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A B S T R A C T   

Oil-based drilling mud (OBM) contamination, commonly occurring in cuttings during petroleum exploration, has 
had been a problem seriously hindered source rock identification and evaluation. To eliminate the effect of 
contamination on “free” bitumen extracted directly from source rock, “enclosed” and “bound” bitumens were 
released from the mineral matrix by demineralization and from the kerogen structure using an improved cata
lytic hydropyrolysis technique, respectively. Geochemical and carbon isotopic compositions of the three types of 
bitumen were used to reconstruct the geochemical characteristics of original organic matter in their source rocks. 
Results indicate that “free” and “enclosed” bitumens have similar biomarker distributions and n-alkane δ13C 
values in non-contaminated cuttings, but the former is more susceptible to OBM contamination. “Enclosed” 
bitumen can thus be used to characterize the organic geochemistry of source rocks contaminated by OBM. The 
carbon isotopic compositions of individual n-alkanes in “free” and “enclosed” bitumens differ from those in 
“bound” bitumen, likely because of the effects of diagenesis and other secondary alteration. “Bound” bitumen is 
more likely to preserve the molecular carbon isotopic characteristics of original organic matter in source rocks, 
while the “free” and “enclosed” bitumens more represent the generation products. Based on biomarker char
acteristics and carbon isotopic compositions of “bound” hydrocarbons, Wenchang (WC) Formation (Fm.) source 
rocks in the Zhu I Depression of the Pearl River Mouth Basin (PRMB) can be divided into three types in normal 
medium–deep (WC–I), shore–shallow (WC-II), and special medium–deep (with different algal blooms growth 
rates; WC-III) lacustrine source rocks. The special medium–deep lacustrine source rocks of Wenchang Fm. are 
characterized by high ratio of C30 4-methylsteranes to C29 steranes (4-Me/C29 > 0.66) and heavy δ13C values 
(δ13Ckerogen < − 26.1‰), which are obviously different from those of normal medium–deep lacustrine source 
rocks. The combination of “free”, “enclosed”, and “bound” hydrocarbons geochemical and isotopic compositions 
thus provides a comprehensive understanding of source rocks.   

1. Introduction 

Oil-based drilling mud (OBM) is a one of the tools during petroleum 
exploration, not only lubricating the drill bit but also carry large 
amounts of drilling material (e.g., drill cuttings and core) from the 
subsurface (Potts et al., 2019). Drill cuttings carred by drilling mud (e.g., 
OBM) from the subsurface have usually been used for oil–source 

correlations and source rock assessment, especially for deep- and 
ultra-deep-water petroleum exploration where core samples are usually 
scarce (Duarte et al., 2021; Jiang et al., 2021). However, OBM is usually 
a complex mixture of various additives (i.e., diesel, palm oil, oil-based 
esters, and their derivatives) that commonly wrapped the drill cuttings 
during drilling operations (McDermott, 1973; Caenn and Chillingar, 
1996). It may percolate into the interior of cuttings and result in serious 
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contamination, possibly masking original organic geochemical infor
mation and hindering the assessment of source rocks (Petersen et al., 
2017; Stuckman et al., 2019; Gabrielle and Irineu, 2021; Jiang et al., 
2021). It is therefore a challenge to acquire original organic geochemical 
information from cuttings contaminated by OBM when the original, 
non-contaminated materials are absent. 

OBM contamination has a significant influence on pyrolysis results, 
as identified in Rock–Eval pyrograms and the correlation between the 
basic indicators of Rock–Eval (Peters and Cassa, 1994; Jarvie, 2012; 
Carvajal-Ortiz and Gentzis, 2015; Rodriguez and Katz, 2021; Jiang et al., 
2021). Cleaning the organic contaminates of surface of cuttings or core 
samples with organic solvents is necessary and solvent extraction is even 
used to eliminate the OBM contamination (Ratnayake and Sampei, 
2019). Jiang et al. (2021) suggested that biomarkers and stable carbon 
isotopic compositions of “enclosed” bitumen are more reliable than 
those of “free” bitumen from drill cuttings contaminated by OBM and 
can be used to determine the organic geochemical characteristics of 

source rocks. In addition, Rullkötter and Michaelis (1990) indicated that 
the “enclosed” bitumen is less affected by contaminants (e.g., OBM) and 
secondary alteration (e.g., biodegradation and thermal maturation) than 
“free” bitumen. However, the underlying assumption of Jiang et al. 
(2021) was that “free” and “enclosed” bitumens would have similar 
geochemical and isotopic compositions in non-contaminated source 
rocks, and this needs to be verified. 

Previous studies have indicated that “bound” bitumen obtained by 
catalytic hydropyrolysis (HyPy) is less affected by secondary alteration 
and preserves original information concerning macromolecular organic 
matter owing to the strong protective effect of the network structure of 
kerogens and oil asphaltenes (Love et al., 1995, 1997, 1998; Murray 
et al., 1998; Meredith et al., 2004, 2015, 2020). The HyPy technique has 
been widely applied in petroleum geochemistry, such as evaluation 
thermal maturity of organic matter (Love et al., 1996; Murray et al., 
1998; Chen and Peng, 2017), investigation of reservoir charging history 
(Farrimond et al., 2003; Russell et al., 2004), and identification of the 

Fig. 1. (a) Location and division of first-order tectonic units of the Pearl River Mouth Basin (after Jiang et al., 2021). (b) Schematic geological map showing sampling 
locations in the Zhu I Depression (after Zhang et al., 2003). 
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origin of tar mats and pyrobitumens (Meredith et al., 2004). However, 
few studies have compared the geochemical and carbon isotopic com
positions of “free”, “enclosed”, and “bound” bitumens from source rocks. 
Our previous study indicated that improved HyPy technique effectively 
eliminates the adverse effect of OBM on drilling cuttings and can be used 
to reconstruct the source and sedimentary environment of indigenous 
organic matter in the main source rocks of the Baiyun deep-water area of 
the Pearl River Mouth Basin (PRMB; Yuan et al., 2021). However, 
“bound” biomarkers were not investigated in that study due to their 
relatively low abundance, with only the carbon isotopic compositions of 
individual n-alkanes covalently bound to kerogen frameworks being 
considered. 

The PRMB has become a “hot spot” for petroleum exploration, with a 
series of oil and gas fields and oil- and gas-bearing structures being 
discovered over the last 30 years (Fig. 1; Chen and Pei, 1993; Robison 
et al., 1998; Shi et al., 2014; Fu et al., 2019, 2020). The Eocene Wen
chang Fm. is an important source rock which is the predominant origin 
for the discovered petroleum and widely distributed in different sags of 
the PRMB (Fu et al., 2001; Huang et al., 2003; Bao et al., 2017; Jiang 
et al., 2021). As the absent of core samples, which are much less prone to 
OBM contamination, the drill cutting samples from the Wenchang Fm. in 
the Zhu I Depression of the PRMB were taken as substitutes, and the 
“free”, “enclosed”, and “bound” bitumens within them were investi
gated. The main objective was to make a full understanding of the 
organic geochemistry of source rocks by comparing the biomarkers and 
carbon isotopic compositions among the three types of bitumen, and to 
provide a method for reconstruction of the geochemical characteristics 
of source rocks contaminated by OBM. 

