115 0,31  
3 Well C 1345,5 Poti Cuttings 0,37 2,34 0,27 3,28 144 41 0,28  
4 Well C 1363,5 Poti Cuttings 0,34 2,54 0,35 2,50 28 35 1,25 

10Ã very 
low 
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5 Well C 1510,5 Poti Cuttings 0,23 3,95 0,25 3,73 70 29 0,41 5Ã very low 
6 Well C 1525,5 Poti Cuttings 0,24 3,78 0,28 3,17 88 27 0,31 5Ã very low 
7 Well C 1540,5 Poti Cuttings 0,29 3,13 0,26 3,56 75 24 0,32  
8 Well C 1555,5 Poti Cuttings 0,37 2,36 0,37 2,36 58 31 0,53  
9 Well C 1591,5 Poti Cuttings 0,36 2,40 0,26 3,47 52 30 0,58 10Ã/5Â low 

10 Well C 1606,5 Longá Cuttings 0,41 2,05 0,24 3,82 97 34 0,35  
11 Well C 1621,5 Longá Cuttings 0,39 2,22 0,31 2,80 114 59 0,52  
12 Well C 1636,5 Longá Cuttings 0,38 2,24 0,34 2,56 123 52 0,42  
13 Well C 1651,5 Longá Cuttings 0,45 1,88 0,29 3,11 107 52 0,49  
14 Well C 1666,5 Longá Cuttings 0,50 1,66 0,31 2,80 123 65 0,53  
15 Well C 1681,5 Longá Cuttings 0,42 2,01 0,41 2,06 81 37 0,46  
16 Well C 1696,5 Cabeças Cuttings 0,54 1,52 0,33 2,69    10Ã/5Â low 
17 Well C 1711,5 Cabeças Cuttings        10Ã/5Â low 
18 Well C 1726,5 Cabeças Cuttings 0,44 1,93 0,39 2,20 90 30 0,33  
19 Well C 1741,5 Cabeças Cuttings 0,50 1,64 0,45 1,86 69 24 0,35  
20 Well C 1756,5 Cabeças Cuttings 0,52 1,56 0,24 3,78 54 25 0,46  
21 Well C 1771,5 Cabeças Cuttings     39 30 0,77 10Ã/5Â low 
22 Well C 1786,5 Cabeças Cuttings 0,51 1,62 0,30 2,94 35 64 1,83  
23 Well C 1801,5 Cabeças Cuttings 0,47 1,75 0,28 3,17 45 38 0,84  
24 Well C 1816,5 Cabeças Cuttings 0,57 1,43 0,22 4,31 58 39 0,67 10Ã/5Â low 
25 Well C 1821,0 Cabeças SWC 0,63 1,25 0,25 3,61 69 26 0,38  
26 Well C 1831,5 Pimenteiras Cuttings 0,59 1,36 0,21 4,47 98 70 0,71  
27 Well C 1846,5 Pimenteiras Cuttings 0,52 1,59 0,32 2,72 63 31 0,49  
28 Well C 1861,5 Pimenteiras Cuttings 0,49 1,68 0,29 3,06 79 32 0,41  
29 Well C 1866,0 Pimenteiras SWC 0,47 1,77 0,29 3,08 105 38 0,36  
30 Well C 1876,5 Pimenteiras Cuttings 0,49 1,70 0,27 3,33 148 67 0,45  
31 Well C 1891,5 Pimenteiras Cuttings 0,45 1,85 0,29 3,12 255 99 0,39  
32 Well C 1909,5 Pimenteiras Cuttings 0,49 1,69 0,31 2,89 357 133 0,37  
33 Well C 1917,0 Pimenteiras SWC 0,48 1,72 0,23 4,01 307 86 0,28  
34 Well C 1924,5 Pimenteiras Cuttings 0,48 1,74 0,31 2,86 261 96 0,37  
35 Well C 1939,5 Pimenteiras Cuttings 0,45 1,85 0,38 2,26 142 56 0,39  
36 Well C 1954,5 Pimenteiras Cuttings 0,54 1,50 0,23 4,03 131 44 0,34  
37 Well C 1962,0 Pimenteiras SWC 0,43 1,94 0,24 3,80 96 40 0,42  
38 Well C 1969,5 Pimenteiras Cuttings 0,43 1,94 0,41 2,09 179 68 0,38  
39 Well C 1984,5 Pimenteiras Cuttings 0,49 1,70 0,34 2,55 161 51 0,32  
40 Well C 1999,5 Pimenteiras Cuttings 0,43 1,94 0,35 2,44 235 75 0,32  
41 Well C 2007,0 Pimenteiras SWC 0,53 1,53 0,34 2,55 184 56 0,30  
42 Well C 2014,5 Pimenteiras Cuttings 0,40 2,12 0,39 2,16 140 31 0,22  
43 Well C 2022,0 Pimenteiras SWC 0,43 1,96 0,38 2,26 548 150 0,27  
44 Well C 2026,5 Pimenteiras Cuttings 0,41 2,07 0,36 2,37 241 62 0,26  
45 Well C 2062,5 Pimenteiras Cuttings 0,33 2,64 0,36 2,42 400 119 0,30  
46 Well C 2077,5 Pimenteiras Cuttings 0,43 1,96 0,40 2,11 219 57 0,26  
47 Well C 2088,0 Pimenteiras SWC 0,54 1,52 0,46 1,79 163 40 0,25  
48 Well C 2092,5 Pimenteiras Cuttings 0,36 2,38 0,30 2,95 188 64 0,34  
49 Well C 2107,5 Pimenteiras Cuttings 0,36 2,38 0,30 3,01 352 116 0,33  
50 Well C 2125,5 Pimenteiras Cuttings 0,35 2,47 0,32 2,79 352 90 0,26  
51 Well C 2134,5 Pimenteiras Cuttings 0,35 2,48 0,34 2,56 193 58 0,30  
52 Well C 2173,5 Pimenteiras Cuttings 0,41 2,05 0,26 3,50 263 83 0,32  
53 Well C 2175,0 Pimenteiras SWC 0,38 2,23 0,25 3,61 294 86 0,29  
54 Well C 2185,5 Pimenteiras Cuttings 0,37 2,30 0,28 3,18 130 30 0,23  
55 Well C 2200,5 Pimenteiras Cuttings 0,39 2,18 0,38 2,27 514 133 0,26  
56 Well C 2215,5 Pimenteiras Cuttings 0,41 2,06 0,29 3,07 412 117 0,28  
57 Well C 2230,5 Pimenteiras Cuttings 0,34 2,53 0,31 2,86 356 99 0,28  
58 Well C 2232,0 Pimenteiras SWC 0,50 1,64 0,24 3,80 311 81 0,26  
59 Well C 2245,5 Pimenteiras Cuttings 0,39 2,21 0,27 3,38 211 60 0,28  
60 Well C 2247,0 Pimenteiras SWC 0,35 2,46 0,22 4,15 248 54 0,22  
61 Well C 2260,5 Pimenteiras Cuttings 0,37 2,33 0,29 3,06 328 99 0,30  
62 Well C 2259,0 Pimenteiras SWC 0,37 2,34 0,25 3,71 346 112 0,32  
63 Well C 2281,5 Pimenteiras Cuttings 0,33 2,64 0,33 2,66 279 78 0,28  
64 Well C 2296,5 Pimenteiras Cuttings 0,36 2,43 0,32 2,72 254 99 0,39  
65 Well C 2301,0 Pimenteiras SWC 0,37 2,34 0,36 2,41 226 61 0,27  
66 Well C 2311,5 Pimenteiras Cuttings 0,35 2,50 0,34 2,58 171 57 0,33  
67 Well C 2326,5 Pimenteiras Cuttings 0,35 2,47 0,30 2,92 227 76 0,33  
68 Well C 2337,0 Pimenteiras SWC 0,40 2,10 0,28 3,22 267 86 0,32  
69 Well C 2341,5 Pimenteiras Cuttings 0,36 2,39 0,28 3,16 318 124 0,39  
70 Well C 2356,5 Pimenteiras Cuttings 0,32 2,78 0,32 2,73 449 148 0,33  
71 Well C 2364,0 Pimenteiras SWC 0,33 2,67 0,20 4,62 274 74 0,27   

Table 7 - Results of Kubler index for Illite and Muscovite Phase at decomposed peaks measured at natural 
clay fraction, conversion from KI to equivalent %Ro, Intensity measured at 10Â and % Â peaks and Esquevin 
Index for the 207 samples analyzed at wells A, B and C. 
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The semi-quantitative results of the XRD data from total powder and clay fractions 

were also calculated and are presented in the Figure 49, Figure 50 and Figure 51.The 

XRD results were analyzed using a semi-quantitative approach following the minerals 

present in the whole rock carried out from the intensity of the main peak for each mineral 

(Schultz, 1964 modified with own standards - Moore and Reynolds, 1997). The estimation 

of the mineralogical components has a methodological error ca. 10%. The crystallinity of 

clay minerals was deduced from the shape and sharpness of the XRD peaks (Brindley 

and Brown, 1980). The semi-quantitative estimations of the relative concentrations of clay 

minerals were based on the peak area method following the methodology from Biscaye 

