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A B S T R A C T   

Here we present a study on the formation process and Re–Os systematics of the bitumen discovered in a CO2-rich 
pre-salt gas reservoir, south Kwanza Basin, offshore Angola. The magmatism-derived CO2 may have expanded 
downwards from the top of the reservoir, creating CO2 concentration and temperature gradients within the 
reservoir, and leading to the gradients of asphaltene precipitation and thermal cracking. The heat front may have 
been behind the CO2 front due to the heat exchange with surrounding rocks. Thus, asphaltene precipitation has 
likely occurred before the thermal cracking. Such bitumen formation process is consistent with the observed 
decreasing bitumen content and Rock-Eval Tmax with depth, and also the characteristics of the whole rock and 
bitumen Re and Os concentrations. 

Five closely spaced bitumen samples define a Re–Os age of 116 ± 29 Ma that is identical to the timing of CO2 
charging and thus may indicate the timing of bitumen formation. The heterogeneous 187Os/188Os and lack of 
mobility of the asphaltene deposit, and the relatively low extent of thermal cracking (Tmax of 425–470 ◦C) may 
account for the lack of homogenization of the bitumen initial 187Os/188Os. 

Given the highly radiogenic initial 187Os/188Os (ca. 1.2–1.8) of the bitumen and limited 187Os/188Os ingrowth 
within the ca. 15 million years from the deposition of potential source rock (Barremian-Aptian Red and Grey 
Cuvo formations) to the bitumen formation, the source rock should possess a highly radiogenic initial 
187Os/188Os (>1). This is consistent with that of the equivalent lacustrine strata in the conjugated Brazilian 
marginal basins. Thus, the Os isotope composition indicates that the lacustrine Red and Grey Cuvo formations 
could be the source rock for the bitumen of the studied CO2-rich pre-salt gas reservoir in the south Kwanza Basin.   

1. Introduction 

Solid bitumen is evidence of the prior existence of crude oil. It is the 
remnant of crude oil alteration processes including but not limited to 
deasphalting and thermal cracking (Behar et al., 1991; Jacob, 1989; 
Meyer and De Witt, 1990; Rogers et al., 1974; Wu et al., 2000). The 
Re–Os geochronometer has been used to provide timing constraints for 
bitumen formation (Corrick et al., 2019, 2020; Ge et al., 2016, 2018a, 
2018b, 2021; Georgiev et al., 2019; Huang et al., 2018; Scarlett et al., 
2019; Selby et al., 2005; Selby and Creaser, 2005; Shi et al., 2016; Su 
et al., 2020; Wang et al., 2017, 2019). Additionally, the Os isotope 

composition has been used to trace the source rock for crude oil and 
bitumen (Corrick et al., 2019; Cumming et al., 2014; Finlay et al., 2011, 
2012; Ge et al., 2018a; Liu et al., 2018; Scarlett et al., 2019; Selby et al., 
2005). 

Here we present a study investigating the bitumen formation process 
in a CO2-rich pre-salt gas reservoir, southern Kwanza (Benguela) Basin, 
offshore Angola. The solid bitumen is probably formed in response to the 
charge of magmatism-derived CO2 during the Early Cretaceous South 
Atlantic Ocean opening. Organic geochemistry characterization and 
Re–Os analysis were conducted to constrain the nature and timing of 
bitumen formation and trace the source rock. 
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2. Geological background 

The reservoir in this study is in the southern Kwanza (Benguela) 
Basin, offshore Angola (Fig. 1). The Early Cretaceous pre-salt sequences 
of the conjugated Brazilian and Angolan continental marginal basins are 
characterized by continental deposits in a series of intracratonic basins 
in the context of the Gondwana supercontinent breakup and South 
Atlantic Ocean opening (Ceraldi and Green, 2017; Karner and Gambôa, 
2007; Quirk et al., 2013; Saller et al., 2016; Serié et al., 2017; Torsvik 
et al., 2009). The lacustrine organic-rich strata that developed in the 
syn-rift half-grabens and sags are considered as hydrocarbon source 
rocks (Brownfield and Charpentier, 2006; Burwood, 1999; Pasley et al., 
1998; Saller et al., 2016; Serié et al., 2017; Uncini et al., 1998). Over
lying fluvial and lacustrine sandstone and carbonate units serve as 
reservoir rocks (Miguel et al., 2017) and they are sealed by a thick salt 
layer (Quirk et al., 2012). 

For the studied area, the reservoir is the Chela Formation carbonate 
that is sealed by the Aptian Loeme Formation salt. The Barremian- 
Aptian Red and Grey Cuvo formations underlying the Chela Formation 
are the possible hydrocarbon source rocks of the Red and Grey Cuvo 
formations (Fig. 2). The Red Cuvo Formation siliciclastic rocks possess a 
mix of sapropelic organic matter, scarce anisotropic bitumen and coaly 
fragments of terrestrial land plant debris (Type I-III kerogen; Fig. 2). The 
average initial TOC (Total Organic Carbon) content is 2.2–2.7 wt% and 
the vitrinite reflectance is 1.69–2.14%. The Grey Cuvo Formation is 
composed of carbonated and argillaceous siltstones and possesses Type 
III kerogen (Fig. 2) with an average TOC content of 0.74 wt% and vit
rinite reflectance of 1.45–1.52%. Source rock maturation and oil gen
eration may have occurred shortly after the deposition of the Barremian- 
Aptian source rock in response to the rapid and thick salt deposition 
(Saller et al., 2016; Schoellkopf and Patterson, 2000) and/or a high 
thermal gradient due to continental crust thinning and active magma
tism during the opening of the South Atlantic Ocean. 

There are often CO2-rich gas traps in association with petroleum 
accumulations in the pre-salt sections of the conjugated Brazilian and 
Angolan basins on the passive continental margins (Comin-Chiaramonti 
et al., 2011; Foulger, 2018; Gamboa et al., 2019; Jerram et al., 2019; 
Melankholina and Sushchevskaya, 2018; Teboul et al., 2017). The 
breakup of the Gondwana supercontinent was associated with extensive 
magmatic activity (Fig. 1; Comin-Chiaramonti et al., 2011; Jerram et al., 
2019; Masse and Laurent, 2016). Magmatism-associated CO2 released 
after the deposition of the Late Aptian salt layer can be trapped in the 
pre-salt reservoirs (Gamboa et al., 2019; Szatmari and Milani, 2016). 
The fluid of the studies reservoir consists mainly of CO2 (ca. 83%) and 
CH4 (ca. 16%). There are mainly three magmatic episodes identified in 
the study area (Denis and Kluska, 2017). Except for the earliest Para
ná-Etendeka igneous province, two of them postdate the deposition of 
the Late Aptian Loeme Formation salt, i.e., the Late Aptian episode of 
tholeiitic magmatism during the syn-to early post-rift phase of South 
Atlantic Ridge breakup (Denis and Kluska, 2017; Jerram et al., 2019; 
Marsh and Swart, 2018; Marzoli et al., 1999; Quirk et al., 2013; Teboul 
et al., 2019) and a later (ca. 90 Ma) alkaline magmatic activity linked to 
the Sumbe Ridge activity (Denis and Kluska, 2017; Jerram et al., 2019; 
Marzoli et al., 1999). The δ13C of CO2 (− 3.9‰) and the associated He 
signature (R/Ra of 4.5 and CO2/3He ratio of 1.2 × 109) indicate that the 
CO2 is associated with mid-ocean ridge basalt (MORB) type magmatism 
which is consistent with both possible magmatism episodes. The 
enrichment of radiogenic 4He indicates that the CO2 is possibly origi
nated from the older syn-to early post-rift Late Aptian tholeiitic 
magmatic activity. It may have been charged into the studied reservoir 
through the deeply rooted fault system (Figs. 1 and 5). The CH4 is mainly 
thermogenic in origin according to its δ13C of ca. − 32‰ and δD of ca. 
− 130‰. 

