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A B S T R A C T   

The thermal evolution of components trapped in matrix of asphaltenes is supposed to be retarded, as compared to 
the free ones. Studying the geochemical evolution of trapped polycyclic aromatic hydrocarbons (PAHs) may 
provide insight for the characterization of high-maturity organic matter. The discrepancies in the thermal evo
lution between free and trapped (asphaltene-adsorbed/occluded) PAHs (phenanthrene, chrysene, pyrene, and 
their methylated isomers) were studied by thermal maturation (gold tubes, 300 ~ 400 ◦C) experiments on a low- 
maturity solid bitumen from the Sichuan Basin, southwestern China. The results show that the thermal evolution 
of asphaltene-adsorbed PAHs is retarded compared to that of free ones. This is attributed to slight differences in 
reaction kinetics due to steric hindrance by the asphaltene structure. The asphaltene matrix appears to act as a 
reaction inhibitor leading to a retardation of the thermal evolution of the methylphenanthrene index (MPI) in 
asphaltene-adsorbed hydrocarbons. This could provide a possibility for maturity assessment of high-maturity 
organic matter. The thermal evolution of asphaltene-occluded PAHs in the experiments resulted in thermody
namically controlled isomer distributions of occluded methylphenanthrenes and methylchrysenes. However, the 
occluded methylpyrene isomers were hardly affected by thermal stress. They probably retained their original 
distributions and may serve as source indicators.   

1. Introduction 

The maturity assessment of sedimentary organic matter (OM) is 
essential in basin thermal history analysis and petroleum exploration 
(Robert, 1988). Vitrinite reflectance (Ro) is recognized as a reliable in
dicator of OM maturity, but it is not conditioned for liquid petroleum 
(Tissot et al., 1987). The isomerization parameters of biomarkers (such 
as hopanes and steranes) are also applied to assess the maturity of both 
source rocks and petroleum (Seifert and Moldowan, 1980; Huang et al., 
1990). However, the isomerization parameters are not sensitive to 
maturity after the “oil-generating window” and thus lose the indicative 
significance (Huang et al., 1990; Peters et al., 2004). Furthermore, 
mineral catalysis and secondary alterations, such as biodegradation or 
migration, can easily change the distributions of biomarkers (Spiro, 

1984; Tannenbaum et al., 1986; Liu et al., 2022). 
In contrast, polycyclic aromatic hydrocarbons (PAHs) stably existing 

in petroleum are suitable for evaluating OM with medium to high 
maturity (Kvalheim et al., 1987; Radke, 1988; Kruge, 2000). PAHs are 
generally considered to be secondary products during the thermal evo
lution of sedimentary OM, so their compositions are mainly controlled 
by the extent of thermal evolution (Tissot and Welte, 1984). Various 
maturity parameters based on the relative compositions of bicyclic to 
pentacyclic aromatics have been proposed by different authors (Gar
rigues et al., 1988; Radke et al., 1994; Rospondek et al., 2009; Li et al., 
2012; Fang et al., 2015; Li et al., 2016; Zhu et al., 2019; Zhu et al., 2022). 
For instance, typical tricyclic aromatic hydrocarbon parameters such as 
MPI (see equation (1) and (2)) and MDR (see equation (3)) have a 
positive correlation with vitrinite reflectance (Radke, 1982; Radke et al., 
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1986; Radke, 1988). However, the positive correlation will reverse as 
OM maturity advanced, which limits the application of these parameters 
(Radke, 1982; Wu et al., 2019). 

MPI1 =
1.5*(2 − MP + 3 − MP)
P + 1 − MP + 9 − MP

(1)  

MPI2 =
3*(2 − MP)

P + 1 − MP + 9 − MP
(2)  

MDR =
4-MDBT
1-MDBT

(3)  

In order to overcome the shortcomings of molecular markers in maturity 
assessment of OM, asphaltenes and asphaltene-associated components 
have recently been investigated (Orea et al., 2021; Sadeghtabaghi et al., 
2021; de Lima et al., 2022; Sadeghtabaghi et al., 2022). Asphaltene- 
associated components commonly refer to the small molecules trapped 
(adsorbed or occluded) by asphaltene structure through noncovalent 
bonding (Zhao et al., 2010; Zhao et al., 2012; Chacón-Patiño et al., 2016; 
Snowdon et al., 2016; Cheng et al., 2017; Evdokimov and Losev, 2020). 
It has been reported in many literatures that there are two kinds of 
asphaltene molecular structure models, island and archipelago (Mullins, 
2010; Mullins, 2011; Mullins et al., 2012; Chacón-Patiño et al., 2017b; 
Chacón-Patiño et al., 2017a; Chacón-Patiño et al., 2018). Two kinds of 
asphaltene molecules can form complex supramolecular structures (also 
known as molecular aggregates) under conditions of intermolecular 
forces (Gray et al., 2011). GPC (Gel Permeation Chromatography) tests 
show that these complex aggregation structures are dispersed under 
solvent dilution (González et al., 2020; Castillo et al., 2023), which is 
similar to the connotation of the Yen-Mullins model (Mullins, 2010; 
Mullins, 2011; Mullins et al., 2012). Therefore, solvent dilution can 
release small molecules trapped by asphaltene aggregates. 

In addition to trapped saturated biomarkers observed in the reser
voir, there may be a series of PAHs trapped in the asphaltene matrix 
(Derakhshesh et al., 2013; Wu et al., 2020; de Lima et al., 2022; Fang 
et al., 2022a). Due to the restriction of macromolecular structure, 
trapped (adsorbed or occluded) PAHs potentially influenced by thermal 
stress theoretically evolve slower than free PAHs (Cheng et al., 2016). 
Therefore, it is a potential approach to assess high-maturity organic 
matter by revealing the geochemical evolution of asphaltene-trapped 
PAHs. 

