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A B S T R A C T   

Asphaltene-trapped (adsorbed or occluded) biomarkers are considered a valid source of information for crude oil 
with severe secondary alterations. However, thermal stress might change asphaltene-trapped hydrocarbons to 
some extent. Therefore, it is indispensable to investigate the thermal evolution behavior of asphaltene-trapped 
biomarkers. In this study, low-maturity bitumen from the Kuangshanliang area of the Sichuan Basin (China) 
was selected as a sample. The thermal evolution behavior of free and asphaltene-trapped saturated biomarkers 
was investigated by thermal simulation experiments. The results revealed, in addition to normal biomarkers, also 
a series of even carbon number n-alk-(1)-enes in asphaltene-occluded hydrocarbons. All of them were hardly 
influenced by secondary alterations. Moreover, due to the restriction of macromolecular structure, the thermal 
evolution of asphaltene-trapped biomarkers lags behind that of free biomarkers. Most biomarker parameters of 
occluded hydrocarbons changed little with increasing maturity. In particular, the distributions of occluded ter
panes or steranes retained the characteristics of early diagenesis of organic matter, even if they suffered from 
strong thermal alteration.   

1. Introduction 

Asphaltenes, as “fragments” produced by thermal degradation of 
kerogen, are polar components of crude oil or source rock extracts with 
complex structures [1]. The structural model of asphaltenes assumes 
multistage aggregations, which are composed of polar monomers 
(islands or archipelagic molecules) [2–6]. Geogenic asphaltene aggre
gates tend to trap a series of autochthonous small molecular organics, 
including some common biomarkers, such as steranes and terpanes, 
through external side chain adsorption and internal space occlusion 
[7–10]. These asphaltene-trapped biomarkers are considered to be less 
susceptible to secondary alterations, thus maintaining superior autoch
thony Therefore, they have been used in applications of oil-source cor
relations, the assessment of source-rock sedimentary environments or 
the identification of biological origins [11–15]. 

Previously, adsorbed or occluded biomarkers in asphaltene were 

released by mild experimental procedures (such as stepwise elution or 
oxidative degradation) and then used to estimate the original 
geochemical information of sedimentary organic matter [16–19]. For 
instance, biomarkers trapped by the asphaltene matrix in some biode
gradable oils lack the typical characteristics of biodegradation. This 
indicates that the asphaltene structure has a “shielding effect” against 
biodegradation. Therefore, the trapped biomarkers are useful to reveal 
raw information of oil biodegradation [17,20–22]. 

However, the “shielding effect” against biodegradation cannot pre
vent the influence of heating. Under geological conditions, asphaltene- 
trapped hydrocarbon molecules might be transformed to some extent 
due to thermal stress. Thus, it is indispensable to investigate the thermal 
evolution behavior of asphaltene-trapped biomarkers to provide the 
theoretical foundation for their applications [23–25]. 

Biomarkers occluded by kerogen matrix with high maturity showed 
better thermal stability than the adsorbed biomarkers [26,27]. It should 
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be noted that the chemical structure of kerogen will be destroyed during 
mild oxidative degradation [18,26], so it is impossible to guarantee that 
the distribution of the corresponding isolated occluded components re
mains unaffected. Due to the structural similarity of asphaltenes and 
kerogen, asphaltene-occluded biomarkers are expected to behave in the 
same way. Moreover, a nondestructive and quantitative approach may 
be used to isolate asphaltene-occluded biomarkers. Therefore, it is 
possible to reveal the thermal evolution behavior of occluded bio
markers if asphaltenes are treated as a macromolecular structure instead 
of kerogen. 

In this study, low-maturity natural bitumen was selected as the 
experimental sample. Hydrous pyrolysis experiments in a closed system 
were conducted at 300 ◦C, 350 ◦C, and 400 ◦C. Centrifugal elution and 
dispersive solid-phase extraction (DSPE) were used to quantitatively and 
nondestructively isolate the trapped hydrocarbons of the asphaltene 
matrix after thermal simulation experiments [28,29]. The thermal 
evolution characteristics of typical biomarkers in different occurrences 
(free, adsorbed, and occluded) were systematically analyzed, and a 
corresponding mechanism of the evolution was also suggested. 

