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Introduction 

Surface geochemical analyses are a valuable resource 
for exploring frontier areas that lack well data, including 
offshore basins. This is because source rocks and 
reservoirs release liquid and gaseous hydrocarbons from 
the subsurface to the marine seabed. Various 
geochemical techniques have been developed over the 
years for offshore prospecting to identify hydrocarbon 
anomalies in core samples taken from the ocean floor 
sediments. 
 
The Pampa Azul Project is an interdisciplinary initiative of 
the Argentine government to study the Argentine sea. In 
this framework, YPF and CONICET signed an agreement 
to study the Continental Margin by the execution of 
oceanographic research cruises onboard the R/V Austral 
Vessel. This work describes the seafloor geochemistry 
results obtained from the samples taken in the northern 
offshore Argentina Basin during the YTEC-GTGM 4 
cruise in 2019. 
 
In the present contribution, we identified migrated 
hydrocarbons through the integrated analysis of the 
organic, inorganic, chromatographic and isotope data. 
Furthermore, we analyzed the origin, distribution, 
maturity, and secondary processes which affected the 
hydrocarbon accumulations. Finally, we estimated which 
geochemical proxies are related to the presence of seeps 
and which are associated with the sedimentary dynamic.  

Experimental  

Thirty-three gravity core samples of three different areas 
were collected: north, central and south. These were 
analyzed by organic geochemistry, gas chromatography 
(occluded/adsorbed gas), stable isotopes and energy-
dispersive X-Ray fluorescence (ED-XRF) to identify the 
presence of seeps and differentiate them from the 
sedimentary dynamic features. 

 

Figure 1. Location of the thirty-three samples in the three study 

areas collected during the YTEC-GTGM 4 cruise onboard the 
R/VAustral in the Argentine Continental Margin. 

Results and Discussion  

The results obtained show that the region with the highest 
concentrations of total organic carbon (TOC) is situated in 
the northern area. Conversely, the most mature organic 
matter are located in the southern area. According to the 
parameters proposed by Peters [1], the outcomes 
obtained through organic geochemistry are categorized 
as poor to moderate, and do not show anomalies related 
to seeps. Additionally, the areas with the higher 
accumulation of TOC coincide with the areas with higher 
S1 and S2 values. These pieces of evidence lead us to 
conclude that the TOC accumulations are likely linked to 
the current sedimentary dynamics 
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The southern region contains the most significant 
accumulations of occluded/adsorbed gases, which 
contrasts with the area with the highest TOC values. By 
examining molecular relation diagrams [2], [3] and isotope 
relation diagrams [4], [5], it was determined that the origin 
of occluded/adsorbed gases is thermogenic and related 
to oil.  

Based on the stable isotope analysis and using the 
parameters proposed by Whiticar [6], the maturity of the 
hydrocarbons was calculated, and the equivalent vitrinite 
reflectance values are in the oil window. Additionally, no 
secondary or mixing processes were identified in the 
deeper samples analyzed using stable isotopes. 

The ED-XRF findings indicate that the northern region has 
higher values of redox-sensitive proxies, coincident with 
the area with the best TOC values. In contrast, the 
southern area has higher carbonate productivity proxies, 
which corresponds with the area with the most mature 
organic matter and the highest accumulations of 
occluded/adsorbed gases. 

To estimate the migration distance, GASTAR diagrams 
and principal component analysis (PCA) models 
proposed by Prinzhofer [6] were utilized. Although a more 
substantial number of samples would be required to 
establish more robust conclusions, potential directions of 
increasing migration distance of gases were identified. In 
the central and northern areas, the direction of increasing 
migration distance is towards the southwest, while in the 
southern area, it is towards the north. 

Conclusions  

The main conclusions of this contribution are: 

 No evidence of a connection with seeps was 
observed through organic geochemistry results 

 TOC accumulations would be related with the 
sedimentary dynamic.  

 The most significant seafloor expressions of 
occluded/adsorbed gases were found in the 
southern area 

  The origin of occluded/adsorbed gas 
accumulations is thermogenic and associated 
with oil. 

  The maturity of hydrocarbons, as calculated 
using stable isotopes, is within the oil window. 

 No secondary or mixing processes were 
identified in the deeper samples. 

 The highest values of redox-sensitive proxies are 
located in the northern area, which corresponded 
to the area with the best TOC values.  

 The higher carbonate productivity proxies are in 
the southern area, coincident with the most 
mature organic matter and the highest values of 
gas. 

 In the central and northern areas, the direction of 
increasing migration distance is towards the 
southwest, while in the southern area, it is 
towards the north. 
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Introduction 

The 2-ANP-6-MT stratigraphic well (4450m deep) was 
drilled by Petrobras/ANP between 2015 and 2016 in the 
Parecis Basin, aiming to investigate the existence of 
elements inherent to an oil system, and with the purpose 
of supporting exploratory processes in the basin. The 
cores obtained in this well were sampled to carry out 
geochemical analyzes and verify the potential for the 
generation of hydrocarbons from the rocks. However, the 
only analysis performed, due to the characteristics and 
volume of the samples, was the Rock-Eval pyrolysis to 
verify the amount of organic matter and the real potential 
for oil generation. 