2. Geological background 

The PRMB, with an area of 1.75 × 105 km2, located on the northern 
continental shelf of the South China Sea (Fig. 1) and developed on the 
Caledonian and Hercynian fold basement (Chen and Pei, 1993), is one of 
the important petroliferous Mesozoic–Cenozoic sedimentary basins in 
the China (Li and Rao, 1994; Robison et al., 1998). It is composed of five 
tectonic units from south to north, namely, the Southern Uplift, South
ern Depression, Central Uplift, Northern Depression and Northern 
step-fault zones. Each tectonic unit is consisted of several sags and up
lifts (Chen and Pei, 1993). The Zhu I Depression with an exploration area 
of 4.2 × 104 km2 is located in shallow-water area in the Northern 
Depression of PRMB, displaying a NE-SW trending direction (Fig. 1; Niu 
et al., 2019), comprised of several hydrocarbon-rich sags, such as 
Lufeng, Huizhou, Xijiang, and Enping sags (Zhang et al., 2003; Peng 
et al., 2016). 

Zhu I Depression has experienced three tectonic evolutions, 
including rifting, fault-sag transition and depression, resulting in a dual 
configuration of the early rifting to the post-rift subsidence and the early 
nonmarine facies to the late marine facies (Robison et al., 1998; Shi 
et al., 2014). The stratigraphy of the Zhu I Depression is recognized as 
Eocene Wenchang and Enping formations, Oligeocene Zhuhai Fm., 
Miocene Zhujiang, Hanjiang, and Yuehai formations, Pliocene Wanshan 
Fm., and Quaternary strata from bottom to top (Fig. 2). The continental 
sedimentary basin is mainly deposited during the rifting period, in 
which Wenchang and Enping formations had been widely deposited. 
The marine strata of Zhuhai, Zhujiang, Hanjiang, Yuehai, and Wanshan 
are primarily formed in the subsidence stage (Zhang et al., 2003; Shi 
et al., 2014; Peng et al., 2016). The Wenchang and Enping formations 
are two effective petroleum source rocks in the Zhu I Depression (Hu 
et al., 2015). The Wenchang Fm., mainly developed medium–deep 
lacustrine or shore-shallow lacustrine mudstones, consisting of grey to 
black lacustrine mudstones with thin sandstones and siltstones, is the 
main source of the most of discovered oils in the Zhu I Depression 
(Huang et al., 2003; Zhang et al., 2003; Fu and Zhu, 2007). The Zhuhai 
and the Zhujiang formations are major reservoirs consisted of sandstone 
and reef limestone types. With regards the petroleum system elements, 

the Hanjiang Fm. mainly serves as regional cap rocks, composed of 
prodelta and shelf shales (Shi et al., 2014; Hu et al., 2015). 

3. Samples and methods 

3.1. Samples and sample preparation 

Nine cutting samples with relatively high total organic carbon (TOC) 
contents (>0.5 wt%) were collected from the Eocene Wenchang Fm. in 
the depth interval 3600–4600 m in the Zhu I Depression (Fig. 1). Sample 
details are provided in Table 1. The samples were washed using deion
ized water to remove surface contamination (e.g., OBM), air-dried 
naturally, crushed, and ground to powder (120 mesh). The TOC con
tents of powdered samples (~100 mg) were determined using a Leco- 
230 C/S analyzer. An IFP Rock–Eval VI instrument was applied to py
rolysis of source rock samples before and after the “free” bitumen 
extraction (Lafargue et al., 1998; Behar et al., 2001). The powdered 
samples were weighed and put in a small crucible. The programmed 
temperature of pyrolysis is initially held at 300 ◦C for 3 min, then 
ramped to 650 ◦C at 25 ◦C/min and holding at 650 ◦C for 3 min. The 
oxidation program was kept in 300 ◦C for 1 min, then heated to 850 ◦C at 
20 ◦C/min, held isothermal for 5 min at 850 ◦C. A Soxhlet apparatus was 
used to extract soluble organic matter from pulverized samples using a 
mixed dichloromethane/methanol (93/7, v/v) solvent to obtain “free” 
bitumen. The extracted residues were demineralized by conventional 
acid demineralization to prepare kerogen concentrates (Jiang et al., 

Fig. 2. Stratigraphy of the Zhu I depression in the Pearl River Mouth basin 
(after Ping et al., 2019). 
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2021). The kerogens were treated with a benzene/acetone/methanol 
mixture (5/5/2, v/v/v) for 14 d to extract organic matter trapped in or 
adsorbed on the kerogen matrix (“enclosed” bitumen). Activated copper 
granules were used to remove inorganic sulfur during each extraction. 

3.2. Stable carbon isotope analyses 

The δ13Ckerogen values of extracted kerogen samples were determined 
using a C/N/S Analyzer (CE EA 1112) (converting organic carbon into 
CO2 at 960 ◦C) combined with a Thermo Finnigan Delta Plus XL mass 
spectrometer. The δ13C values of extracted kerogen are reported relative 
to the Vienna Peedee Dee Belemnite (VPDB) standard. Each sample was 
measured at least twice with an analytical precision of better than 
±0.3‰, and the average of two or more runs reported as the final result. 

3.3. Improved catalytic hydropyrolysis 

Our previous study has demonstrated that the OBM contamination 
could penetrate to the interior of drilling cuttings, influencing their 
kerogen catalytic hydropyrolysates, and the off-line vacuum degassing 
can effectively eliminate hydrocarbon contaminants in the kerogen 
catalytic hydropyrolysates (Yuan et al., 2021). A high-vacuum (<10 mm 
Hg) degassing system (Micromeritics VacPrep 061) was used for off-line 
degassing of extracted kerogen. The extracted kerogen powders were 
placed in quartz-glass tubes connected to the instrument, heated at 
250 ◦C for 24 h, and cooled to ambient temperature for HyPy. 

The degassed kerogens were macerated in an aqueous/methanol 
solution of ammonium dioxydithiomolybdate ((NH4)2MoO2S2) to give a 
nominal loading of 5 wt% Mo, and freeze-dried under vacuum for HyPy 
experiments involving three steps as follows. To remove system back
ground contamination, a blank program was run before each sample 
loading by heating the reactor rapidly (at 300 ◦C min− 1) from ambient 
temperature to 550 ◦C and holding for 5 min. Blank products were 
trapped on silica gel in a liquid-nitrogen (LN2) cold-trap. The sample 
was then loaded in the reactor and clean silica gel placed in the 
collection trap. Thermal desorption was initiated by heating from 
ambient temperature to 250 ◦C at 250 ◦C min− 1, then to 300 ◦C at 20 ◦C 
min− 1, and holding at 300 ◦C for 5 min to obtain adsorbed and weakly 
covalently bound components. The collection trap was then replaced, 
and HyPy was employed to release the more strongly covalently bound 
compounds, with a temperature program from ambient temperature to 
250 ◦C at 300 ◦C min− 1, to 520 ◦C at 8 ◦C min− 1, and maintained at 
520 ◦C for 5 min. In all processes, hydrogen, as protective, reaction, and 
carrier gas, was maintained at 15 MPa with a flow rate of 5 dm3 min− 1 to 
ensure that all products were swept quickly into the LN2-cooled cold- 
trap. The recovered method of “free” bitumen was also used to collect 
hydropyrolysates (“bound” bitumen) absorbed on the silica gel. The 
details of HyPy procedure were described by Chen and Peng (2017). 