2. Materials and methods 

2.1. Sample information and pretreatment 

The solid bitumen sample was collected from a Lower Cambrian 
bituminous vein from the Kuangshanliang area, northwestern Sichuan 
Basin, China. The bituminous vein may be derived from a paleo- 
reservoir, the source rock of which is the Sinian Doushantuo Forma
tion. The paleo-reservoir has undergone tectonic transformations (e.g., 
uplift, fracture, fault) and subsequent secondary alterations (water 
washing, evaporation, biodegradation, abiotic oxidation) [30,31]. The 
equivalent vitrinite reflectance of the bitumen is approximately 0.55 %, 
revealing its low degree of thermal evolution. The bitumen is considered 
oxidized with enrichment of soluble organic matter (>90 wt%) [21,32]. 

The crushed bitumen sample (80 ~ 100 mesh) was extracted with 
dichloromethane (DCM). The maltene of the extract was obtained after 
asphaltene precipitation with an excess of petroleum ether. The satu
rated fraction (free saturates hereinafter) of maltene was eluted with 
petroleum ether in a silica gel alumina column. The asphaltene was 
dissolved in DCM to form an almost saturated solution, and then 
excessive petroleum ether was added. The mixture was stirred fully and 
then moved into a centrifuge tube for centrifugation treatment (3500 r/ 
min, 20 min). The resulting supernatant was collected in a new beaker. 
The above protocol was repeated 3–5 times until the supernatant was 
colorless [12,13,21]. The collected supernatant was concentrated, and 
the corresponding saturated fraction (adsorbed saturates hereinafter) 
was isolated by the abovementioned approach. On the other hand, the 
asphaltene precipitate from the centrifugal tube was recovered and 
dried (purified asphaltene hereinafter). 

2.2. Thermal simulation experiments 

Hydrous pyrolysis was conducted with a gold-tube thermal simula
tion device [21]. Purified asphaltene (approximately 30 mg) and 

deionized water (approximately 100 mg) were successively loaded into 
a gold tube, which was sealed with Ar-arc welding. The experimental 
pressure was set as 30 MPa, and the temperatures were set as 300 ◦C, 
350 ◦C, and 400 ◦C (marked as T300, T350, and T400). The rapid 
temperature rise method was adopted (all reaction vessels were heated 
to the set temperature within 1 h and kept at a constant temperature for 
24 h). The corresponding EASY%Ro values were 0.64 %, 0.92 % and 
1.49 %, respectively [33]. 

2.3. Separation of asphaltene-occluded hydrocarbons 

The gold tubes were cut and then placed in petroleum ether to extract 
maltene from the products. Then, free saturates in maltene were sepa
rated by column chromatography as mentioned before. The asphaltenes 
in the residue were extracted by DCM and then purified by centrifugal 
elution. The adsorbed saturates were separated simultaneously. 

Dispersive solid-phase extraction was used to separate the 
asphaltene-occluded hydrocarbons [29,54]. The purified asphaltenes 
were put in a beaker, and then an excess of DCM was added to it (the 
concentration was close to 0.1 mg/mL). The asphaltene solution was 
continuously stirred with a magnetic stirrer, and a small amount of silica 
gel (approximately 5 g) was added to it several times. After stirring for 
30 min, the silica gel particles were rapidly precipitated by the centrif
ugal method. After centrifugation, the supernatant was separated by 
filtration. Then, the silica gel particles were cleaned 3–5 times with 
DCM, and the supernatant was separated as before. All filtrates were 
transferred to a flask and evaporated by rotation to concentrate to 2–3 
mL. The saturates in concentrated solution were eluted with petroleum 
ether by column chromatography (called occluded saturates). 

2.4. GC–MS analysis 

The saturated hydrocarbons were analyzed on a 6890 GC − 5975i 
MS system (Agilent, USA) equipped with an HP-5MS fused-silica capil
lary chromatographic column (length, 60 m; inner diameter, 250 μm; 
film thickness, 0.25 μm). The injection method was a splitless inlet, and 
the temperature of the injection port was kept at 300 ◦C. Helium was 
used as a carrier gas with a constant flow rate of 1 mL/min. The column 
temperature was programmed as follows: 80 ◦C for 1 min, 80 ◦C to 
120 ◦C at 20 ◦C/min, 120 ◦C for 1 min, 120 ◦C to 310 ◦C at 3 ◦C/min, and 
finally 310 ◦C for 20 min. In the MS system, the eluted products were 
fragmented by electron ionization (EI) at 70 eV and then analyzed in the 
m/z range of 50 to 450. Mass chromatograms were obtained by total ion 
current (TIC) recording and single ion monitoring (SIM) of characteristic 
fragment ions. 