Materials and methods 

Initially, the 169 (one hundred and sixty-nine) rock 
samples from the cores were visually evaluated to 
observe their lithologies and possible impurities. After 
that, this material was fragmented and, soon after, 
pulverized (size of 80 Mesh) using the planetary ball mill 
Retsch GmbH (model PM 400). These samples were duly 
prepared for the Rock-Eval Pyrolysis analysis, where 
approximately 100 mg of each one was heated from 300 
to 600 °C, with an increment of 25 °C/min, in a nitrogen 
atmosphere. For this analysis, a Rock Eval-6 pyrolyzer 
was used, where the following parameters were obtained: 
total organic carbon (TOC); free hydrocarbons contained 
in the rock (S1); the hydrocarbon generating potential (S2); 
the CO2 released by the organic matter during the 
analysis (S3); the temperature at which the maximum 
generation of hydrocarbons occurred during pyrolysis 
(Tmax); the hydrogen index (HI); and the oxygen index 
(OI). 

From the observation of the rock samples and the 
description of the provided core, it was noted that most of 
the samples are not shale, but rather sandstone, siltstone, 
mudstone, various carbonates, and anhydrite, with 

evidence of metamorphism. Therefore, they should not 
have a considerable content of organic matter. Taking this 
characteristic into account and due to the small volume 
available for each sample, the TOC was not obtained 
through the elemental analyzer, but during the 
pyrolyization process in Rock-Eval. 

Results and discussions 

TOC contents ranged from 0.02 to 0.38%. S1 values were 
between 0.01 and 0.1. The hydrocarbon generating 
potential (S2) showed values between 0.04 and 0.46. S3 
values were between 0.01 and 2.26. The hydrogen and 
oxygen indices (HI and IO) varied between 13 and 800 
and 4 and 1850, respectively. Tmax presented values 
within an interval of 314 and 529 ºC. The TOC and S2 
contents indicate that all analyzed samples have a poor 
potential for hydrocarbon generation [1] [2] (Figure 1). The 
high values of HI do not agree with the very low values of 
TOC and S2, since these parameters have a close and 
interdependent relationship, being highly correlated. 

 

Figure 1. Classification of potential for hydrocarbon generation 
of samples from well 2-ANP-6-MT, Parecis Basin. Source: 

Adapted from [2]. 
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The HI and OI values plotted on the Van Krevelen 
diagram (Figure 2) indicate high results for both indices in 
a large set of samples, which makes the indication of the 
possible types of kerogens present in the analyzed 
samples inconsistent. 

 

Figure 2. HI and OI values of the analyzed samples, plotted in 
a Van Krevelen diagram. Source: Adapted from [3]. 

The relationship shown in the Tmax versus HI diagram 
(Figure 3) indicates that most of the analyzed samples are 
mature or senile for the generation of hydrocarbons, 
which would be an indication of the generation of liquid oil 
and gas. However, as these temperatures are related to 
very low values of S2, the values of Tmax do not have 
interpretative reliability. 

  

Figure 3. Graph of the Hydrogen Index (HI) versus Tmax for the 
analyzed samples from well 2-ANP-6-MT, Parecis Basin. 
Source: Adapted from [4]. 

These inconsistencies may be related to the effect of the 
high thermal maturation to which the rocks were 
submitted. It is likely that the TOC and S2

 contents were 
originally low due to lithology and are residual since the 
rocks are metamorphosed. This also affected the other 
parameters, such as HI, OI and Tmax, so that the results 
of the analyzed samples did not allow the evaluation of 

the true potential for the generation of hydrocarbons in the 
basin. 

Conclusions 

The studied samples do not have characteristics of 
potentially hydrocarbon-generating rocks, since the 
indicative parameters did not show relatively considerable 
results, and this may be a result of the high thermal 
maturity to which the organic matter was subjected. 
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Introduction  

Given the limited chemical components in a gas system, 
the research of a gas accumulation depends on the 
distribution of the light hydrocarbons and their isotopic 
composition. Despite that, the analytical results contain 
rich geochemical data in terms of the petroleum system. 
This study is aimed to understand the gas reservoirs 
behavior: the source, the thermal maturity and the 
migration pattern. Palermo Aike Inferior Fm. (PAI) is the 
main source rock in the basin, characterized by a 
moderate-good quality organic content described as a 
marine Type II to II/III kerogen. 
 

Experimental  

The project is based on twenty-seven reservoir gas 
samples, with compositional analyses of hydrocarbons for 
C1-C5. Twelve samples gathered isotopic δ¹³C value from 
C1 to C5 and for δ2H in CH4 and the other fifteen samples, 
δ¹³C for C1-C3. Composition was acquired in a Shimadzu 
2014 Gas Chromatograph, equipped with both thermal 
conductivity (TCD) and flame ionization (FID) detectors. 
Carbon isotope and deuterium composition were online 
acquired with GC-C-IRMS systems. 

A previous geochemical basin model for the Austral 
Basin, continental sector, was performed (GeoLab Sur – 
CGC) on the basis of a multi-1D of forty-seven modeled 
wells combined with several structural grids into a 
pseudo-3D model. The outcomes for source rock 
evolution, thermal maturity distribution and geological 
timing are the platform for the petroleum system 
discussions in this article. 

Results and Discussion 

Composition: in general, all of the samples show very low 

atmospheric air (N2 < 2.7%) and methane is the most 

abundant component varying between 73 and 95%.  The 
resulting fluid characterization typified eighteen samples 
as wet gas (probably associated to light oils or 

condensates) and nine samples as very wet gas 
(probably associated to medium gravity oils; Haworth et 
al., 1985).  

Isotopes ratio: δ¹³C in methane ranged from -53 to -33‰ 
indicating a wide range of origin and of thermal maturity 
stage; this variability is indicating mixing of thermogenic 
and biogenic gases. However, in higher carbon number 
the δ¹³C variety is smaller: -31 to -26‰ in C2, -28 to -24‰ 
in C3, pointing to reduced genetic sources.  