3. Samples and analytical protocol 

3.1. Organic geochemistry characterization 

The organic geochemistry characterization of the Chela Formation 
samples was carried out at the TOTAL CSTJF facilities in Pau, France. 
Maceral identification of the Chela Formation carbonates and the Grey 
and Red Cuvo formations was undertaken on sidewall core samples 
(Table 1; Fig. 2) using a LEICA DM6000M microscope. Bitumen and 
vitrinite reflectance were determined using a LEICA CTR 6000 
photometry system and Diskus-Fossil software in the random mode 
under reflected white incident light in oil immersion. The sidewall core 
samples were also measured for their Tmax and TOC contents with 
Rock-Eval 6 after removing the soluble oil fractions and possible drilling 
mud with pentane (Table 1). 

3.2. Extraction of soluble bitumen and progressive precipitation test 

Initially, three samples composed of 150 g of cuttings collected from 
different depths were selected to proceed to bitumen extraction followed 
by ASCI measurement (Asphaltene Solubility Class Index; Table 2). The 
first part of the protocol is to fully extract the precipitated asphaltenes 
from the cuttings, also called soluble bitumen, which is realized using a 
Dionex ASE 350 (Accelerated Solvent Extraction) from Thermo Fisher 
Scientific. The first step with ASE was to wash the cuttings in pure 
pentane under 140 ◦C and 100 bars (3 times 3 min of immersion in the 
solvent), to remove residues of oil and drilling mud. At the end of this 
step, the remaining organic matter in cutting is only composed of 
precipitated asphaltenes and pyrolyzed bitumen. Then, the second ASE 
step was to use dichloromethane (CH2Cl2, DCM) solution under 100 ◦C 
and 100 bars (3 times 3 min of immersion in the solvent) to extract the 
DCM-soluble fractions which were used for ASCI determination. Finally, 
solid residues were analyzed with Rock-Eval 6 to obtain the TOC cor
responding to the insoluble part of bitumen which is largely pyrobitu
men. Results are reported in Table 2. 

The Asphaltene Solubility Class Index (ASCI) expresses the precipi
tation capability of the asphaltenes which can be determined for both 
crude oil and asphaltene deposits (Zhou et al., 2012). The aim of this 
classification method is to compare asphaltenes, the main component of 
the initial bitumen, based only on their solubility class. An asphaltene 
solubility class evolution with depth gives information related to the 
precipitation process. The workflow for ASCI determination followed 
the one described in Zhou et al. (2012). The determination of the ASCI 
begins with the preparation of 20 vials filled with 4 ml of a mix of 
toluene – n-heptane (n-C7) with a variable ratio of the two components, 
covering compositions from 100 wt% Toluene to 100 wt% n-C7 (Fig. 3). 
Toluene is one of the best solvents for asphaltenes whereas n-C7 is one of 
the best precipitants, thus variable ratios of these components lead to 
variable precipitation efficiency. A mark from 0, for the 0% n-C7 and 
100% toluene solution, to 20, for the 100% n-C7 and 0% toluene solu
tion, is given to each vial as represented in Fig. 3. Then, a few drops 
(3–4) of the extract are added into each vial. After that, vials are well 
mixed and baked for 48 h under 50 ◦C. Finally, there is an optical check 
of the presence of a precipitate and the lowest number of the vial con
taining a precipitate is the mark reported for the ASCI. 

The asphaltene amount obtained from the 5430–5475 m interval was 
insufficient for ASCI determination, so it was replaced by a larger sample 
(500 g of crushed cuttings) covering a wider depth (5422 down to 6015 
m) in order to compensate for a low asphaltene content. 

3.3. Re–Os analyses 

Complete and clean separation of bitumen from the Chela Formation 
carbonates is difficult to achieve either manually from the millimeter 
scale pores or through solvent extraction given that most of the bitumen 
is insoluble in the sample suite (Table 2). The fact that the Chela 
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Fig. 1. Location of the Kwanza Basin and the pre-salt reservoir in this study (Google Map; Jerram et al., 2019; Masse and Laurent, 2016). (a) The location of the 
studied area in Africa. (b) The location of the studied reservoir and the cross-section (A-A′) shown in (c), offshore Angola. (c) Seismic cross-section showing the 
geological structure of the studied reservoir. (d) The stratigraphy of the studied well. 
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Formation rocks contain no autochthonous organic matter (Section 4.1) 
indicates that the dominant host of Re and Os in the Chela Formation 
reservoir rock is the bitumen. Thus, bitumen Re–Os systematics was 
analyzed using whole rock powder instead. The Re and Os concentra
tions of bitumen were approximately determined using the TOC con
tents of the whole rock. 

The Re–Os analyses were conducted by Isotope Dilution-Negative 
Thermal Ionization Mass Spectrometry (ID-NTIMS) on eleven Chela 

Formation whole rock bitumen bearing samples (Table 3) at the Durham 
Geochemistry Centre at Durham University in the Laboratory for Source 
Rock and Sulphide Geochronology and Geochemistry and the Arthur 
Holmes Laboratory. Following the procedures described in Selby et al. 
(2007a) and Liu and Selby (2018), approximately 200 mg of the bitumen 
bearing whole rock powder for each sample was placed into a Carius 
tube together with a mixed tracer solution of 185Re and 190Os and then 
digested and equilibrated in inverse aqua regia (3 ml 12 N HCl + 6 ml 

Fig. 2. Matrices and macerals of the Chela, Grey and Red Cuvo formations (under reflected light if not specified as polarized and fluorescence). The only organic 
matter observed in the Chela Formation carbonate is the pore-filling anisotropic bitumen with no fluorescence. The carbonates are crystallized and exhibit a pale 
yellowish fluorescence. The Grey Cuvo Formation is characterized by rich humic coaly remains in carbonated and argillaceous siltstones. Fluorescent rhombs of the 
carbonate are observed. The occasionally carbonated siliciclastic rocks of the Red Cuvo Formation contain micro-granular organic matter as thin reflective networks 
indicating a sapropelic depositional environment, humic coaly remains originated from terrestrial land plants in lower content than the Grey Cuvo Formation, and 
scarce vuggy bitumen. The absence of fluorescence due to high maturity obstructs better characterization of the organic matter. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 
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15.5 N HNO3) at 220 ◦C for 24 h. The Os was extracted from the acid 
solution using chloroform and back-extracted with 3 ml of 9 N HBr. The 
Os fraction was further purified by micro-distillation using CrO3–H2SO4 
and HBr. The Re was purified from the dried acid solution by 
NaOH-solvent extraction and HCl–HNO3 based anion exchange chro
matography. The purified Re and Os fractions were loaded on Ni and Pt 
filaments, respectively, and measured for their isotopic compositions by 
NTIMS using static collection by Faraday cups for Re and peak-hopping 
mode on a secondary electron multiplier for Os. The total procedural 
blanks during the study are 1.63 ± 0.67 pg for Re and 65 ± 13 fg for Os, 
with an average 187Os/188Os of 0.23 ± 0.02 (2 SD, n = 8). IsoplotR 

(Vermeesch, 2018) is used to derive all Re–Os isochron dates through 
statistical regression of the Re–Os data, which are reported at the 2σ 
level (95% level of confidence), in 187Re/188Os vs. 187Os/188Os space 
using the decay constant of 187Re of 1.666e− 11 ± 5.165e− 14 a− 1 (Smoliar 
et al., 1996). 