3. Results 

Purified asphaltenes from the raw sample, which excluded free and 
adsorbed components, were used in thermal simulation experiments. 
Although the coking amount of the product increased and the soluble 
organic matter decreased with increasing thermal simulation tempera
ture, a certain amount of asphaltenes and asphaltene-trapped saturates 
were still separated (Table 1). 

Table 1 
Quantitative analysis of asphaltene-trapped hydrocarbons.  

Components T300 T350 T400 

Weight (mg) Yield (wt.%) Weight (mg) Yield (wt.%) Weight (mg) Yield (wt.%) 

Purified Asphaltenes  30.5 /  30.6 /  30.3 / 
Free Maltenes  0.4 1.3  1.4 4.6  2.9 9.6 
Product Asphaltenes  20.3 66.6  15.5 50.7  3.0 9.9 
Adsorbed Saturates  < 0.1 < 0.3  < 0.1 < 0.3  < 0.1 < 0.3 
Occluded Saturates  0.4 1.3  0.3 1.0  0.2 0.7 

Note: wt.% refers to the percentage of product g to the initial purified asphaltene g. The detection limit and the precision are 0.1 mg. 
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3.1. Distribution of n-alkanes and n-alkenes 

Free hydrocarbons: Bitumen has undergone secondary alterations 
such as biodegradation, and most of the free n-alkanes have been 
damaged (Fig. 1a1). At 300 ◦C, the saturates exhibited a unimodal 

distribution of n-alkanes, with nC25 as the main peak (Fig. 1b1) [21]. 
The relative abundance of the low carbon number homologs of n-alkanes 
increased obviously with increasing temperature (Fig. 1c1 and d1). 

Adsorbed hydrocarbons: The adsorbed n-alkanes of raw asphal
tenes showed a unimodal distribution with nC24, nC25, and nC26 as the 

Fig. 1. Total ion current (TIC) chromatograms of the free, adsorbed, and occluded fractions of asphaltenes.  

Fig. 2. Chromatograms of terpanes from free, adsorbed, and occluded fractions of asphaltenes. Biomarker assignments are listed in Table 2.  
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main compounds (Fig. 1a2). At 300 ◦C and 350 ◦C, the main peak of n- 
alkanes moved to nC30 (Fig. 1b2 and c2). At 400 ◦C, the n-alkanes 
changed to the front high bimodal distribution (Fig. 1d2). 

Occluded hydrocarbons: In raw asphaltene-occluded saturates, the 
n-alkanes ranged from nC18 ~ nC30, and even carbon numbered n-(1)- 
alkenes ranged from C18 ~ C24. (Fig. 1a3). Under different temperatures, 
n-alkanes always took nC22 as the main peak, and the abundance of nC18 
~ nC25 was higher than that of nC26 ~ nC30. Even carbon-numbered n- 
(1)-alkenes were distributed in C18 ~ C24, with C18 and C20 as the 
dominant peaks (Fig. 1b3, c3, and d3). 

3.2. Distribution of terpanes 

Free hydrocarbons: The relative abundances of tricyclic terpanes 
and hopanes in raw asphaltenes were similar (Fig. 2a1). At 300 ◦C, the 
relative abundance of tricyclic terpanes was lower than that of hopanes 
(Fig. 2b1). The relative abundance of C19T ~ C25T in terpanes increased 
obviously with increasing temperature (Fig. 2c1 and 2d1). At 400 ◦C, the 
relative abundance of tricyclic terpanes was equivalent to that of 
hopanes, and this distribution was similar to that of terpanes in the raw 
sample. However, their origins may be different. The former may be 
related to the cracking of asphaltenes or long-chain hopanes, while the 
latter may be related to the better resistance of tricyclic terpanes to 
biodegradation [34,35]. The values of Tm/C30H and C29H/C30H 
increased with temperature, indicating that the side chain of C30H was 
cracked (Fig. 2b1, c1, and d1). 