According to Lorant parameters, all of the samples are 
from primary kerogen, meaning mainly thermogenic origin 
from the source rock; C2/C3 ratio from 0.8 to 3.3 and δ¹³C 
C3-C2 from 0 to 3. The Bernard ratio C1/(C2+C3) vs. δ¹³C 
in methane is indicating mainly thermogenic origin, 
possible kerogen mixing and biogenic mixing tendency.   

The isotopic variation of δD in CH4 resulted in a range 
from -230 to -152‰ which, compared with δ13C methane, 
also denotes variation in the genesis of gases from 
thermogenic to biogenic mixture (Whiticar, 1999), as well 
as a different thermal maturity range. (Schoell, 1983).  

During the analysis of δ¹³C variations between C1 to C5 in 
twelve samples and the variation between C1 to C3 in 
fifteen samples, the distribution of the inverse of the 
carbon number as proposed by Chung et al. (1988; Fig. 
1), perceives the differences and similarities between the 
samples. First, two groups of samples outstand of 
apparently equivalent source rock but of greater and 
lesser thermal maturity. Second, the projection towards 
the high molecular weight indicates a range of original 
isotopic imprinting of -23 to -29‰, consistent with the 
value measured in a core sample with bulk kerogen of 
δ¹³C of -27.5‰. Third, the biogenic admixture component 
is ~9% in LP.a-2 and ~47% in EaAF-05, for the less 
mature group; while for the other group of greater 
maturity, it is scarce to null. Fourth, in the case of AA-02 
there is a negative deviation in methane, a possible 
indicator of mixing with a dry gas of greater thermal 
maturity. 
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Figure 1. Natural gas plot (Chung et al., 1988).  

The specific analysis of the δ¹³C relationships between 
C1, C2 and C3 according to Berner & Faber (1996), 
adjusted for the measured kerogen value of -27.5‰, 
shows a first group of ~1-1.2% maturity with high methane 
variability, a second group of greater maturity (~1.3-1.6%) 
and a third one that is suggested as a possible mixture 
with imported methane of greater maturity (Fig. 3). The 
ethane-propane co-genetic relationship correlates with a 
type II kerogen, where the groups are subdivided by 
thermal maturity apart from the methane influence. 

Altogether, during the above analyzes three groups of 
samples are formed. Two of them with type II kerogen of 
greater and less maturity and a third with a possible 
mixture of kerogens. With this comes the analysis of the 
oil system and gas distribution in the basin (Fig.2). 

 

Figure 2. δ 13C-C2 vs δ 13C-C1 diagram. Type II set to -27.5‰ 
(adapted from Berner & Faber, 1996). 

 

Conclusions  

The distribution of the gases shows a particular 
relationship with the basin modeling and, together with the 
isotopic genetic analysis, the relationship with the 
petroleum system can be established and genetic groups 
proposed: Gas of type II origin, possibly PAI of moderate 
maturity (1.0 -1.2%); type II equivalent to the previous one 
but with marked input of methane of biogenic origin; type 
II of advanced maturity (~1.3-1.6%); type II mix with high 
maturity dry methane input. The regional preferential 
carrier of the basin is Springhill Fm. that is capable to 
connect the areas of greatest thermal maturity, in the 
direction of the basin depocenter (Fig. 3). 

 
Figure 3. Map of the area. Black curves: modeled top PAI 

maturity. 
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Introduction  

Currently, detailed sedimentological descriptions of 
cores, outcrops or drilled cuttings samples supplemented 
with seismic data are required to be done before 
deduction of their applicable depositional setting can be 
determined. These detailed sedimentological descriptions 
require very specialized expertise as well as considerable 
time and in a number of instances, are not reproducible 
from one expert to another. Seismic data is often hard to 
come by and also requires certain processing techniques 
that at times are not easily reproducible.  
 
This study seeks to provide an alternative methodology 
that can be used to deduce depositional settings of 
unconventional formations in a reproducible, quick and 
numbers based system that is not subject to the level of 
expertise or thinking process of the person who is doing 
the deduction. In this study, a total of fifteen 
unconventional formations have been analyzed for their 
total organic carbon (TOC) together with their pyrolysis 
measurements of hydrocarbons generation potential and 
residual carbon. These formations are; Cisco Canyon, 
Clear Fork, Cline, Jet Rock, Lias Shale, Low Wolfcamp, 
Woodford Outcrop, Middle Wolfcamp, Mowry Shale, 
Woodford Shale, Upper Spraberry Lime, San Andres, 
Skull Creek, Strawn and Upper Avalon. For each of the 
TOC and pyrolysis analyses of these fifteen 
unconventional formations, two graphic plots were done; 
these plots are that of residual carbon (S4CO2) versus 
hydrocarbons generation potential (S2) and the one of 
residual carbon normalized to TOC versus hydrocarbons 
generation potential normalized to TOC (Hydrogen 
Index). These pair of graphic plots for each of these fifteen 
unconventional formations were then interpreted to occur 
in five groups, each of which is representative of a unique 
depositional setting. 
 