3.4. GC–MS and GC–IRMS analyses 

After being deasphaltened by n-hexane precipitation, the “free”, 
“enclosed”, and “bound” bitumens, which were Soxhlet extracted from 
“initial” cuttings, kerogen, and hydropyrolysates, respectively, were 
separated into saturated, aromatic, and resin fractions using a silica
–alumina column (3:1 v/v) with successive elution in n-hexane, n-hex
ane/dichloromethane (3:2, v/v), and methanol, respectively. Saturated 
fractions were analyzed by gas chromatography–mass spectrometry 
(GC–MS) and gas chromatography–isotope ratio mass spectrometry 
(GC–IRMS). 

GC–MS analysis of the saturated fractions involved an Agilent 7890A 
GC coupled to a 5977 MS equipped with a 60 m × 0.25 mm i.d. × 0.25 
μm film-thickness HP-1MS column. A constant-flow mode with a flow 
rate of 1.2 mL min− 1 of carrier gas (ultrahigh purity He) and splitless 
injection mode at 300 ◦C were employed. The MS was operated in 
electron-ionization mode at 70 eV. The GC oven temperature was pro
gramed to 80 ◦C for 2 min, ramped at 6 ◦C min− 1 to 190 ◦C, held for 2 
min, ramped to 290 ◦C at 3 ◦C min− 1, and held for 30 min. The selected- 
ion monitoring mode was used for saturated fractions, including m/z 85 
for n-alkanes, m/z 191 for terpanes, m/z 217 for steranes, and m/z 412 
for bicadinanes, which are the base peaks for each types of biomarkers, 
respectively. 

After GC–MS analysis, iso- and cyclic alkanes in saturated fractions 
were further removed by urea adduction to provide n-alkanes. Stable 
carbon isotopic compositions of n-alkanes were determined using an 
Elementar isoprime visION IRMS interfaced with an Agilent 7890B GC 
fitted with a 60 m × 0.25 mm i.d. × 0.25 μm film-thickness HP-1MS 
column. The GC oven temperature was held at 60 ◦C for 2 min, ramped 
to 150 ◦C at 15 ◦C min− 1, to 300 ◦C at 3 ◦C min− 1, and held for 20 min. A 
constant-flow mode with a flow rate of 1.0 mL min− 1 of carrier gas 
(ultrahigh purity He) and a split mode with a split ratio of 5:1 at 300 ◦C 
were employed. The combustion furnace was run at 950 ◦C. A standard 
mixture of n-alkanes (nC12, nC14, nC16, nC18, nC20, nC22, nC25, nC28, 
nC30, nC32, and nC35) of known carbon isotopic composition was 
analyzed daily before the samples to monitor instrument stability, and 
each sample was analyzed at least twice with average values being re
ported. Reproducibility was generally within ±0.3‰. δ13C values are 
reported in per mil (‰) relative to the VPDB standard. 

4. Results 

TOC contents and Rock–Eval parameters of the studied Wenchang 
Fm. source rocks are listed in Table 1. The TOC contents, S2, Tmax, 
hydrogen index (HI), and production index (PI) values for the unex
tracted samples are in the ranges of 0.88–3.16 wt%, 1.89–13.47 mg 
hydrocarbon (HC) g− 1 rock, 338–445 ◦C, 200–536 mg HC g− 1 TOC, and 
0.07–0.23, respectively (Table 1). For extracted samples, the values of 
TOC, S2, Tmax, HI, and PI range from 0.80 to 3.00 wt%, 1.19–10.35 mg 
hydrocarbon (HC) g− 1 rock, 433–452 ◦C, 145–596 mg HC g− 1 TOC, and 

Table 1 
Total organic carbon (TOC) content, Rock–Eval parameters and kerogen carbon isotopes of source rocks in the Zhu I Depression, PRMB.  

Sample No. Well Formation Depth(m) δ13Ckerogen (‰) Before extraction After extraction 

TOC S1 S2 Tmax HI PI TOC S1 S2 Tmax HI PI 

1 LF13-7-1 Wenchang 3680–3694 − 26.4 2.64 3.31 10.97 435 416 0.23 2.28 0.90 7.23 438 317 0.11 
2 LF13-7-1 Wenchang 3709–3730 − 25.9 3.10 3.98 13.47 438 435 0.23 2.70 0.88 9.14 439 339 0.09 
3 LF16-6-1 Wenchang 3250–3275 − 26.0 1.74 0.86 9.32 432 536 0.08 1.51 0.60 9.00 434 596 0.07 
4 HZ21-1-18 Wenchang 4220–4250 − 27.3 0.88 0.32 1.89 338 215 0.14 0.82 0.07 1.19 448 145 0.06 
5 HZ25-4-1 Wenchang 3760–3780 − 26.1 2.29 0.66 8.26 445 361 0.07 2.07 0.04 6.53 445 315 0.01 
6 HZ25-7-1 Wenchang 3855–3865 − 23.9 3.16 1.18 13.13 444 416 0.08 3.00 0.09 10.35 444 345 0.01 
7 XJ24-3s-2d Wenchang 4444–4450 − 27.7 1.23 0.63 3.48 426 283 0.15 0.80 0.21 2.03 433 254 0.09 
8 XJ24-6-1 Wenchang 4550–4580 − 27.6 1.90 0.91 3.80 445 200 0.19 1.51 0.22 2.95 452 195 0.07 
9 PY5-8-1 Wenchang 3678–3694 − 27.1 2.44 0.66 10.73 442 440 0.06 2.17 0.11 9.06 445 418 0.01 

Note: δ13Ckerogen means δ13C values of extracted kerogen; TOC is in “wt.%“, S1 means free hydrocarbons; S2 means pyrolytic hydrocarbons; S1 and S2 are in “mg HC/g 
rock”; Tmax is in ‘‘◦C’‘; HI = S2 × 100/TOC, in “mg HC/g TOC”; PI = S1/(S1+S2). 
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0.01–0.11, respectively. The δ13Ckerogen values range from − 27.7‰ to 
− 23.9‰ (Table 1). 

Selected molecular parameters of the samples studied here are listed 
in Table 2. The carbon preference index (CPI) values range from 0.89 to 
1.40 (median 1.05). The ratios of pristine/phytane (Pr/Ph) for the “free” 
and “enclosed” saturated hydrocarbons are in the range of 1.19–4.95 
(median 1.94) and 0.65–1.61(median 1.05), respectively. Pr and Ph are 
hardly detectable in the “bound” saturated hydrocarbons. The C21–/ 
C22+, C30 4-methylsteranes/C29 steranes (4-Me/C29), bicadinane-T/C30 
hopanes (T/C30H), C21/C23 tricyclic terpanes (C21/C23TT), (C19 + C20)/ 
C23 tricyclic terpanes [(C19 + C20)/C23TT] and C35-homohopane index 
(C35H/C34H 22S) ratios range from 0.3 to 2.94 (median 0.7), 0.02 to 
1.38 (median 0.14), 0.01 to 1.7 (median 0.32), 0.38 to 2.23 (median 
1.10), 0.19 to 5.06 (median 1.18), and respectively. The ratios of 20S/ 
(20S + 20R) and αββ/(ααα + αββ) for the C29 steranes are between 
0.08–0.68 and 0.12–0.85, respectively. 

The δ13C values of individual n-alkanes for these samples are listed in 
Table 3. The δ13C values of individual n-alkanes for “free”, “enclosed”, 
and “bound” bitumens range from − 32.3‰ to − 25.9‰, − 32.4‰ to 
− 27.6‰, and − 32.3‰ to − 22.1‰, respectively. 