To verify this hypothesis, the evolution discrepancies of specific 
PAHs under different occurrence states (free state and asphaltene- 
adsorbed/occluded state) in asphaltene matrix were investigated. Low- 
maturity natural solid bitumen was selected as the sample, from 
which the asphaltene was extracted for experiments. Closed-system 
pyrolysis experiments and dispersive solid-phase extraction were con
ducted to obtain aromatics trapped by the asphaltene matrix with 
different degrees of thermal evolution (Fang et al., 2022b). Through the 
systematic comparison of specific PAH products and the analysis of the 
theoretical thermodynamic data calculated by the Gaussian 09 program, 
the thermal evolution characteristics of aromatics in different occur
rence states and its significance were elucidated. 

2. Materials and methods 

2.1 Sample 

A solid bitumen sample was collected from the lower Cambrian 
Changjianggou formation outcrop in the Kuangshanliang region, 
northwestern Sichuan Basin, southwestern China. The chemical 
composition has been analyzed by previous study (Liang et al., 2020). 
This solid bitumen has a low maturity with equivalent vitrinite reflec
tance values ranging from 0.5 % to 0.8 %. 

2.2 Chemicals 

Analytical-grade petroleum ether (30 ~ 60 ◦C boiling range) and 
dichloromethane (DCM) were purchased from Tianjin Jindong Tianz
heng Fine Chemical Reagent Factory in China and re-distilled immedi
ately before use. 

Chromatography grade silica gel procured from Aladdin Reagent 
(Shanghai) Co., Ltd., and alumina procured from Alfa Aesar (China) 
Chemicals Co., Ltd. were used to prepare the columns for liquid/solid 
chromatographic separation of the compound groups. 

2.3 Solvent extraction and asphaltene preparation 

Approximately 1.5 g of the solid bitumen was ground to around 100 
mesh with an agate mortar and the soluble OM was extracted with 
dichloromethane (DCM) in a Soxhlet apparatus (Wu et al., 2020). After 
evaporating the DCM extract to dryness (approximately 0.5 g), 50 mL of 
petroleum ether were added and the mixture thoroughly ultrasonicated. 
The insoluble asphaltene fraction was then separated from the dissolved 
maltenes by filtration. 

The maltene solution was evaporated to dryness, weighed, re- 
dissolved in 2 mL of petroleum ether and placed on a silica gel/ 
alumina (3:2) column. The saturate fraction was eluted from the column 
by petroleum ether (Zhu et al., 2022) and the aromatic fraction was 
eluted in a second step with a DCM/petroleum ether (2:1, v/v) mixture. 
An aliquot of this aromatic fraction was termed the “free aromatics”. 

The asphaltene fraction was re-dissolved in a small amount of DCM, 
precipitated again by adding an excess of petroleum ether and then 
purified by centrifugation (3500 rpm for 20 min) (Liao et al., 2006a; 
Liao et al., 2006b; Wu et al., 2020). The supernatant petroleum ether 
extract, containing the “asphaltene-adsorbed components”, was again 
evaporated to dryness and the aromatic compounds were (“asphaltene- 
adsorbed aromatics”) isolated by column chromatography. 

2.4 Thermal maturation experiments 

Thermal maturation experiments of the purified asphaltenes were 
conducted in an ST-120-II gold tube reactor (Wu et al., 2020; Fang et al., 
2022a). The wall thickness, the inner diameter, and the length of the 
gold tubes were 0.25, 5.5, and 60 mm, respectively. The tubes were 
filled with approximately 30 mg of asphaltenes and 100 mg of deionized 
water and then sealed by argon arc welding to prevent the access of 
atmospheric oxygen. They were placed into the autoclave vessel and 
pressurized to 30 MPa (296.08 atm). The autoclave vessel was then 
heated to the target temperatures of 300 ◦C (T-300), 350 ◦C (T-350), and 
400 ◦C (T-400) within one hour and kept at this temperature for 24 h. 
The calculated vitrinite reflectance values using the Easy%Ro model 
(Sweeney and Burnham, 1990) were 0.64 %, 0.92 % and 1.49 % for the 
300 ◦C, 350 ◦C and 400 ◦C experiments, respectively. The gold tubes 
were recovered after the autoclave vessel had cooled to room 
temperature. 

2.5 Isolation of the asphaltene-trapped components 

The isolation procedure for the products of the thermal maturation 
experiments is shown in Fig. 1. The gold tubes were cut open, immersed 
in petroleum ether (30 ~ 50 mL) and ultrasonicated for 20 ~ 30 min at 
room temperature. The extraction procedure was repeated three times 
with fresh petroleum ether. The combined petroleum ether extracts, 
termed “free components”, were isolated by column chromatography to 
obtain “free aromatics”. The asphaltenes in solid residue were extract 
with DCM and purified by centrifugation (3500 rpm for 20 min). At the 
same time, the “asphaltene-adsorbed components” were acquired and 
then isolated by column chromatography to obtain “asphaltene-adsor
bed aromatics”. 

The purified asphaltenes were subjected to dispersive solid-phase 
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extraction using silica gel and DCM (Fang et al., 2022a; Fang et al., 
2022b) to access the “asphaltene-occluded components”. The purified 
asphaltenes were dissolved by ultrasonication in an excess of DCM to 
obtain a concentration of approximately 0.1 mg/mL (Castillo et al., 
2023). Approximately 5 g of silica gel (100 ~ 200 mesh) was then 
gradually added to the solution while stirring with a magnetic stirrer for 
0.5 h. The silica gel particles were allowed to settle, filtrated and washed 
at least three times with DCM. All filtrates were combined in a flask and 
concentrated to 2 ~ 3 mL by rotatory evaporation. The aromatics in the 
concentrate, defined as “asphaltene-occluded aromatics”, were isolated 
by column chromatography as described above. 