 

Experimental  

Core, drill cuttings and outcrop samples were ground to 
60 mesh size using a mortar and pestle and then an 
accurately weighed quantity of about 70 mg of each 
sample was analyzed on the HAWK Pyrolysis, TOC, and 
Carbonate Carbon instrument in two cycles; the first of 
which comprised of a pyrolysis run using helium as the 

carrier gas for a ramp rate of 25°C per minute initiated at 

an oven temperature of 100 °C and ran through to 650 °C 

whereby measurements of thermally vaporizable 
hydrocarbons (S1) as well as the hydrocarbons generated 
from the breakdown of kerogen (S2) were measured. In 
addition during this pyrolysis run, both carbon dioxide and 
carbon monoxide that were generated from organic 
matter, were measured as S3CO2 and S3CO 
respectively. On completion of the pyrolysis run, CO2 free 
air was used as the carrier gas for the oxidation cycle for 
each of the samples whereby using a ramp rate of 25°C 
per minute, the samples were analyzed in an oven that 

was heated from 300 °C to 750 °C, with the measured 

residual carbon being recorded as S4CO2 and S4CO. 
Detection of the generated hydrocarbons during the 
pyrolysis run was done by using an FID (Flame Ionization 
Detector), while InfraRed (IR) detectors; IRCO and 
IRCO2,  were used to measure the generated CO and 
CO2 respectively. Total Organic Carbon (TOC) was 
summed up from all the organic carbon that was 
measured in both the pyrolysis and oxidation cycles. 
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Results and Discussion  

Measurements of TOC, residual carbon (S4CO2), and 
hydrocarbons generated from the breakdown of kerogen 
(S2), were determined for fifteen unconventional 
formations, namely; Cisco Canyon, Clear Fork, Cline, Jet 
Rock, Lias Shale, Low Wolfcamp, Woodford Outcrop, 
Middle Wolfcamp, Mowry Shale, Woodford Shale, Upper 
Spraberry Lime, San Andres, Skull Creek, Strawn and 
Upper Avalon. Graphic plots of residual carbon (S4CO2) 
versus hydrocarbons generation potential (S2) and 
residual carbon normalized to TOC versus hydrocarbons 
generation potential normalized to TOC (Hydrogen 
Index), were then constructed for each of these fifteen 
unconventional formations and appeared as shown in the 
graphics below (Fig. 1). 
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Figure 1. 

Graphic plots of residual carbon (S4CO2) versus hydrocarbons 
generation potential (S2) and residual carbon normalized to 
TOC versus hydrocarbons generation potential normalized to 
TOC (Hydrogen Index), for fifteen unconventional formations.  

The graphical plots that are depicted in Figure 1 are interpreted 
as being grouped into the five groups that are shown in table 
one below. 

 

 

 

 

 

 

Note: R2 is correlation 
coefficient 

A) R2 > or = 0.5 for (i) and (ii) 

B) only (i) has R2 > or = 0.5  

C) only (ii) has R2 > or = 0.5  

D) only (ii) has R2 > or = 0.3  

E) R2 < or = 0.05 for (i) and (ii) 

 

Table 1.  

The assigned five groups for the fifteen unconventional 
formations that were analyzed in this study.  

The assignment of the five groups was based on the respective 
R2 values for the two graphic plots that were generated for each 
of the fifteen unconventional formations. These are the graphic 
plots of residual carbon (S4CO2) versus hydrocarbons 
generation potential (S2) and residual carbon normalized to 
TOC versus hydrocarbons generation potential normalized to 
TOC (Hydrogen Index). 

The depositional units that have been deduced for each of these 
fifteen unconventional formations are hereby categorized into 
five formation groups based on their respective R2, as shown in 
Table 2 below. 

 

 

 

 

 

 

 

Formation Basin
R2 for S2 

vs S4CO2 

(i) 

R2 for HI vs 

S4CO2/10 x 

100 (ii)

Formation 

Group

Cisco Canyon Permian; Midland 0.54 0.41 B

Clear Fork Permian; Midland 0.71 0.2 B

Cline Permian; Midland 0.97 0.56 A

Jet Rock Svalbard 0 0.61 C

Lias Shale Paris 0 0.02 E

Low Wolfcamp Permian; Midland 0.45 0.69 A

Woodford Outcrop Arkoma 0.72 0.84 A

Middle Wolfcamp Permian; Midland 0.65 0.12 B

Mowry Shale Denver 0.09 0.37 D

Woodford Shale Arkoma 0.7 0.87 A

Upper Spraberry Lime Permian; Midland 0.6 0.1 B

San Andres Permian; Midland 0.54 0.25 B

Skull Creek Denver 0.02 0.01 E

Strawn Permian; Midland 0.98 0.54 A

Upper Avalon Permian; Midland 0.93 0.25 B
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Table 2. 

Deduced depositional units for the fifteen unconventional 
formations categorized into five formation groups 

 

The fifteen unconventional formations that were analyzed for 
this study have been categorized into five depositional units, 
namely; A, B, C, D and E as described in Table 2. A comprises 
of Foreland Basin’s restricted seaway, slope and basinal 

turbidites, together with failed rift arm and platform. B comprises  

Formation
Formation 

Group
Depositional Setting

Cisco Canyon B Foreland basin's  shelf, reef, incised-

valley, deltaic and slope (Ambrose and 

Hentz, 2019)

Clear Fork B Foreland basin's shelf sub-tidal, slope 

and basin carbonates 

(mudstones/wackestones), 

shales/mudstones plus turbidites 

(Molnar, 2015) and (Atchley et. al ., 

1999)

Cline A Foreland basin;  an epicratonic 

foreland basin. Restricted seaway 

basin;  sediment input to the basin 

comprised  a combination of  

calcareous mudrocks and fine-grained 

siliciclastics (Peng et. al. , 2020).