(1965). The response of mineral species to sedimentation depends on the form of the 

particles (Pierce, 1969); for that reason, each mineral proportion is not directly proportional 

to the defined areas. The relative percentages of each clay mineral were determined by 

applying empirical factors (Moore and Reynolds, 1997).  
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Figure 49 - Semi quantitative results from total powder and clay fractions from well A samples. Legend for 
total powder fraction: Qz= quartz, K Felds= K Feldspars, Plag= Plagioclase, Ca= Calcite, Dol= Dolomite, 
Sid= Siderite, Py= Pyrite, Pf= Pyrophyllite, Oth= Others, Clay= Clay. Legend for clay fraction: I/M= Illite or 
Mica, I/S Interstratified Illite-Smectite, Sm= Smectite, Cl= Chlorite, K= Kaolinite. 
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Figure 50 - Semi quantitative results from total powder and clay fractions from well B samples. Legend for 
total powder fraction: Qz= quartz, K Felds= K Feldspars, Plag= Plagioclase, Ca= Calcite, Dol= Dolomite, 
Sid= Siderite, Py= Pyrite, Pf= Pyrophyllite, Oth= Others, Clay= Clay. Legend for clay fraction: I/M= Illite or 
Mica, I/S Interstratified Illite-Smectite, Sm= Smectite, Cl= Chlorite, K= Kaolinite. 
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Figure 51 - Semi quantitative results from total powder and clay fractions from well C samples. . Legend for 
total powder fraction: Qz= quartz, K Felds= K Feldspars, Plag= Plagioclase, Ca= Calcite, Py= Pyrite, Pf= 
Pyrophyllite, Oth= Others, Clay= Clay. Legend for clay fraction: I/M= Illite or Mica, I/S Interstratified Illite-
Smectite, Sm= smectite, Cl= Chlorite, K= Kaolinite. 
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4.4. Petroleum System Modeling Results 
 

4.4.1. Impacts of PSM results due to implementation of compositional kinetics scheme 
for Pimenteiras Formation 

 

The analysis of kinetics of the Pimenteiras Formation organic rich levels A (Well B) 

and C (Well D) lead to some important achievements to understand the process of 

transformation of the Type II marine kerogens in petroleum. The analysis of kerogens 

revealed that the part composition of the maceral assemblage is an algae called alginite 

with significant contribution of amorphous organic matter and traces of vitrinite.  

This singles algae contribution led to a very narrow distribution of the activation 

energies, between 50 to 55 kcal/mol, with a single peak of the generation, as show in the  

Figure 48 E. The Pimenteiras SR Level C has a single peak at 52kcal/mol (Figure 48- D), 

while the Pimenteiras SR Level A has a distribution between 50 to 60, with main peak 

centered at 55 kcal/mol (Figure 48 - E). The transformation ratio versus temperature 

curves of the Pimenteiras samples are in general less reactive in comparison with 

classical Type II marine kinetics from Woodford Shales (Devonian of USA/Canada) for 

example, a common kinetics available in commercial packages (Figure 48 A). 

The new compositional kinetic, for primary cracking,  for the Pimenteiras formation 

was tested by Lopes and Mio, (2023) and Mio et al., (2023) in 2D PSM models and shows 

relevant differences in hydrocarbon column height and in the predicted composition of 

expected hydrocarbons in PSM simulations (Figure 52). 

The results were fully implemented in high resolution 3D PSM model 01 (100x100m 

of grid cell size - Figure 32) and the simulations shows the strong impact of the use of new 

kinetic parameters on source rock maturation ( Figure 53). The transformation ratio at the 

three organic-rich levels in the model (Pimenteiras SR´s A, B and C) are significantly less 

evolved when compared with the model ran with the Woodford Shale kinetics, especially 

in the lower levels (SR A and B) that are far from the diabase intrusions. This effect is 

caused by the differences in reactivity (Activation Energies - Ea´s) showed in the Figure 

48, considering the kinetic parameters for the two analyzed samples. 
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Figure 52 – Implementation of kinetic parameters of the Pimenteiras formation into 2D PSM. A) Impacts on 
hydrocarbon composition prediction in a 2D model ran with Woodford Shale Kinetic (left), and Pimenteiras 
Formation Kinetic (right) with composition close to the PVT data from the fields (adapted from Lopes and 
Mio, 2023). B) Impact in hydrocarbon column height and composition of expected accumulations in the PSM 
2D model in the northern part of the Parnaíba Basin (Figure 32), adapted from Mio et al., (2023). 
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 Figure 53 – Impact of the use of distinct kinetics scheme on Transformation Ratio of source rock in the 
3D PSM (Model 01).  Upper line: using the new kinetic parameters for the Pimenteiras formation and the 
impact at SR level A (left), SR Level B (middle) and SR Level C (right); Lower Line using classical Woodford 
Shale Kinetics from Petromod library. 

 

4.4.2. Smectite to Illite calculation in PSM Models 
 

After the incorporation of the new acquired data od vitrinite reflectance, 54 samples 

on the wells A, B and C (Table 1), the 1D PSM model were thermally calibrated and some 

results of Smectite-to-illite transformation became available to be discussed. Since the 

PSM models incorporate the temperature and pressure conditions of any point in the basin 

all along the basin evolution it is possible to incorporate any algorithm which calculation 

depends on these values. 

Petromod@ incorporates two different models of illite to smectite transformations 

and the more robust is the model proposed by Pytte, (1982) and Pytte and Reynolds, 
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(1988) who described a sixth order kinetic reaction incorporating both, the time-

temperature variations and the chemical equilibrium between K and Na (Equation 8). 

Considering that one of the objectives of this research is to recognize and define 

an inorganic paleothermometer, in the range of the anqui-metamorphism, it is important 

to define if the Pimenteiras Formation and surrounding formations have reached the 

minimum conversion rate of detrital smectite into the diagenetic and/or metamorphic illite. 

The 1D PSM simulations at wells A, B and C, show that Pimenteiras formation is 

entirely inside of a range of more than 80% of I/S conversion (Figure 54). The analysis of 

the complete profile vs depth indicates that part of conversion is due to burial (from surface 

to 1500m in wells A and B and from surface to 500 m in well C) while part of the conversion 

is related to diabase intrusions. 

 In well C, the configuration of positioning and thickness lead to more than 75% of 

I/S conversion from 500 m to below and there is no tendency to return to the burial trend  

at the bottom of the well, since there is a series of intrusions inside of the Pimenteiras 

Formation at this well (Figure 54). 

In wells A and B, there is a gradual increase in I/S until the 1500m, where the 

intrusive sills became thick, inside of the Pimenteiras Formation. From 2000 m towards 

the bottom of the wells it is possible to note a decrease in I/S and the tendency of the 

profile to return to the burial trend. 

The same exercise was done into a highly refined 3D PSM model (3D PSM Model 

01 – 100x100m of grid cell size) where the vitrinite reflectance data was also incorporated 

and the previous 1D PSM thermal calibration was applied in the model. The same thermal 

parameters were used in the setup, including basal heat flow, boundary conditions, 

thermal properties, and age of the intrusions. 

The results of 3D PSM (Figure 55) demonstrates that the Pimenteiras Formation 

encompasses enough smectite to illite conversion (more than 80%) enabling the use of 

the Illite Crystallinity Index or Kubler Index (Kubler, 1964) as a potential paleo 

thermometer to be used in conjunction with vitrinite reflectance data. 
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Figure 54 – Percent of smectite to illite conversion along the three studied wells, performed through 1D PSM 
in Petromod@ using the sixth order kinetics scheme proposed by Pytte and Reynolds (1988). The whole 
Pimenteiras Formation is inside a range of more than 80% of I/S conversion rate. 

 

 
Figure 55 – 3D PSM Model 01 with the calculation of percent for smectite to illite transformation (Pytte and 
Reynolds, (1988) and the reflectance of vitrinite (Easy %Ro). 
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5. DISCUSSION 
 

5.1. The characterization of organofacies and the implication of the kinetic parameters 
on the Pimenteiras Formation. 

 

Optical microscopy revealed that alginite is one of the predominant maceral in all 

samples investigated, together amorphous O.M.. The presence of selectively preserved 

algal organic matter is the cause for Ea distributions to be dominated by a single potential 

that accounts for at least 70% of the bulk reaction in all cases. Such narrow Ea 

distributions are classically associated with homogenous, lacustrine source rocks, but 

marine alginites also often show this feature, e.g., the Ordovician Goldwyer Formation, 

Austrália, whose sequence I is characterized by the presence of large fractions of 

selectively preserved lipids derived from Gloeocapsomorpha prisca (G. prisca) Johnson 

et al. (2020). Other examples of narrow Ea´s for Type II marine source rocks are 

presented by Peters et al. (2006) The systematics of physical properties as determined 

by the PhaseKinetics approach are also in line with marine Type II kerogen containing 

source rocks in that pyrolysis products are much more gas prone than the typical waxy 

decomposition products of lacustrine algal derived kerogens and in that GOR and Psat 

values gradually increase with increasing maturation level (Figure 47).  

Cumulative fluids generated from sample 20189 fall within the black oil class over 

the primary kerogen conversion range up to the conversion level TR 50%. Values 

indicating the beginning of volatile oil (Psat > 200 bars and GOR > 160 Sm3/Sm3) are 

reached at TR 70%. GOR and Psat values gently evolve from ~50 Sm3/Sm3 and ~100 

bar at 10% TR to ~175 Sm3/Sm3 and ~190 bar at 70% TR. At 90% TR the cumulative 

GOR and Psat quickly reach values of ~250 Sm3/Sm3 and ~220 bar (Mahlstedt and 

Horsfield, 2023). Taking instantaneous compositions into account, i.e., compositions 

generated between two TR levels calculated simply by subtraction of yields of the lower 

TR experiment from yields of the higher TR experiment, volatile oil is generated already 

from 30% TR on onwards over the entire primary kerogen conversion range (Figure 47). 

In contrast to the original PhaseKinetics approach published by di Primio and Horsfield 

(2006), these instantaneous yields are used to build all compositional models as 
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prediction of the physical properties of expelled and cumulatively reservoired fluids is 

improved especially at higher thermal maturity levels.  