5. Discussion 

5.1. Preliminary identification of OBM contamination 

As cutting samples are easily subjected to drilling mud contamina
tion, especially in offshore exploration because of common application 
of OBM (Petersen et al., 2017; Jiang et al., 2021; Yuan et al., 2021), it is 
necessary to determine whether studied samples are contaminated prior 
to further analysis. Based on Rock–Eval results and distribution of 
saturated hydrocarbons, Petersen et al. (2017) demonstrated that OBM 
contamination could result in high PI values and abnormal distributions 
of saturated hydrocarbons with low carbon numbers (nC11–nC14). 
Rock–Eval pyrograms and parameters obtained from source rock anal
ysis before and after extraction are widely used to determine whether 
samples are contaminated by drilling mud (particularly oil-based mud; 
Peters and Cassa, 1994; Jarvie, 2012; Carvajal-Ortiz and Gentzis, 2015; 
Petersen et al., 2017). The OBM contaminated samples usually have a 
prominent shoulder on the S2 peak (light and migrated hydrocarbons) 
and relatively high PI values at relative low maturity (generally >0.1; 
Carvajal-Ortiz and Gentzis, 2015; Petersen et al., 2017; Jiang et al., 
2021). Fig. 3 shows the Rock–Eval pyrograms for the nine cutting 
samples before and after extraction. Before extraction, samples 1, 2, 4, 7, 
and 8 have a prominent shoulder on the S2 peak (especially for 2, 4, and 
8), which is not found in samples 3, 5, 6, and 9 (Fig. 3a). Some unex
tracted samples (i.e., 4 and 7) have relatively low Tmax (<435 ◦C) but 
high PI values (>0.1) (Fig. 4), which may imply OBM contamination in 
these samples (Petersen et al., 2017). Additionally, abnormal distribu
tions of saturated hydrocarbons with low carbon numbers were also 
existed in the extracts (“free” bitumen) of samples 1, 2, 4, 7, and 8, and 
were not evident for the samples 3, 5, 6, and 9 (Fig. 5), indicating the 
possible contamination of extraneous hydrocarbons for the former 
samples (Petersen et al., 2017; Jiang et al., 2021). Hence, we speculated 
that cutting samples 1, 2, 4, 7, and 8 were contaminated by OBM, and 
samples 3, 5, 6, and 9 were not contaminated mainly based on the 
Rock–Eval results and the distributions of saturated hydrocarbons 
(Table 1; Figs. 3 and 4). 

As showing in Fig. 3b, the solvent extraction not only effectively 
eliminates OBM contamination (shoulder on the S2 peak of samples 2, 4, 
and 8), but also removes S1 hydrocarbons. Thus, the S1 and PI values 
become unreliable for extracted samples. Considering the same pre
treatment for contaminated and uncontaminated samples, the other 
Rock–Eval parameters (i.e., S2, HI, and Tmax) of all the extracted cutting 
samples are used to assess source rock quality (Petersen et al., 2017; 
Jiang et al., 2021). As showing in Fig. 5a, TOC and S2 values of the 
extracted samples are in the ranges of 0.8–3.0 wt% and 1.19–10.35 mg 

HC g− 1 rock, respectively, indicating a relatively high organic abun
dance and hydrocarbon generation potential, which is consistent with 
previous studies that the organic matter in Wenchang Fm. source rocks is 
hydrogen rich and oil prone (Chen et al., 1991; Huang, 1998; Shi et al., 
2011; Bao et al., 2017). Tmax and HI values are in the ranges of 
433–452 ◦C and 145–596 mg HC g− 1 TOC, respectively, suggesting that 
the most samples are in the mature stage with vitrinite reflectance (Ro) 
of 0.5–1.0% and contain type II1 kerogen with an indefinite proportion 
of type I and II2 kerogens, which is also consistent with previous studies 
(Fu and Zhu, 2007; Shi et al., 2014; Jiang et al., 2015; Niu et al., 2019). 

5.2. Molecular composition characteristics of “free”, “enclosed”, and 
“bound” bitumens 

5.2.1. Biomarker distribution 

5.2.1.1. n-Alkanes and acyclic isoprenoids. For uncontaminated samples 
3, 5, 6, and 9, the total ion chromatogram (TIC) of saturated hydro
carbons in “free” bitumen and corresponding “enclosed” bitumen are 
generally similar (Fig. 6). For example, the n-alkanes of “free” and 
“enclosed” bitumens in samples 5, 6, and 9 range mainly between nC14 
and nC29, with a unimodal distribution dominated by middle–long chain 
n-alkanes (nC22–nC30), whereas the n-alkanes of “free” and “enclosed” 
bitumens in sample 3 display a bimodal distribution with maxima at 
nC15 and nC25. In addition, the CPI values of “free” and “enclosed” 
saturated hydrocarbons are generally near 1.0 (except for sample 3), 
ranging from 0.96 to 1.19 (median 1.05), indicating that these source 
rock samples have reached a mature stage, which is consistent with their 
high Tmax values (444–445 ◦C). However, the CPI value of “free” satu
rated hydrocarbons in sample 3 (CPI = 1.4) is higher than that of the 
corresponding “enclosed” saturated hydrocarbons, with an evident 
odd–even carbon number preference, indicating low maturity, which is 
consistent with its lower maturity, i.e., Tmax = 434 ◦C; C29 20S/(20S +
20R) and C29 αββ/(ααα + αββ) are 0.27 and 0.28, respectively, which is 
approximately corresponding to 0.6–0.65% Ro (Seifert and Moldowan, 
1980). For uncontaminated samples, most “free” and “enclosed” satu
rated hydrocarbons have relatively low pristine/phytane (Pr/Ph) ratios 
(<2; Table 2), suggesting that they were deposited in an anoxic to 
suboxic sedimentary environment (Didyk et al., 1978; Powell, 1988). 

The gas chromatograms of saturated hydrocarbon fractions in 
“bound” bitumen of uncontaminated samples generally differ from those 
of the corresponding “free” and “enclosed” bitumens (Fig. 6). For 
example, “bound” bitumens in samples 5, 6, and 9 have a wider carbon 
number range (nC13–nC36) that is dominated by short–middle chain n- 
alkanes, with higher nC21–/nC22+ ratios than those of “free” and 
“enclosed” bitumens. This may be attributed to the protective effect of 
the macromolecular network structure of kerogen on covalently bound 
molecules, which results in “bound” bitumen being less affected by 
diagenetic processes and secondary alteration (Love et al., 1995, 1998; 
Murray et al., 1998; Russell et al., 2004; Liao et al., 2012). The n-alkanes 
of the three types of bitumen in sample 3 have similar bimodal distri
butions, indicating that it has not been subjected to a high degree of 
diagenetic and/or secondary alteration, as supported by its low matu
rity. Pristane and phytane are conspicuously less abundant in or absent 
from “bound” bitumen, possibly because they are the products of late 
diagenesis, or their precursors were few or not integrated into the 
kerogen network structure during sedimentary diagenesis (Blumer and 
Thomas, 1965; Brooks and Smith, 1969; Wang et al., 2012). Therefore, 
the following discussion is based on data for acyclic isoprenoids from 
“enclosed” bitumen and/or “free” bitumen. 