4. Results 

4.1. The organic geochemistry of the Chela Formation carbonates 

The only organic matter observed in the Chela Formation carbonate 
is pore-filling anisotropic bitumen exhibiting undulose extinction. There 
is no autochthonous organic matter observed. The crude oil fractions 
extracted by pentane may contain drilling mud and thus is not further 
discussed. The TOC contents measured on pentane-washed samples are 
used here to represent the bitumen contents which decrease with depth 
almost exponentially from a maximum of 4.50 wt% at 5303 m to a 
minimum of 0.38 wt% at 5494 m (Table 1; Fig. 4a). Such bitumen 
consists of mainly (ca. 87–97%) the DCM-insoluble fractions, which are 
largely pyrobitumen, and minor (ca. 3–13%) DCM-extracted soluble 
fractions, i.e., the asphaltenes (Table 2). The bitumen reflectance (BRo) 
of the four samples from 5309 to 5494 m are 1.88–1.98% which are 
equivalent to vitrinite reflectance (VRo) of 1.56–1.62% (Table 1; Fig. 4b; 
Jacob, 1989). The Rock-Eval Tmax of the Chela Formation samples 
decreases with depth from 470 ◦C at 5304 m to 426 ◦C at 5494 m 
(Table 1; Fig. 4c). The ASCI marks of the asphaltene of the soluble 
fractions extracted from the powders of 5300–5350 m, 5370–5415 m 
and 5422–6015 m are 7, 5 and 1, respectively (Table 2). In summary, the 
content (Rock-Eval TOC) and Tmax of the DCM-insoluble solid bitumen, 
the content and solubility (ASCI mark) of the DCM-soluble asphaltene, 
and thus the total content of the solid bitumen decrease with depth. 

Table 1 
The TOC (bitumen) contents, Tmax and BRo of the Chela Formation samples.  

Sample Depth (m) TOC Tmax (◦C) BRo (%) 

PRA1 5303.99 4.50% 470 / 
TT1 5309.21 3.99% 463 1.94 
PRA2 5327.26 3.50% 456 / 
PRA3 5330.41 3.44% 454 / 
PRA4 5347.31 2.33% 445 / 
PRA5 5352.89 2.30% 444 / 
TT2 5371.75 1.32% 438 1.96 
PRA6 5390.73 0.94% 437 / 
TT3 5408.69 0.99% 435 1.88 
PRA7 5427.00 1.09% 433 / 
PRA8 5430.19 0.75% 430 / 
TT4 5450.00 0.71% 431 / 
PRA9 5467.01 0.45% 431 / 
PRA10 5472.99 0.41% 428 / 
PRA11 5475.00 0.43% 425 / 
TT5 5485.00 0.59% 436 / 
TT6 5493.69 0.38% 426 1.98 

BRo: Bitumen reflectance under white incident light in oil immersion. 

Table 2 
The composition and solubility of the Chela Formation bitumen.  

Sample Mass 
(g) 

Depth (m) Pentane-extracts 
(oil and drilling 
mud) 

DCM-extracts 
(asphaltene) 

Rock-Eval TOC 
(insoluble 
bitumen) 

Asphaltene/(asphaltene 
+ insoluble bitumen*) 

Insoluble bitumen/ 
(asphaltene + insoluble 
bitumen*) 

ASCI of 
Asphaltene 

1 60 5300–5330 2.08% 0.15% 3.50% 3% 97% 7 
90 5330–5350 3.67% 0.10% 2.30% 3% 97% 

2 50 5370–5375 2.76% 0.09% 1.32% 5% 95% 5 
50 5390–5395 1.65% 0.07% 0.94% 6% 94% 
50 5410–5415 3.06% 0.11% 1.09% 8% 92% 

3 50 5430–5435 3.49% 0.09% 0.75% 9% 91% Insufficient 
asphaltene 50 5450–5455 4.48% 0.13% 0.71% 13% 87% 

50 5470–5475 1.78% 0.04% 0.43% 7% 93% 
4 500 5422–6015 2.39% 0.05% 0.54% 8% 92% 1 

*The insoluble bitumen contents here are converted from the TOC contents by dividing a coefficient of 0.83 arbitrarily. 

Fig. 3. Illustration of an ASCI determination process. Each vial is represented in blue with its composition reported on it. All percentages are wt.%. In this illus
tration, the ASCI is ranked 5 as a solid deposit is observed when n-heptane concentration is equal to or more than 25 wt%. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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However, the BRo does not show such a gradient. 

4.2. Re–Os analyses results 

The whole rock samples of Chela Formation carbonates contain ca. 
0.1–3.6 ppb (parts per billion) Re and 3–100 ppt (parts per trillion) Os 
(Table 3). The approximate bitumen Re and Os concentrations based on 
the TOC (DCM-insoluble bitumen) contents of the whole rock samples 
are ca. 2–380 and 0.1–19 ppb, respectively (Table 3). The 187Re/188Os 
and 187Os/188Os of the samples are ca. 30–460 and 1.3–2.7, respectively, 
and they are generally positively correlated (Table 3). 

5. Discussion 

5.1. Bitumen formation process 

The lack of fluorescence, relatively high maturity (BRo of ca. 2.0% 
and Tmax as high as 470 ◦C; Fig. 4b and c; Table 1) especially for the 
samples above 5400 m, and limited solubility (Table 2) indicate that at 
least part of the solid bitumen in the Chela Formation are possibly 
pyrobitumen formed by thermal cracking. In addition to pyrolysis, the 
DCM-insoluble bitumen can be also formed through the asphaltene 
precipitation process as will be discussed below. The small portions of 
pentane-soluble hydrocarbon and DCM-soluble asphaltene fractions 
could be the remnant of asphaltene deposit after the thermal cracking 
and/or the product of thermal cracking. The source of heat for the 
possible thermal cracking is likely to be the magmatism-originated CO2 
(Denis and Kluska, 2017) given its high capacity to carry and transfer 
energy (Hu et al., 2004; Ishmael et al., 2016) and high concentration in 
the reservoir fluid (ca. 83%). The bulk of the remaining gas in the 
reservoir is CH4 (ca. 16%), which is mainly thermogenic in origin and 
therefore less capable of inducing the thermal cracking of crude oil. 

The decrease in Rock-Eval Tmax of the Chela Formation samples may 
indicate that there is a decrease in thermal stress with depth within the 
reservoir, yet this is not apparent from the BRo data (Fig. 4b and c; 
Table 1). The magmatism-derived hot CO2 may have been charged from 
or accumulated at the top of the reservoir firstly through the deeply- 
rooted faults (Figs. 1c and 5) and then expanded downwards along 
with its continuous charge, creating downward decreasing gradients of 

CO2 concentration and temperature in the reservoir before the final 
equilibrium state (Fig. 6). As a result, the maturity of the solid bitumen 
can be greater in the higher positions of the reservoir given the higher 
temperature and longer duration of thermal cracking. 