2.6 GC–MS analysis 

GC–MS analyses of the aromatics were conducted using an Agilent 
5975i mass spectrometer, coupled with an HP 6890 GC equipped with 
an HP-5MS fused silica capillary column (60 m length × 0.25 mm inner 
diameter × 0.25 μm film thickness). The GC conditions were as follows: 
(1) helium was used as the carrier gas (1 mL/min); (2) the split injector 
temperature was set to 300 ◦C; (3) 80 ◦C initial temperature held for 1 
min, then raised to 310 ◦C at 3 ◦C/min and held isothermally for 18 min. 
The MS conditions were electron impact (EI) mode, ionization energy of 
70 eV and a scan range of 50 ~ 450 Da. The total ion current (TIC) data 
and selected ion monitoring (SIM) data were collected at the same time. 
Compounds of interest were identified by searching the NIST MS Search 
2.0 data library and comparison with literature data (Kruge, 2000; Li 
et al., 2012; Fang et al., 2015). 

2.7 Quantum chemical calculations 

To estimate the thermal stability of PAHs, quantum chemical cal
culations were performed for some methylated aromatics using the 
density functional theory (DFT) of the Gaussian 09 software (Yang et al., 
2019; Zhu et al., 2022). 

The geometries were optimized for the gas phase at 25 ◦C and 1 atm 
using the M062X/6-311G* level of theory (Zhao and Truhlar, 2008). 

Based on the geometric optimization, the single-point calculations were 
also carried out using the def2-TZVP basis set (Weigend and Ahlrichs, 
2005). The Gibbs free energy (ΔG) was estimated by adding the thermal 
correction to the free energy of geometric structure optimization to the 
single point energy. In addition, geometric optimizations and single- 
point calculations were also carried out for the experimental temper
ature–pressure conditions. The solvent effect of water was taken into 
account by selecting the SRCF keyword with the SMD model option 
(SMD, solvent = water) in Gaussian. 

3. Results 

3.1 Composition of the aromatic fractions 

In the thermal maturation experiments, the amounts of coke 
increased, while the proportion of soluble OM decreased significantly 
with reaction temperature. Table 1 lists the amounts of asphaltenes, 
maltenes and asphaltene-trapped (adsorbed/occluded) aromatics. 

The distributions of PAHs (phenanthrene, pyrene, and chrysene) and 
their methylated homologs produced at different reaction temperatures 
are shown in Figs. 2-4. Phenanthrene (P) and the methylated isomers 3- 
MP, 2-MP, 9-MP, and 1-MP were identified in the phenanthrene series; 
Benzo[a]anthracene (BaA), Chrysene (Chy) and the methylated chrys
ene isomers 3-MChy, 2-MChy, 6-MChy, and 1-MChy were identified in 
the chrysene series; Pyrene (Pyr) and the methylated isomers 1-MPyr, 2- 
MPyr, and 4-MPyr were identified in the pyrene series (Figs. 2-4). The 
relative compositions of PAHs in the adsorbed aromatics in the raw 
sample were similar to those in the occluded aromatics but different 
from those in the free ones. For the products after thermal maturation, 
the relative abundances of free and adsorbed methylated PAHs gradu
ally increased with temperature, while those of the occluded PAHs were 
stable. 

The relative proportions of methylated isomers in the free and 
adsorbed aromatics varied significantly with thermal stress (Table 2). 
However, the relative proportions of methylated isomers in occluded 
aromatics were generally stable. 

Fig. 1. Isolation procedure for aromatic compounds from original extracts (“free aromatics”), asphaltenes (“adsorbed aromatics”) and the re-precipitated asphaltenes 
(“occluded aromatics”). 
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The relative proportions of the occluded methylphenanthrenes 
decreased in the order 2-MP, 3-MP, 9-MP, and 1-MP. The relative pro
portions of the occluded methylchrysenes decreased in the order 3- 
MChy, 2-MChy, 6-MChy, and 1-MChy for the original sample, while 
the relative proportions of 1-MChy were higher than those of 6-MChy 
after heat treatment. The relative proportions of the occluded methyl
pyrenes decreased in the order 4-MPyr, 2-MPyr and 1-MPyr. 

3.2 PAH-based maturity parameters 

In the free and adsorbed phenanthrene series, the parameters MPI1, 
MPI2, MPRn (n = 2,3,9,1) and the 

∑
MP/P increased with the calculated 

Ro, while the MPDF was relatively stable. The MPR fluctuated slightly 
with thermal evolution (Table 3). In the free and adsorbed chrysene 
series, the parameters 1-/6-MChy, MCI*, and 

∑
MChy/Chy increased 

with maturity, while the 2-/1-MChy ratio did not vary much with 
thermal evolution (Table 4). In the free and adsorbed pyrene series, 
MPyI1 and 

∑
MPyr/Pyr increased with maturity, while the other 

parameters showed no discernible correlation with thermal evolution 
(Table 5). All the above parameters were relatively stable for the 
occluded aromatics, except for the 1-/6-MChy ratio, which increased 
with thermal maturation. 