For contaminated samples 1, 2, 4, 7, and 8, the gas chromatograms of 
“free” bitumen differ from those of the corresponding “enclosed” 
bitumen. Saturated hydrocarbons in “free” bitumen display a small 
unresolved complex mixture (of mainly low-molecular-weight n-al
kanes), similar to that of oil-based mud filtrate (Fig. 6; Jiang et al., 2021; 
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Table 2 
Biomarker parameters in the “free”, “enclosed”, and “bound” bitumens.   

Sample No. Contaminated δ13CAv-alkanes (‰) Pr/Ph C21–/C22+ CPI C21/C23TT (C19+C20)/C23 TT C35H/C34H 22S T/C30H 4-Me/C29 C27(%) C28(%) C29(%) 20S 20ββ 

“free” bitumen 1 Yes − 28.6 1.89 0.59 1.03 1.44 1.18 0.57 0.09 0.06 8 38 54 0.66 0.85 
2 Yes − 27.5 1.92 0.53 1.09 1.34 1.51 0.48 0.19 0.37 56 5 38 0.34 0.32 
3 No − 30.3 3.19 0.44 1.40 1.60 2.14 – 0.03 0.18 37 25 38 0.27 0.28 
4 Yes − 30.8 2.53 0.82 1.03 0.59 0.86 0.70 1.70 0.14 29 26 45 0.65 0.46 
5 No − 30.0 1.82 0.58 1.06 1.61 2.65 0.53 1.64 1.38 35 18 46 0.68 0.25 
6 No − 27.3 1.94 0.70 1.08 1.50 1.93 0.50 0.93 1.05 29 21 50 0.64 0.29 
7 Yes − 30.4 4.95 0.85 1.27 0.38 0.66 0.56 0.60 0.06 13 22 65 0.35 0.29 
8 Yes − 30.2 2.65 1.41 1.02 0.51 0.67 0.67 0.32 0.05 32 27 41 0.43 0.34 
9 No − 31.0 1.19 0.48 1.04 0.88 0.54 0.58 0.02 0.52 23 24 53 0.63 0.39 

“enclosed” bitumen 1 Yes − 29.0 0.73 0.40 1.05 0.73 0.19 0.48 0.13 0.11 37 21 41 0.65 0.38 
2 Yes − 27.9 0.69 0.43 1.09 0.72 0.25 0.52 0.33 0.15 29 24 47 0.50 0.29 
3 No − 30.1 1.05 0.60 1.00 0.58 0.52 – 0.05 0.10 39 24 37 0.42 0.35 
4 Yes − 30.3 1.05 0.88 1.07 0.81 0.55 0.62 1.13 0.08 30 27 43 0.48 0.41 
5 No − 29.6 1.07 0.46 1.05 0.52 0.45 0.52 0.86 0.31 36 32 32 0.55 0.37 
6 No − 28.5 0.93 0.36 0.96 0.49 0.36 0.53 0.67 0.24 37 29 34 0.49 0.38 
7 Yes − 29.6 0.65 0.45 0.89 0.57 0.41 0.48 0.23 0.08 31 26 43 0.41 0.35 
8 Yes − 30.3 1.61 0.55 1.15 0.46 0.55 0.70 0.47 0.07 31 29 40 0.47 0.40 
9 No − 31.1 1.05 0.30 1.19 0.61 0.44 0.72 0.04 0.20 35 26 39 0.55 0.37 

“bound” bitumen 1 Yes − 26.8 – 1.24 1.01 1.25 1.61 0.58 0.11 0.14 37 26 37 0.45 0.37 
2 Yes − 26.0 – 1.02 1.01 1.53 3.05 0.70 0.17 0.22 41 24 35 0.43 0.21 
3 No − 28.4 – 0.79 1.07 1.66 3.68 0.30 0.01 0.09 42 17 41 0.08 0.12 
4 Yes − 28.5 – 2.24 1.18 1.22 2.90 0.82 1.01 0.04 16 19 64 0.21 0.36 
5 No − 28.5 – 1.34 1.02 1.10 1.43 0.68 0.77 0.77 28 27 45 0.51 0.41 
6 No − 24.4 – 1.49 0.99 1.81 1.59 0.70 0.75 0.66 30 20 50 0.29 0.57 
7 Yes − 28.6 – 1.06 0.99 1.26 5.06 0.54 0.29 0.10 16 11 73 0.33 0.24 
8 Yes − 28.3 – 2.94 1.39 1.10 4.39 0.34 0.61 0.02 13 23 63 0.47 0.47 
9 No − 31.6 – 0.84 1.02 2.23 2.44 0.84 0.07 0.26 36 27 37 0.33 0.14 

Note: δ13CAv-alkanes means arithmetic mean for the carbon isotopes of individual hydrocarbons; Pr/Ph = pristane/phytane; Pr/nC17 = pristane/n-C17; Ph/nC18 = phytane/n-C18; CPI =
(
∑m

i=nC2i+1) + (
∑m+1

i=n+1C2i+1)

2⋅(
∑m+1

i=n+1C2i)
(Marzi 

et al., 1993), where n is the number of carbons in the initial normal alkane divided by 2, m is the number of carbons in the final normal alkane divided by 2, and i is an exponent, n = 10 and m = 14; C21/C23TT = C21/C23 
tricyclic terpanes; (C19 + C20)/C23TT = (C19 + C20)/C23 tetracyclic terpanes; C35H/C34H 22S = C35/C34-17αt(H),21β(H) 22S Homohopanes; T/C30H = bicadinane-T/C30 hopane (calculated from m/z 412); Ci (%): Ci 
Regular steranes/(C27 + C28 + C29) Regular steranes; 4-Me/C29 = C30 4-methylsteranes/C29 steranes (calculated from m/z 217); 20S: 20S/(20S + 20R) C29 sterane ratio; 20ββ: αββ/(ααα + αββ) C29 sterane ratio; “–” means 
no data.  
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Table 3 
Stable carbon isotopic compositions of individual n-alkanes for “free”, “enclosed”, and “bound” bitumens (δ13C, ‰, VPDB).   

Sample No. C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31 C32 C33 C34 C35 

“free” bitumen 1  − 26.9 − 27.1 − 27.7 − 28.2 − 28.6 − 28.9 − 29.2 − 29.1 − 29.2 − 29.0 − 28.7 − 28.6 − 28.6 − 28.7 − 28.6 − 28.7 − 28.7 − 28.9 − 28.2 − 28.5 − 29.5 − 28.5 
2   − 26.5 − 27.2 − 27.4 − 27.8 − 27.8 − 27.9 − 27.9 − 27.7 − 27.5 − 27.2 − 27.2 − 27.1 − 27.2 − 27.4 − 27.2 − 27.4 − 27.8 − 27.2 − 27.5 − 28.4  
3   − 27.6 − 28.0 − 28.4 − 29.5 − 30.2 − 30.8 − 31.6 − 31.0 − 31.0 − 30.8 − 30.7 − 30.6 − 30.6 − 30.4 − 30.4 − 30.5 − 31.2 − 30.1 − 31.9   
4    − 29.4 − 30.5 − 30.5 − 31.2 − 31.2 − 31.5 − 31.2 − 31.1 − 30.8 − 31.0 − 30.7 − 31.0 − 30.7 − 30.8 − 30.9 − 30.8     
5   − 28.4 − 28.4 − 29.5 − 29.9 − 30.7 − 30.8 − 31.3 − 30.7 − 30.9 − 30.2 − 30.2 − 29.9 − 30.1 − 29.7 − 29.7 − 29.8 − 30.2 − 29.4 − 29.7 − 30.2  
6   − 25.9 − 26.3 − 26.1 − 26.2 − 26.6 − 26.7 − 27.1 − 27.2 − 27.6 − 27.6 − 27.8 − 27.7 − 27.8 − 28.2 − 27.8 − 27.8 − 28.3 − 27.6 − 28.1 − 27.5  
7    − 30.2 − 31.1 − 31.6 − 31.0 − 30.1 − 30.5 − 30.3 − 30.1 − 29.7 − 29.6 − 29.5 − 29.8 − 31.1        
8  − 28.6 − 29.1 − 29.2 − 29.5 − 29.7 − 30.0 − 30.0 − 30.1 − 30.0 − 30.2 − 30.2 − 30.5 − 30.5 − 30.9 − 30.8 − 31.1 − 31.4 − 32.0     
9   − 28.5 − 28.7 − 29.9 − 31.7 − 31.6 − 31.9 − 32.3 − 31.8 − 31.7 − 31.2 − 31.3 − 31.2 − 32.0 − 31.3 − 31.5 − 31.0 − 30.5 − 30.4 − 31.0   