The heat front could have been far behind the CO2 concentration 
front during the CO2 charging process. In the initial stage of CO2 
charging, hot (600–1100 ◦C) CO2 could have been cooled down by the 
surrounding rocks on its pathway because of the overwhelmingly higher 
heat capacity of rocks than the CO2-rich fluid. Carbon dioxide has a 
strong ability to induce asphaltene precipitation (Gonzalez et al., 2008; 
Monger and Fu, 1987; Srivastava et al., 1999; Zanganeh et al., 2018). 
Deposits of precipitated asphaltene may have formed in response to the 
charge of the cooled CO2. The precipitation of asphaltene from crude oil 
is a progressive process along with the change in condition (Zhou et al., 
2012). For example, the addition of more n-C7 into the DCM solution of 
asphaltene will lead to the precipitation of more asphaltene (Fig. 3; 
DiMarzio et al., 2018; Liu et al., 2019; Mahdaoui et al., 2013; Nalwaya 
et al., 1999; Passade-Boupat et al., 2013; Zhou et al., 2012). Similarly, 
low concentration CO2 can only induce the precipitation of highly un
stable asphaltene species from crude oil while higher concentration CO2 
could induce more asphaltene to precipitate. In response to the upward 
increasing CO2 concentration, there could have been more asphaltene 
precipitated in the higher position of the reservoir (Figs. 5-6). This 
proposed asphaltene precipitation process is consistent with the 
decreasing total bitumen contents with depth within the reservoir 
(Table 1; Fig. 4). A large volume of CO2 is required to warm up the 
pathway rock. Before the CO2 influx into the reservoir became hot, the 
mobile fractions of crude oil may have been driven away from the 
reservoir and have not been involved in the following thermal cracking 
processes. Thus, the current content of organic matter in the reservoir 
could have been largely determined by the precipitated asphaltene, 
although it may have been slightly altered by the subsequent thermal 
cracking. 

Once the surrounding rock on the pathway was warmed up, the hot 
CO2 injected into the reservoir could lead to the thermal cracking of the 
precipitated asphaltene. Similarly, due to the heat exchange with the 
reservoir rock, the CO2 may have been cooled down quickly in the 
reservoir thus creating a temperature gradient in the reservoir. The 
downward decreasing temperature gradient may have created 

Table 3 
The Re–Os data synopsis of the Chela Formation samples and the Osi at the critical timings of the studied petroleum system.  

Sample Depth 
(m) 

Re (ppb) ± Os (ppt) ± 192Os 
(ppt) 

± 187Re/188Os ± 187Os/188Os ± rho Osi at 
117 Ma 

Osi at 
131 Ma 

Osi at 
174 Ma 

PRA1 5303.99 0.09(2.04) 0.01 3.3(0.1) 0.3 1.1 
(0.02) 

0.2 164 37 1.85 0.40 0.810 1.53 1.49 1.37 

PRA2 5327.26 3.63 
(103.66) 

0.01 92.1 
(2.6) 

1.7 29.8 
(0.85) 

0.9 242 7 2.25 0.09 0.712 1.77 1.72 1.54 

PRA3 5330.41 3.26 
(94.67) 

0.01 86.0 
(2.5) 

2.0 27.9 
(0.81) 

1.2 232 10 2.21 0.13 0.709 1.76 1.71 1.54 

PRA4 5347.31 1.37 
(58.91) 

0.01 38.5 
(1.7) 

1.5 12.7 
(0.54) 

1.1 215 18 2.07 0.24 0.714 1.65 1.60 1.44 

PRA5 5352.89 3.36 
(146.07) 

0.01 70.2 
(3.1) 

1.6 22.4 
(0.98) 

0.9 298 12 2.37 0.14 0.714 1.79 1.72 1.50 

PRA6 5390.73 3.59 
(381.82) 

0.01 49.8 
(5.3) 

1.0 15.5 
(1.64) 

0.5 462 15 2.66 0.11 0.736 1.76 1.66 1.32 

PRA7 5427.00 0.20 
(18.05) 

0.01 19.8 
(1.8) 

0.8 6.8 
(0.62) 

0.6 58 6 1.70 0.20 0.636 1.59 1.58 1.54 

PRA8 5430.19 1.15 
(153.80) 

0.01 41.1 
(5.5) 

1.6 13.6 
(1.81) 

1.1 169 14 2.04 0.23 0.713 1.71 1.67 1.55 

PRA9 5467.01 0.34 
(75.67) 

0.01 34.3 
(7.6) 

0.8 12.2 
(2.71) 

0.5 55 3 1.35 0.08 0.613 1.24 1.23 1.18 

PRA10 5472.99 0.39 
(94.58) 

0.01 46.4 
(11.3) 

1.0 16.3 
(3.97) 

0.7 47 2 1.48 0.09 0.623 1.39 1.38 1.35 

PRA11 5475.00 0.42 
(97.01) 

0.01 81.3 
(18.9) 

3.1 27.7 
(6.45) 

2.2 30 3 1.74 0.20 0.682 1.68 1.68 1.65 

*The numbers in front of the brackets are the whole rock Re, Os and 192Os concentrations in ppb, ppt and ppt, respectively. The number in the brackets are the bitumen 
Re, Os and 192Os concentrations in ppb corrected from the whole rock concentrations by dividing the samples’ TOC contents. 
**The analytical results are all presented with 2 sigma errors. 
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correspondingly decreasing maturity of the solid bitumen as indicated 
by Tmax. The pyrobitumen yield can be higher in the higher positions of 
the reservoir from the asphaltene deposit under a higher degree of 
thermal cracking, e.g., with the Tmax as high as 470 ◦C. The laboratory 
experiment of Lei et al. (2018) shows that the percentages of pyrobitu
men in the pyrolysate from asphaltene plus resin increase with maturity, 
which are ca. 20, 40 and 50% at EasyRo of 1.0, 1.5 and 2.2%, respec
tively, to be specific. The maximum pyrobitumen yield is ca. 60% with 
the remaining pyrolysate to be mainly methane at EasyRo of up to 5.0% 
(Lei et al., 2018). In contrast, the Tmax is under 435 ◦C below 5400 m 
indicating a relatively low extent of thermal cracking and thus a low 
yield of pyrobitumen. However, there is still more than 87% of the solid 
bitumen insoluble in DCM below 5400 m (Table 2). 

The BRo may not be the best indicator for the thermal maturity of the 
bitumen deposit in this study. According to Nalwaya et al. (1999), the 
asphaltene precipitated in different stages, i.e., with different ASCIs, 
may have different physical appearance and macrostructure properties. 

The ones that precipitate earlier with lower ASCIs are hard, shiny and 
dense black particles having planar surfaces while the ones that pre
cipitate later with higher ASCIs are soft, dull and brown powder and 
appear as porous and undefined structures under the scanning electron 
microscope (Nalwaya et al., 1999). This may lead to different optical 
properties, i.e., higher reflectance (BRo) for the bitumen with lower 
ASCIs even if all the bitumens have totally the same thermal history. 
However, no molecular weight nor functional group differences have 
been observed among the progressively precipitated fractions of 
asphaltene (Nalwaya et al., 1999). This probably means that the 

Fig. 4. Organic geochemistry characteristics of the reservoir. (a) The TOC 
(pentane-insoluble bitumen) contents of the Chela Formation carbonate rocks, 
(b) the reflectance, and (c) Tmax of bitumen versus depth. See text 
for discussion. 

Fig. 5. Model of the charging history of the studied reservoir. The reservoir was 
firstly charged with crude oil (a) which was then transformed into bitumen by 
the magmatism-derived hot CO2 through asphaltene progressive precipitation 
and thermal cracking (b). Mobile hydrocarbons may have also been driven 
away from the reservoir by the CO2 influx. 
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Rock-Eval Tmax may remain unchanged. In fact, the Rock-Eval Tmax 
has long been used as a thermal maturity indicator within the immature 
to wet gas window (Behar et al., 2001; Evenick, 2021; Katz and Lin, 
2021; Lafargue et al., 1998; Nali et al., 2000; Rahman and Rimmer, 
2014; Rahman et al., 2017a, 2017b, 2018; Yang and Horsfield, 2020). 
Prior to the thermal alteration, the asphaltene precipitates formed 
through progressive process deposits in the studied reservoir may show 
an increase of reflectance (BRo) with depth in response to a decreasing 
ASCI but constant Tmax. In fact, the BRo and Tmax at the top of the 
reservoir are higher than this expectation, indicating the higher extent of 
thermal alteration than the lower part of the reservoir and thus sup
porting the bitumen formation model proposed in this study (Figs. 5-6). 

