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Abstract
The molecular composition and biomarker distribution of various occurrences of organic matter in argillaceous source

rocks developed in fresh and saline lacustrine environments were revealed by successive treatments of solvent extraction

followed by acid hydrolysis using gas chromatography–mass spectrometry. The free fraction obtained by solvent extraction

provided abundant geochemical information concerning the sedimentary environment, thermal maturity and biogenic

origin, and obvious differences existed between fresh and saline lacustrine source rock samples. Our research results

indicate that the carbonate-mineral-bound (CM-bound) fraction released by successive acid hydrolysis could also serve as a

significant biogenic indicator, as the bicyclic sesquiterpenoids, indicative of Botryococcus braunii origin, were specifically

detected in quite high abundance in the acid-soluble fraction. In addition, the light end hydrocarbons were much better

preserved in the acid-soluble fraction, and elemental sulfur was only detected in the CM-bound fraction, suggesting a

relatively confined environment for the CM-bound fraction, which thus could preserve additional geochemical information

compared to that of the free fraction. The CM-bound fraction also exhibited discernable differences between fresh and

saline lacustrine samples. Therefore, it can be concluded that comprehensive analysis of free and CM-bound fractions in

the argillaceous source rocks can provide a more authentic and objective interpretation of geologic conditions.

Keywords Argillaceous source rock � Occurrence � Free fraction � CM-bound fraction � Bicyclic sesquiterpenoids �
Botryococcus braunii � Biogenic significance

1 Introduction

Analysis of organic matter (OM) on the molecular level has

proven to be an effective method to identify possible bio-

genic origin of hydrocarbon source rocks (Volkman 1988;

Grantham et al. 1988; Peters et al. 2005; Huang et al.

2016). In conventional geochemical studies, the free frac-

tion of OM is generally obtained by solvent extraction, and

then analyzed using gas chromatography–mass spectrom-

etry (GC/MS) to provide its molecular composition. Based

on n-alkane and biomarker distribution characteristics, OM

sources could be inferred. Furthermore, the potential of

source rocks could be assessed, and the phases of hydro-

carbon products could be predicted, which is of significant

importance in guiding petroleum exploration and devel-

opment. Thus, source rock biogenic interpretation is fun-

damentally important in geochemical studies. However,

this concept has been reappraised upon the recognition of

other occurrences of OM in source rocks, including clay-

mineral interlayer-absorbed, clay-mineral surface-ab-

sorbed, carbonate-crystal wrapped, asphaltene-occluded,

and asphaltene/kerogen covalently bonded OM fractions

(e.g. Guan et al. 1998; Xie et al. 2000; Wang and Cheng

2000; Farrimond et al. 2003; Cai et al. 2013; Li et al. 2014;
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Snowdon et al. 2016; Chen and Peng 2017), which have

previously been overlooked in conventional geochemical

studies. In addition to the free fraction of OM in source

rocks, the remaining bound fraction could also preserve

significant geochemical information concerning OM origin

and maturity (Farrimond et al. 2003; Ma et al. 2008; Li

et al. 2014; Wu and Geng 2016). Because of the steric

protection of inorganic minerals and kerogen/asphaltene

macromolecular networks, the thermal evolution of bound

OM shows retarded responses to ambient environmental

changes when subjected to increased pressure and tem-

perature during gradual burial, thus possessing the capa-

bility to better preserve the primitive features of OM

compared to the free fraction. This is of great significance

for geochemical studies of highly matured or severely

biodegraded samples (Ma et al. 2008; Chen et al. 2011; Li

et al. 2014; Wu and Geng 2016; Glombitza et al. 2016).

Various experimental procedures have been established to

release the bound OM, which makes further geochemical

characterization possible. Generally, the mineral-bound

OM could be released via chemical treatments, such as

saponification and acid hydrolysis, after solvent extraction,

which first removes the free OM (Zegouagh et al. 2000;

Warren and Ziegler 2017); the kerogen/asphaltene-bound

OM could be released via oxidative or thermal degradation

of kerogen/asphaltene, such as ruthenium-ion-catalyzed

oxidation and pyrolysis GC/MS (Li et al. 2004; Pan et al.

2017). Based on previous studies of bound OM, it is gen-

erally accepted that the bound fraction is of relatively

lower maturity and better authenticity compared to the free

fraction (French et al. 2015; Glombitza et al. 2016; Wu and

Geng 2016).