“enclosed” bitumen 1    − 28.8 − 28.8 − 28.8 − 28.8 − 28.7 − 28.9 − 29.0 − 29.2 − 28.9 − 29.0 − 28.9 − 29.1 − 29.2 − 29.2 − 29.2 − 29.3     
2    − 27.6 − 27.8 − 28.3 − 28.2 − 28.1 − 28.0 − 27.9 − 28.0 − 27.6 − 27.7 − 27.6 − 28.0 − 27.9 − 27.9 − 27.9 − 27.6 − 27.8 − 28.4   
3    − 29.8 − 30.1 − 29.8 − 30.1 − 29.7 − 30.0 − 30.2 − 30.5 − 30.3 − 30.2 − 29.9 − 30.3 − 30.4 − 30.0 − 30.4 − 29.3 − 30.0 − 30.6   
4     − 30.1 − 29.9 − 30.7 − 30.6 − 31.3 − 30.7 − 30.8 − 30.2 − 30.3 − 30.2 − 30.9 − 28.6 − 29.1       
5    − 28.3 − 29.2 − 29.0 − 29.7 − 29.8 − 30.0 − 30.0 − 30.4 − 29.9 − 29.8 − 29.6 − 29.7 − 29.7 − 30.1       
6     − 28.1 − 28.0 − 28.0 − 27.7 − 27.7 − 28.8 − 28.7 − 28.6 − 28.6 − 28.5 − 28.7 − 28.8 − 29.8       
7     − 29.4 − 29.2 − 29.6 − 29.3 − 29.9 − 30.4 − 30.5 − 29.9 − 29.9 − 29.8 − 29.9 − 28.5 − 28.2 − 29.7 − 29.1     
8    − 29.2 − 29.6 − 29.8 − 29.9 − 29.9 − 30.1 − 30.1 − 30.2 − 30.2 − 30.6 − 30.4 − 31.1 − 31.2 − 32.4       
9     − 29.5 − 29.9 − 30.7 − 30.9 − 31.4 − 31.6 − 31.8 − 31.2 − 31.4 − 31.3 − 31.7 − 31.1 − 31.3 − 31.7      

“bound” bitumen 1 − 25.1 − 25.4 − 25.6 − 26.0 − 26.2 − 26.5 − 26.9 − 26.9 − 26.9 − 26.8 − 26.9 − 27.1 − 26.9 − 27.2 − 27.3 − 27.4 − 27.5 − 27.6 − 27.6 − 27.4 − 27.4 − 27.9  
2 − 24.8 − 25.2 − 25.4 − 25.6 − 25.6 − 25.6 − 25.7 − 25.8 − 25.9 − 25.7 − 25.7 − 25.8 − 26.1 − 26.1 − 26.0 − 26.8 − 26.7 − 26.4 − 27.0 − 26.1 − 26.3 − 26.8  
3 − 26.1 − 26.4 − 26.8 − 27.3 − 27.9 − 28.3 − 28.9 − 29.2 − 29.5 − 29.1 − 29.3 − 29.2 − 29.0 − 29.4 − 28.7 − 29.0 − 28.9 − 28.3 − 29.0 − 28.3 − 28.2 − 28.0  
4   − 28.3 − 27.9 − 28.0 − 27.8 − 28.8 − 29.0 − 28.7 − 29.1 − 28.5 − 28.9 − 28.7 − 28.6          
5  − 26.5 − 27.8 − 28.1 − 28.5 − 28.5 − 28.8 − 29.1 − 29.3 − 28.8 − 28.9 − 28.5 − 28.8 − 29.0 − 28.5 − 28.8 − 28.4 − 28.6 − 28.8 − 28.3 − 28.2 − 28.7  
6 − 22.1 − 22.4 − 23.0 − 23.5 − 23.8 − 24.1 − 24.2 − 24.1 − 24.2 − 24.3 − 24.3 − 24.4 − 24.5 − 24.4 − 25.1 − 25.3 − 25.4 − 25.6 − 25.7 − 25.3 − 25.4 − 25.6  
7   − 27.8 − 28.0 − 28.1 − 28.5 − 28.7 − 28.8 − 28.4 − 28.7 − 28.4 − 28.8 − 28.8 − 28.8 − 28.7 − 28.7 − 29.7       
8     − 27.7 − 27.6 − 28.3 − 27.6 − 28.1 − 29.0 − 28.6 − 28.8 − 28.8 − 28.9          
9 − 29.7 − 30.4 − 30.6 − 31.1 − 31.4 − 31.5 − 31.7 − 31.8 − 32.0 − 32.1 − 32.1 − 32.2 − 32.3 − 32.1 − 31.9 − 32.1 − 31.9 − 31.8 − 31.3 − 31.9     
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Yuan et al., 2021), indicating minor contamination. However, the cor
responding “enclosed” bitumen does not have this anomalous distribu
tion, indicating lesser or no contamination. Data for “enclosed” 
n-alkanes are thus more reliable than those of “free” n-alkanes for 
contaminated samples. In addition, the distributions of saturated hy
drocarbons in the “enclosed” and “bound” bitumens from contaminated 

samples also differ (Table 2; Fig. 7), which is consistent with the results 
for uncontaminated samples. 

5.2.1.2. Terpanes and steranes. The m/z 191, 217, and 412 mass chro
matograms of representative source rock samples are shown in Figs. 6 
and 7, illustrating the distributions of tricyclic terpanes, hopanes, 
C27–C29 steranes, C30 4-methylsteranes, and bicadinanes. For uncon
taminated samples 3, 5, 6, and 9, the “free”, “enclosed”, and “bound” 
bitumens display roughly similar biomarker distributions, even though 
some biomarker indices differ (Table 2). For example, the three types of 
bitumen in samples 5 and 6 have high relative abundances of C30 4- 
methylsteranes and low bicadinane-T contents, whereas these bio
markers are all at low levels in the three bitumens of sample 3. Differ
ences of biomarker ratios among “free”, “enclosed”, and “bound” 
bitumens may be related to the state of organic matter in source rocks 
(Rullkötter and Michaelis, 1990; Kohnen et al., 1991; Love et al., 1995, 
1998; Chen and Peng, 2017). 