The ASCI evolution shows that the deeper the sample is, the lower 
solubility is for its DCM-extracted asphaltene in the mixture of n-C7 and 
toluene (Table 2). An important fact about asphaltene is that the un
stable asphaltene species can be stabilized by the presence of the rela
tively more stable asphaltene species in crude oil and solutions given 
their strong interaction (Zhou et al., 2012). As a result, the ASCI mark 
determined for the asphaltene deposit is lower than that for its original 
crude oil due to the lack of support from the relatively more stable 
asphaltene species. Meanwhile, among the asphaltene deposits precip
itated from the same crude oil, the ones precipitated from worse solvents 
(e.g., mixtures of higher n-C7 to toluene ratio or higher concentrations of 
CO2) with higher asphaltene yields will have higher ASCI mark than the 
ones precipitated from better solvents (e.g., mixtures of lower n-C7 to 
toluene ratio or lower concentrations of CO2) because of the 
co-precipitation of the more stable asphaltene species. Thus, before the 
thermal cracking, the asphaltene deposits in the studied reservoir may 
have had a decreasing ASCI mark gradient with depth as a result of the 

decreasing CO2 concentration gradient. The current DCM-extracted 
asphaltenes are the remnant of asphaltene deposits after the thermal 
cracking and/or the product of thermal cracking. Nevertheless, they still 
show a decrease in ASCI marks from 7 to 1 with depth, meeting the 
expectation for the asphaltene deposit according to the proposed 
bitumen formation process. 

The insolubility of the bitumen with low Tmax could be related to the 
deasphalting process. The DCM-insoluble bitumen can be formed 
through not only pyrolysis but also the asphaltene precipitation process. 
For example, the solid bitumens from the Mitsue Field, Canada formed 
through geological gas deasphalting with BRo of ~0.7% are not fully 
soluble in organic solvents (Hwang et al., 1998). One of such bitumen 
has 14.7%, 46% and 20% extracted by cyclohexane, DCM and toluene, 
respectively, with 19.3% remaining insoluble. For the DCM-extract of 
the lowest 5422–6015 m sample in this Angolan reservoir, the ASCI of 1 
indicates that it has asphaltene fractions that are insoluble in the 
mixture of 95% toluene and 5% n-heptane but soluble in pure toluene 
and DCM (Fig. 3). There may be asphaltene fractions with even lower 
solubility, i.e., ASCI of 0, which precipitated under low CO2 concen
tration and cannot be redissolved or extracted by the DCM-ASE practice 
due to the absence of support from the more soluble asphaltene species 
in crude oil. 

In other reservoirs of the Kwanza Basin and conjugated Brazilian 
Campos and Santos basins, it is suggested that geothermal fluids led to 
the thermal cracking of crude oil and bitumen formation (Girard and 
Miguel, 2017, 2018; Girard et al., 2017; Loma et al., 2018; Tritlla et al., 
2018, 2019). Paleo fluid reconstructions on the ultra-stretched domain 
of the Kwanza Basin indicate that a hot (197–221 ◦C) saline hydro
thermal plume telescoped a liquid oil reservoir and thermally cracked 
the oil into pyrobitumen and wet gas (Loma et al., 2018; Tritlla et al., 
2018, 2019). An integrated diagenetic study on a well in the south
western Kwanza Basin near the Benguela Transfer Fault Zone also 
demonstrates that the pre-salt reservoir was heated to unusually high 
temperatures (>150 ◦C) shortly after deposition (within 15–20 million 
years) according to fluid inclusion analysis and affected by profound 
hydrothermal diagenesis driven by CO2-rich highly saline brines (Girard 
and Miguel, 2017, 2018; Girard et al., 2017). Unfortunately, there are no 
details on hydrothermal fluid activity in the area of the studied reser
voir. Nevertheless, little to no influence of the hydrothermal activities on 
the bitumen Os isotope composition of the reservoir has been identified 
in this study (see below). If Tmax can be considered as a reliable 
parameter to compare the thermal cracking extent of bitumen, its 
decrease with depth could be hardly explained by the thermal cracking 
induced by hydrothermal fluids. 

In summary, the bitumen in the studied reservoir was probably 
formed sequentially through the asphaltene precipitation and the ther
mal cracking processes induced by the magmatism-derived CO2. The 
charged hot CO2 may have been cooled down by the pathway rocks 
initially before the rocks were warmed up. The CO2 may have expanded 
downwards from the top of the reservoir and thus leading to the for
mation of more bitumen through asphaltene precipitation in the higher 
positions of the reservoir. The later hot CO2 led to the thermal cracking 
of the asphaltene deposit. The DCM-insoluble bitumen could contain 
both the pyrobitumen and precipitated asphaltene with low solubility. 
The downward decreasing gradients of the total contents of the DCM- 
soluble and insoluble bitumen, Tmax and ASCI marks are consistent 
with the proposed bitumen formation model. 

5.2. Bitumen Re–Os concentration characteristics and implications 

Overall, the Os (represented by the most abundant stable isotope 
192Os) concentrations of the bitumen-bearing reservoir rock samples 
decrease with depth in the studied reservoir (Table 3; Fig. 7). The 
bitumen 192Os concentrations determined based on the TOC contents of 
the solvent-extracted rocks generally increase with depth (Table 3; 
Fig. 7). These observed trends can be accounted for by the bitumen 

Fig. 6. Model for the first stage of bitumen formation through the asphaltene 
precipitation induced by the cooled magmatism-associated CO2. Initially, it was 
the crude oil that was accumulated in the reservoir. When the magmatism- 
derived CO2 started to charge into the reservoir from or accumulated at the 
top of the reservoir, asphaltene precipitation was induced immediately at the 
contact (①). The continued charge of CO2 resulted in a decreasing concentra
tion gradient with depth within the reservoir inducing the precipitation of 
progressively less asphaltene from crude oil (②). A higher concentration of CO2 
induced the precipitation of more asphaltene in the higher position. Before the 
thermal cracking, the multiple CO2 influxes may have driven the mobile frac
tions of crude oil away from the reservoir (③). 

J. Liu et al.                                                                                                                                                                                                                                       



Marine and Petroleum Geology 143 (2022) 105786

9

formation processes and the residency of Os in crude oil fractions 
(DiMarzio et al., 2018; Georgiev et al., 2016, 2019; Hurtig et al., 2020; 
Liu and Selby, 2018; Liu et al., 2019; Mahdaoui et al., 2013; Selby et al., 
2007a; Stein and Hannah, 2016). 

It has been demonstrated that the crude oil Re and Os are predom
inantly hosted by the asphaltene fraction rather than the maltene frac
tion (DiMarzio et al., 2018; Georgiev et al., 2016, 2019; Hurtig et al., 
2020; Liu and Selby, 2018; Liu et al., 2019; Selby et al., 2007a; Stein and 
Hannah, 2016). Further analyses showed that the Re and Os of maltene 
concentrate in the resin fraction, with only very limited Re and Os in the 
aromatic and saturated hydrocarbons (DiMarzio et al., 2018). It is also 
demonstrated by the asphaltene sequential precipitation experiments 
that the fractions of asphaltene which precipitate earlier from the binary 
mixture solvents with increasing precipitant content, i.e., the ones with 
lower ASCI marks, generally have higher Re and Os concentrations 
(DiMarzio et al., 2018; Liu et al., 2019; Mahdaoui et al., 2013). 