The Dongying Sag in the Bohai Bay Basin is a petro-

leum-rich unit in North China, which has preserved abun-

dant lacustrine fine-grained deposits of great thickness,

among which the lower member 3 (Es3) and upper member

4 (Es4) of the Shahejie Formation are the two primary sets

of source rocks contributing the most petroleum production

(Pang et al. 2005; Li et al. 2008a, b; Zhang et al. 2009; Guo

et al. 2011; Zhu and Jin 2015; Li et al. 2017a; Ma et al.

2017a). Both Es3 and Es4 were deposited under anoxic

bottom-water conditions with persistent lake water strati-

fication, and exhibit clear climatically driven rhythmicity

and lamination (Zhang et al. 2009). However, the deposi-

tional environment of Es3 and Es4 is markedly distinctive,

as the Es3 and Es4 were deposited in fresh and saline

lacustrine environments respectively (Zhang et al. 2009),

thus providing an opportunity to explore the geochemical

features of various OM occurrences with similar sediment

input yet under different depositional conditions. The car-

bonate minerals (CMs) serve as a significant mineralogical

component of the Shahejie Formation (Guo et al. 2014; Ma

et al. 2016; Li et al. 2017a), thus may contain a certain

amount of OM encased in crystals, which deserves further

geochemical characterization for its potential value of

biogenic indication. Hence, both the free fraction and the

CM-bound fraction of Es3 and Es4 source rocks were

subjected to sequential treatments to determine whether the

CM-bound fraction could provide additional geochemical

information on OM origin and maturity.

In this study, the\ 2 lm clay-sized fractions of Es3 and

Es4 argillaceous source rock samples were subjected to

sequential treatments of solvent extraction followed by

acid hydrolysis to determine the geochemical characteris-

tics of both the free and CM-bound fraction. Comple-

mentary analysis using Rock–Eval, X-ray diffraction

(XRD), and GC/MS of the saturated hydrocarbons pro-

vided detailed insight into the molecular composition and

biomarker distribution of the free and CM-bound fractions.

2 Experimental

2.1 Materials

The Es3 and Es4 source rock samples were core samples

collected from the Dongying Sag, Bohai Bay Basin, North

China. The depth range of the Es3 and Es4 source rock

samples was from 3204.0 to 3452.2 m, and they were

dominated by type I kerogen. Source rock samples were

pulverized to pass through a 100-mesh sieve followed by

desiccation in a vacuum at 40 �C for 48 h before use.

Dichloromethane (DCM), n-pentane, methanol (MeOH),

and hydrochloric acid (HCl) used in the experiments were

analytical grade reagents, and all the organic solvents were

distilled prior to usage.

2.2 Separation of the < 2 lm clay-sized fraction
of argillaceous source rocks

A certain amount of Es3 and Es4 source rock samples were

ground into fine powders, then immersed in deionized

water in 3000-ml beakers. The fine powders were fully

dispersed via repeated quick stirring and ultrasonic oscil-

lation, and as a result, the\ 2 lm clay-sized fractions were

suspended in the water solution. According to the Stokes

Rule, at room temperature, after 8 h discrete settling, the

water portion of 10 cm or less below the surface was

specifically left with the\ 2 lm clay-sized fraction, which

was then separated via siphoning and further centrifuga-

tion. This process was repeated several times to obtain a

sufficient amount of clay-sized fractions (CFs), approxi-

mately 30 g in total. The CFs were oven-dried at 40 �C and

stored in a refrigerator for further analysis. All subsequent

experimental procedures and analyses were carried out on

the \ 2 lm CFs, as the OM and clay minerals were
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relatively enriched in this size range, partly because of the

organic–inorganic interactions between them (Kennedy

et al. 2002; Cai et al. 2013).