Adsorbed/Occluded hydrocarbons: The relative abundance of 
tricyclic terpanes in adsorbed and occluded hydrocarbons from raw 
asphaltenes was lower than that of corresponding hopanes (Fig. 2a2 and 
a3). The distributions of adsorbed (Fig. 2b2, c2, and d2) and occluded 
terpanes (Fig. 2b3, c3, and d3) were similar at different temperatures, 
and some parameters (i.e., C29Ts/C29H, C29H/C30H, C31H 22S/(22S +
22R)) were similar to the corresponding raw values (Table 3). 

3.3. Distribution of steranes 

Free hydrocarbons: The abundant short-chain pregnanes (C21P and 
C22P) and C29 steranes in the raw sample may be caused by biodegra
dation (Fig. 3a1) [19]. At 300 ◦C, the relative abundance of pregnanes in 
steranes was lower than that of normal steranes, and normal steranes 
still had a C29 advantage (Fig. 3b1). As the temperature advanced, the 
relative abundance of pregnanes gradually increased. This result was 
similar to the change in tricyclic terpanes mentioned in Section 3.2 
(Fig. 3c1 and d1). 

Adsorbed/Occluded hydrocarbons: The relative abundances of 
pregnanes and rearranged steranes in raw asphaltene-adsorbed steranes 
was obviously lower than those of normal steranes, and the series of C27- 
C29 normal steranes were distributed in a “V” shape (Fig. 3a1). The 
relative abundance of pregnanes in occluded steranes was lower than 
that in adsorbed steranes, while the occluded rearranged steranes were 
slightly abundant. Occluded normal steranes had a C27 advantage 
(Fig. 3a3). At 300 ◦C, the distribution of adsorbed or occluded steranes 
was similar to that in the raw sample (Fig. 3b2 and b3). As the tem
perature advanced, the relative abundance of pregnanes in adsorbed 
steranes increased (Fig. 3c2 and d2), and the ratio of C21P/C22P 
increased obviously, while the other parameters were stable. The dis
tribution characteristics of occluded steranes were relatively stable 
(Fig. 3c3 and d3), and only the ratio of C21P/C22P increased slightly as 
the temperature advanced (Table 5). 

Table 2 
Compound assignments for the peaks in Fig. 2.  

Class Peak Compound 

Tricyclic terpanes C20T-C29T C20-C26 tricyclic terpanes 
Tetracyclic terpanes C24Te C24 tetracyclic terpane 
Pentacyclic 

terpenes 
Ts C27 18α(H)–22,29,30-trisnorhopane 
Tm C27 17α(H)–22,29,30-trisnorhopane 
C29DH C29 17α,21β(H)-25-norhopane 
C29H C29 17α,21β(H)-30-norhopane 
C29Ts C29 18α(H)-30-norneohopane 
C30H C30 17α,21β(H)-hopane 
C30M C30 17β,21α(H)-moretane 
C31H- 
C35H 

C31-C35 17α,21β(H)-22S-and-22R- 
homohopane 

C30G gammacerane  

Table 3 
Terpane parameters of free, adsorbed, and occluded Saturates in Asphaltenes.  

Components Temperature Tri/Pentacyclic 
terpene 

Ts/ 
Tm 

C29Ts/ 
C29H 

C29H/ 
C30H 

C29DH/ 
C30H 

C30M/ 
C30H 

C30G/ 
C30H 

C31H 22S/(22S +
22R) 

Free 
Hydrocarbons 
(HCs) 

Raw  1.24  0.45  0.25  1.02  0.15  0.10  0.17  0.57 
300 ◦C  0.52  0.27  0.13  0.93  0.15  0.11  0.15  0.55 
350 ◦C  0.83  0.05  0.06  1.47  0.21  0.12  0.22  0.53 
400 ◦C  1.40  0.06  0.05  1.62  0.32  0.13  0.29  0.52 

Adsorbed 
Hydrocarbons 
(HCs) 