The evolution of the physical properties of fluids generated from sample 20170 is 

more extreme. Cumulative fluids fall into the black oil class only at the conversion level 

TR 10%, into the volatile oil class from 30 to 50% TR, and into the condensate class 

exceeding 70% TR. Taking instantaneous compositions into account condensate is 

generated already from 30% TR on onwards over the entire primary kerogen conversion 

range (Figure 47), (Mahlstedt and Horsfield, 2023). This evolution is not in concordance 

with the samples mixed base low wax oil generation potential under open-system pyrolysis 

GC conditions and does not reproduce the natural behavior of typical marine Type II 

kerogen containing organic matter. There is some evidence though that generation of 

CO2 or H2O from the decomposition of mineral matter (e.g., siderite or smectite) leads to 

oxidation and aromatization of primarily generated organic compounds and finally to the 

formation of char and gas under the closed-system MSSV-pyrolysis conditions. The 

relevance of these interactions in a geological context is nevertheless completely unclear 

(Mahlstedt and Horsfield, 2023).  

Thus, a compositional kinetic model was developed using the cumulative 

pyrolysate composition at 30% TR (prior to the severe impact of secondary reactions 

induced by mineral matter decomposition) to populate the single activation energy 

potential of the samples kinetic scheme (Figure 47). In the PhaseKinetics approach 

cumulative yields are used to populate the first potential of the Ea distribution and 

instantaneous compositions for each subsequent potential. As only one potential is 

present in the case of the Pimenteiras sample 20170, the cumulative composition is 

justified. 
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5.2. The implementation of the Pimenteiras kinetics and the comparison of     
modeling results with the Woodford Shale kinetics. 

 

The atypical petroleum system of the Parnaíba Basin encompasses a significant 

number of uncertainties that must be appropriately managed to avoid a low level of 

predictability in these studies. Recent research on important parameters such as tectonics 

and basin evolution (Daly et al. 2018; Watts et al. 2018) the age, composition, and thermal 

properties of magmatism (Aragão, 2020; Heilbron et al. 2018; Lopes, 2019; Lopes et al.  

2021; Miranda, 2014 and Miranda et al. 2016), thermal calibration parameters (Mio, 2022 

and Mio et al. 2023) and specific kinetic definition (Lopes and Mio, 2023 and Mio et al. 

2023) have been developed in the Parnaíba Basin and has contributed to reducing of the 

number of unknowns and the level of uncertainty in the numerical simulations.  

In the Parnaíba Basin, previous petroleum system evaluation and modeling studies 

were carried out mainly focusing on the impact of heat transfer throughout the basin and 

in the mechanisms of magma emplacement (i.e., age, composition and sequence of 

magma emplacement (Aragão, 2020; Lopes et al. 2021; Michelon, 2020; Milani and Zalán 

1999; Miranda et al. 2016 and 2018). These petroleum system modeling studies 

considered generic kinetic parameters, such as those by Pepper and Corvi (1995) and 

the Woodford Shale (Hantschel and Kauerauf, 2009) as analogous to the Devonian 

source rocks. 

Preliminary results of the new compositional kinetics for the Pimenteiras Formation, 

using the analysis from the sample 20189 (kinetic parameters of ORL A – Well B), were 

initially tested by Lopes and Mio (2023) and Lopes et al. (2021) in 2D PSM models in the 

central part of the Parnaíba Basin. These tests revealed significant differences in 

hydrocarbon column height and the predicted composition of hydrocarbons in PSM 

simulations. These authors assumed the kinetic parameters of sample 20189 into the A, 

B, C, and D ORL´s in these studies, and tested the impact at a known gas field with a 

methane gas content of 70%. The results show that the predicted content of C1 was 

reduced from 81%, using Woodford Shale kinetics to 77% with the new kinetics (Figure 

52). The predicted column heights changed from about 30 m using Woodford Shale to 
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around 10 m using the Pimenteiras kinetic parameters. The results are much closer to the 

gas composition of the field. 

In this study, the definition of a consistent and more precise kinetic scheme for the 

Devonian Pimenteiras formation (organic-rich levels A, B, C, and D), was supported by 

the FSM and implemented into a 3D PSM simulator. Numerical modeling simulations 

demonstrate a significant impact when comparing the use of the Devonian Shale generic 

kinetic library (e.g., Woodford Shale) and the Pimenteiras kinetics, as observed in Table 

8. This is evident not only in the lateral variation of maturity but also in the vertical 

distribution of maturity and hydrocarbon generation. Simulation Scenarios A and B are 

presented int the Figure 56. 

 

Figure 56 - Experimental design of the 3D Petroleum System Modeling simulations showing the geological 
model used (left), the three-dimensional result of the predicted vitrinite reflectance (center) and the detail of 
the Well 01 ORL´s A, B and C, coupled with thermal calibration using vitrinite data and illite crystallite index. 
Experiments A and B employed different kinetics assignments as described in the text, and their results 
were compared. 

The coupled effect of the: 1) the differences in the compounds generated in each 

activation energy classes (Figure 48) and, 2) substantial differences in the  maturity of the 

source rock due to the distance between the ORL´s to the heating source (diabase sills) 

( Figure 53 and Figure 56), will lead to significant differences in several parameters and 

outputs of petroleum system modeling. Important differences in timing and amount of 
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source rock maturation are expected as well as in the type, phase and quantities of 

predicted hydrocarbons. 

In this study, the analysis focused specifically on the impact of kinetic scheme 

specifically defined for the Pimenteiras Formation on transformation ratio of organic matter 

on the masses of generated hydrocarbons and the distribution of these masses along the 

area of the 3D model for each modeled organic-rich interval.  

The area of the 3D PSM model is situated north of the Parnaíba Basin and has 

been explored for conventional oil and gas, resulting in several discoveries. It is important 

to note that interest in the unconventional production of shale oil and gas has recently 

been on the rise despite the unclear legislative regulations governing this exploration 

method in Brazil. This area has a significant change in the sill intrusion configuration from 

east to west. In the eastern part, where the well is located, a massive intrusion of diabase 

sill occurs at the top and  middle of the Pimenteiras Formation, near to ORL´s D and C, in 

contrast, in the west, the sills are more concentrated near the top (ORL D -Figure 44 and  

Figure 56).  

This configuration and the resulting distance from the thermal source led to a 

decrease in the hydrocarbon transformation ratio of ORL´s B and A. The further the source 

rock is from the thermal influence of the diabase sills, the fewer hydrocarbons are 

generated from the source rock. This effect is evidenced in the transformation ratio of the 

source rock, as shown in  Figure 53, where in the northeast area ORL´s C and B are 

almost 100% transformed, while in the southwest area, ORL C is less transformed with a 

lower transformation ratio, and ORL´s B and A are nearly immature.  

The numerical results presented in the Table 8 show percentage differences of -

61.8% -17.2 % and -0.8 % when comparing the average transformation ratio of the 

Pimenteiras kinetics with Woodford for ORL´s A, B, and C, respectively. At the level of 

ORL C, the difference of -0.8 % can be considered negligible since the source rock is 

almost totally transformed (90.18 % versus 89.50 % of average TR). However in ORL A, 

at the base of the Pimenteiras Formation and far from the heating source the differences 

are significant, with 42.35 % of average TR using Woodford versus 16.17 % using the 
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Pimenteiras kinetics, resulting in a total difference of -61.8% between the modeled 

scenarios (Table 8 and  Figure 53).  

These results indicate that the source rock, located far from the heating source, did 

not reach sufficient conditions for the generation and expulsion of hydrocarbons when 

modelled with a most precise kinetic scheme. Additionally, the southwest part of the 3D 

PSM exhibits TR values near zero at ORL´s A and B, showing adequate generation 

conditions only in ORL C ( Figure 53). The differences in transformation ratio directly reflect 

on the hydrocarbon’s masses generated and their different compounds. Additional 

simulations were carried out using 4 Compounds kinetic parameters and the generated 

masses were grouped in Gas (Methane + C1 to C5 Compounds), Oil (C6 toC15 and C15+) 

and Bulk (Oil + Gas) products. The bulk composition masses (Table 8 and Figure 57) 

show results consistent with the transformation ratios for ORL´s A, B, and C. For ORL A, 

the total generated masses for oil and gas were 3.82 MM tons using the Woodford Shale 

compared to 1.28 MM tons using the Pimenteiras kinetics, representing a decrease of 

66.8 % in the expected potential of generated hydrocarbons. This trend of variation in 

potential between Scenario A and B is similar for the generated masses of oil (Figure 58 

and Table 8). Comparing the masses from the Woodford scenario to the Pimenteiras 

scenario, differences of -70.3%, -36.9% and -23.2% were observed for ORL´s A, B, and 

C, represented by oil masses of 3.29, 11.35 and 42.94 MM tons using the Woodford 

kinetics and 0.98, 7.16 and 32.99 MM tons with the Pimenteiras kinetics. 
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Parameter Organic Rich Level Scenario A     
PIM * 

Scenario B 
WS * 

Diff 
(%)** 

Transformation Ratio (%) 
ORL A 16,17 42,35 -61,8 

ORL B 54,73 66,06 -17,2 

ORL C 89,50 90,18 -0,8 

Bulk Generated Masses (Oil + Gas) 
along the 3D PSM Model (MM 

Tons) 

ORL A 1,28 3,82 -66,6 

ORL B 10,99 13,65 -19,5 

ORL C 51,83 52,44 -1,2 

Bulk Generated Masses (Oil + Gas) 
(Tons per sqkm) 

ORL A 7555,00 22610,00 -66,6 

ORL B 65050,00 80808,00 -19,5 

ORL C 306674,00 310343,00 -1,2 

Generated Masses of Gas along the 
3D PSM Model (MM Tons) 

ORL A 0,22 0,52 -58,8 

ORL B 2,70 2,30 17,3 

ORL C 10,50 9,49 10,6 

Generated Masses of Gas (Tons per 
sqkm)  

ORL A 1275,00 3095,00 -58,8 

ORL B 15955,00 13598,00 17,3 

ORL C 62183,00 56205,00 10,6 

Generated Masses of Oil along the 
3D PSM Model (MM Tons) 

ORL A 0,98 3,29 -70,2 

ORL B 7,16 11,35 -36,9 

ORL C 32,99 42,94 -23,2 

Generated Masses of Oil (Tons per 
sqkm) 

ORL A 5809,00 19514,00 -70,2 

ORL B 42436,00 67209,00 -36,9 

ORL C 195197,00 254138,00 -23,2 

* PIM - Pimenteiras Fm. Kinetic Scheme - WS - Woodford Shale Kinetic Scheme      
 

** (PIM/WS)-100%    
 

 

Table 8 - Differences in 3D PSM simulations results using the Woodford Shale and Pimenteiras kinetic 
schemes for transformation ratio, generated masses of oil and gas and oil+gas (bulk) for the organic rich 
levels A, B and C of the Pimenteiras Formation, Parnaíba Basin. Values are presented in Million of Tons for 
the whole area of the 3D PSM (169 sqkm) and in tons per square kilometer. Transformation ratio is 
expressed as the average along the whole model (100x100 m cell size – totalizing 17100 cells per interval). 