Jet Rock C Distal shallow shelf and deep shelf 

major marine transgression; Svalbard 

Island rare outcrop of continental shelf 

in Norway, most of the continental 

shelf in Norway is presently deeply 

buried (Vajda and Wigforss-Lange, 

2009)

Lias Shale E Intracratonic basin; restricted marine 

shale infill overlain by carbonate 

platform and underlain by sandstones 

and mudstones (Chatelier and Urban, 

2010)

Low Wolfcamp A Foreland Basin's slope and basinal 

turbidites; siliceous and carbonate 

with the carbonate being detrital 

limestone sourced from a carbonate 

platform. Basinal siliceous mudstone 

(Richards et. al , 2023)

Woodford 

Outcrop

A Failed Rift arm and platform; Deep 

marine basin overlying unconformity 

on top of a carbonate platform that 

was subject to erosional incision prior 

to Woodford Shale deposition; major 

transgression (McCullough and Slatt, 

2015)
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of Foreland Basin’s shelf subtidal together with slope and 
basinal turbidites. C consists of a shallow shelf and deep shelf 
marine transgression. Both D and E comprise of intracratonic 
basins. 

 

Conclusions  

This study seeks to provide an alternative methodology 
that can be used to deduce depositional settings of 
unconventional formations in a reproducible, quick and 
numbers based system that is not subject to the level of 
expertise or thinking process of the person who is doing 
the deduction. 
 
In this study, a total of fifteen unconventional formations 
have been analyzed for their total organic carbon (TOC) 
together with their pyrolysis measurements of 
hydrocarbons generation potential and residual carbon. 
These formations are; Cisco Canyon, Clear Fork, Cline, 
Jet Rock, Lias Shale, Low Wolfcamp, Woodford Outcrop, 
Middle Wolfcamp, Mowry Shale, Woodford Shale, Upper 
Spraberry Lime, San Andres, Skull Creek, Strawn and 
Upper Avalon. For each of the TOC and pyrolysis 
analyses of these fifteen unconventional formations, two 
graphic plots were done; these plots are that of residual 
carbon (S4CO2) versus hydrocarbons generation 
potential (S2) and the one of residual carbon normalized 
to TOC versus hydrocarbons generation potential 
normalized to TOC (Hydrogen Index). These pair of 
graphic plots for each of these fifteen unconventional 
formations were then interpreted to occur in five groups, 
each of which is representative of a unique depositional 
setting. 
 
The assignment of the five groups was based on the 
respective R2 values for the two graphic plots that were 
generated for each of the fifteen unconventional 
formations. These are the graphic plots of residual carbon 
(S4CO2) versus hydrocarbons generation potential (S2) 
and residual carbon normalized to TOC versus 
hydrocarbons generation potential normalized to TOC 
(Hydrogen Index). 
 
The fifteen unconventional formations that were analyzed 
for this study were then categorized into five depositional 
units, namely; A, B, C, D and E. Whereby, A comprises of 
Foreland Basin’s restricted seaway, slope and basinal 
turbidites, together with failed rift arm and platform. B 
comprises of Foreland Basin’s shelf subtidal together with 
slope and basinal turbidites. C consists of a shallow shelf 
and deep shelf marine transgression, while both D and E 
comprise of intracratonic basins. 
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Introdução 
 
O Bloco de Libra está localizado na região Nordeste da 

Bacia de Santos, com uma área de 1.547 Km2. Esse 
bloco é subdividido em setores: Noroeste, Central e 
Sudeste. O compartimento Noroeste, atualmente 
corresponde ao Campo de Mero, enquanto o Central e o 
Sudeste continuam em fase de Plano de Avaliação de 
Descobertas (PAD) (Rancan et al., 2018). 

Para o Campo de Mero e o PAD de Libra Central foram 
estimadas as maturações térmicas, expressas pela 
reflectância da vitrinita equivalente (VReq). A partir dos 
fluidos coletados nos reservatórios, podemos inferir a 
VReq e obter os estágios de evolução térmica, que a 
rocha geradora foi submetida, durante a geração e 
expulsão dos hidrocarbonetos. Esses dados são 
utilizados como input para a calibração térmica nas 
simulações numéricas de modelagem de sistemas 
petrolíferos. E são essenciais, principalmente, em áreas 
exploratórias, onde não há informações de análises 
laboratoriais das seções geradoras. 

A aplicação desse método também pode ser utilizada 
para o entendimento dos processos de migração e 
preenchimento de rochas reservatório. Por meio da 
verificação dos parâmetros de maturação de óleo e gás, 
é possível averiguar se a acumulação é composta por um 
fluido gerado em uma faixa de maturação térmica restrita, 
correspondendo ao aporte de uma carga instantânea, ou 
se as acumulações correspondem ao processo 
cumulativo, produto de vários pulsos, com diferentes 
níveis de maturação.  

 

Métodos  
 

Para a investigação da fração líquida do petróleo, a 
análise da maturação térmica equivalente foi realizada 
empregando-se os métodos descritos nas bibliografias 
indicadas: para os biomarcadores saturados e 
aromáticos (Peters et al., 2005), hidrocarbonetos 
poliaromáticos (HPAs) (Radke e Welte, 1983), 

diamantóides (Chen et al., 1996) e a análise da fração C7 
expressa pela razão do heptano versus isoheptano 
(Isaksen, 2004). 

Na fração gasosa do petróleo, empregou-se o 
programa GOR-Isotopes 2.0 (GeoIsoChem), para cálculo 
das inversões da reflectância da vitrinita equivalente 
(VReq) e da temperatura equivalente (T°Ceq) do C1, C2, 
e C3, aplicando uma taxa de aquecimento de 2°C/Ma. 