3.3 Thermodynamic properties 

The thermodynamic data of methylated isomers obtained by quan
tum chemical calculations are listed in Table 6. The Gibbs free energy 
(ΔG) values of the methylphenanthrene isomers increase in the order 2- 
MP, 3-MP, 9-MP, and 1-MP. The ΔG values of the methylchrysene iso
mers increase in the order 3-MChy, 2-MChy, 6-MChy, and 1-MChy at 
25 ◦C and 1 atm, while the ΔG of 6-MChy is higher than that of 1-MChy 
under experimental temperature–pressure conditions. The ΔG values of 
the methylpyrene isomers increase in the order 2-MPyr, 4-MPyr, and 1- 
MPyr. 

Under identical pressure and temperature conditions, the Gibbs free 
energy can be used to estimate the relative thermodynamic stability of 

Table 1 
Amounts of products of thermal maturation (gold tubes) of asphaltenes isolated from Changjianggou solid bitumen.  

Sample Number Raw asphaltenes (mg) Free maltenes Asphaltenes Adsorbed aromatics Occluded aromatics 

Masses (mg) Yields (wt.%) Masses (mg) Yields (wt.%) Masses (mg) Yields (wt.%) Masses (mg) Yields (wt.%) 

T-300 30.5 0.4 1.3 20.3 66.6 0.2 0.7 0.3 1.0 
T-350 30.6 1.4 4.6 15.5 50.7 < 0.1 < 0.3 < 0.1 < 0.3 
T-400 30.3 2.9 9.6 3.0 9.9 < 0.1 < 0.3 < 0.1 < 0.3 

Note: The detection limit and the precision are 0.1 mg. Samples numbers indicate the reaction temperatures. Adsorbed aromatics were isolated from asphaltenes by 
dissolution with DCM, re-precipitation with petroleum ether followed by column chromatography. Occluded aromatics were isolated by dispersive solid phase 
extraction of the purified asphaltenes and column chromatography of the maltenes in the supernatant. 

Fig. 2. Selected ion monitoring chromatograms of phenanthrene and methylphenanthrenes in the free, adsorbed and occluded aromatic fractions (P, Phenanthrene; 
3-MP, 3-methyl phenanthrene; 2-MP, 2-methyl phenanthrene; 9-MP, 9-methyl phenanthrene; 1-MP, 1-methyl phenanthrene). 
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substances. In general, the higher the Gibbs free energy, the less stable 
the molecule. The thermal stability order of some PAH isomers has been 
estimated by previous workers using this principle (Zhu et al., 2022; 
Wang et al., 2023). The relative thermal stability values series of the 
compounds studied here are listed in Table 6 in the order of increasing 
ΔG. The order is consistent with the general view that the β isomers are 
more stable than the α isomers. 

4 Discussions 

4.1 Maturity parameters from PAHs in different aromatic fractions 

4.1.1 Valid maturity parameters 
Studies on the geological evolution of Type III kerogen showed an 

increase in the methylphenanthrene index (MPI) with maturity up to a 
vitrinite reflectance value Ro of 1.35 %, whereas the MPI correlated 
negatively with maturity at Ro values higher than 1.40 % (Radke, 1982; 
Radke et al., 1984; Radke, 1988). In this study, the MPI of the free and 
adsorbed aromatics were similar in the low maturity stage (Easy%Ro <

0.7). At calculated (Easy%Ro) vitrinite reflectance values below 1.5 %, 
the MPI1 and MPI2 of the free and adsorbed aromatics were positively 
correlated with thermal evolution without an inflection point or a 
downward trend (Fig. 5a & 5b). This is consistent with the results of 
thermal maturation experiments (Lu et al., 1996; Chen et al., 2023). At 
higher maturity levels, the values of the MPI and the maturity param
eters based on tetracyclic aromatic compounds (MCI* and MPyI1) were 
overall lower for the adsorbed aromatics than for the free aromatics 
(Fig. 5c & d). This indicates a retardation of the thermal evolution of 
adsorbed aromatics compared to the free aromatics. 

Love et al. (1996) used pyridine to extract components “clathrated” 
within the macromolecular structure of vitrinite after the soluble OM 

(free components) had been extracted with DCM. The MPI values of the 
clathrated aromatics across the rank range investigated were lower than 
those of free aromatics. This was attributed to the restriction in the 
thermal evolution of small molecules by the reticular structure of coal 
macromolecules (Love et al., 1996). The chemical environment of the 
asphaltene-adsorbed aromatics in our study is considered similar to that 
of the clathrated components in vitrinite. Therefore, the observed 
retardation in the evolution of the maturity parameters of the adsorbed 
aromatics as compared to the free aromatics is also likely to result from a 
restriction by the structure of the asphaltene macromolecules. 

4.1.2 Invalid maturity parameters 
MPR is the ratio of the abundance of β isomers 2-MP to α isomers 1- 

MP, and MPDF represents the proportion of β isomers (2-MP and 3-MP) 
in the four methylphenanthrene isomers (Kvalheim et al., 1987; Radke, 
1988). The slightly less stable α-isomers can be converted into the more 
stable β-isomers by methyl rearrangement under thermal stress. There
fore, MPR and MPDF have been proposed as indicators for the thermal 
maturity of sedimentary organic matter (Kvalheim et al., 1987; Radke, 
1988; Nomoto et al., 2001). Based on this concept of the relative sta
bility of isomers, other maturity parameters such as 2-/1-MChy, MPyI2, 
and 2-/1-MPyr have been proposed, and it was shown in some case 
studies that these parameters did have a positive correlation with 
maturity (Garrigues et al., 1988; Kruge, 2000; Li et al., 2012; Fang et al., 
2015). 