 

The results from compositional simulations also revealed significant differences in 

the masses of generated gas (Table 8 and Figure 59). For the basal level OLR A, the 

differences are -55.8 % (0.51 MM tons for Woodford versus 0,22 MM tons for 

Pimenteiras), consistent with the transformation ratio and bulk generated masses. 
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However, for the ORL´s B and C there is an inversion in the potential, with Pimenteiras 

Scenario contributing with more amount than Woodford Scenario, showing a positive 

difference of 17.3 % for ORL B and 10.6 % for ORL C (2.3 and 9.49 MM Tons for  B and 

C from Woodford versus 2.7 and 10.50 MM tons from Pimenteiras). This difference is 

mainly due to the variation in the main activation energy peak from 52 kcal/mol at 

Pimenteiras ORL C to 55 kcal/mol for Pimenteiras ORL A, associated with the distance 

from the heating source and a higher GOR of the main Ea potential of the Pimenteiras 

compositional kinetics compared to the Woodford kinetic potentials. 

 

Figure 57 - Simulation results of generation mass of oil + gas (bulk generation) in the 3D PSM.  Upper line: 
using the new kinetic parameters for the Pimenteiras formation and the impact at ORL A (left), ORL B 
(middle) and ORL C (right); Lower Line using Woodford Shale Kinetics from Petromod library (Hantschel 
and  Kauerauf, 2009). 
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Figure 58 - - Simulation results of generation mass of oil in the 3D PSM.  Upper line: using the new kinetic 
parameters for Pimenteiras formation and the impact at ORL A (left), ORL B (middle) and ORL C (right); 
Lower Line using Woodford Shale Kinetics from Petromod library (Hantschel and Kauerauf, 2009). 
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Figure 59 - Simulation results of generation mass of gas in the 3D PSM.  Upper line: using the new kinetic 
parameters for Pimenteiras formation and the impact at ORL A (left), ORL B (middle) and ORL C (right); 
Lower Line using Woodford Shale Kinetics from Petromod library (Hantschel and Kauerauf, 2009). 
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5.3. The use of Kubler Index from decomposed Illite fraction as support of the 
reflectance of vitrinite in the atypical petroleum systems modeling. 
 

The use of variation of clay mineral crystallinity has been extensively used to 

determine a certain grade of metamorphism on metasedimentary rocks since the first 

establishment in 1964 and 1967 in the classic papers of Bernard Kubler (Kubler 1964 and 

Kübler (1967), who stated “ Qualitatively, the crystalline structures become purified, their 

X diffractions diagrams become more complete and their streak profile becomes more 

tapered”. During the early diagenesis, initial smectite, detrital or from volcanic glass origin, 

undergoes progressively transformation to illite in temperatures near to 90 °C (Frey and 

Robinson, 1999). During the late diagenesis to early anchizone, thin packets of bedding-

parallel authigenic illite are gradually replaced by larger crystals of muscovite. These 

crystals of muscovite continue to evolve into larger and mature muscovite in response to 

a continuous increase in temperature and pressure (Frey and Robinson, 1999).  

The process of smectic/illite/muscovite transformation from diagenesis to epizone 

was fully described in literature along the time( Brigatti and Guggenheim, 2002; Ferreiro 

Mählmann et al. 2024; Frey and Robinson, 1999; Guggenheim et al. 1995; Johnson et al. 

2020; Mählmann and  Frey, 2012; Mullis et al. 2017; Stern et al. 1991; Warr and Ferreiro 

Mählmann, 2015a and 2015b), including the recognizing on XRD diffractogram patterns, 

the standardization of Kubler Index measurements, and the correlation with organic matter 

thermal parameters as vitrinite reflectance and bitumen reflectance.  

The techniques of low-grade metamorphism recognizing and quantification were 

extensively studied in the Alps areas, a regional diagenesis to low-medium grade of 

metamorphism,  by authors as Frey and Robinson (1999),  Kubler (1964),  Kübler (1967), 

Mählmann and Frey (2012), Mullis et al. (2017), Stern et al. (1991) Warr and Ferreiro 

Mählmann (2015a), and extended for other author to different areas and geological 

contexts as Campos et al. (2015), Elizabeth Garduño-Martínez et al. (2015), Pytte (1982),  

Pytte and Reynolds (1988) and Santos (2017). 
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The process of conversion of smectite into illite from the point of view of kinetic 

process, using pressure and temperature variations along the time was better explored 

and described by Pytte (1982), e Pytte and Reynolds (1988) and Reynolds (1980). These 

authors described a continuous process of transformation of I/S pairs to pure illite phase. 

And these authors introduce the use of illite crystalline in contact metamorphism settings. 

The challenge of quantification of this process on XRD data consists of the 

separation of the intermediate phases from the end members (smectite, illite and 

muscovite) at the main peak of illite/muscovite micas at ~10Â (~ 8.8 °2θ), since during this 

kinetic transformation different stages/phases can coexist. The most relevant advances 

in that field of research were made by Lanson (1997), Lanson et al. (1998), Lanson and 

Champion (1991) and Lanson and Velte (1992). Lanson and Velte (1992), studying clay 

diagenetic evolution in the Paris Basin, developed a technique of decomposition of X-Ray 

diffraction patterns to better measure the KI at each of I/S or pure illite/muscovite phase, 

through a software called DecompXR, where it is possible to load XRD diffractogram data 

into the interest interval (in this study from 3.5 to 10.5 °2θ), adding manually some 

predicted  peak phases (eg. illite, chlorite, muscovite, pyrophyllite, talc) and perform an 

automatic adjustment of the decomposed peaks with measured data. 

In the present research work, the peaks of the 207 samples (Table 2) were 

decomposed into de interval from 3,5 to 10  of clay fraction diffractogram using the 

DecompXR software Lanson and Velte (1992), the Kubler Index (Full width at half 

maximum – FWHM, Kübler, 1967) was measured on the peaks of illite and muscovite 

phases. These values of KI were converted to equivalent vitrinite reflectance using an 

exponential adjustment of the KI-Ro pairs (Ki-Ro Illite and KI-Ro Muscovite) proposed by 

Mählmann and Frey (2012), as shown in Figure 31. The Kübler Index values of converted 

equivalent vitrinite reflectance (Ki-Ro Illite and KI-Ro Muscovite) were compared with the 

measured vitrinite reflectance (Table 4) and with the calculated vitrinite reflectance (From 

1D PSM – Easy Ro - Sweeney et al. 1995). Figure 60 shows the comparison between the 

XRD decomposed phase of illite, converted to equivalent vitrinite (KI-Ro Illite), yellow 

diamonds in the graph, with measured range of vitrinite (minimum, average and maximum 

- red circles) showing a good correlation along the profile of well A. The points of illite 
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show the increase of thermal stress and consequently increase in values of measured 

vitrinite and 1D PSM calculated %Ro (small dark red points) nearby to diabase intrusions. 

The values of calculated vitrinite at 1300m are around 0.7 %Ro increasing to 4.0 %Ro in 

the top of the diabase main sill (~1680m), this tendency is followed by the measure vitrinite 

and illite KI-Ro from illite. The whole interval from 1680 to 1900 m, is intruded by several 

diabase sills, and the calculated vitrinite reaches the maximum of 4.0 (threshold of 

Petromod calculation). From the 1900m to the bottom of the well A there is a decrease of 

thermal stress, and the tendency of all thermal parameters returns to a “burial” pattern. 

The data of measured vitrinite shows the return of the curve to values of vitrinite around 

0.7-0.8 %Ro, followed by the calibrated results of modelled %Ro and for the values of the 

illite phase equivalent vitrinite (KI-Ro Illite). In the top right of Figure 60 the results of all 

decomposed peaks for illite, muscovite and chlorite are presented. The smectite/illite and 

muscovite peaks are in the interval from 8.0 to 8.6 (°2θ position), showing differences in 

height and width of peaks, indicating continuous changes in crystalline reorganization of 

I/S pairs (Pytte, 1982; Pytte and Reynolds, 1988). The peaks classified as muscovite 

phase are well centered between 8.75 to 8.8 (°2θ position), presenting the highest 

intensity and sharpness, while the illite peaks are less developed in terms of intensity and 

sharpness, with values of °2θ from 8.6  to 8.7. 
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Figure 60 - Correlation between measured vitrinite (red points), simulation results of reflectance of vitrinite 
(small continuous points and line) and the equivalent reflectance of vitrinite from Kubler Index from Illite 
(yellow diamonds) and Muscovite (purple diamonds) fractions at Well A. At the top right the summary 
diffractogram of the decomposed phases results from 66 samples analyzed 

The muscovite phase converted to equivalent vitrinite (KI-Ro Muscovite- purple 

diamonds -Figure 60) presents a straight line all along the profile, interpreted as an 

indication of detrital nature with a constant rate of crystallinity, inherent to the source area 

metamorphism level. 