2.3 Rock–Eval pyrolysis

Rock–Eval pyrolysis was performed using the Rock–Eval 6

instrument, manufactured by Vinci Technologies, to obtain

the fundamental geochemical characteristics of the Es3 and

Es4 CFs following the Basic Method as described by

Lafargue et al. (1998) and Behar et al. (2001). Rock–Eval 6

is equipped with a flame ionization detector (FID) to

monitor the amount of hydrocarbons, and two infrared (IR)

cells for monitoring the amount of CO and CO2 from

pyrolysis and oxidation, respectively. The CFs were ini-

tially heated at 300 �C for 3 min to generate a Rock–Eval

S1 peak, representing the residual volatile and semi-volatile

hydrocarbons. Then the samples were heated from 300 to

600 �C at a rate of 25 �C/min, yielding the S2 peak as a

result of the thermal degradation products of insoluble OM,

mainly kerogen. The temperature at the maximum of the S2

peak was converted to the Tmax parameter, which can be

used to indicate thermal maturity. The S3 curve corre-

sponds to the amount of CO2 generated from OM during

the initial isothermal heating stage and the programmed

heating phase up to 400 �C. The CO2 generated between

400 and 650 �C was a result of the thermal decomposition

of the carbonates. Other Rock–Eval parameters such as

hydrogen index (HI) and oxygen index (OI) could also be

obtained.

2.4 XRD analysis

In this study, XRD analysis was employed to determine the

mineralogical composition of the Es3 and Es4 CFs using a

powder X-ray diffractometer (PANalytical XPERT-PRO

MPD), operated at 30 kV and 40 mA, with a scanning rate

of 2�(2h)/min. The CFs were air-dried and then back-

pressed into an aluminum holder to produce a randomly

oriented specimen. Equal amounts of Al2O3 crystal powder

were added as an internal standard to obtain a semi-quan-

titative percentage of certain minerals in the CFs, with an

accuracy of ± 5%. Identification of minerals was con-

ducted using EVA (Bruker AXS Inc.) software by com-

paring them to reference mineral patterns archived in the

Powder Diffraction Files of the International Center for

Diffraction Data and other available databases.

2.5 Sequential treatments

As Fig. 1 shows, 30 g of CFs were extracted with

dichloromethane (DCM) to obtain the free organic fraction.

The DCM extraction was evaporated to dryness and

precisely weighed. The extracts were initially dissolved in

n-pentane to remove asphaltene, then the maltene fraction

was separated into saturated hydrocarbons (SHs), aromatic

hydrocarbons (AHs), and nonhydrocarbons (NHs) via

alumina/silica gel-column chromatography using n-pen-

tane, DCM, and MeOH, respectively. Each fraction was

evaporated to dryness and precisely weighed, and the SH

fraction was further analyzed using GC/MS.

The extracted residue (Residue 1) was then subjected to

acid hydrolysis using 6 M HCl, and a certain amount of

MeOH was added to the reaction mixture. The reaction

system was magnetically stirred for 12 h at 60 �C. The acid

hydrolysis residue (Residue 2) and reaction liquid (RL)

were separated by filtration. Residue 2 was repeatedly

washed using de-ionized water until the pH was neutral.

Then, the neutral residue was extracted by DCM to afford

organic phase (OP) 1. Both the RL and de-ionized-water-

washed solution were repeatedly extracted using DCM to

afford OP 2 and OP 3. OP 1, OP 2, and OP 3 were

incorporated, then evaporated to dryness to obtain the CM-

bound fraction, which was precisely weighed and divided

into SH, AH, NH, and asphaltene using the same treatment

method as that of the free fraction previously described.

Each fraction was precisely weighed and the SH fraction

was further analyzed using GC/MS.

2.6 GC/MS analysis

GC/MS analysis of the SH fraction was performed using an

HP-6890 N gas chromatograph (Agilent, USA; injector

temperature 280 �C) interfaced to an HP-5973 N mass

spectrometer (Agilent, USA; electron energy 70 eV, source

temperature 230 �C, quadrupole temperature 150 �C). Gas

chromatography was carried out on an HP-5 fused silica

column (30 m 9 0.25 mm 9 0.25 mm, 0.25-lm film

thickness). The GC oven was programmed from 40 �C
(held for 2 min) to 100 �C at 3 �C/min and further heated

to 290 �C at 4 �C/min with a final hold time of 30 min.

Ultra-high purity helium was used as carrier gas with a

constant flow of 1.2 ml/min. Mass spectra were acquired in

full scan mode. All hydrocarbon compounds were con-

firmed using GC/MS fragment ion comparisons to the

National Institute of Standards and Technology (NIST)

library and previous published literature.