However, for the free and adsorbed aromatics of the solid bitumen 
subjected to thermal maturation in this study, the above parameters did 
not show a significant correlation with the calculated vitrinite reflec
tance value Ro (Fig. 6a-f). The MP/P ratio (MPR1, MPR2, MPR3, MPR9), 
∑

MP/P, 
∑

MChy/Chy and 
∑

MPyr/Pyr of free and adsorbed aromatics 
gradually increased with Ro (Figs. 7 & 8), indicating a relative increase 

Fig. 3. Selected ion monitoring chromatograms of chrysene and methylchrysenes in the free, adsorbed and occluded aromatic fractions (BaA, Benzo[a]anthracene; 
Chy, Chrysene; 3-MChy, 3-methyl chrysene; 2-MChy, 2-methyl chrysene; 6-MChy, 6-methyl chrysene; 1-MChy, 1-methyl chrysene). 
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of methyl-substituted polyaromatic compounds during thermal matu
ration. It was found that the absolute contents of different methyl
phenanthrene isomers in coal samples increase with Ro in the early- 
middle stages of thermal evolution (Radke et al., 1990). A similar phe
nomenon was observed for methylpyrenes and methylfluoranthenes (Lu 
et al., 1996). Hence, parameters such as MPR and MPDF are unrelated to 
thermal maturity, probably due to the formation of a large quantity of 
methylated polyaromatics, especially in the early-middle stages of 
thermal maturation. The absence of a correlation between the propor
tion of newly generated aromatic methyl substitutes and their thermal 

stability is the most likely reason for the invalidity of the corresponding 
maturity parameters. 

None of the molecular parameters determined for the asphaltene- 
occluded aromatics showed a correlation with maturity (Figs. 5-8). 
Occluded aromatics are small molecules isolated from the interior of 
asphaltene aggregates, which are restricted by the stronger steric hin
drance of the asphaltene matrix structure. This may make their chemical 
composition difficult to change during thermal evolution. 

Fig. 4. Selected ion monitoring chromatograms of pyrene and methylpyrenes in the free, adsorbed and occluded aromatic fractions (Pyr, Pyrene; 2-MPyr, 2- 
methylpyrene; 4-MPyr, 4-methylpyrene; 1-MPyr, 1-methylpyrene). 

Table 2 
Relative proportions of methylphenanthrene, methylchrysene and methylpyrene isomers in the “free”, “adsorbed” and “occluded” aromatic fractions of the Chang
jianggou solid bitumen after thermal (gold tube) maturation.  

Fraction Temperature (◦C) Methylphenanthrenes  Methylchrysenes  Methylpyrenes 

3-MP 2-MP 9-MP 1-MP  3-MChy 2-MChy 6-MChy 1-MChy  2-MPyr 4-MPyr 1-MPyr 

Free aromatics Raw 0.22 0.29 0.31 0.18  0.52 0.17 0.13 0.18  0.18 0.50 0.32 
300℃ 0.23 0.37 0.20 0.20  0.32 0.33 0.15 0.20  0.19 0.51 0.30 
350℃ 0.18 0.37 0.21 0.24  0.31 0.35 0.12 0.22  0.17 0.48 0.35 
400℃ 0.22 0.38 0.18 0.22  0.38 0.36 0.07 0.19  0.26 0.43 0.31 

Adsorbed aromatics Raw 0.23 0.30 0.31 0.16  0.42 0.29 0.12 0.17  0.18 0.50 0.32 
300℃ 0.27 0.34 0.21 0.18  0.48 0.22 0.15 0.15  0.33 0.42 0.25 
350℃ 0.23 0.36 0.21 0.20  0.32 0.35 0.12 0.21  0.32 0.40 0.28 
400℃ 0.20 0.38 0.19 0.23  0.27 0.38 0.10 0.25  0.26 0.43 0.31 

Occluded aromatics Raw 0.23 0.37 0.21 0.19  0.52 0.23 0.13 0.12  0.35 0.38 0.27 
300℃ 0.23 0.37 0.21 0.19  0.52 0.23 0.12 0.13  0.33 0.39 0.28 
350℃ 0.22 0.37 0.21 0.20  0.53 0.24 0.10 0.13  0.36 0.38 0.26 
400℃ 0.22 0.36 0.22 0.20  0.50 0.26 0.10 0.14  0.35 0.38 0.27 

Note: The relative proportions of the isomers were calculated based on the peak areas in the selected ion monitoring chromatograms (Methylphenanthrenes, m/z =
192; Methylchrysenes, m/z = 242; Methylpyrenes, m/z = 216). 
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4.2 Differences in the thermal evolution of asphaltene-trapped methylated 
PAHs as compared to free PAHs 

4.2.1 Evolution of adsorbed methylated PAHs 
The relative proportions of the methylphenanthrene isomers showed 

similar evolution patterns in the free and adsorbed aromatics up to the 
reaction temperature of 350 ◦C (Fig. 9a). For the maturation tempera
ture 400 ◦C, the relative proportion of free 1-MP decreased, while the 
relative proportion of 3-MP increased (Fig. 9a). The relative proportions 
of the free and adsorbed methylchrysenes also showed a parallel evo
lution up to a maturation temperature of 350 ◦C (Fig. 9b). For the 400 ◦C 
experiment, the relative proportion of free 1-MChy decreased, while the 
relative proportion of 3-MChy increased (Fig. 9b). The changes in the 
relative proportions of 1-MPyr and 2-MPyr were analogous to those of 1- 
MP and 3-MP (Fig. 9a & 9c). 

In contrast to previous findings, the relative proportion of some β 
isomers in free and adsorbed methyl aromatic compounds (3-MP, 3- 
MChy, 2-MPyr) gradually decreased with thermal evolution below 
350 ◦C, while the relative proportion of some α isomers (1-MP, 1-MChy, 
1-MPyr) increased. The increase in the proportion of the less stable 
α-isomers implies that the distribution of free and adsorbed methylated 
aromatics is caused by their new formation rather than by the trans
formation of other less stable isomers. 