 
Contexto Geológico 
 

Os setores Noroeste, Central e Sudeste do Bloco de 
Libra são individualizados por compartimentos estruturais 
e atravessados por duas feições lineares maiores em 
nível de embasamento: a Zona de Transferência de Libra 
(ZTL, de direção NW-SE) e o Lineamento de Curitiba (LC, 
de direção WSW-ESE). 

Os principais reservatórios são carbonáticos, com altos 
valores de permeabilidade. As rochas geradoras 
possuem um bom potencial gerador e são ricas em 
matéria orgânica amorfa. Rochas ígneas, do Cretáceo, 
intercaladas aos reservatórios, também foram 
constatadas. 

Essas ígneas tiveram o seu magmatismo condicionado 
pela tectônica, que ocorre predominantemente na seção 
do pré-sal no Campo de Mero, nas seções do pré e intra-
sal no PAD de Libra Central e nas seções do pré, intra e 
pós-sal no compartimento Sudeste. Os dados de poços 
sugerem que esta suíte ígnea está encaixada, em sua 
maior parte, nas rochas da Formação Itapema (Rancan 
et al., 2018). 

  

Resultados e Discussões 
  

A Tabela 1 sintetiza todas as informações sobre as 
estimativas de maturação térmica, com base nos fluidos 
estudados. Além de apresentar os dados das 

propriedades globais dos fluidos (ºAPI e RGO). 
Examinando a Tabela 1 e a Figura 1 percebe-se que 

embora, o PAD de Libra Central seja portador de gás 



2   

condensado com RGO de 3000 m3/m3 (838 m3/m3, sem 
CO2), a fração pesada do petróleo registrou um grau de 
maturação térmica similar ao black oil do Campo de Mero 
(RGO de 232 m3/m3, sem CO2). 

Tabela 1. Dados de maturidade térmica calculados de acordo 
com valores de VReq e T°Ceq estimada nos petróleos 
investigados. Fonte: Banco de dados da Petrobras. 

 
Os indicadores de maturidade, investigados nos óleos 

de Mero e condensado do PAD de Libra Central, no que 
se refere aos biomarcadores saturados, apontam valores 
de até 0,8% de VReq. Na fração leve, os valores de VReq 
alcançam níveis de maturação maiores: os HPAs em 
Mero VReq de 0,87% e no PAD Libra Central VReq de 
0,88%; os dados da fração C7, indicam valores máximos 
de VReq de 1,12% para o PAD de Libra Central e 1,06% 
para Mero; Já as VReq referentes aos diamantóides, 
apresentam uma evolução térmica muito maior, com 
VReq chegando a 1,65% no PAD de Libra Central, e 
1,57% em Mero, sugerindo a entrada posterior da fração 
leve, em relação a fração mais pesada, no processo 
cumulativo. 

O gráfico da Figura 1, correlaciona os valores de 
composição isotópica dos gases C2, C1 e C3 com a VReq. 
Neste gráfico nota-se que o deslocamento da assinatura 
isotópica do metano, acima da curva de laboratório 
(construída, a partir da cinética da geradora Jiquiá), 
sugere a focalização de metano muito mais evoluído que 
o etano e o propano. Destaca-se que, no PAD de Libra 
Central, apesar do metano está ainda mais evoluído do 
que os gases metanos encontrados em Mero, os gases 
úmidos do PAD de Libra Central possuem o mesmo grau 
de evolução térmica que os de Mero. Indicando gases 
úmidos cogenéticos, que receberam um aporte de 
metanos mais pesados. Em Mero e no PAD de Libra 
Central, esses aportes acontecem em escalas diferentes, 
sendo no PAD de Libra Central mais intenso. 

 
Figura 1. Relação entre δC2 x δC1 e δC3 e a VReq, calculada 

no programa GOR-isotopes 2.0 para gases associados do 

Campo de Mero e PAD de Libra Central. Os poços do Campo 
de Mero estão codificados. 

Confirmando o processo cumulativo de suprimento das 
cargas, a fração gasosa registra grau de maturação 
térmica ainda bem mais elevado. Em Mero, constata-se 
valores de VReq de C2 e C3: VReq ~2% -200 °C e o C1 
VReq de 3,68 – 255 °C. No PAD de Libra Central, a VReq 
atinge C2 e C3: Roeq ~1,8% -190 °C e o metano alcança 
VReq de 4,8%, assinalando janela de gás seco.  

 

Conclusões 
 

Examinando as frações líquida e gasosa, pode-se 
concluir que, a rocha geradora foi submetida a um amplo 
intervalo de estágios de geração dos fluidos, registrando 
um processo cumulativo do início da geração do óleo até 
a geração de gás seco, revelando um complexo sistema 
de preenchimentos nas acumulações estudadas, com 
saltos no estágio de maturação térmica entre os registros 
da fração líquida e o da fração de condensado e gases. 
Importante ressaltar, que o gás metano apresenta 
assinatura ainda muito mais evoluída em relação aos 
gases úmidos amostrados.  