In the lower position of the studied reservoir, the asphaltene deposits 
had lower ASCI marks as they were precipitated under lower CO2 con
centrations. Thus, they may have higher Os concentrations than the ones 
precipitated in higher positions. The whole rock’s Os concentrations are 
related to the bitumen contents – the precipitation of more asphaltene 
will enhance the Os contents and thus concentrations in the whole rock 
in the higher position of the studied reservoir. Although the Re–Os 
systematics may have been altered by the subsequent thermal cracking 
of the asphaltene deposits (Ge et al., 2016, 2018b, 2021; Lillis and Selby, 
2013), there are still signs of such Os concentration characteristics of the 
bitumen and whole rock in the studied reservoir (Table 2; Fig. 7). 

The same could have also been true for the Re, however, most of the 
bitumen Re concentrations are within 150 ppb showing no significant 
trends (Table 3; Fig. 7). An increase with depth is only shown between 
5300 and 5400 m which is strongly controlled by the sample PRA6. 

5.3. Re–Os bitumen geochronology, Kwanza Basin 

The Re–Os isochron dates obtained from low maturity bitumen are 
interpreted as oil generation age (Corrick et al., 2019; Cumming et al., 

2012, 2014; Ge et al., 2016, 2018a, 2020; Huang et al., 2018; Scarlett 
et al., 2019; Selby et al., 2005; Selby and Creaser, 2005). In contrast, the 
Re–Os systematics in highly mature bitumen are interpreted to record 
the cessation timing of their formation through thermal cracking (Ge 
et al., 2016, 2018b, 2021; Lillis and Selby, 2013). 

The Re–Os data of all samples in this study define an IsoplotR Model 3 
isochron age of 174 ± 37 Ma (n = 11; initial 187Os/188Os (Osi) = 1.44 ±
0.14; Fig. 8a). The age of ca. 174 Ma is older than the overall chronology 
of the petroleum system. The source rock is the Barremian-Aptian Red 
and Grey Cuvo formations (ca. 125–130 Ma; Burwood, 1999; Ceraldi 
and Green, 2017; Coward et al., 1999). The start of the Loeme Formation 
seal deposition and thus the earliest possible oil accumulation is ca. 117 
Ma (Quirk et al., 2013). The charge of magmatic-sourced CO2 which 
induced bitumen formation occurred during the Late Aptian (Denis and 
Kluska, 2017). The presence of bitumen indicates that there has been oil 
charged into the studied Chela Formation carbonate reservoir. The 
pre-salt section source rocks may have become mature soon after the 
deposition due to the abnormally high thermal regime as a result of the 
continental crust thinning and magmatism during the South Atlantic 
Ocean opening (White et al., 2003) and/or in response to the rapid and 
thick salt deposition (Saller et al., 2016; Schoellkopf and Patterson, 
2000). Danforth (1998) also suggested that they entered the oil window 
since the Early Paleogene which is not supported by this study. 

Samples possessing a range in 187Re/188Os and identical initial 
187Os/188Os (Osi) are prerequisites for dating via the isochron approach. 
The elevated MSWD of 7.8 for the best-fit of all the data proposes that 
there is scatter about the best-fit line beyond that associated with 
analytical uncertainty. An apparent reason for the scatter is the variation 
in Osi of the samples in this study, which are 1.18–1.65 and 1.24–1.79 
when calculated at 174 and 117 Ma, respectively (Table 3). The best-fit 
of the data using IsoplotR states the variation in initial 187Os/188Os is 
0.069–0.199 at 174 Ma (Fig. 8a; Vermeesch, 2018). Further, the scatter 
about the best-fit line can also be partially controlled by the limited 
spread in the 187Re/188Os of the sample suite (Table 3). 

Variation in the initial 187Os/188Os has also been observed for 
pyrobitumen samples from previously studied petroleum systems, which 

Fig. 7. The Re and Os concentrations of the whole rock and bitumen versus depth. For the whole rock samples, the overall trend observed is the decrease in Re and 
Os concentrations with depth as shown in (a) and (b). For the bitumen, the Re concentrations increase with depth between 5300 and 5400 m (c), whereas the Os 
concentrations generally increase with depth (d). 
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Fig. 8. Bitumen Re–Os isotope plots for the Kwanza Basin: (a) 187Re/188Os vs 187Os/188Os plot (IsoplotR) of all the samples defining a Model 3 age of 174 ± 37 Ma 
and insert plot shows the deviation of samples from the regression line yielding a 174 Re–Os date; (b) Inverse Re–Os isochron defined by all the samples; (c) 
187Re/188Os vs 187Os/188Os plot of All the samples excluding the PRA9 and 10 defining a Model 1 age of 131 ± 21 Ma and insert plot shows the deviation of samples 
from the regression line yielding a 131 Re–Os date; (d) Inverse Re–Os isochron defined by all the sample excluding the PRA9 and 10; (e) a Model 1 Re–Os isochron 
defined by the PRA2, 3, 5, 6, and 8 samples yielding an age of 116 ± 29 Ma which is the best estimate of the bitumen formation timing. See text for discussion. 
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results in high levels of scatter about the best-fit line and imprecise 
Re–Os ages although in nominal agreement with the petroleum evolu
tion history of the given basins (Ge et al., 2016, 2018b, 2021). For 
example, pyrobitumen of the Xuefeng uplift, southwestern China with 
BRo > 2% and Tmax >550 ◦C and a sample spacing of tens of kilometers 
show a187Re/188Os range of ca. 90–500 with initial 187Os/188Os (Osi) of 
1.29–1.54 (Ge et al., 2016); pyrobitumen from the Micang Shan uplift, 
southwestern China with BRo of 3–4% and a sample spacing of a few 
kilometers exhibit a187Re/188Os range of ca. 160–340 and Osi of 2.0–2.5 
(Ge et al., 2018b); and pyrobitumen from the outcrops of Nanpanjiang 
Basin, southern China with BRo > 2% with a sample spacing of 3 m to 
tens of kilometers have a187Re/188Os range of ca. 68–683 and Osi of 
0.17–0.56 (Ge et al., 2021). 

The calculated Osi of a suite of bitumen samples can be heteroge
neous if they are not formed contemporaneously, the Re–Os systematics 
have been disturbed after the formation, or the bitumen formation 
process does not completely homogenize the heterogeneous 187Os/188Os 
of the source (Davies et al., 2018; Ge et al., 2021; Lillis and Selby, 2013). 
Given that the bitumen in the studied reservoir is considered to have 
formed contemporaneously via the charge of magmatism-derived CO2 
and there is no evidence for post-formation alteration of the bitumen, it 
is probably the bitumen formation process, i.e., firstly the asphaltene 
precipitation and then the thermal cracking, that is responsible for the 
incomplete homogenization of 187Os/188Os. This may directly relate to 
the incomplete transformation of crude oil into pyrobitumen. 

The progressively precipitated fractions of asphaltenes of some crude 
oil samples in previous studies have similar 187Os/188Os while some 
other samples do not (DiMarzio et al., 2018; Liu et al., 2019; Mahdaoui 
et al., 2013). The fractions of the asphaltenes of RM 8505 even define an 
Isoplot Model 1 Re–Os age close to the deposition age of possible source 
rock (Liu et al., 2019). As the calculated Osi of the bitumen in this study 
is heterogeneous, the asphaltene deposits may have had heterogeneous 
187Os/188Os. 