The observed changes in the relative proportion of free methylated 
aromatics above 350 ◦C are consistent with the findings of previous 
studies (Radke, 1982; Kruge, 2000). Due to their higher stability, the 
consumption of the β isomers is slower than that of α isomers in the later 
stage of thermal evolution, resulting in a larger relative proportion of β 
isomers. In contrast, their relative proportion in the adsorbed methyl
ated aromatics remained the same. We interpret this as the result of 
restriction/hindrance of the isomerization reaction due to a protection 
of the polyaromatic compounds by the asphaltene structure. This may 
lead difficulties in the demethylation of methylated aromatics in the late 
stage of thermal evolution. 

4.2.2 Evolution of occluded methylated PAHs 
The relative proportions of methylphenanthrene isomers in the 

occluded aromatics of all samples, including the original bitumen, did 
not vary significantly with temperature, with the abundances decreasing 
in the order 2-MP > 3-MP > 9-MP > 1-MP (Fig. 9a). The relative pro
portions of the methylchrysene isomers in the occluded aromatics of the 
original sample decrease in the order 3-MChy > 2-MChy > 6-MChy > 1- 
MChy, while the order of relative proportions in occluded methyl
chrysene isomers changed to 3-MChy > 2-MChy > 1-MChy > 6-MChy 
after thermal maturation (Fig. 9b). The ΔG values obtained from the 
quantum chemical calculations show that the order of thermal stability 

Table 3 
Selected maturity parameters based on phenanthrene and methylphenanthrenes.  

Fraction Ro(%) MPI1 MPI2 MPDF MPR MPR1 MPR2 MPR3 MPR9 ∑MP/P 

Free aromatics 0.55 0.30 0.34 0.51 1.62 0.09 0.14 0.11 0.15 0.49 
0.64 0.58 0.71 0.60 1.81 0.18 0.32 0.20 0.17 0.87 
0.92 1.24 1.68 0.55 1.54 1.12 1.72 0.81 0.96 4.61 
1.49 1.70 2.19 0.59 1.72 1.88 3.25 1.80 1.56 8.49 

Adsorbed aromatics 0.55 0.16 0.18 0.53 1.82 0.04 0.06 0.05 0.07 0.22 
0.64 0.73 0.81 0.61 1.95 0.20 0.39 0.31 0.24 1.14 
0.92 0.77 0.93 0.59 1.82 0.27 0.48 0.31 0.29 1.35 
1.49 1.51 1.97 0.59 1.70 1.32 2.25 1.20 1.10 5.87 

Occluded aromatics 0.55 1.31 1.60 0.60 1.90 0.67 1.27 0.81 0.71 3.46 
0.64 1.25 1.55 0.60 1.91 0.62 1.19 0.72 0.68 3.21 
0.92 1.27 1.60 0.60 1.86 0.67 1.24 0.74 0.67 3.32 
1.49 1.09 1.36 0.58 1.80 0.52 0.95 0.58 0.57 2.62 

Notes: The Ro of the raw sample is approximately 0.55 % (Liang et al., 2020). The Ro of the samples after heat treatment is Easy%Ro (Sweeney and Burnham, 1990). 
MPI1 = 1.5(2-MP + 3-MP)/(P + 1-MP + 9-MP), MPI2 = 3(2-MP)/(P + 1-MP + 9-MP), (Radke, 1982); MPDF = (2-MP + 3-MP)/(1-MP + 9-MP + 2-MP + 3-MP), 
(Kvalheim et al., 1987); MPR = 2-MP/1-MP, (Radke, 1988); MPR1 = 1-MP/P, MPR2 = 2-MP/P, MPR3 = 3-MP/P, MPR9 = 9-MP/P, (Radke, 1982); 

∑
MP/P = (3-MP +

2-MP + 9-MP + 1-MP)/P. The full names of aromatic compounds are shown in Fig. 2. 

Table 4 
Selected maturity parameters based on chrysene and methylchrysenes.  

Fraction Ro(%) MCI* 2-/1- 
MChy 

1-/6- 
MChy 

∑
MChy/ 
Chy 

Free aromatics 0.55 1.01 0.92 1.42 1.41 
0.64 0.98 1.69 1.33 1.51 
0.92 1.53 1.59 1.93 3.10 
1.49 2.18 1.89 2.72 4.02 

Adsorbed 
aromatics 

0.55 0.72 1.75 1.36 0.84 
0.64 0.61 1.50 1.01 0.69 
0.92 0.69 1.61 1.77 0.91 
1.49 1.64 1.53 2.41 4.05 

Occluded 
aromatics 

0.55 0.62 1.88 0.93 0.65 
0.64 0.63 1.84 1.05 0.65 
0.92 0.39 1.90 1.31 0.36 
1.49 0.79 1.82 1.47 0.83 

Notes: The Ro of the raw sample is approximately 0.55 % (Liang et al., 2020). 
The Ro of the samples after heat treatment is Easy%Ro (Sweeney and Burnham, 
1990). MCI* = 1.5(2-MChy + 3-MChy)/(Chy + 1-MChy + 6-MChy) (compare 
“MCI1’’, (Garrigues et al., 1988)); 

∑
MChy/Chy = (3-MChy + 2-MChy + 6- 

MChy + 1-MChy)/Chy. The full names of aromatic compounds are shown in 
Fig. 3. 

Table 5 
Selected maturity parameters based on pyrene and methylpyrenes.  