Raw  0.91  1.08  0.27  0.58  0.17  0.15  0.26  0.54 
300 ◦C  0.49  0.65  0.29  0.52  0.12  0.18  0.26  0.56 
350 ◦C  0.39  0.61  0.22  0.59  0.14  0.16  0.25  0.54 
400 ◦C  0.42  0.54  0.23  0.60  0.16  0.17  0.25  0.55 

Occluded 
Hydrocarbons 
(HCs) 

Raw  0.69  1.01  0.32  0.66  0.23  0.13  0.18  0.54 
300 ◦C  0.54  0.89  0.37  0.57  0.18  0.14  0.30  0.56 
350 ◦C  0.57  0.90  0.37  0.61  0.17  0.16  0.24  0.54 
400 ◦C  0.54  0.79  0.33  0.67  0.21  0.16  0.23  0.54  

Table 4 
Compound assignments for the peaks in Fig. 3.  

Class Peak Compound 

Pregnanes C21P C21 5α(H)-Pregnane 
C22P C22 5α(H)-homopregnane 

Rearranged steranes C27S 1 C27 13β,17α(H)-rearranged sterane(20S) 
2 C27 13β,17α(H)-rearranged sterane(20R) 
3 C27 13α,17β(H)-rearranged sterane(20S) 
4 C27 13α,17β(H)-rearranged sterane(20R) 

C28S 5 C28 13β,17α(H)-rearranged sterane(20S) 
6 C28 13β,17α(H)-rearranged sterane(20R) 

C29S 11 C29 13β,17α(H)-rearranged sterane(20R) 
12 C29 13α,17β(H)-rearranged sterane(20S) 

Regular steranes C27S 7 C27 5α,14α,17α(H)-sterane(20S) 
8 C27 5α,14β,17β(H)-sterane(20R) 
9 C27 5α,14β,17β(H)-sterane(20S) 
10 C27 5α,14α,17α(H)-sterane(20R) 

C28S 13 C28 5α,14α,17α(H)-sterane(20S) 
14 C28 5α,14β,17β(H)-sterane(20R) 
15 C28 5α,14β,17β(H)-sterane(20S) 
16 C28 5α,14α,17α(H)-sterane(20R) 

C29S 17 C29 5α,14α,17α(H)-sterane(20S) 
18 C29 5α,14β,17β(H)-sterane(20R) 
19 C29 5α,14β,17β(H)-sterane(20S) 
20 C29 5α,14α,17α(H)-sterane(20R)  
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Fig. 3. Chromatograms of steranes from free, adsorbed, and occluded fractions of asphaltenes. Biomarker assignments are listed in Table 4.  

Table 5 
Sterane parameters in free, adsorbed, and occluded Saturates of Asphaltenes.  

Components Temperature C21P/ 
C22P 

C21− C22P/ 
C27− C29S 

C27S/ 
C27− C29S 

C28S/ 
C27− C29S 

C29S/ 
C27− C29S 

C29Sααα 20S/ 
(20S + 20R) 

C29Sαββ/(ααα 
+ αββ) 

Rearranged/Regular 
sterane 

Free 
HCs 

Raw  2.30  1.14  0.22  0.21  0.57  0.54  0.53  0.15 
300 ◦C  1.49  0.13  0.27  0.19  0.54  0.34  0.43  0.18 
350 ◦C  2.25  0.20  0.20  0.18  0.62  0.46  0.50  0.17 
400 ◦C  3.78  0.48  0.24  0.23  0.52  0.58  0.55  0.22 

Adsorbed 
HCs 

Raw  1.52  0.06  0.37  0.30  0.33  0.45  0.38  0.31 
300 ◦C  1.57  0.07  0.32  0.29  0.39  0.46  0.40  0.25 
350 ◦C  1.78  0.08  0.29  0.28  0.43  0.46  0.42  0.20 
400 ◦C  2.85  0.12  0.33  0.29  0.38  0.47  0.41  0.23 

Occluded 
HCs 

Raw  1.37  0.08  0.32  0.34  0.34  0.48  0.42  0.50 
300 ◦C  1.39  0.05  0.36  0.26  0.38  0.46  0.40  0.40 
350 ◦C  1.58  0.08  0.31  0.28  0.41  0.47  0.42  0.36 
400 ◦C  1.72  0.06  0.34  0.30  0.36  0.49  0.45  0.37  