The results of KI-Ro Illite from well A were also compared with the results of 

modelled Smectite-to-Illite conversion, using the algorithm from Pytte and Reynolds 

(1988) and the maximum temperature reached in the past (Figure 61). Is it possible to 

note the correlation between the vitrinite trend (measured, calculated from 1D PSM and 

from KI) and the increase of the rate of smectite/illite conversion, coherent with maximum 

past temperatures. From depth of 1300 m to the top of main intruded interval (~1650 m) 

the conversion rates increase from 85% to 100%, decreasing from 100% at the base of 

the intrusion to 92% at 2150 m, returning to a burial trend with a decrease of gradient 

towards the base of the well. This turning point is reached when maximum past 
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temperatures reduce from 335°C (at the base of the thicker diabase intrusion, at 1905 m) 

to 155 °C. 

 

Figure 61 - Correlation between measured vitrinite and simulation results of reflectance of vitrinite (left), 
percent of illite to smectite transformation (center) and present day and maximum past temperatures from 
1D modelling (right), at Well A. 

Well B presents similar diabase intrusions settings, with a major intrusion from 

1600m to around 1900 m (Figure 62). The KI-Ro Illite matches very well with the 

calculated %Ro, calibrated with measured %Ro data. At the base of the well, there is an 

increase in the trend of KI-Ro Illite, probably due to an intrusion which was not drilled by 

the well. The KI-Ro Muscovite runs almost as a straight line along the well, in a range of 

%Ro greater than 3.0 (average of 3,07 % Ro – with a maximum of 5.31 %Ro). In the top 

right of Figure 62, the results of all decomposed peaks for illite, muscovite and chlorite are 

presented. 
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Figure 62 – Correlation between measured vitrinite (red points), simulation results of reflectance of vitrinite 
(small continuous points and line) and the equivalent reflectance of vitrinite from Kubler Index from Illite 
(yellow diamonds) and Muscovite (purple diamonds) fractions at Well B. At the top right the summary 
diffractograms of the decomposed phases results from 66 samples analyzed. 

The results of smectite-to-illite conversion (Figure 63) are consistent with the 

measured KI-Ro Illite along the well, increasing from 82% of transformation at 1200 m, 

reaching 100% at the top of the main intrusion at ~1600 m. From the base of the diabase’s 

(~1900 m) the calculated conversion rate reduces to 92% at the turning point in 2100 m, 

returning to the “burial” positive gradient (Figure 63 - center). The modelled past maximum 

temperatures reached 369 °C at 1600 m (top of diabase´s) and 298 °C at 1883 m (base 

of the intrusions - Figure 63, right). 
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Figure 63 -Correlation between measured vitrinite and simulation results of reflectance of vitrinite (left), 
percent of illite to smectite transformation (center) and present day and maximum past temperatures from 
1D modelling (rigth), at the Well B. 

 

The well C presents a diabase intrusion at the top of the studied profile, from around 

1380 m to 1500 m, and the KI-Ro Illite presented good correspondence with modelled 

vitrinite from 1D PSM as well as with the measured vitrinite reflectance points (Figure 64). 

The values of KI-Ro Illite range from 1.25 to 3.95 %Ro (average 2.10 %Ro). The KI-Ro 

Muscovite present values ranging from 1.79 to 4.62 %Ro, average (3.02 %Ro), showing 

a slight increase in the values towards the bottom of the profile (Figure 64). 

The decomposed diffractograms (Figure 64) show the high level of crystallinity of 

Illite and Muscovite phases (high intensity and narrowing of the peaks) and the presence 

of a phase around 9.5 (°2θ), interpreted as extensive appearance of pyrophyllite, as 

shown in the semi-quantitative interpretation of XRD data (Figure 51). The data from Well 
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C was more challenging in recognizing and separating the Illite and Muscovite phase, due 

to the advanced smectite-to-Illite conversion rate, as demonstrated in the profile of the 

Figure 65, where the calculated values of conversion are greater than 95% along all 

studied interval, leading to a coexistence of high evolved I/S pairs with muscovite phases. 

(Figure 54 and Figure 65). 

 
Figure 64 - Correlation between measured vitrinite (red points), simulation results of reflectance of vitrinite 
(small continuous points and line) and the equivalent reflectance of vitrinite from Kubler Index from Illite 
(yellow diamonds) and Muscovite (purple diamonds) fractions at Well C. At the top right the summary 
diffractograms of the decomposed phases results from 66 samples analyzed. 

The maximum temperatures in the past from results of 1D PSM show values of 339 

°C at the top of the main intrusion (1369 m) and 370 °C at the base of diabase interval 

(1504 m - Figure 65). In contrast with wells A and B, where the maximum past 

temperatures tend to decrease to low values with the distance of main diabase intrusion, 

reaching 136 °C at 2298 m in the well A (at the TD of the well - Figure 61) and 130 °C at 

2325 m at well B (TD of the well - Figure 63), in the Well C, the maximum past temperature 

are always above 230 °C from 1700 m to 2300 m increasing to 312 °C at the base of the 

well. This continuous profile of high past temperatures is due to the presence of minor 

diabase intrusions along the profile, holding high thermal stress. 
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Figure 65 - Correlation between measured vitrinite and simulation results of reflectance of vitrinite (left), 
percent of illite to smectite transformation (center) and present day and maximum past temperatures from 
1D modelling (rigth), at the Well C. 

 

The results of comparison between Ki-Ro Illite, measured vitrinite reflectance and 

calculated vitrinite reflectance from 1D PSM along the wells A, B and C demonstrates 

good correlation between the inorganic and organic thermal parameters, in the ranges of 

thermal maturation from 0.3 %Ro to around 4.0 %Ro, a common range in the atypical 

petroleum system in igneous-sedimentary basins as Parnaíba basin.  

The values of KI-Ro Illite range from 0.58 to 3.15 %Ro (Well A), from 0.31%Ro to 

3.47 %Ro (Well B) and from 1.25 %Ro to 3.95 %Ro (Well C). And the values of measured 

Ki to illite phase range from 0.28 ∆°2θ to 1.23 ∆°2θ (Well A) from 0.26 ∆°2θ to 1.04 ∆°2θ 

(Well B) and from 0.23 ∆°2θ to 0.63 ∆°2θ (Well C), reliable with authigenic formation, in a 

wide range, from low-grade diagenesis, through high-grade diagenesis, low-grade and 

high-grade anchizone, reaching the epizone, showing an continuous increase in 
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crystallinity (not linearly positive with depth ) due to the thermal influence of burial and 

contact metamorphism. 

The values of KI-Ro Muscovite range from 1.38 %Ro to 5.18 %Ro (Well A), from 

1.65 %Ro to 6.08 %Ro (Well B) and from 1,79 to 4.62 %Ro (Well C) while the values of 

measured KI to Muscovite phase range from 0.18 ∆°2θ to 0.58 ∆°2θ  (Well A), 0.16 ∆°2θ 

to 0.50 ∆°2θ (Well B) and 0.20 ∆°2θ to 0.46 ∆°2θ (Well C), consistent with a detrital 

inherited phase from terranes with variable metamorphic ranges, mainly from anchizone  

to epizone. 

5.4. Analysis of Esquevin index results versus Kubler Index, the Anchimetamorphic zone 
and Epizone characterization at the analyzed wells. 
 

The use of the Kubler Index (Kübler,1967) together Esquevin Index (Esquevin, 

1969) is an important tool evaluate the effects of evolution of metamorphism, together 

with the changes in chemical composition of clay minerals (Pamoukaghian, 2012; Peral, 

2008 and Poiré, 1984) in sedimentary and low metamorphic sequences. The diagram 

presented in the Figure 66 is classical view of these two parameters, where in the X axis 

is plotted the Esquevin Index (ratio between intensity of d001 and d002 of illite reflection 

in clay fraction), with the chemical ranges of Mg Illite (Esquevin Index < 0.25) and Al Illite 

(Esquevin Index > 0.40). Along Y axis is plotted the measured Kübler Index, with the limits 

of diagenesis (KI > 0.42 ∆°2θ), anchizone (KI between 0.42 ∆°2θ and 0.25 ∆°2θ) and 

epizone (KI < 0.25 ∆°2θ), those zones, originally defined by Kübler (1967) and revised by 

Mählmann and Frey (2012), Warr and Ferreiro Mählmann (2015a, 2015b). 

Figure 66, show that the composition of both illite and muscovite phases, from most 

samples, falls inside of the intermediate chemical composition field, without a clear 

tendency, even with the increase of crystallinity. In the three wells, some of the samples 

present a more aluminous character, although, again, it is not possible to define a specific 

trend. In terms of crystallinity, all the muscovite phases are inside of the anchizone, with 

few samples reaching the epizone field.  

The illite phase samples at Well A presents a dispersion of level of crystallinity 

consistent with the thermal maturity observed along the profiles ( Figure 54, Figure 60 and 
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Figure 61), and few samples reaching the field of anchizone. Similar tendency of 

increasing maturity is observed in the Well B, with samples ranging from low crystallinity, 

and few samples reaching the anchizone field, in accordance with the maturity, smectite-

to-illite conversion and maximum past temperature profiles, as observed in the Figure 54, 

Figure 62, Figure 63. The Well C presents a more evolved crystallinity, with all samples 

reaching at least the high-grade diagenesis zone (KI < 1.0 ∆°2θ - Ferreiro Mählmann et 

al. 2024) and a significant number of samples reaching the anchizone field. It can be 

explained since the thermal status reached by Well C led to a high smectite-to-illite 

conversion (above 95%), improving the crystallinity of authigenic illite phase near to the 

detrital muscovite.  