Fraction Ro(%) MPyI1 MPyI2 MPYR 2-/1- 
MPyr 

∑MPyr/ 
Pyr 

Free aromatics 0.55 0.25 0.22 0.36 0.56 0.75 
0.64 0.38 0.24 0.39 0.64 1.41 
0.92 0.39 0.20 0.32 0.47 2.16 
1.49 0.75 0.37 0.47 0.88 2.93 

Adsorbed 
aromatics 

0.55 0.11 0.22 0.36 0.57 0.23 
0.64 0.46 0.50 0.58 1.36 0.66 
0.92 0.49 0.46 0.53 1.12 0.78 
1.49 0.70 0.35 0.45 0.82 2.81 

Occluded 
aromatics 

0.55 0.31 0.54 0.56 1.28 0.36 
0.64 0.23 0.50 0.54 1.20 0.27 
0.92 0.23 0.56 0.58 1.35 0.25 
1.49 0.33 0.53 0.56 1.27 0.41 

Notes: The Ro of the raw sample is approximately 0.55 % (Liang et al., 2020). 
The Ro of the samples after heat treatment is Easy%Ro (Sweeney and Burnham, 
1990). MPyI1 = 3(2-MPyr)/(Pyr + 1-MPyr + 4-MPyr), MPyI2 = (2-MPyr)/(1- 
MPyr + 4-MPyr) (Garrigues et al., 1988); MPYR = 2-MPyr/(1-MPyr + 2-MPyr) 
(Kruge, 2000); 

∑
MPyr/Pyr = (1-MPyr + 2-MPyr + 4-MPyr)/Pyr. The full names 

of aromatic compounds are shown in Fig. 4. 
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of the methylphenanthrene and methylchrysene isomers is consistent 
with the above experimental data, that is, isomers with higher stability 
show a higher relative content (Fig. 10a & b). It is thus inferred that the 
distributions of occluded methylphenanthrenes and methylchrysenes 
are mainly controlled by thermodynamics. 

The quantum chemical calculations show that the ΔG value of 6- 
MChy increases with temperature, leading to a reversal of the thermal 
stability order of 1-MChy and 6-MChy (Fig. 10b). This significant 

decrease in the stability of the 6-MChy structure may lead to its higher 
susceptibility decomposition during heat treatment. Accordingly, in 
contrast to other isomer ratios for the occluded aromatics, 1-/6-MChy 
increased with temperature (Fig. 11). Similar changes in the 1-/6-MChy 
ratio in the free and adsorbed aromatics may also be related to the 
abrupt change in the thermal stability of 6-MChy (Fig. 11). We suggest 
that the 1-/6-MChy ratio in occluded aromatics is a potential maturity 
parameter. 

Table 6 
Calculated Gibbs free energies of methylated PAHs.  

Methylated isomers ΔG (kJ/mol) 
25 ◦C,1 atm 

ΔG (kJ/mol) 
300 ◦C,296.08 atm 

ΔG (kJ/mol) 
350 ◦C,296.08 atm 

ΔG (kJ/mol) 
400 ◦C,296.08 atm 

2-MP β isomer 0.00 0.00 0.00 0.00 
3-MP β isomer 0.17 0.79 0.79 0.84 
9-MP α isomer 3.89 8.91 9.62 10.33 
1-MP α isomer 5.73 9.79 10.42 11.00 

3-MChy β isomer 0.00 0.00 0.00 0.00 
2-MChy β isomer 0.84 4.85 5.27 5.69 
6-MChy α isomer 1.34 10.17 10.92 47.86 

1-MChy α isomer 5.36 8.28 8.79 9.25 
2-MPyr β isomer 0.00 0.00 0.00 0.00 
4-MPyr α isomer 3.39 6.61 7.41 8.16 
1-MPyr α isomer 6.07 7.87 8.49 9.12 

Notes: The full names of the isomers are shown in Figs. 2-4. ΔG was calculated by using the value for the isomer with the lowest Gibbs free energy as a reference. 

Fig. 5. Variations in some PAH-based parameters showing a correlation with Ro. The points in the yellow shaded fields correspond to the free and adsorbed aro
matics of the original solid bitumen sample. (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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The computed ΔG values indicate that the thermal stability of the 
methylpyrene isomers decreases in the order 2-MPyr > 4-MPyr > 1- 
MPyr (Fig. 10c). However, the relative proportions of occluded meth
ylpyrenes in this study were always found as 4-MPyr > 2-MPyr > 1- 
MPyr, indicating that the distribution of occluded methylpyrenes was 
not thermodynamically controlled (Fig. 9c). Pyrene homologs present in 

sedimentary rocks may come from some natural precursors or may break 
off and be released from kerogen macromolecules, resulting in a “source- 
controlled” distribution of methylpyrene compounds (Garrigues et al., 
1988; Pehr et al., 2021). Additionally, methylpyrene is composed of 
relatively denser aromatic rings, leading to stronger intermolecular in
teractions with asphaltene structures, such as π-π stacking (Wu et al., 

Fig. 6. Variations in some PAH-based parameters showing no correlation with Ro. The points in the yellow shaded fields correspond to the free and adsorbed ar
omatics of the original solid bitumen sample. (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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2020). Thus, it is presumed that the methylpyrene isomers occluded in 
the asphaltene structure are more stable, less susceptible to thermal 
effects, and more likely to retain their original distribution. 