Fig. 4. Asphaltenes occluded saturates exposed to air for more than four days.  
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4. Discussion 

4.1. Thermal evolution of asphaltene-trapped n-alkenes and n-alkanes 

At 300 ◦C and 350 ◦C, the relative abundance of low carbon 
numbered n-alkanes (nC17 ~ nC25) was inferior in adsorbed n-alkanes 
(Fig. 1b2 and c2). This was similar to that of free n-alkanes (Fig. 1b1 and 
c1). However, the relative abundance of adsorbed n-alkanes with high 
carbon numbers (nC26 ~ nC32) was greater than that with low carbon 
numbers, which was different from the distribution of free n-alkanes. 
Because asphaltene only cracks very slightly at 300 ◦C or 350 ◦C [36,37], 
the pyrolytic free n-alkanes were probably derived from the thermal 
diffusion of the hydrocarbons trapped in the level of the asphaltene 
cluster, and the residue of diffusion may constitute pyrolytic adsorbed n- 
alkanes [21]. 

At 400 ◦C, the relative abundance of low carbon numbered n-alkanes 
adsorbed by asphaltenes increased significantly (Fig. 1d2). The intensity 
ratio between nC22 and nC30 is over 1, indicating the cracking of long- 
chain hydrocarbons. In contrast, the relative abundance of short-chain 
alkanes in free n-alkanes was higher (Fig. 1d1), indicating the high 
cracking extent of long-chain hydrocarbons. Therefore, the profile of 
adsorbed n-alkanes was less affected by thermal cracking than that of 
free n-alkanes. 

Even carbon numbered n-(1)-alkenes were obviously present in the 
occluded hydrocarbons separated from the raw asphaltene sample 
(Fig. 1a3) [14,27]. Similar n-(1)-alkenes are often observed in separa
tion experiments of asphaltene from crude oil [9]. Importantly, the even 

carbon numbered n-(1)-alkenes occluded by asphaltene were still pre
served well after the thermal simulation experiments (Fig. 1b3, c3, and 
d3). As small molecules with high chemical activity, once separated 
from asphaltene, alkenes are easily affected by the external environ
ment. For example, it is almost impossible to detect alkenes in the 
occluded saturates exposed to air for more than four days (Fig. 4). 
However, the relative profiles of n-(1)-alkenes with different carbon 
numbers after heating were generally consistent with that of the raw 
sample. This suggests that asphaltene-occluded alkenes could be quite 
stable under geological conditions. 

The proportion of nC20 ~ nC24 alkanes in occluded saturates rose at 
the beginning and then fell with the increase in EASY%Ro, whereas the 
proportion of individual n-alkenes changed in the opposite way (Fig. 5). 
This indicates that the variations in n-alkanes and n-alkenes from C20 ~ 
C24 were coupled. This could be attributed to the closed space consti
tuted by the asphaltene matrix, which provided the environmental 
foundation for the chemical conversion between alkanes and alkenes 
[14]. The proportion of C18 alkanes and alkenes generally showed a 
slight downward trend with the variation in EASY%Ro, and the decline 
in C18 alkenes was slightly larger (Fig. 5a). We speculated that both C18 
alkanes and alkenes were consumed in other ways. 

In theory, the conversion between alkanes and alkenes occluded in 
asphaltene structures is thermodynamically constrained under hydro
thermal conditions [38,39]. Thus, it could reach a metastable equilib
rium at a given temperature [40,41]. It should be noted that the 
tendency of the conversion between alkenes and alkanes in this study 
could be divided into two stages (Fig. 5b, c, and d). This indicates some 

Fig. 5. Variation in the relative proportion of occluded n-alkenes and n-alkanes from C18-C24 with EASY%Ro.  
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other factors restricting the metastable equilibrium between alkenes and 
alkanes. 

The hydrogen fugacity controlled by redox mineral buffers has been 
proven to be an important geological factor for the metastable equilib
rium of short alkene-alkane [41]. The equivalent hydrogen fugacity in 
the experimental system was determined by the rate of generation and 
consumption with the sedimentary organic matter, so it is related to the 
chemical property of asphaltene and the corresponding extent of ther
mal evolution. Therefore, it is also reasonable to conclude that the 
metastable equilibrium of alkene-alkane in the asphaltene structure can 
be influenced by the equivalent hydrogen fugacity. 