3 Results

3.1 Rock–Eval pyrolysis of the Es3 and Es4 CFs

Rock–Eval pyrolysis of Es3 CFs indicated that total organic

carbon (TOC) varied from 4.33% to 11.47%, whereas Es4

ranging from 3.05% to 4.93% (Table 1). Pyrolysis S1, S2,

Petroleum Science (2018) 15:681–694 683

123



and S3 of the Es3 CFs varied between 2.95–6.16 mg HC/g

sample, 23.53–86.35 mg HC/g sample, and 0.63–1.04 mg

CO2/g sample, respectively, whereas pyrolysis S1, S2, and

S3 of Es4 the CFs varied between 3.32–8.12 mg HC/g

sample, 12.96–22.58 mg HC/g sample, and 0.78–0.94 mg

CO2/g sample, respectively (Table 1). The TOC, S1, and S2

parameters suggested that both the Es3 and Es4 CFs were of

relatively high OM content; however, distinct heterogene-

ity existed along the source rock developed profile, which

could be ascribed to climate changes and lacustrine basin

evolution (Zhang et al. 2009). HI and OI were generally

utilized to define the OM type. In this case, both the Es3

and Es4 CFs featured high HI values and low OI values

(Table 1), suggesting that the dominating OM is type I

kerogen, mainly derived from algal material. In addition,

the relatively high pyrolysis S2 values suggested that both

the Es3 and Es4 CFs had not achieved their full hydrocar-

bon generation potential. The Es3 CFs were of relatively

higher pyrolysis S2 and lower pyrolysis S1 values compared

to Es4, suggesting better hydrocarbon expulsion of the Es4

source rocks, which has been demonstrated in practice

(Zhang et al. 2009).

Bulk samples
(less than 100 mesh)

Ultrasonic oscillation

Dispersed bulk samples
Discrete settling
siphonage
centrifugation

Clay sized fraction of 
argillaceous source rocks

(<2 μm)

DCM extraction

Residue 1

Free OM fraction

Residue 2

Washed to neutral with
de-ionized water

Neutral Residue

RL

Water solution

DCM extraction

OP 1

Repeatedly 
extracted
by DCM

Repeatedly extracted by DCM

OP 2 OP 3

CM-bound OM Fraction

6M HCI acid hydrolysis

Fig. 1 Procedure for sequential treatments of CFs

Table 1 The fundamental geochemical characteristics of clay-sized fractions of Es3 and Es4 argillaceous source rocks from Rock–Eval pyrolysis

Sample

number

Geologic

age

Depth,

m

S1,

mg/

g

S2,

mg/g

PI Tmax,

�C
S3CO,

mg/g

S3’CO,

mg/g

S3,

mg/g

PC,

%

RC,

%

TOC,

%

HI OICO OI MinC,

%

1327 Es3 3204.0 6.16 86.35 0.07 440 0.60 1.20 1.04 7.76 3.71 11.47 753 5 9 2.36

1301 Es3 3300.9 2.95 35.04 0.08 441 0.22 1.00 0.64 3.20 2.53 5.73 612 4 11 2.97

1302 Es3 3315.1 3.57 23.53 0.13 439 0.12 0.40 0.63 2.28 2.05 4.33 543 3 15 1.42

1303 Es4 3326.8 3.32 16.98 0.16 434 0.16 0.60 0.78 1.73 1.82 3.55 478 5 22 3.53

1306 Es4 3369.9 3.36 12.96 0.21 432 0.08 0.60 0.80 1.39 1.66 3.05 425 3 26 2.25

1312 Es4 3452.2 8.12 22.58 0.26 432 0.11 0.60 0.94 2.59 2.34 4.93 458 2 19 3.75
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3.2 XRD analysis of the Es3 and Es4 CFs