Para esses valores anomalamente altos de maturação 
térmica, com VReq de 3,7% e 4,8%, que foram 
calculadas a partir da composição isotópica (δ13C1) do 
Campo de Mero e para o PAD de Libra Central, 
interpreta-se duas hipóteses: 1) gases derivados da 
maturação instantânea, devido a geração flash, por 
rochas ígneas intrusivas nas rochas geradoras 
encaixantes; ou 2) gases de origem mantélica, 
relacionados ao aporte de CO2 que alcançaram os 
reservatórios do pré-sal.  
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Introduction  

The Parnaiba Basin is a cratonic basin of 600.000km2 
filled by a 3.5km sedimentary succession. The Devonian 
Shales of the Pimenteiras Formation are the main 
source rock interval and comprises four source rock 
intervals named A, B, C and D, A being the older and D 
the younger. All four intervals have not reached 
petroleum generation temperatures through overburden, 
but by the heat input from igneous intrusions. Therefore, 
all proven Parnaíba Basin’ petroleum systems (PS) are 
atypical PS (Miranda et al. 2018). Thermal maturity 
varies and depends on the temperature of emplacement, 
thickness of igneous intrusions and how far they are 
from the four main source rock intervals within the 
Pimenteiras Formation. All these parameters will be 
referred as Source Rock (SR) – Sills Setting. The 
Atypical PSs are very sensitive to temperature on a local 
scale as the igneous intrusion-source rock interval may 
vary vertically and laterally.  
Kinetics analysis allows explorationists to know the 
effects of changing pressure and temperature on the 
petroleum type that is generated from a given source 
rock. This kind of data is almost unique for each basin 
but may also vary geographically on the same source 
rock interval within a basin (Dolson et al 2014). The lack 
of publications on the Brazilian Paleozoic basins have 
forced PS modelers to use analogues of similar ages 
from different basins. Considering the sensibility of the 
atypical petroleum system, the new data acquired on two 
out of the four main source rock intervals increases the 
understanding on rate, conversion, type, and timing of 
the petroleum generation of the Atypical PS of the 
Parnaíba Basin.  On consequence, PS modelling is 
more accurate and calibrated to the gas and 
gas/condensate fields on the basin and will be more 
precise for prospects evaluation.  

 

Experimental  

A screening workflow was performed on fourty one 
samples to select twelve samples for Bulk Kinetics 
Analysis and then two Compositional Phase Kinetics. 
Cutting samples were collected from two different wells 
from the four different Pimenteiras Formation source 
rock intervals for petroleum generation characteristics at 
the GeoS4 Lab. Firstly, based on TOC and Pyrolysis 
analysis, twenty-one samples were selected for organic 
petrographic analysis for thermal maturity levels 
estimation. Then, twelve samples were selected for Bulk 
Kinetics Analysis and two were selected for 
Compositional Phase Kinetics Analysis. Phase kinetics 
analysis were performed combining an open- and 
closed-systems. 

Results and Discussion  

The Pimenteiras Formation samples are organic 
lean to rich with TOC contents varying from 0.4 to 4%. 
Based-on Rock-Eval results, kerogens can be classified 
as Type III, with a few Type II-III. Regarding the 
organofacies classification of Horsfield (1989), the 
kerogens of the four source rock intervals plot along a 
trend typical of dominantly marine type II kerogen that 
indicates potential for paraffinic-naphthenic-aromatic 
(PNA) low wax petroleum generation. The samples are 
classified as aquatic to terrestrial on the phenol 
abundance diagram (Larter, 1984) and aromatic to 
aromatic-aliphatic intermediate on the kerogen type 
diagram (Eglinton et al. 1990).  Thermal extract yields 
are low for all samples and consist mainly of a complex 
hydrocarbon mixture and no real presence of an 
unresolved complex mixture suggesting that 
biodegradation is not an issue. The maceral assemblage 
of the Pimenteiras Formation is homogeneous 
containing assemblages of alginate, vitrinite, zooclasts, 
amorphous, organic matter and bituminite. The mostly 
homogeneous composition yields a narrow activation 
energy distribution, >70% of the bulk reaction. 
Consequently, all samples show a steep increase in TR 
with increasing temperature and generate petroleum 
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(10-90% TR) over a narrow temperature interval (20-
40ºC).  The geologic onset (10% TR), Tpeak, and end 
(90% TR) temperatures for petroleum generation are 
within the ranges 122-140°C, 137-154°C, and 142-
170°C, respectively, indicating high thermal stabilities 
(Figure 1). 

 
Figure 1. Transformation ratio curve. 

The new kinetics data were used as input to PS models 
in two different scenarios: all source rocks with SR A 
kinetics (Figure 2B); and SR A & B with SR A Kinetics 
and SR C & D with SR C kinetics (Figure 2C). These two 
scenarios were compared with the previously used 
analogous kinetics scenario (Figure 2A) on a given gas 
field to see the impact of acquiring kinetics on multiple 
source rock levels. The main difference from the 
analogous kinetics model to the scenario with Parnaiba 
Basin kinetics was the gas column height calibration. 
The last was more accurate to the gas field column. 
Comparing the two scenarios using new kinetics data, 
the main improvement was on the fluid composition. 
When both kinetics analysis results were used, the fluid 
composition was better calibrated with the fluid 
composition of the gas field which is condensate rich.  

Conclusions 

The acquisition of kinetics data on the basin of interest is 
essential for PS modeling calibration. However, it has 
even more important role on atypical petroleum systems 
as the thermal variability is more heterogeneous and 
thermal dependent. The homogeneous composition, 
thermal resistant and narrow activation energy 
distribution of the Devonian shales of the Pimenteiras 
Formation has proved that the hydrocarbon can only be 
generated within a high temperature window (137-
154°C) that only specific SR-Sill setting may provide.  
In conclusion, the new acquired kinetics data were used 
to calibrate gas fields PS modelling and must be more 
accurate on pre-drilling evaluation of a prospect.  