4.2. Persistence of asphaltene-trapped terpanes and steranes 

The ratios of Tri/Pentacyclic terpane, Ts/Tm, C29Ts/C29H, C29H/ 
C30H, and C29DH/C30H in free terpanes changed obviously with tem
perature (Fig. 6a), while the ratios of C30M/C30H, C30G/C30H, and C31H 

22S/(22S + 22R) were almost consistent. For example, the ratio of C31H 
22S/(22S + 22R) is approximately 0.55 and cannot be used to indicate 
maturity [19,42]. On the other hand, most of the parameters of adsor
bed/occluded terpanes did not change with temperature, suggesting 
that the trapped terpanes might remain authentic and not be altered by 
asphaltene cracking (Fig. 6b and c). 

The trapped hydrocarbons on the periphery of the asphaltene cluster, 
defined as adsorbed hydrocarbons, were isolated by centrifugation. 
However, there are some components trapped in the inner layers of the 
asphaltene cluster. The corresponding position is different from that of 
the occluded ones, which are trapped in the asphaltene nanoaggregate. 
The former could diffuse outside during heating, and it would produce 
pyrolytic free or adsorbed hydrocarbons [21]. This probably results in a 
small discrepancy between the raw trapped biomarkers and the pyro
lytic ones. For example, the ratios of Tri/Pentacyclic terpane and Ts/Tm 
in the raw adsorbed terpanes were obviously higher than those of the 
adsorbed hydrocarbons in the pyrolytic products [8,43,44]. In addition, 

Fig. 6. Fingerprint of free, adsorbed, and occluded biomarker parameters (a-c: Free, adsorbed, and occluded terpane parameters; d-f: Free, adsorbed, and occluded 
sterane parameters). 
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the ratios of Tri/Pentacyclic terpane and Ts/Tm in the occluded terpanes 
of the raw asphaltene were slightly higher than those in occluded bio
markers of the pyrolytic products. Except for the fact that the raw free 
steranes were affected by secondary alterations, most parameters of free 
steranes also changed with temperature, whereas the parameters of 
adsorbed or occluded steranes were almost always consistent (Fig. 6d-f). 

The biomarker parameters of asphaltene-occluded steranes and ter
panes were affected by neither secondary changes nor potential frac
tionation caused by different separation protocols. The occluded 
compounds are restricted by the macromolecular structure of asphaltene 
during pyrolysis and rarely suffer thermal cracking. Moreover, the py
rolytic substances of asphaltene would be released and gather in a free 
state, which hardly changes the distribution characteristics of the 
occluded hydrocarbons. Therefore, the profiles of asphaltene-occluded 
biomarkers are probably consistent during the evolution of crude oil, 
and they have the potential to trace the biological source and sedi
mentary environment of organic matter [45,46]. 

4.3. Geochemical significance of asphaltene-trapped biomarkers 

The bitumen sample comes from the Sinian paleo-reservoir, and its 
source rock is generally considered the Sinian Doushantuo Formation. 
The biological source of sedimentary organic matter in the Doushantuo 
Formation is lower aquatic plankton such as algae. Its typical bio
markers display similar distribution characteristics to those of 
asphaltene-occluded n-alkanes [34]. 

The values of adsorbed and occluded sterane proportions both fell in 
the same area of the ternary diagram, but those of free steranes were 
close to the end of C29S (Fig. 7). Although the contribution of lower 
aquatic plankton, such as cyanobacteria, may produce a C29S advantage, 
biodegradation can easily change the distribution of free steranes, 
resulting in the predominance of C29S [19,30]. 

According to our study, the values of occluded sterane proportions 
are more primitive with the reflection of authentic geochemical infor
mation. Therefore, the occluded steranes may be related to the 

Fig. 7. C27–C29 regular sterane distribution.  

Fig. 8. Intersection figure of C21P/C22P and C21− C22P/C27− C29S.  Fig. 9. Intersection figure of C29Sααα 20S/(20S + 20R) and C29Sαββ/(ααα 
+ αββ). 
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eukaryotic algae of the Precambrian rather than cyanobacteria, result
ing in the distribution of steranes not being dominated by C29S [47,48]. 