For contaminated samples 1, 2, 4, 7, and 8, the mass chromatograms 
of “free” and “enclosed” bitumens (Fig. 7) display relatively small dif
ferences, implying that contamination has a minor impact on the mo
lecular composition of “free” bitumen studied here. However, 
differences between “free” and “enclosed” bitumens cannot be ignored 
when the sample has been subjected to severe drilling mud contami
nation (Jiang et al., 2021). In view of the effects of contamination, 
biomarker data for “free” bitumen in contaminated samples are not 
discussed below. The “enclosed” and “bound” bitumens in contaminated 
samples have similar biomarker distributions, consistent with the results 
for uncontaminated samples. 

Fig. 3. The Rock–Eval pyrograms for cutting samples before (a) and after (b) extraction, showing a shoulder peak on the left of the S2 peak in the unextracted sample, 
which is caused by contamination. 

Fig. 4. Tmax–PI plot for unextracted source rocks of the Wenchang Formation of 
the Zhu I Depression (after Peters et al., 2005). 

Fig. 5. Cross-plots of S2 vs. TOC (a) and HI vs. Tmax (b) for extracted source rocks of the Wenchang Formation of the Zhu I Depression.  
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5.2.2. Carbon isotopic compositions 
The carbon isotopic distribution profiles of individual n-alkanes are 

shown in Figs. 8 and 9. The δ13C values of individual n-alkanes of “free” 
and “enclosed” bitumens in uncontaminated samples are very similar 
(usually within <1‰), but are obviously different to those of corre
sponding “bound” bitumen, with an offset of >1‰ for most carbon 
numbers. For example, the δ13C values of individual n-alkanes of “free” 
and “enclosed” bitumens in sample 5 are similar, generally in the range 
of − 31‰ to − 29‰, but the δ13C values of “bound” n-alkanes range from 
− 29‰ to − 27‰ (Fig. 8a). Previous studies have suggested that factors 
such as thermal maturation, organic matter sources, isotopic fraction
ation during diagenesis, and other secondary alterations may account 
for differences in the δ13C values of n-alkanes of the different bitumens 
(Freeman et al., 1990; Clayton, 1991; Boreham et al., 1994; Eglinton, 

1994; Love et al., 1998; Xiong and Geng, 2000). Cheng et al. (2015) 
found that average δ13Cn-alkanes values of Wenchang Fm. source rocks 
from the western PRMB increase with thermal maturity. However, 
maturity parameters, such as 20S/(20S + 20R) and αββ/(ααα + αββ) for 
the C29 steranes, indicate that “bound” bitumen has lower or similar 
maturity compared with that of corresponding “free” and “enclosed” 
bitumens (Table 2), so the discrepancies may be attributable to factors 
such as diagenesis and other secondary alterations rather than thermal 
maturity. Furthermore, “bound” and corresponding “enclosed” n-al
kanes in contaminated samples have δ13C values with offsets of >1‰, 
consistent with the results for uncontaminated samples (Figs. 8 and 9). 

As shown in Fig. 9a, it seems that the carbon isotopic compositions of 
“free” n-alkanes could be divided into two types, but some of the n-al
kanes were contaminated as demonstrated above (see 5.1 and 5.2 

Fig. 6. TIC and mass chromatograms of terpanes (m/z 191), steranes (m/z 217), and bicadinanes (m/z 412) in saturated hydrocarbon fractions from uncontaminated 
Wenchang Formation source rocks. Ci Tt, Ci tricyclic terpane; C29H, 17α(H), 21β(H)-30-norhopane; OL, oleanane; C30H, C30 17α(H), 21β(H)-hopane; C31~35H, 
C31~3517α(H), 21β(H)-homohopanes (22S and 22R); C27–C29, C27–C29ααα 20R; T, bicadinane-T. 
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section), and further discussion about these results is pointless. In 
addition, the carbon isotope profiles of “bound” n-alkanes may better 
distinguish different types of source rock than those of “enclosed” n- 
alkanes (Fig. 9b and c). This may be due to the “enclosed” n-alkanes 
being more susceptible to the effects of maturity, which may result in 
homogenization of the δ13C values of individual n-alkanes with reduc
tion in δ13C differences among source rocks (Clayton and Bjorøy, 1994). 

In summary, “free” and “enclosed” bitumens have similar biomarker 
distributions and carbon isotopic compositions in uncontaminated 
samples, so the organic geochemistry of source rocks can be described 
on the basis of “enclosed” bitumen when the “free” bitumen is 
contaminated. However, “bound” bitumen is protected by the macro
molecular network structure in kerogen and is less affected by diage
netic processes and secondary alteration, so it may provide information 
on the original source-rock parent material. Characteristics of “bound” 

bitumen, particularly its carbon isotopic composition, are therefore 
applied in the following discussions. 

5.3. Sedimentary environments and origin of source rocks 

According to biomarker characteristics and carbon isotopic compo
sitions of “bound” bitumen, the studied source rocks can be classified 
into three different types, namely normal medium–deep (WC–I), shor
e–shallow (WC-II), and special medium–deep (with different algal 
blooms growth rates; WC-III) lacustrine source rocks (Figs. 6, 7 and 9c), 
as follows. 

The WC-I type source rocks, collected from the Panyu 4 Sag (sample 
9), have moderate abundances of C30 4-methylsteranes (4-Me/C29 =

0.26) and ultra-low contents of bicadinanes (T/C30H = 0.07; Table 2; 
Fig. 6). The C30 4-methylsteranes generally originate from 

Fig. 6. (continued). 
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dinoflagellates, prymnesiophyte microalgae, or specific bacteria (Mol
dowan et al., 1985; Wolff et al., 1986; Summons et al., 1987; Volkman 
et al., 1990). According to previous researches, the C30 4-methylsteranes 
are diagnostic biomarkers for lacustrine oils of PRMB, which may be in 
connection with certain fresh to brackish water dinoflagellates (Brassell 
et al., 1986; Fu et al., 1993). Bicadinanes are typically derived from 
terrestrial higher plants (Cox et al., 1986; van Aarssen et al., 1990a, 
1990b). WC-I therefore has a relatively predominant aquatic organism 
input and a minor higher-plant input. The “V-shaped” distribution (C27 
≈ C29 > C28) characteristic of C27–C29 regular steranes in the WC-I type 
source rocks (Fig. 6a) also supported the above results. As C27 steranes 

are derived mainly from phytoplankton, whereas C29 steranes are 
mainly related to terrestrial plants and some strains of brown and green 
algae (Grantham, 1986; Volkman, 1986, 2003; Grantham and Wake
field, 1988). The C21 tricyclic terpanes (C21TT) is dominant in fresh
water lake source rocks and their related crude oils (Aquino Neto et al., 
1983; Ekweozor and Strausz, 1983). The C19 and C20 tricyclic terpanes 
(C19–C20TT) are generally reflect the terrestrial organic matter input 
(Aquino Neto et al., 1983; Hanson et al., 2000). The WC-I has relatively 
high value of C21/C23TT (2.23) and low ratio of [(C19+C20)/C23TT] 
(2.44) among all the studied samples, indicating them deposited in a 
freshwater sedimentary environment with a little terrigenous plants 

Fig. 7. TIC and mass chromatograms of terpanes (m/z 191), steranes (m/z 217), and bicadinanes (m/z 412) in saturated hydrocarbon fractions from contaminated 
Wenchang Formation source rocks. 
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input. The low Pr/Ph ratio (1.05) of the WC-I type source rocks reflect an 
anoxic sedimentary environment (Didyk et al., 1978; Powell, 1988). It is 
also supported by its relatively high C35H/C34H 22S values (0.84), as the 
high C35-homohopane indices commonly indicate an anoxic condition 
(Peters and Moldowan, 1991; Sinninghe Damsté et al., 1995). Further
more, the WC-I type has the lightest carbon isotopic composition, with 
the δ13C values of individual n-alkanes ranging from − 33‰ to − 30‰, 
with a slightly negative-sloping profile (Fig. 9c), similar to the isotopic 
compositions of individual n-alkanes formed in lacustrine settings 
(Murray et al., 1994). These characteristics are also consistent with the 
deposition background: as the lake basin expanded, the water deepened 
sharply, with development of medium and deep lacustrine grey–brown 
mudstone (Zhang et al., 2020). The WC-I type source rocks were thus 
deposited in relatively anoxic, normal medium–deep lacustrine settings 
with a predominantly aquatic algae and a minor terrigenous plants 
input. 