XRD analysis of the Es3 and Es4 CFs provided the min-

eralogical composition of both the bulk samples and clay

minerals (Table 2). Both the Es3 and Es4 samples are

dominated by clay minerals, quartz, and calcite, which

altogether occupy 83%–100% of the total (Table 2). Fur-

thermore, the clay minerals and calcite had close rela-

tionships with OM preservation, mainly because the outer

and interlayer surface of clay minerals could absorb OM

(Kennedy et al. 2002; Cai et al. 2013), and the carbonate

crystals could entrap OM during early diagenesis (Xie

et al. 2000; Wang and Cheng 2000; Li et al. 2008a, b). The

Es3 CFs are composed of 55%–71% clay minerals and

7%–24% carbonate minerals, whereas the Es4 CFs are

composed of 37%–57% clay minerals and 22%–37% car-

bonate minerals (Table 2). However, the clay mineral

composition exhibits distinct differences between Es3 and

Es4, mainly reflected in the illite and smectite interlayer

ratios, with Es4 CFs of much higher illite compositional

percentage, reaching 100% at most. The saline lacustrine

environment of Es4 source rocks was a major cause for its

acceleration of smectite illitization, which resulted in

desorption and discharge of smectite interlayer absorbed

OM, and made Es4 a more significant contributor to

hydrocarbon production than Es3 (Li et al. 2017b). It must

be noted that the XRD result is semi-quantitative, with an

accuracy of ± 5% due to the limit of instrument; thus, it

should be borne in mind that the ‘‘–’’ symbol in Table 2

does not mean the absence of a certain mineral. In fact, the

mineralogical composition of these CFs is actually an

artifact due to the physical separation of the \ 2-lm

fraction. The large amount of clay minerals help to enrich

OM in the clay-sized range (Kennedy et al. 2002; Cai et al.

2013; Zhu et al. 2016), and the relatively high amount of

carbonates ensures the reliability of CM-bound OM

analysis.

3.3 Sequential treatments of the Es3 and Es4 CFs

3.3.1 Abundance and group composition of the free
and CM-bound fractions

The abundances of the free and CM-bound fractions show

great differences, as the amounts of free fraction of both

the Es3 and Es4 CFs are much larger than those of the CM-

bound fraction (Table 3). The total amount of Es3 free

fractions are within the range of 8.61–13.10 mg/g CF,

whereas the CM-bound fractions are within the range of

0.17–0.22 mg/g CF. The total amount of Es4 free fractions

are in the range of 8.74–17.86 mg/g CF; in contrast, the

CM-bound fractions are only 0.15–0.28 mg/g CF
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(Table 3). In addition, the group composition of the free

and CM-bound fractions also exhibits significant differ-

ences. The nonpolar fraction (SH ? AH) accounts for

75.73%–78.46% and 72.31%–90.65% of the Es3 and Es4

free fractions, respectively. In contrast, the polar fraction

(NH ? Asphal) accounts for 64.71%–80.95% and

64.29%–73.33% of the Es3 and Es4 CM-bound fractions,

respectively. This result indicates that the free fraction is

primarily composed of nonpolar OM such as SHs and AHs,

while the CM-bound fraction is mainly composed of polar

OM, including NHs and asphaltene. Since the CM-bound

fractions were of limited abundance, the biomarkers of this

certain occurrence might not reach the analytical level of

the GC/MS instrument.

3.3.2 Molecular characterization of saturated hydrocarbons
of the free fractions

GC/MS analysis of the saturated hydrocarbons of the free

fraction could provide its molecular composition and bio-

marker distribution, which is frequently used to indicate

thermal maturity, interpret biogenic origin, and elucidate

depositional environments (Volkman 1988; Grantham et al.

1988; Peters et al. 2005; Huang et al. 2016). In our

research, sample 1327 and 1312 could represent the typical

characteristics of the Es3 and Es4 CFs, respectively, and

were carefully analyzed on the molecular level. The ratio

of Pr/Ph (pristane/phytane) of Es3 1327 and Es4 1312 is

1.29 and 0.56, respectively (Fig. 2a, c), with Es4 displaying

strong phytane dominance, indicating reducing deposi-

tional conditions. In addition, the detection of b-carotane at

the high molecular ends of the Es4 TIC, and the relatively

high abundance of gammacerane, tricyclic terpanes, and

C33–C35 homohopane series in the Es4 m/z 191 mass

chromatograph, also suggest that Es4 was formed in saline

lacustrine environments, with persistent water stratification

and bottom anoxia. Different from Es4, the Es3 displays

typical features of fresh lacustrine environments. As seen

in Fig. 2, the Es3 1327 displays a uni-modal n-alkane

distribution, with nC16 being the maximum, and shows

distinct odd–even predominance in the nC23–nC29 range,

indicative of terrestrial input. As is shown in the m/z 217

mass chromatograph, the 4-methyl steranes of Es3 1327 are

of relatively high abundance and extensive variety com-

pared to Es4 (Fig. 3). Since 4-methyl steranes are specifi-

cally indicative of dinoflagellate input (Pang et al. 2005;

Peters et al. 2005), it is concluded that dinoflagellates were

a major source for OM input of the Es3. The relative

abundance of C27–C29 regular steranes could also serve as

OM-origin indicators, of which C27 steranes represent OM

input from aquatic organisms, and C29 represent terrestrial

input (Peters et al. 2005). It should be pointed out that the

C29 steranes could also originate from planktonic green

algae (Grantham 1986; Meng et al. 2006), whose body

fossils were also found in the Shahejie Formation (Fan

et al. 2002), which makes the biogenic interpretation based

on C27/C29 sterane relative abundance more ambiguous.