This is also evidenced in the semi-quantitative interpretation of total powder and 

clay fraction from XRD data, where in the Well C, there is a decreasing of I/S contend, the 

appearance of pyrophyllite, and the increase in chlorite contend, if compared with the 

semi-quantitative analysis from wells A and B, where the relative quantity of I/S is greater 

than well C, and less percentage of I/M is found (Figure 49, Figure 50 and Figure 51). The 

Figure 67 presents the comparison between KI vs Esquevin Index plots with vertical 

profiles of maturity and smectite-to-illite conversion, at wells A, B and C. 
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Figure 66 – Plot of crystallinity (Kubler Index) vs chemistry of illite (Esquevin Index) from wells A (top), B 
(center) and C (bottom) 
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Figure 67 – Comparison between KI vs Esquevin Index plots with vertical profiles of maturity and smectite-
to-illite conversion, at the wells A, B and C. 

 

5.5. Correlation between Kubler Index and Vitrinite and the Anchimetamorphic zone and 
Epizone characterization at the analyzed wells. 
 

The final hypothesis proposed for investigating in this research is the correlation 

between the Kübler Index (KI) and Vitrinite Reflectance (%Ro) in an atypical petroleum 

system context, specifically in the igneous-sedimentary settings found in the Parnaiba 

Basin. The comparison with previous studies, which were performed in regional 

metamorphism contexts, as described by authors as Ferreiro Mählmann (2012), Kubler 

(1964), Kübler (1967), Mählmann and Frey (2012), Mullis et al. (2017), Warr and Ferreiro 

Mählmann (2015a, 2015b), was also a commitment of this work, as well as the validation 

of this correlation or proposal of new correlation parameters. 

To achieve this objective and to perform this comparison, a set of 37 pairs of 

measured vitrinite reflectance and Kubler Index data into the Meso-Devonian Eo-

Carboniferous sequence of the Parnaíba Basin were used, according to the Table 9. The 

values of Kübler Index were calculated for both phases, illite and muscovite, and 

mathematical correlations were performed to compare the data. 
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# Well Av.Depth 
(MD) Formation KI 

Illite 
%Ro 
Illite 

KI 
Muscovite 

%Ro 
Muscovite 

%Ro 
Av. 

%Ro 
Min 

%Ro 
Max 

%Ro 
n 

1 Well A 1831,5 Pimenteiras 0,31 2,84 0,31 2,84 2,76 2,75 2,77 2 
2 Well A 1935,0 Pimenteiras 0,49 1,70 0,58 1,38 2,76 2,26 3,24 4 
3 Well A 1960,5 Pimenteiras 0,36 2,44 0,27 3,35 2,80 2,31 3,13 11 
4 Well A 1968,0 Pimenteiras 0,40 2,12 0,28 3,24 2,17 1,79 2,56 32 
5 Well A 2025,0 Pimenteiras 0,40 2,13 0,37 2,35 1,42 1,20 1,64 35 
6 Well A 2050,5 Pimenteiras 0,62 1,29 0,31 2,81 1,14 0,93 1,35 16 
7 Well A 2064,0 Pimenteiras 0,57 1,41 0,24 3,76 0,89 0,72 1,08 5 
8 Well A 2082,0 Pimenteiras 0,73 1,06 0,31 2,87 0,59 0,51 0,68 11 
9 Well A 2115,0 Pimenteiras 0,95 0,79 0,34 2,53 0,59 0,57 0,59 3 

10 Well A 2130,0 Pimenteiras 1,05 0,70 0,43 1,97 0,70 0,57 0,79 27 
11 Well A 2160,0 Pimenteiras 1,04 0,71 0,43 1,95 0,64 0,55 0,75  

12 Well A 2185,5 Pimenteiras 1,07 0,69 0,35 2,52 0,66 0,55 0,80 20 
13 Well A 2229,0 Pimenteiras 0,98 0,76 0,29 3,12 0,68 0,58 0,82 23 
14 Well B 1666,5 Cabeças 0,48 1,73 0,28 3,26 2,63 1,97 3,29 11 
15 Well B 1828,5 Pimenteiras 0,32 2,75 0,32 2,75 2,83 2,27 3,74 3 
16 Well B 1972,5 Pimenteiras 0,26 3,47 0,26 3,47 2,66 2,66 2,66 1 
17 Well B 1996,5 Pimenteiras 0,29 3,10 0,29 3,10 2,04 1,76 2,44 3 
18 Well B 2019,0 Pimenteiras 0,56 1,43 0,26 3,53 2,14 1,93 2,33 12 
19 Well B 2119,5 Pimenteiras 0,65 1,21 0,31 2,82 1,12 1,06 1,19 4 
20 Well C 1821,0 Cabeças 0,63 1,25 0,25 3,61 1,47 0,98 1,92 31 
21 Well C 1866,0 Pimenteiras 0,47 1,77 0,29 3,08 1,61 1,13 1,93 34 
22 Well C 1917,0 Pimenteiras 0,48 1,72 0,23 4,01 2,51 2,22 2,95 27 
23 Well C 1962,0 Pimenteiras 0,43 1,94 0,24 3,80 2,10 1,59 2,49 29 
24 Well C 2007,0 Pimenteiras 0,53 1,53 0,34 2,55 2,30 2,15 2,45 4 
25 Well C 2022,0 Pimenteiras 0,43 1,96 0,38 2,26 2,26 2,07 2,43 4 
26 Well C 2088,0 Pimenteiras 0,54 1,52 0,46 1,79 2,26 1,97 2,68 6 
27 Well C 2173,5 Pimenteiras 0,41 2,05 0,26 3,50 2,61 1,87 2,98 12 
28 Well C 2175,0 Pimenteiras 0,38 2,23 0,25 3,61 2,61 1,87 2,98 12 
29 Well C 2230,5 Pimenteiras 0,34 2,53 0,31 2,86 2,17 1,74 2,50 6 
30 Well C 2232,0 Pimenteiras 0,50 1,64 0,24 3,80 2,17 1,74 2,50 6 
31 Well C 2245,5 Pimenteiras 0,39 2,21 0,27 3,38 2,17 1,47 2,46 6 
32 Well C 2247,0 Pimenteiras 0,35 2,46 0,22 4,15 2,17 1,47 2,46 6 
33 Well C 2260,5 Pimenteiras 0,37 2,33 0,29 3,06 3,08 2,79 3,37 2 
34 Well C 2259,0 Pimenteiras 0,37 2,34 0,25 3,71 3,08 2,79 3,37 2 
35 Well C 2301,0 Pimenteiras 0,37 2,34 0,36 2,41 3,58 3,03 3,94 4 
36 Well C 2337,0 Pimenteiras 0,40 2,10 0,28 3,22 2,40 2,40 2,40 1 
37 Well C 2364,0 Pimenteiras 0,33 2,67 0,20 4,62 2,57 2,39 2,76 2 

 

Table 9 – Pairs of measured reflectance of vitrinite and Kubler Index from Illite and Muscovite decomposed 
phases, at the wells A, B and C. 

Initially, the data from 37 pairs were, compared with the exponential trend lines for 

the 5 pairs of KI-Ro published from Frey and Robinson (1999), and for the three selected 

pairs from Mählmann and Frey (2012), (the last one was used to convert and obtain Ki-

Ro Illite and Ki-Ro Muscovite values as presented in the Figure 60Erro! Fonte de r
eferência não encontrada. to Figure 65. The correlations, equations of exponential 

adjustments and r2 correlation coefficients are presented in Figure 68. It is possible to 

note that authigenic illite phase is consistent with the literature correlations, and the 

regression equation presented a r2 coefficient of 0.58. However, as expected, the detrital 

phases of muscovite did not present a consistent correlation between crystallinity and 

vitrinite reflectance, with a coefficient of correlation of 0.03 (Figure 68).  
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Figure 68 – Correlation between 37 pairs of measured vitrinite reflectance and Kübler Index (KI) measured 
for Illite (yellow) and Muscovite (purple) phases.  The results are compared with the pairs of KI-Ro from Frey 
and Robinson (1999) e Mählmann and Frey (2012) reference points and their respective correlation using 
an exponential regression.  

 

Finally, the KI-Ro pairs were plotted in the graph proposed by Ferreiro Mählmann 

et al. (2024), based on hundreds of samples from Alps, from dozens of PhD thesis 

studying regional metamorphism (Figure 69).  

The plot of Ki-Ro Illite samples falls inside of the range of Orogenic Diagenesis and 

Metamorphism, between the interval of Low and High Geothermal intervals proposed by 

these authors. In terms of crystallinity and maturity, most of the samples are within high-

grade diagenesis, low-grade anchizone and high-grade anchizone with a few samples 

falling into epizone range. The exponential adjustments of KI-Ro Illite pairs provided a 

correlation equation to be used in contact metamorphism settings, in igneous sedimentary 

basins, where the KI = 0.7399 Ro -0,604, proposed in this research as an alternative to use 
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in this specific geological setting as an alternative to regional metamorphism contexts 

equations.  