Thermal cracking may alter the Re–Os systematics of crude oil and 
even reset the Re–Os geochronometer (Ge et al., 2016, 2018b, 2021; 
Lillis and Selby, 2013). According to the agreement of apatite 
fission-track (AFT) and pyrobitumen Re–Os ages of the Xuefeng Uplift, 
China, it is inferred that the closure temperature range of hydrocarbon 
Re–Os systematics is similar to that of AFT, i.e., 120-60 ◦C (Ge et al., 
2016; Kohn and Green, 2002). However, it is poorly understood how 
heterogeneous 187Os/188Os composition is homogenized during the 
pyrobitumen formation from both the asphaltene deposit in this study 
and the crude oil. The controlling factors for the diffusion of Os may 
include the mobility of the organic matter, the temperature and duration 
of the thermal cracking, the distance, and possibly the residence of Os in 
crude oil, etc. Firstly, the asphaltene deposit in this study is not as mobile 
as crude oil and thus the Os diffusion can be relatively difficult. Sec
ondly, the maturity of the bitumen (Tmax of 425–470 ◦C and BRo 
equivalent VRo of ca. 1.6%) is not as high as that of the previous studies 
(e.g., Tmax >550 ◦C and BRo >2%; Ge et al., 2021; Ge et al., 2016; Ge 
et al., 2018b). The bitumen samples are not wholly pyrobitumen as there 
is still a soluble fraction consisting of the remnant of asphaltene deposit 
after the thermal cracking and/or the product of thermal cracking 
(Table 2) and the possible progressively precipitated asphaltene frac
tions with very low solubility as discussed in Section 5.1. The Tmax of 
the bitumen decreases with depth – it is below 435 and 431 ◦C for 
samples below 5400 m and 5430 m, respectively, indicating a relatively 
low extent of thermal cracking in the lower part of the reservoir as noted 
before (Fig. 4; Table 1). Thus, the bitumen maturity is probably not high 
enough for the thorough homogenization of 187Os/188Os over a vertical 
distance of ca. 200 m in the studied reservoir. 

The degree of fit of the Re–Os isochron defined by samples with 
heterogeneous Osi can be evaluated by assessing the deviation of all the 
data points from the best-fit line (Ge et al., 2018b; Kendall et al., 2004; 
Rooney et al., 2011; Selby and Creaser, 2003). Samples PRA9 and 10 
(− 16 and − 6%, respectively, Fig. 8a) show the greatest deviation from 

the best-fit of all the Re–Os data defining a ca. 174 Ma age. This over
dispersion is supported by the inverse isochron approach which utilizes 
the Re–Os data in 188Os/187Os vs 187Re/187Os space (Fig. 8b; Li and 
Vermeesch, 2021). Moreover, hierarchical clustering of the Re–Os data 
(Cumming et al., 2014; Lillis and Selby, 2013; Sai et al., 2020) based on 
calculated Osi values at the possible key geological timings, e.g., source 
rock deposition age of 130–125 Ma and the earliest possible timing of 
bitumen formation based on the age of the Loeme Formation seal (117 
Ma) illustrates samples PRA9 and 10 possess largely different initial 
187Os/188Os compositions. Regression of the Re–Os data without sam
ples PRA9 and 10 yields a Model 1 Re–Os isochron age of 131 ± 21 Ma 
(Osi = 1.68 ± 0.11; Mean Squared Weighted Deviates [MSWD] = 0.73) 
that is in much closer agreement with that of the Kwanza petroleum 
system (Fig. 8c). Although a Model 1 solution for the Re–Os data, in 
188Os/187Os vs 187Re/187Os space scatter about the best-fit is defined by 
PRA1, 4 and 7 (Fig. 8d). These samples exhibit − 3.9% to − 9.3% devi
ation from the ca. 131 Ma best-fit line in 187Re/188Os vs 187Os/188Os 
space (Fig. 8c). 

Further assessment of the best-fit of the Re–Os data defines PRA2, 3, 
5, 6, and 8 to yield the best-fit of the Re–Os bitumen data, defining a 
Model 1 (IsoplotR) Re–Os isochron age of 116 ± 29 Ma and initial 
187Os/18Os of 1.77 ± 0.15 (MSWD of 0.18; Fig. 8e). The nominal age is 
identical to the timing of the Late Aptian mid-ocean ridge basalt (MORB) 
type magmatic activity, i.e., the charge of CO2 into the reservoir (Denis 
and Kluska, 2017; Quirk et al., 2013), and thus, be the best estimate of 
the timing of bitumen formation. These adjacent bitumen samples are 
from a ca. 100 m interval of 5327.26–5430.19 m in the relatively high 
part of the reservoir where the Tmax of bitumen is higher (>435 ◦C), 
indicating that Os isotope composition may have possibly homogenized 
under high temperatures across short distances or that the asphaltene 
deposits in this interval had homogeneous 187Os/188Os after the pre
cipitation induced by CO2. 

5.4. Source rock tracing utilizing Os isotope compositions 

Tracing the source rock for highly mature pyrobitumens is critical for 
the understanding of the source kitchen and migration pathway of crude 
oil and thus its exploration (Curiale, 2008; Shi et al., 2015). The appli
cation of the Os isotope composition to identify the source unit of hy
drocarbons has been discussed for several petroleum systems on the 
basis that crude oil inherits the 187Os/188Os of the source rock at the 
timing of oil generation (Corrick et al., 2019; Cumming et al., 2014; 
Finlay et al., 2011, 2012; Ge et al., 2018a; Liu et al., 2018; Rooney et al., 
2012; Scarlett et al., 2019; Selby et al., 2005). This is an effective 
oil-source tracer and it can be important when the source-tracing using 
biomarkers and stable isotopes is hampered by the biodegradation and 
thermal cracking of crude oil (Curiale, 2008). However, tracing the 
source rock for pyrobitumen with Os isotope composition is more 
difficult than for the crude oil as it involves post crude oil formation 
processes, e.g., thermal cracking, which has been shown to reset the 
Re–Os radioisotope system. The possible source rocks for the pre-salt 
hydrocarbon accumulations in the offshore Kwanza Basin and the con
jugated Brazilian marginal basins are the organic-rich mudstone, marl, 
and shales deposited in the deep lacustrine environment during the 
Barremian to Aptian syn-rift and sag stages (Brownfield and Charpent
ier, 2006; Burwood, 1999; Ceraldi and Green, 2017; Danforth, 1998; 
Saller et al., 2016). The organic-rich Barremian-Aptian Red and Grey 
Cuvo formations of the studied area are possible source rock for the 
initial crude oil in the Chela Formation carbonate reservoir, especially 
the thick Red Cuvo Formation (ca. 397 m) with abundant oil-prone 
sapropelic organic matter. Although the 187Os/188Os of these forma
tions are unavailable, studies have shown that the nearly contempora
neous equivalent lacustrine source rocks of the conjugated Brazilian 
basins are characterized by highly radiogenic initial 187Os/188Os 
(Creaser et al., 2008; Lúcio et al., 2020). 

The Ipubi Formation black shale of the Araripe Basin, northeastern 
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Brazil with an Early Aptian Re–Os age of 123 ± 3.5 Ma is characterized 
by initial 187Os/188Os of 1.75–2.05, suggesting that the Araripe Basin 
water mass was highly restricted although there was a marine influence 
(Lúcio et al., 2020). Further south, the Neocomian shales of the 
Sergipe-Alagoas Basin with a Re–Os age of ca. 139 Ma, the shales of the 
Aratu chronostratigraphic local stage with a Re–Os age of ca. 131 Ma 
and the underlying shales of the Rio da Serra local stage with a Re–Os 
age of ca. 140 Ma of the Reconcavo Basin, and the Lagoa Feia Formation 
of the Campos Basin (Jiquia chronostratigraphic local stage) with a 
Re–Os age of ca. 125 Ma are characterized by initial 187Os/188Os of 
1.3–1.5 (Creaser et al., 2008). The Os source for the lacustrine water 
column was predominantly continental runoff from the weathering of 
Precambrian and Phanerozoic igneous and sedimentary rocks which can 
possess a highly radiogenic 187Os/188Os composition (Creaser et al., 
2008; Cumming et al., 2012; Ehrenbrink and Ravizza, 1996; Pietras 
et al., 2020; Poirier and Hillaire-Marcel, 2011; Xu et al., 2017). Given 
the lacustrine paleodepositional setting for the Red and Grey Cuvo for
mations of the Kwanza Basin coupled with the presence of terrestrial 
organic matter input (Burwood, 1999; Serié et al., 2017; Uncini et al., 
1998) the hydrogenous 187Os/188Os is considered to have been highly 
radiogenic. 