The increments of C21P/C22P and C21− C22P/C27− C29S in adsorbed 
steranes were less than those in free steranes with increasing thermal 
maturation (Fig. 8). The corresponding parameters of free sterane in the 
raw sample obviously deviate, which may be related to the secondary 
alterations of bitumen [19,34]. The values of C21P/C22P in occluded 
steranes increased slightly with thermal maturation, and the values of 
C21− C22P/C27− C29S were constant. 

The values of C29Sααα20S/(20S + 20R) and C29Sαββ/(ααα + αββ) of 
the adsorbed and occluded steranes in all samples are similar. This result 
is consistent with the original characteristics of low maturity, with the 
corresponding values of that area being stable at 0.4 ~ 0.5 (not reaching 
the equilibrium value) [32]. However, the values of the two parameters 
of the free steranes increased significantly with maturation (Fig. 9). 
Therefore, the maturity parameters of steranes in asphaltene-trapped 
hydrocarbons are independent of maturation. 

Generally, the ratio of Rearranged/Regular steranes generally in
creases with thermal maturation or biodegradation [42]. The raw 
bitumen suffered from biodegradation. However, the ratio of Rear
ranged/Regular steranes in raw occluded hydrocarbons was greater 
than that in raw free ones (Fig. 10). In the early stage of diagenesis, 
steranes are generated from the reduction of the precursors in the sed
iments. This process is followed by isomerization and rearrangement to 
form rearranged steranes [49]. 

The presence of free oxygen would accelerate the acid catalytic 
rearrangement process of sterene in the early stage of diagenesis, while 
this process would be inhibited in the absence of oxygen [50–53]. The 
rearranged steranes were probably trapped in the asphaltene structure 
during diagenesis. As the free oxygen in the environment was exhausted, 
a more reduced condition at the beginning of catagenesis would lead to a 
decrease in rearranged steranes in free hydrocarbons. Thus, the ratio of 
Rearranged/Regular steranes in free hydrocarbons of the raw sample is 
lower than that in trapped hydrocarbons. 

On the other hand, the ratios of Rearranged/Regular steranes in the 
free steranes of the experimental product increased as the maturity 
advanced because the free regular steranes undergo the reaction of 
methyl rearrangement [42]. However, the ratios of Rearranged/Regular 
steranes in trapped hydrocarbons fell at the beginning and then rose 
with thermal maturation (Fig. 10). Since the trapped steranes were less 
influenced by heating below 350 ◦C, the decrease in the ratios may result 
from the transformation of the trapped precursors into regular steranes. 
The methyl rearrangement of regular steranes gradually occurred with 

temperatures over 350 ◦C, increasing the ratios of Rearranged/Regular 
steranes. 

5. Conclusion 

There are significant discrepancies in the distribution characteristics 
of biomarkers in the three occurrence states of bitumen. The original 
characteristics of free hydrocarbons missed due to secondary alterations, 
so it is impossible to accurately evaluate the sedimentary environment 
and the biological source of organic matter. Adsorbed hydrocarbons and 
occluded hydrocarbons in asphaltenes were preserved well based on the 
restriction of the asphaltene structure. The distribution characteristics of 
occluded sterane or terpane are of great significance for tracing the 
original source of the sample. 

The thermal evolution of occluded hydrocarbons obviously lags that 
of adsorbed and free hydrocarbons. The free and adsorbed n-alkanes are 
obviously affected by cracking products with increasing maturation. 
Occluded n-alkanes and n-alkenes can maintain relatively stable profiles 
during thermal evolution. The potential conversion between alkanes 
and alkenes is probably related to the equivalent hydrogen fugacity in 
the system. 

The values of C21P/C22P, C21− C22P/C27− C29S, C29Sααα20S/(20S +
20R), and C29Sαββ/(ααα + αββ) in free hydrocarbons are sensitive to 
maturation, whereas those of C21P/C22P and C21− C22P/C27− C29S in 
adsorbed hydrocarbons are less sensitive. The protection of the asphal
tene matrix results in occluded biomarkers maintaining the character
istics of organic matter in diagenesis. 
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