Since Es3 1327 features C27 sterane dominance, whereas

Es4 1312 is characterized by C29 sterane dominance

(Fig. 3), it could simply be concluded that the Es3 and Es4

samples were sourced from different algae species. Ther-

mal maturity of Es3 and Es4 could be inferred by hopane

and sterane parameters listed in Table 4, all of which have

reached their balance points, suggesting the Es3 and Es4

samples are in the maturity range of the oil-generation

window. It must be noted that the high Ts/Tm value of Es4

(2.05, Table 4) is the consequence of saline environments,

thus not capable of maturity indication (Fig. 3).

3.3.3 Molecular characterization of saturated hydrocarbons
of the CM-bound fractions

GC/MS analyses of the CM-bound fractions of Es3 and Es4

CFs show three interesting findings: (1) The bicyclic

Table 3 Quantitative measurements of the free and CM-bound fraction of the clay-sized fractions of Es3 and Es4 argillaceous source rocks

Sample number The free fraction The CM-bound fraction

Total SH AH NH Asphal TH S/A Total SH AH NH Asphal TH S/A

1327 13.10 8.60 1.32 2.77 0.41 9.92 6.52 0.21 0.01 0.03 0.13 0.04 0.04 0.42

1301 8.61 5.15 1.43 1.78 0.25 6.58 3.60 0.22 0.04 0.03 0.07 0.08 0.07 2.28

1302 11.79 7.91 1.34 2.14 0.40 9.25 5.90 0.17 0.05 0.01 0.08 0.03 0.06 4.50

1303 8.74 4.01 2.31 2.34 0.08 6.32 1.74 0.15 0.03 0.01 0.06 0.05 0.04 2.73

1306 9.78 6.93 1.01 1.68 0.16 7.94 6.86 0.20 0.04 0.02 0.08 0.06 0.06 2.25

1312 17.86 13.35 2.84 1.46 0.21 16.19 4.70 0.28 0.08 0.02 0.09 0.09 0.10 4.50

Total the total amount of each fraction = SH ? AH ? NH ? Asphal; SH Saturated Hydrocarbons; AH aromatic hydrocarbons; NH nonhy-

drocarbon; Asphal asphaltene; TH total hydrocarbons = SH ? AH; S/A = the ratio of SH/AH. It should be noted that the measuring unit has

been converted to mg/g clay-sized fraction (CF)
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sesquiterpanes (BSs) are specifically detected with quite

high abundance in the CM-bound fractions (Fig. 2b, d).

The detailed distribution of BSs is displayed in the m/z 123

mass chromatograph (Fig. 4). The BS compounds of Es3

CM-fraction are distributed in the C13–C16 range, whereas

Es4 is in the C13–C15 range, both having C15 as the max-

imum. In addition, the C15 BSs of Es4 exhibit more

extensive isomeric diversity compared to those of Es3.

Since the acid hydrolysis had destroyed the bounding

interactions between carbonates and associated OM, and

the released OM might also have been altered to some

extent, it is difficult to determine the specific structure of

each labeled peak, but these compounds could still be

positively categorized as BSs, as the distinct basic peaks of
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123 and 137 were clearly shown in corresponding mass

spectra. The BS biomarkers found in the Dongying Sag

could indicate OM input from Botryococcus braunii (Xia

and Luo 1994; Wang et al. 1996; He et al. 2004; Ji et al.