The WC-II type source rocks, containing samples 1, 2, 3, 4, 7, and 8 
from Lufeng, Huizhou, and Xijiang sags, have low contents of C30 4- 
methylsteranes (4-Me/C29 = 0.02–0.22; average 0.10), meaning less 
input of aquatic organism (Brassell et al., 1986; Fu et al., 1993). In 
contrast, they are characterized by low to high abundances of bicadi
nanes (T/C30H = 0.01–1.01; average 0.37), high relative abundances of 
C29 to C27–C29 regular steranes (35%–73%; average 50%), medium 
contents of C21TT (C21/C23TT = 1.10–1.66; average 1.34), high ratios of 
[(C19+C20)/C23TT] (1.61–5.06; average 3.45), indicating a high 
contribution of terrigenous higher plants (Aquino Neto et al., 1983; 
Ekweozor and Strausz, 1983; Hanson et al., 2000). They have relatively 
low Pr/Ph (0.65–1.61; average 0.96) and C35H/C34H 22S ratios 
(0.30–0.82; average 0.55), implying formed in a suboxic conditions 
(Didyk et al., 1978; Powell, 1988; Sinninghe Damsté et al., 1995). 
Moreover, they have relatively heavy carbon isotopic compositions, 
with δ13C values of individual n-alkanes ranging from − 29‰ to − 26‰, 
with slightly negative-sloping or almost flat profiles (Fig. 9c), indicating 
mixed organic material input (Monson and Hayes, 1982; Murray et al., 

1994). Average δ13C values (Table 2) of “bound” n-alkanes in the WC-II 
type source rocks are consistent with those of kerogens (− 28.8‰ to 
− 27.1‰) from Wenchang Fm. shore–shallow lacustrine source rocks in 
the Zhu III Depression of the PRMB (Huang et al., 2003). These char
acteristics thus suggest that WC-II source rocks were deposited in anoxic 
to suboxic shore–shallow lacustrine conditions with mixed 
organic-matter input. 

The WC-III type source rocks from the Huizhou Sag (samples 5 and 6) 
have high values of 4-Me/C29 ratios (0.66–0.77; average 0.71) and “V- 
shaped” distribution patterns of C27–C29 regular steranes (Fig. 6c and d), 
indicating relatively high contributions of aquatic algae (Moldowan 
et al., 1985; Brassell et al., 1986; Grantham, 1986; Volkman, 1986, 
2003). They also have low contents of bicadinanes (T/C30H < 0.8), 
moderate values of C21/C23TT (1.10–1.81; average 1.46), and low con
tents of C19 and C20 tricyclic terpanes (1.43–1.59; average 1.51), which 
are similar to that of WC-I, reflecting minor contributions of organic 
material from land plants. Furthermore, they have low Pr/Ph ratios 
(0.93–1.07; average 1.00) and relatively high values of C35H/C34H 22S 

Fig. 8. δ13C value vs. carbon-number plots for n-alkanes in “free”, “enclosed”, 
and “bound” bitumens in samples 5 (a) and 1 (b). 

Fig. 9. δ13C value vs. carbon-number plots for n-alkanes in “free” (a), 
“enclosed” (b), and “bound” (c) bitumens of the Wenchang Formation 
source rocks. 
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(0.68–0.70; average 0.69), indicating an anoxic lacustrine environment 
(Didyk et al., 1978; Powell, 1988; Sinninghe Damsté et al., 1995). 
However, the δ13C values of individual n-alkanes are heavy and have a 
relatively wide range of − 29‰ to − 23‰, consistent with the average 
δ13C values of n-alkanes in medium–deep lacustrine crude oils (− 29.5‰ 
to − 25.4‰) from the Huizhou Sag (Ma et al., 2012). Grice et al. (1998) 
indicated that the desmethylsteranes with a wide range of δ13C values 
(− 31.3‰ ~ − 23.1‰) might be attribute to diverse algal sources and/or 
different algae bloom periods with different algae growth rates. Gon
çalves (2002) suggested that the δ13C values (− 30‰ ~ − 23‰) of the Rio 
de Contas Formation are mainly related to unusually high rates of pri
mary production. Although the WC-III has similar biomarker charac
teristics, their δ13C values display significant differences, indicating that 
this difference may be caused by other factors rather than their parent 
material. Moreover, previous studies suggested that the heavy carbon 
isotopic compositions of source rock and oil in Zhu I Depression is in 
connection with algal blooms (Huang et al., 2003; Zhang et al., 2003). 
Therefore, the relatively heavy and widely ranged carbon isotopic 
compositions for the WC-III type source rocks may be attributable to 
variable rates of primary productivity in algal blooms. Hence, it might 
not be reliable for the evaluation of organic-matter origin and the 
sedimentary environment of source rocks based on biomarker compo
nents or carbon isotopic composition alone. 

Furthermore, the WC-III type medium–deep lacustrine source rocks 
differ from the WC-I type, with the former having more abundant C30 4- 
methylsteranes and heavier isotopic compositions than the latter, which 
is possibly attributable to high primary productivity with significant 
aquatic algae input. We therefore speculate that the WC-III type source 
rocks formed in special medium–deep lacustrine settings, with different 
algal growth rates. 

6. Conclusions 

Based on biomarkers and carbon isotopic compositions of “free”, 
“enclosed”, and “bound” bitumens from Wenchang Formation source 
rocks in the Zhu I Depression of the PRMB, the main conclusions drawn 
are as follows. 

The Wenchang Formation source rocks have relatively high hydro
carbon potential with relatively high TOC and type II kerogen. “Free” 
bitumen can be replaced by “enclosed” bitumen for oil–source correla
tions when being contaminated, as they have very similar biomarker 
distributions and carbon isotopic compositions. “Bound” bitumen is 
more representative of the original geochemical characteristics of source 
rocks. 

Three types of source rock from the Wenchang Fm. in the Zhu I 
Depression were identified according to biomarkers and carbon isotopic 
compositions. The WC-I type has higher aquatic algae input and the 
lightest n-alkane δ13C values among the three types of source rock. The 
WC-III type has high abundances of C30 4-methylsteranes with a wide 
range of δ13C values, possibly reflecting different growth rates during 
algal blooms. The WC-II type has mixed organic-matter input and me
dium δ13C values of n-alkanes. 

The comparative study of “free”, “enclosed”, and “bound” hydro
carbons is not only helpful in providing comprehensive geochemical 
information for source rocks, especially for samples contaminated by 
OBM, but also suggesting new view for future oil–source correlations. 
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