In contrast and as expected, most part of Ki-Ro Muscovite pairs fall outside of the 

main orogenic diagenesis and metamorphism trend proposed by Ferreiro Mählmann et 

al. (2024). Most samples are within low-grade and high-grade anchizone, with only a few 

in the epizone. The correlation factor calculated for KI-Ro Muscovite phase is very low, at 

0.04, indicating no correlation with contact metamorphism in the atypical petroleum 

system of the Pimenteiras Formation, Parnaíba Basin, NE Brazil, and supporting the 

hypothesis of a detrital contribution from source areas. 
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Figure 69 – Plot of 37 pairs of measured vitrinite reflectance and Kübler Index (KI) measured for Illite (yellow) 
and Muscovite (purple) phases into the pathway of diagenesis-metamorphism proposed by Ferreiro 
Mählmann et al. (2024) for regional metamorphism in the  Alps, showing the Illite phase data match inside 
the range of orogenic diagenesis-metamorphism, while the Muscovite phase data did not match, indicating 
a detrital origin. 
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6. SCIENTIFIC CONTRIBUTIONS 
 

Two scientific papers were produced as a result of the main outcomes of this 

integrated research project. The first one, entitled “Compositional Kinetic Scheme for 
the selected organic-rich levels in the Pimenteiras Formation, Devonian of the 
Parnaíba Basin – Implications for Atypical Petroleum Systems Modeling”, presents 

the main results of compositional kinetic parameters of the Pimenteiras Formation, the 

sample screening, the analytical process, implementation, testing and results of this new 

scheme into the 3D Petroleum System Modeling. This paper was submitted to the Marine 
and Petroleum Geology journal in April of 2025, and until the moment of writing of this 

thesis, it is in the process of peer review.  

The second paper, entitled “The integration of Kubler Index and reflectance of 
vitrinite as thermal calibration parameters in the numerical modelling of the atypical 
petroleum system of the Pimenteiras Formation, Devonian of Parnaíba Basin, NE – 
Brazil” debates the use of Kubler Index (KI) as support for vitrinite reflectance in atypical 

petroleum system. It describes the process of spectral decomposition of Illite and 

Muscovite phases on XRD data, the calculation of KI at illite phase, the conversion of KI 

to equivalent vitrinite, the applicability of this data on thermal calibration and the estimation 

of the range of contact metamorphism on igneous-sedimentary contexts. The paper is 

planned to be submitted to the Natural Resources Research journal or equivalent, when 

the internal revision is finished. 
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Compositional Kinetic Scheme for the selected organic-rich levels in the Pimenteiras Formation, 
Devonian of the Parnaíba Basin – Implications for Atypical Petroleum Systems Modeling 

Eduardo de Mio a,b *, Henrique A. Lopes a, Fernando Bastos Aragão a, Manuela Yebra de Lima e Silva. a, 

Nicolaj Mahlsted c, Brian Horsfield c, Frederico Silveira de Miranda a, Diogo Michelon a, Cassia Lima Cardozo 
a, Anelize Manuela Bahniuk Rumbelsperger b ,L eonardo Fadel Cury b. 

a ENEVA, Board of Exploration and Low Carbon Technologies - Praia de Botafogo, 501 Torre Corcovado, 
sala 404 B. Rio de Janeiro (RJ) – Brazil Zip Code: 22.250-040 

b LAMIR Institute, UFPR – Universidade Federal do Paraná, Centro Politécnico, Curitiba, Brazil; 
lamir@ufpr.br 

c Geos4 GmbH - Peter-Huchel-Chaussee, 88 14552 - Michendorf - Germany - Phone +49 (0)33205 2 38 
61 - info@geos4.de 

ABSTRACT 

Kinetics analysis is key to evaluating petroleum systems as they control hydrocarbon generation conditions, 

masses, composition and phases. In frontier basins, using kinetics from analogous source rocks introduces 

a high uncertainty in petroleum system evaluation. Source rock kinetics may differ within the same basin 

due to variations in depositional environment and composition. This study integrates new Rock-Eval, organic 

petrography, thermovaporisation, pyrolysis gas chromatography and bulk and compositional phase kinetics 

data with forward stratigraphic modeling (FSM) and petroleum system modelling (PSM) to improve the 

understanding of the Meso-Devonian Eo-Carboniferous atypical petroleum system of Parnaíba Basin, NE 

of Brazil. The analytical program was performed over 41 samples from four Organic Rich Levels (ORL´s) of 

Devonian Pimenteiras Formation Shales. Two samples were selected to execute Compositional Phase 

Kinetics analysis in organic rich levels (ORL) A and C. Alginite is the dominant maceral in more than twenty 

samples followed by, vitrinite, zooclasts, amorphous organic matter and bituminite. Vitrinite, graptolite and 

bitumen reflectance values range from 0.6 to 0.8% (%Ro). Phase kinetics results showed a narrow 

activation energy distribution (between 50-56 kcal/mol) in line with a homogeneous kerogen structure. The 

analysis of pyrolysate corroborates the deposition of algal/bacterial organic matter in a dominantly marine 

Type II kerogen environment. The stratigraphic analysis and FSM results indicate potential for extrapolating 

the kinetic scheme for selected ORL´s along the basin. These kinetic schemes were assigned to the 3D 

PSM simulator and compared with simulations using the Woodford Shale kinetic scheme. Differences of -

66,6 %, -19,5 % and -0,8 % respectively for ORL´s A, B and C in generated petroleum masses, indicate 

significant effect of the kinetic scheme on PSM prediction. In conclusion, local kinetic analysis is essential 

for properly evaluating a petroleum system and minimizing exploratory uncertainties; its homogeneous 

composition and depositional environment support that the same kinetics can be extrapolated over a large 

area within a basin.  

Keywords: 1; Parnaíba Basin 2; Atypical Petroleum System 3; Compositional Kinetics 4; Petroleum System 

modeling (PSM) 5; Forward Stratigraphic Modeling (FSM); 
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The integration of Kubler Index and vitrinite reflectance as thermal calibration parameters in the 
numerical modelling of the atypical petroleum system of Pimenteiras Formation, Devonian of 
Parnaíba Basin, NE – Brazil 
Eduardo de Mio a,b, Henrique A. Lopes a, Lilian Souza da Silveira a, Guilherme Fedalto b, Larissa da Rocha 
Santos a, Daniel Poiré c, Luis Vigiani c, Anelize Manuela Bahniuk Rumbelsperger b , Leonardo Fadel Cury b. 

a ENEVA, Board of Exploration and Low Carbon Technologies - Praia de Botafogo, 501 Torre Corcovado, 
sala 404 B. Rio de Janeiro (RJ) – Brazil Zip Code: 22.250-040 

b LAMIR Institute, UFPR – Universidade Federal do Paraná, Centro Politécnico, Curitiba, Brazil; 
lamir@ufpr.br 

c Centro de Investigaciones Geologicas – CIG – Universidad Nacional de La Plata - UNPL 

ABSTRACT 

Reflectance of vitrinite is the most common thermal calibration parameter in sedimentary basins, to evaluate and 

reconstruct the thermal history, although, factors as the scarcity of particles in devonian or older sediments and 

the high thermal stress reached in the igneous sedimentary petroleum systems lead to significant challenges in 

modeling process. This study integrates new Rock-Eval and organic petrography in addition to extensive X-Ray 

diffraction analysis (XRD) to improve the understanding of the Meso-Devonian Eo-Carboniferous atypical 

petroleum system of Parnaíba Basin, NE of Brazil. The analytical program was performed over 54 samples of 

vitrinite reflectance (%Ro) and 207 samples of XRD, from three selected wells in the central part of the basin, 

covering the entire Meso-Devonian Eo-Carboniferous sequence. Spectral decomposition on 10Â peak (d001 

position) was carried out in XRD data to separate diagenetic/anqui-metamorphic smectite/illite (I/S) phase from 

the metamorphic detrital muscovite phase. The Kubler Index, KI, (FWHM – expressed as °∆ 2θ) was measured 

in the Illite phase, converted to equivalent %Ro and compared with the results of calculated %Ro along the three 

sets of 1D Petroleum System Models (PSM), originally calibrated with measured %Ro and the conversion ratio 

of smectite to illite was also calculated along these models. The Esquevin Index (ratio of d002/d001 reflections) 

was calculated and compared with KI along the profiles. The results demonstrate good correlation between KI 

(from Illite phase) with measured %Ro, allowing the use of KI for thermal calibration and indicating a progressive 

conversion of I/S (KI values from 1,23 to 0,23 °∆ 2θ), from diagenesis zone, through anchizone, reaching the 

epizone, nearby to igneous intrusions. The muscovite phase KI values range from 0,58 to 0,16 °∆ 2θ, 

corroborating the detrital nature of this phase, and does not correlate with calculated and measured %Ro, 

however, it is possible to note a progressive increase in metamorphism along the wells, suggesting that muscovite 

phase could have been recrystallized during the magmatic event. Finally, 37 pairs of KI vs %Ro were compared 

of literature data and showing reasonable correlation with pairs obtained in regional metamorphic contexts and 

validating the use of KI as an additional thermal proxy in contact metamorphism along atypical petroleum systems.  

Keywords: 1; Kubler Index 2; Reflectance of Vitrinite 3; Atypical Petroleum System 4; Smectite/Illite 
conversion 5; Parnaíba Basin 
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7. CONCLUSIONS AND FINAL REMARKS 
  

The main outcomes of this research highlighted the requirement and importance of 

specific improvements in PSM process, in atypical petroleum systems, in igneous-

sedimentary basins, a context where paleo temperatures and pressures led the 

sedimentary sequences in ranges of late diagenesis, anchizone and epizone conditions. 

In this context, the definition of a specific kinetic scheme for source rock 

transformation and the use of an inorganic thermal calibration parameter enhances the 

method by reducing uncertainties, culminating in more precise predictions of 

hydrocarbons products. These statements are especially valid in the Parnaíba Basin, 

where the atypical Meso-Devonian Eo-Carboniferous is responsible for dozens of natural 

gas accumulations. 

The results of research can be grouped into three main lines: 

New Geochemical Data – Pyrolysis, Organic Petrography and Vitrinite Reflectance 
Analysis 

 The result of organic petrography shows that alginite is one of the dominant 

macerals in all ORL´s in the Pimenteiras Formation, together with amorphous 

organic matter and contributions from vitrinite, zooclasts, and bituminite. The 

pyrolysates of all analyzed samples are dominated by gas compounds and the 

petroleum-type organofacies plot within the paraffinic-naphthenic-aromatic (P-N-A) 

low wax petroleum type, a trend typically observed in source rocks containing 

marine Type II kerogens. 