2008, 2009). (2) The light ends of the alkanoic hydrocar-

bons are much better preserved in the CM-bound fraction

compared to the free fraction (Fig. 5). The m/z 85 mass

chromatograph was selected to display the n-alkane dis-

tribution of the Es3 and Es4 CM-bound fractions, showing

that the light ends of CM-bound fraction begin from nC8,

whereas the free fraction begins with nC12. A secondary

artificial cause for such differences in low-molecular-

weight OM preservation could definitely be excluded, as

the free and CM-bound fractions were subjected to the very

same treatment procedure, both were extracted with DCM

and had undergone the same group separation treatment as

described in 2.5. Besides, the molecular characteristics of

each clay-sized sample varied, representing their unique

geological conditions. Meanwhile, distinct even–odd pre-

dominance could be identified in the nC15–nC20 range of

the Es4 CM-bound fraction, which was a primary molec-

ular feature of Botryococcus braunii (Grice et al. 2003),

only having a chance to be observed when hydrocarbons

with low molecular weights were well preserved (Silva

et al. 2016). (3) Elementary sulfur, of octatomic structure,

is detected with quite high abundance in the CM-bound

fraction (Fig. 2b, d). Although the saturated hydrocarbons

of both the free and CM-bound fractions were not sub-

jected to desulfurization treatments, only the CM-bound

fraction was found to contain a significant amount of ele-

mental sulfur, as shown in the TICs of Es3 1327 and Es4

1312 in Fig. 2. Previous study suggests that sulfur content

is a significant factor in controlling the occurrence of

biomarker isomers (Wang et al. 2010); thus, the selective

Table 4 Sterane and hopane biomarker series based maturity parameters

Sample number Hopane-based maturity parameters Sterane-based maturity parameters

Ts/Tm C31ab22S/22(S?R) C32ab22S/22(S?R) C29bb/(bb?aa) C29aaa20S/20(S?R)

1327 0.59 0.56 0.59 0.32 0.46

1312 2.05 0.60 0.58 0.60 0.51

(a)

(b)

·

· ·
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· *
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*

*

*

*

*

*

C15

D

C16

+ +

C13

+ +
C13

#

# #
#

# #
#

#

*
*

*

*
*

*

*

*

* *
*

*
*

*

*

***

C14

C14

C15

Fig. 4 m/z 123 mass chromatographs of the CM-bound fractions of

Es3 1327 (a) and Es4 1312 (b). C15 BSs were labelled with ‘‘*’’ and

‘‘#’’, the former featured with basic peak 123, and the latter with 137.

Abbreviations: Cx x indicating the carbon number of BSs; BSs of the

same carbon number are labeled with the same color; D drimane
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detection of sulfur in the CM-bound fraction might reveal

distinctions in OM preservation and evolution between

these fractions. It should be stated that the proportional

distribution of light and heavy hydrocarbons of the CM-

bound fraction better resembles authentic in situ geological

samples than does that of the free fraction: The relatively

high temperature and strata pressure underground could

help retain the light or gaseous hydrocarbons in source rock

pore spaces, which would be easily lost when exposed to

surface conditions (Cai et al. 2013). However, the rela-

tively confined environment of carbonate crystals, evi-

denced by the well preserved elemental sulfur, helped light

hydrocarbon preservation during the long time periods.

Based on the aforementioned, it can be concluded that

the geochemical information derived from the CM-bound

fraction could serve as a supplement to that from the free

fraction. Since the CM-bound fraction showed clear

advantages in low-molecular-weight OM preservation, it is

worthwhile to be analyzed on the molecular level.

4 Discussion

4.1 Biogenic interpretation significance
of the CM-bound fraction

Early incorporation of fatty acids, isoprenoids, sterols,

hopanoids, and other biomarker precursors into the

macromolecular network of kerogen/asphaltene, or absor-

bance onto the surface of clay minerals, or entrapped in the

crystals of carbonates during early diagenesis are found to

be common under geologic conditions (Xie et al. 2000;

Wang and Cheng 2000; Kennedy et al. 2002; Farrimond

et al. 2003; Li et al. 2008a, b; Chen and Peng 2017).

Because of the steric protection provided by the macro-

molecular network and inorganic minerals, the bound

fraction shows retarded responses to thermal evolution and

biodegradation (Li et al. 2008a, b; Glombitza et al. 2016;

Wu and Geng 2016). In addition, the free and bound OM

fractions exhibit different OM preservation mechanisms, as

the bonding interactions between minerals and associated

OM alters the preservation conditions (Zonneveld et al.

2010; Cai et al. 2013; Makeen et al. 2015; Zhu et al. 2016).

Thus, it is theoretically reasonable to deduce that the bound

OM fraction has the potential to preserve additional geo-

chemical information on the molecular level, which has

already been verified by previous research (e.g. Li et al.