 

Figure 2. Petroleum Saturation of different PS model 
Scenarios of a given Gas Field  
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Introduction   

Offshore Colombia has been reported in the literature as 
having great potential for biogenic gas generation, mainly 
due to the large thickness and low thermal gradient of the 
sedimentary section (Katz and Williams, 2003). 

Petroleum exploration in the Colombian Caribean relative 
to the Tayrona Block, located at Guarija Basin (Figure 1), 
has been taking place since 2004 with the drilling of 4 
wells and the occurrence of two gas discoveries. The 
results of the molar and isotopic composition of these 
gases found in sandstone reservoirs suggest a biogenic 
origin with a predominance of isotopically light methane 
(dry gas; Spigolon et al., 2023). In the same way, the gas 
discoveries corresponding to Chuchupa and Ballena 
fields in the 70 decade have also been interpreted to have 
a biogenic origin (Rangel et al., 2003). 

 
Figure 1 – Location map of the studied area in the Colombian 
Caribbean, Guajira Basin. Red area corresponds to Chuchupa 
and Ballena gas fields. 

Associated with dry gas, small amounts of a liquid 
colorless to slightly yellowish occur (condensate), which 
were sampled for geochemical characterization in order 
to determine its origin and thermal evolution degree, for 
the better understanding of the Colombian petroleum 
systems in the offshore areas. 

Material and Methods 

Small amounts of condensate were extracted from the 
gas cylinders (PVT bottles) by cryogenic distillation for 
geochemical analysis.   

The samples were submitted to a Gas Chromatography 
(GC) analysis to the identification of the main 
hydrocarbons ranging from 8 to 40 atoms of carbon (n-
alkanes and some isoprenoids), through the 
chromatography in gaseous phase coupled to a Flame 
Ionization Detector (FID). A detailed characterization of 
the light compounds (C15-) was done by GC-Carburane 
technique.   

For biomarkers determinations, aliquots of the 
condensates were fractionated using a medium pressure 
liquid chromatography (MPLC) technique to provide 
saturated hydrocarbon fraction that was analyzed by a 
Gas chromatography-mass spectrometry (GC-MS) for 
hopanes and steranes compounds. 

Results and Discussions 

The geochemical analyses of GC, GC-Carburane and 
GC-MS indicate thermally immature and aromatic-
naphthenic character for these condensates (Figures 2, 3 
and 4). This interpretation is based on the following 
geochemical indicators: low abundance of n-paraffins, 
High concentration of aromatics (toluene> n-C8), 
Aromaticity = 6.16 (very high), Paraffinicity = 0.28 (very 
low), Isoheptane index = 0.42 (very low), Heptane index 
= 10.4 (very low), Pristane / n-C17 > 2,High proportions 
of moretanes, Homohopanes R> S and C29 steranes 20S 
/ (20S + 20R) < 0.1. 

In some samples, the high contamination by drilling fluid 
severely impacted the C15- light compounds 
characterization given by GC-Carburane. 
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The richness of aromatic and naphthenic components 
between the light compounds (C15-) and a high ratio of 
pristane/phytane (> 4) suggest an origin of the liquid 
fraction from a terrestrially derived organic matter (Type 
III kerogen (Figure 2 and 3), as documented by Connan 
and Cassou (1980). 

  
Figure 2. Gas chromatogram displaying the distribution of 
hydrocarbons in the condensates. The red rectangles represent 
the range of specific components analyzed by GC-Carburane 
and GC-MS. 

 
Figure 3. Results of light compounds (C15-) based on GC-
Carburane analysis. 

 
Figure 4. Biomarker composition of hopanes and steranes in 
the condensates. 

The distribution of biomarkers in terms of hopanes and 
steranes confirms the thermal immaturity of the liquid 
fraction based on the predominance of thermally less 
stable compounds (or immature isomerization) like ββ 
and βα hopanes and αααR steranes, and its origin from 
Type III organic matter (land-derived debris), as indicated 
by the presence of oleanane, des-A-oleanane, lupane, 
des-A-lupane and probably taraxastane and bicadinanes 
(Figure 4; e.g., Clayton, 1993).  

This composition is compatible with immature rock 
extracts of the Cenozoic sedimentary section in the 
Offshore Colombia.  

Immature condensates were initially described by 
Connan and Cassou (1980). These authors suggested 
that in almost cases, immature condensates are source 
controlled and are produced under mild thermal 
conditions from terrestrially derived organic matter. It is 
important mentioning that these condensates are 
associated with dry biogenic gas, as in the case this case. 

Conclusions 

The very low amount of condensate obtained from the 
gas cylinders presents an origin related to a terrestrially 
derived organic matter (Type III kerogen) based on the 
richness of aromatic and naphthenic components, high 
ratio of pristane/phytane (> 4) and the presence of 
oleanane, des-A-oleanane, lupane, des-A-lupane. The 
very low heptane and Isoheptane indices and the 
predominance of biological configuration of steranes 
(ααα20R) indicate a thermally immature condensate.  

The recognition of petroleum-derived compounds (e.g. 
condensate) associated with biogenic gas is not 
something common in petroleum geochemistry that is 
documented in textbooks.  

In terms of geological implications, the genesis of the 
liquid fraction (condensate) is compatible with the low 
thermal condition that the pelitic rocks were submitted, 
suggesting an in-situ formation. The gas captures the 
hydrocarbons produced by the host rock containing type 
III organic matter interbedded to the sandstone reservoirs. 
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