 Measured vitrinite reflectance data analysis demonstrates the scarcity of particles 

in the Devonian Pimenteiras Formation, the variable quality of the samples and the 

fingerprint of thermal stress due to the magmatism along the 3 studied wells. The 

average measured wells range from 0.56 to 3.99 %Ro and the maximum values 

ranges from 0.59 to 4.8 %Ro, highlighting the dispersion along vertical profiles, as 

result of heating during the emplacement of diabase sills. 
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Kinetics of Pimenteiras Formation and Implementation into 3D PSM 

 The MSSV Pyrolysis results indicated a very narrow distribution of activation 

energies, concentrated between 50 and 55 kcal/mol, with one dominant potential 

accounting for at least 70% of the bulk reaction. The Pimenteiras ORL C displays 

a single peak at 52kcal/mol, while the Pimenteiras ORL A shows a distribution of 

activation energies between 50 and 60 kcal/mol, with the main peak centered at 55 

kcal/mol. These results align with the predominance of selectively preserved algal 

organic matter, alginite, as determined through organic petrography. 

 The comparison of the Pimenteiras ORL´s A and C kinetics, established in this 

research, with the Devonian Woodford shale kinetics in the 3D PSM model reveals 

significant differences in the average transformation ratio, which ranged from -

0.8 % at ORL C, near the heating source, to -61.8 % at the basal ORL A. Differences 

were also noted in the bulk generated masses (Oil + Gas), with values of -66.6 %, 

-19.5 % and -1.2 % for ORL´s A, B, and C, respectively, when comparing 

simulations scenarios A and B. An inversion in the trends of this variation was also 

noted in the generated masses of gas versus oil, highlighting the importance of a 

compositional kinetic scheme in predicting phase and composition in atypical 

petroleum system modeling. The individual contributions of each organic-rich level 

will lead to hydrocarbon accumulation (or an expectation for in situ generation in 

the case of an unconventional approach) that will be controlled in terms of phase, 

composition, and percentage of trap filling by the correct kinetic input and 

appropriated thermal calibration of the numerical models. As consequence, 

hydrocarbon volumes generated and thermal maturation predictions from standard 

kinetic data, compared to the one presented in this work will have an important 

impact in the understanding of exploration potential of the Parnaiba Basin   
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XRD data Analysis, Decomposition and KI versus Ro Correlation 

 The analyses of extensive dataset of X-Ray diffraction date demonstrates that the 

Kübler Index of decomposed illite phase, converted to equivalent vitrinite (KI-Ro 

Illite) presented good correlation with measured vitrinite reflectance and the 1D 

PSM calculated vitrinite along the three studied wells, demonstrating the 

equilibrium between two distinct kinetic processes in contact metamorphism 

settings. The KI from decomposed phase of muscovite, converted to vitrinite (Ki-

Ro Muscovite) presents a straight pattern along the vertical profiles, interpreted as 

the fingerprint of the regional metamorphism at source area and a detrital 

characteristic of this mineral phase. The 3D PSM simulation results of smectite-to-

Illite conversion are consistent with the amounts of I/S, illite and muscovite phases 

observed in XRD data along the 3 studied wells, and with the semi-quantitative 

interpretation of total powder and clay fractions. 

 The Kübler Index from decomposed phase of Illite can be used as an inorganic 

thermal calibration parameter in atypical petroleum system, as support to 

measured vitrinite reflectance. The analysis of 207 XRD samples of clay fraction 

demonstrates correlation with the limits of Orogenetic Diagenesis and 

Metamorphism proposed by Ferreiro Mählmann et al. (2024) in regional 

metamorphism settings in the extensively studied area in the Alps, and a specific 

correlation equation for use in contact metamorphism settings in igneous 

sedimentary basins is proposed, where the KI = 0.7399 Ro -0,604. This correlation 

equation was based on 37 pairs of measured vitrinite vs Kübler Index from Illite 

fraction. A calibrated Kübler Index has also a great potential to be used in PSM to 

evaluate the potential for hydrocarbon exploration of older stratigraphic intervals 

with scarcity of vitrine reflectance data, opening a new frontier for hydrocarbon 

exploration in the Paleozoic/older basins.  

 

Finally, it is important to emphasize that the integration of the advancements 

achieved in this study, such as a dedicated kinetic model for source rock thermal 

maturation and the application of an alternative inorganic thermal calibration parameter, 

combined with conventional vitrinite reflectance measurement offers a more rigorous and 
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coherent methodological framework for petroleum system modeling in geologically 

complex settings as atypical petroleum systems. Nonetheless, critical sources of 

uncertainty, including the chronology and emplacement dynamics of igneous intrusions, 

compositional heterogeneity of magmatic bodies, and advective-convective components 

of heat transfer require further investigation, given their potential to significantly influence 

the thermal history prediction in numerical modeling. 
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8. APPENDIX A – 1D PSM Input Tables 
 

 
Table 10 Input table of 1 PSM model for Well B with the well tops/horizons, stratigraphic ages, depth, and 
thickness. The event type discriminates among Deposition, Hiatus and Intrusions. The total intrusive 
thickness in this well is 371 m. 

Age (Ma) Well Top/Horizon Depth (TVDSS) Thickness (m) Event Type Layer Name
0 HIA_ITP -61 0 Hiatus HIA_ITP

90 ITP -61 62 Deposition ITP
100 COD 1 52 Deposition COD
110 COR 53 49 Deposition COR
155 PSB 102 7 Deposition PSB
200 HIA_SAM 109 0 Hiatus HIA_SAM
220 SAM 109 205 Deposition SAM
245 MOT_01 314 174 Deposition MOT_01

 SOL_MOT_01 488 48 Deposition SOL_MOT_01
248 MOT_02 536 42 Deposition MOT_02

 SOL_MOT_02 578 20 Deposition SOL_MOT_02
250 PEF_01 598 210 Deposition PEF_01
280 SOL_PEF 808 15 Deposition SOL_PEF
281 PEF_02 823 43 Deposition PEF_02
283 SOL_PEF_02 866 16 Deposition SOL_PEF_02
285 PEF_03 882 12 Deposition PEF_03
290 SOL_PEF_03 894 10 Deposition SOL_PEF_03
300 PIA 904 264 Deposition PIA
330 POT_01 1168 138 Deposition POT_01
340 SOL_POT_01 1306 131 Deposition SOL_POT_01
341 POT_02 1437 59 Deposition POT_02
348 SOL_POT_02 1496 26 Deposition SOL_POT_02
349 POT_03 1522 3 Deposition POT_03
350 LON 1525 101 Deposition LON
360 CAB 1626 129 Deposition CAB
370 PIM_01 1755 70 Deposition PIM_01
372 SOL_PIM_01 1825 14 Deposition SOL_PIM_01
374 PIM_02 1839 121 Deposition PIM_02
376 SOL_PIM_02 1960 32 Deposition SOL_PIM_02
378 PIM_03 1992 49 Deposition PIM_03
380 SOL_PIM_03 2041 13 Deposition SOL_PIM_03
382 PIM_04 2054 63 Deposition PIM_04
384 SOL_PIM_04 2117 13 Deposition SOL_PIM_04
385 PIM_05 2130 68 Deposition PIM_05
386 SOL_PIM_05 2198 13 Deposition SOL_PIM_05
387 PIM_06 2211 94 Deposition PIM_06
388 SOL_PIM_06 2305 20 Deposition SOL_PIM_06
389 PIM_07 2325 59 Deposition PM_07
390 ITM 2384 150 Deposition ITM
405 JAI 2534 150 Deposition JAI
430 TIA 2684 250 Deposition TIA
438 IPU 2934 100 Deposition IPU
550 TOP_BSM 3034 500 Deposition TOP_BSM

Total Sill Thickeness (m) (PIM Formation) 105
Total Sill Thickeness (m) 371

Well C
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9. APPENDIX B – DRX Decomposition Charts 
 

 
XRD Decomposition chart of the Well A (depths from 1305m to 1998 m), with interpretation, showing the 
measured XRD profile (black), the interpreted clay mineral phases (orange=Illite; pink=Muscovite; light 
green=Chlorite; blue=Pyrophyllite/Talc) and the fitted profile (red). 
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XRD Decomposition chart of the Well A (depths from 2004 m to 2229 m), with interpretation, showing the 
measured XRD profile (black), the interpreted clay mineral phases (orange=Illite; pink=Muscovite; light 
green=Chlorite; blue=Pyrophyllite/Talc) and the fitted profile (red). 
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XRD Decomposition chart of the Well B (depths from 1350m to 1978m), with interpretation, showing the 
measured XRD profile (black), the interpreted clay mineral phases (orange=Illite; pink=Muscovite; light 
green=Chlorite; blue=Pyrophyllite/Talc) and the fitted profile (red). 
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XRD Decomposition chart of the Well B (depths from 1980m to 2245m), with interpretation, showing the 
measured XRD profile (black), the interpreted clay mineral phases (orange=Illite; pink=Muscovite; light 
green=Chlorite; blue=Pyrophyllite/Talc) and the fitted profile (red). 
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XRD Decomposition chart of the Well C (depths from 1305m to 1938m), with interpretation, showing the 
measured XRD profile (black), the interpreted clay mineral phases (orange=Illite; pink=Muscovite; light 
green=Chlorite; blue=Pyrophyllite/Talc) and the fitted profile (red). 
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XRD Decomposition chart of the Well C (depths from 1953m to 2364m), with interpretation, showing the 
measured XRD profile (black), the interpreted clay mineral phases (orange=Illite; pink=Muscovite; light 
green=Chlorite; blue=Pyrophyllite/Talc) and the fitted profile (red). 