4.3 Implications 

4.3.1 “Protective effect” of the macromolecular asphaltene structure 
According to present understanding, aromatic compounds trapped 

by the asphaltene matrix are confined to cavities formed by asphaltene 

nanoaggregates (Gray et al., 2011; Evdokimov, 2019; Scott et al., 2021). 
The macromolecular structure is assumed to produce a nanoconfine
ment effect, leading to significant changes in the physico-chemical 
behavior of trapped small molecules (Grommet et al., 2020; Yu et al., 
2021). For instance, the asphaltene structure probably has a certain 
protective effect on small molecules, inhibiting the reactivity of small 
molecules while making it difficult for the groups that may initiate the 
reaction to form an effective attack path. Thus they act as a reaction 
inhibitor, reducing the reaction rate of small molecules (Miners et al., 

Fig. 7. Variations in MPR1, MPR2, MPR3, and MPR9 with Ro. The points in the yellow shaded fields correspond to the free and adsorbed aromatics of the original 
solid bitumen sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Variations in 
∑

MP/P, 
∑

MChy/Chy, and 
∑

MPyr/Pyr with Ro. The points in the yellow shaded fields correspond to the free and adsorbed aromatics of the 
original solid bitumen sample. (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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Fig. 9. Variation in relative proportions of methylated PAHs in the free, adsorbed and occluded aromatic fractions with temperature. (a) Methylphenanthrenes; (b) 
Methylchrysenes; (c) Methylpyrenes. 
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2016; Yang et al., 2019; Yu et al., 2021; Yang et al., 2022). 
During the thermal evolution, the distributions of free and adsorbed 

aromatics are apparently controlled by reaction kinetics. The restriction 
of the asphaltene structure is thought to cause a large kinetic barrier, 
resulting in an obvious retardation in the thermal evolution of adsorbed 
aromatics. On the other hand, occluded aromatics exist in a relatively 
closed system composed of asphaltene nanoaggregates, and their dis
tributions are mainly controlled by their thermal stability. Some PAHs 
(such as the methylpyrene isomers) appear to be particularly refractory 
because of their strong interaction with asphaltene structure in the 
occluded state. 

4.3.2 Interpretation of PAH maturity parameters 
Radke et al. (1984) proposed the empirical formula Rc(%) = 0.6MPI1 

+ 0.4 to calculate equivalent vitrinite reflectance values Rc from the 
methylphenanthrene index (MPI1) (Fig. 12). The Easy%Ro model is an 
approach to relate the (measured) vitrinite reflectance value to the 
thermal (time–temperature) history of the kerogen (Sweeney and 
Burnham, 1990). Both models have been calibrated with different 
sample sets. Therefore, an exact correlation (1:1) of these parameters, 
although desirable, cannot be taken for granted. In the present study we 
have compared the vitrinite reflectance values derived for our samples 

with both models. A cross-plot of the Easy%Ro values and the Rc values 
calculated from the MPI1 for the free, adsorbed and occluded aromatics 
of this study is shown in Fig. 12. The Rc values for the free and adsorbed 
aromatics show a reasonable to good approximation of the 1:1 slope 
(dRc/dRo = 0.74 and dRc/dRo = 0.86, respectively). Therefore, the 
empirical formulas of predecessors can be modified according to a large 
amount of geological sample data so that the MPI1 of adsorbed aromatics 
can be used to estimate the maturity of organic matter. 

At high thermal evolution stages, soluble asphaltene macromole
cules in sedimentary organic matter are usually depleted, but there are 
still residual kerogen macromolecules. The small molecular aromatics 
restricted by the macromolecular structure of kerogen have similar 
evolution behavior as the aromatics trapped by asphaltene in theory 
(Brocks et al., 2003; Pehr et al., 2021). Therefore, the parameters 
calculated according to the aromatics adsorbed by macromolecules 
probably provide valuable results for the maturity assessment of high- 
maturity organic matter. 

The Rc calculated from the MPI1, of the occluded aromatics remain 
essentially constant around a value of 1.1 (Fig. 12). The slope of the 
linear regression bewteen Rc and Ro is − 0.13 (approximately 0), indi
cating that Rc based on the occluded aromatics is not suitable for 
maturity assessment. However, due to their thermal stability, there may 

Fig. 10. ΔG of methylated PAHs under different temperature–pressure conditions (see Table 6). (a) Methylphenanthrenes; (b) Methylchrysenes; (c) Methylpyrenes.  

Fig. 11. Variation in 1-/6-MChy with Ro. The points in the yellow shaded field correspond to free and adsorbed aromatics of the original solid bitumen sample. (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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be some PAH-based parameters in occluded aromatics that can be used 
to assess the original composition of sedimentary organic matter (Yang 
et al., 2009; Tian et al., 2012a; Tian et al., 2012b). 

5. Conclusions 

(1) The increase in the aromatic maturity parameters (MPI, MPyI1, 
MCI*) of the free and adsorbed components observed in the thermal 
maturation experiments on the Cambrian Changjianggou solid bitumen 
may be due to a continuous formation of methylated PAHs. The distri
butions of methylated PAHs in the free and adsorbed aromatics appear 
to be mainly kinetically controlled. We suspect that the asphaltene 
matrix acts as a reaction inhibitor for thermally induced isomerization 
reactions of the occluded/adsorbed aromatics, resulting in a retardation 
of the evolution of the aromatic maturity parameters. Due to this offset, 
the asphaltene-adsorbed aromatics may (if properly calibrated) provide 
a means to extend of the range of aromatic maturity parameters to 
organic matter with higher thermal maturity. 

(2) The distributions of the occluded methylphenanthrene and 
methylchrysene isomers suggest that these compounds are in thermo
dynamic equilibrium. The asphaltene-occluded compounds have 
remained in a relatively closed system during long geologic periods of 
time, which is likely to have resulted in a thermodynamically controlled 
equilibrium distribution of some occluded PAHs. Other occluded PAHs 
(such as the methylpyrene isomers), due to high kinetic barriers (acti
vation energies), are less likely to have reached thermodynamic equi
librium. Their isomer distribution, therefore, appears suitable as a 
source indicator for the sedimentary organic matter. 
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