Based on the timing of the tholeiitic magmatic activity as the source 
for the CO2 (Late Aptian; Denis and Kluska, 2017) and the Re–Os 
geochronology (116 ± 29 Ma), the bitumen in the studied reservoir 
formed shortly after the deposition of the potential source rock, i.e., the 
Barremian-Aptian Red and Grey Cuvo formations (ca. 129.4 Ma on
wards; Cohen et al., 2013). The source rocks may have entered the oil 
window soon after their deposition due to the deposition of the thick salt 
layer (Saller et al., 2016; Schoellkopf and Patterson, 2000) and/or high 
thermal gradient due to continental crust thinning and active magma
tism during the opening of the South Atlantic Ocean. Thus, radiogenic 
ingrowth of 187Os/188Os from the radiometric decay of 187Re is 
considered to have limited from source rock deposition to bitumen 
formation considering the long half-life of 187Re (ca. 41.6 billion years; 
Selby et al., 2007b; Smoliar et al., 1996). Assuming a187Re/188Os as high 
as 1000 for both the source rock and crude oil based on the Re–Os data of 
the Ipubi Formation black shale of the Araripe Basin, northeastern Brazil 
(highest 187Re/188Os of 876; (Lúcio et al., 2020), and the bitumen in this 
study (highest 187Re/188Os of 462), the 187Os/188Os can increase by 0.25 
in 15 million years. Given that the source rock for the crude oil is 
considered to possess 187Os/188Os values > 1 at its deposition, the initial 
187Os/188Os of 1.24–1.80 for the bitumen samples at 116 Ma is consis
tent with the possibility that the crude oil was sourced from the lacus
trine units of the Red and Grey Cuvo formations. 

5.5. Hydrothermal fluid influence on the 187Os/188Os of bitumen 

Pervasive hydrothermal diagenesis has been discovered in the pre- 
salt Aptian lacustrine carbonates of the conjugated Campos and Santos 
basins of Brazil and the Kwanza Basin of Angola along the South Atlantic 
margins (Girard and Miguel, 2017, 2018; Girard et al., 2017; Loma et al., 
2018; Saller et al., 2016; Teboul et al., 2019; Tritlla et al., 2018, 2019) 
and there is the argument that the geothermal fluids may have induced 
the thermal cracking of crude oil and formation of solid bitumen in a 
Kwanza Basin reservoir (Tritlla et al., 2018). 

Laboratory experiments demonstrate that the aqueous Re and Os can 
be transferred to crude oil and alter the Re–Os systematics of crude oil 
(Hurtig et al., 2019; Mahdaoui et al., 2015). The crude oils spatially 
associated with the main basin-bounding faults of the Viking Graben and 
East Shetland Basin of the North Sea, United Kingdom were also shown 
to have an unradiogenic Os isotope composition caused by the interac
tion of mantle-derived fluids (Finlay et al., 2010). Hydrothermal fluids 
associated with the magmatic activities during the opening of the South 
Atlantic Ocean or by migrating through thick volcanic intervals in the 
South Atlantic Ocean marginal basins (Saller et al., 2016) could have 
resulted in lowering the 187Os/188Os of any present hydrocarbons to a 

more mantle-like 187Os/188Os of ca. 0.12–0.13 (Faure, 1986; Meisel 
et al., 2001). However, the bitumen 187Os/188Os are much more radio
genic in this study (>1.2; Table 3), indicating that the hydrothermal 
activity contributes little to no Os to the solid bitumen in this study or 
that hydrothermal activity may have never been involved in the bitumen 
formation and post-formation alteration processes in the studied reser
voir. Similarly, it is observed that basinal fluids have little to no influ
ence on the 187Os/188Os of the crude oils in the Devonian Leduc and 
Nisku carbonate reservoirs (Liu et al., 2018). Also, the aqueous Os may 
have only been transferred to the bitumen in the first contact with the 
hydrothermal fluid and such bitumen was not sampled. 

6. Conclusion 

The studied pre-salt gas reservoir of offshore Kwanza Basin, Angola is 
rich in magmatism-derived CO2 and bitumen. Vertical decreasing gra
dients of the maturity (Rock-Eval Tmax) and content of bitumen, as well 
as the asphaltene solubility (ASCI mark) of the soluble bitumen fraction, 
are observed in this reservoir. 

A model is proposed for the bitumen formation process whereby 
magmatism-originated CO2 was initially charged from or accumulated 
at the top of the reservoir and then expanded downwards along with the 
continuous charge, creating vertical decreasing CO2 concentration and 
temperature with depth. These gradients led to the formation of more 
bitumen through a higher degree of asphaltene precipitation and ther
mal cracking in the higher position of the reservoir, thus creating the 
content and maturity gradients of bitumen in the reservoir. The 
asphaltene precipitation may have occurred earlier than the thermal 
cracking as the heat front could be behind the CO2 front – the CO2 may 
have been cooled down by the surrounding rock on its pathway in the 
first stage and led to the precipitation of asphaltene in the reservoir. 
Once the surrounding rock was warmed up, the CO2 charged into the 
reservoir became hot and may have induced the thermal cracking of the 
asphaltene deposit. Meanwhile, the variation of the bitumen Re and Os 
concentrations is also consistent with such bitumen formation process 
and the residence of the Re and Os in crude oil. 

The calculated initial 187Os/188Os of the bitumen samples at the key 
timings of the reservoir, e.g., the CO2 charging and bitumen formation 
(ca. 116 Ma), are heterogeneous. This indicates that the bitumen for
mation processes were incapable of homogenizing the 187Os/188Os on 
the scale of vertically ca. 200 m in the studied reservoir. The asphaltene 
deposits may have been formed with heterogeneous 187Os/188Os. The 
controlling factors for the 187Os/188Os homogenization during the 
pyrobitumen formation process are possibly the mobility of the organic 
matter, maturity level and distance. Five samples from a ca. 100 m in
terval of 5327.26–5430.19 m, a zone of relatively high Tmax, are found 
to have the most proximate initial 187Os/188Os among the samples ac
cording to hierarchical clustering. They define a Re–Os age of 116 ± 29 
Ma which is identical to the timing of CO2 charging and thus may 
indicate the formation of the bitumen. 

The very radiogenic initial 187Os/188Os of the bitumen and the short 
duration from source rock deposition to bitumen formation indicate that 
the source rock should have highly radiogenic initial 187Os/188Os as well 
(>1). This is consistent with the lacustrine sedimentary environment of 
the local organic-rich Barremian-Aptian Red and Grey Cuvo formations, 
as well as previous Re–Os studies showing highly radiogenic initial 
187Os/188Os for the equivalent pre-salt lacustrine strata of the conju
gated Brazilian marginal basins. Thus, Os isotope composition can be 
used for the source rock tracing of the bitumen in this study. Further
more, the Os isotope composition of the bitumen also demonstrates 
hydrothermal fluids which may have had an unradiogenic mantle-like 
187Os/188Os had little to no influence on the bitumen 187Os/188Os. 
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