2008a, b; Wu and Geng 2016). Therefore, it is meaningful

to analyze the CM-bound fraction on the molecular level to

reveal its geochemical significance.

Previous studies on Es3 and Es4 source rocks of the

Dongying Sag have suggested that the ancient lake was

highly productive, occupied by various algal species that

contributed to the OM abundance of these excellent source

rocks (Zhang et al. 2009). Body fossils of various algae

species could be identified in the Es3 and Es4 source rocks

by microscopic analysis, including coccolithophores,

dinoflagellates, Botryococcaceaes, Deflandreas, and

Bohaidinas (Fan et al. 2002; Zhu and Jin 2003; Ma et al.

2017b). Furthermore, certain algae species could be iden-

tified on the molecular level, for instance, dinoflagellates

and Botryococcus braunii could be indicated by 4-methyl

steranes and BSs, respectively (Pang et al. 2005; Luo and

Shen 2005; Ji et al. 2008). Much research suggests that BSs
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Fig. 5 m/z 85 mass chromatographs of the free fractions of Es3 1327

(a) and Es4 1312 (b), and m/z 85 mass chromatographs of the CM-

bound fractions of Es3 1327 (c) and Es4 1312 (d). Abbreviations are

the same as described in Fig. 2. It should be noted that part of the high

molecular ends of the CM-bound fractions (c, d) were eluted into the

AH fraction, and the reason responsible for this flaw is yet unclear
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are indicative of terrestrial input, especially of angiosperm

origin (Peters et al. 2005; Nytoft et al. 2009). However, in

the case of the Eocene Shahejie Formation, the BS

biomarkers are specifically indicative of Botryococcus

braunii origin, which has been verified by previous

research, evidenced by the similarity of BS distribution

characteristics of source rocks and Botryococcus braunii

thermal-degradation products (Xia and Luo 1994; Wang

et al. 1996; Salmon et al. 2009; Zhang et al. 2014). In

addition, it is ubiquitous for Botryococcus braunii to serve

as an important precursor for hydrocarbon generation in the

Mesozoic-Cenozoic strata in China; including the Eocene

of the Bohai Bay Basin, the Eocene of the Qaidam Basin,

the Cretaceous of the Songliao Basin, and the Jurassic of

the Tarim, Ordos, and Junggar basins (Summons et al.

2002; He et al. 2004; Luo and Shen 2005; Hofmann et al.

2005; Zhang et al. 2007; Ji et al. 2008, 2009, 2010;

Volkman et al. 2015). Refined oil-source correlations

suggested that close genetic relationships existed between

the giant hydrocarbon reserves and Botryococcus braunii-

bearing source rocks in the Jiyang Depression (Luo and

Shen 2005). In fact, Botryococcus braunii input to the

sedimentary OM could be traced back to Precambrian

(Volkman 2014), and due to its high hydrocarbon content,

Botryococcus braunii is now used as a significant substrate

for biofuel production (Audino et al. 2002; Metzger and

Largeau 2005). Thus, it could be concluded that Botry-

ococcus braunii is of great hydrocarbon potential, and

could be identified by its unique biomarkers, the BSs, in the

Mesozoic-Cenozoic strata in China.

The BSs detected in the CM-bound fractions of the Es3

and Es4 CFs are listed in the m/z 123 mass chromatographs

in Fig. 4. There are two possible explanations why these

biomarkers could not be detected in the free fractions. First,

the BSs are of relatively low molecular weight compared to

the hopanoid and steroid biomarkers, and as a result the

BSs in the free OM fractions were easily lost during the

time-consuming preparation period, and the heating treat-

ment would accelerate their diffusion as well. However,

thanks to the protection provided by carbonate crystals, the

BS compounds in the CM-bound fractions are well pre-

served, as evidenced by the better preservation of light

hydrocarbons, which started from nC8 (Fig. 5). Second, the

BS biomarkers might be selectively preserved in the CM-

bound fractions, or selectively released by acid hydrolysis

treatment. The former is more feasible as there exists

persuasive molecular evidence. Thus, the CM-bound frac-

tions do have biogenic significance, which could serve as a

supplement to the biogenic interpretation based on the free

OM fraction.

4.2 Possible explanations for the compositional
differences between the free and CM-bound
fractions

The free and CM-bound fractions show markedly different

group compositions, with the free fractions dominated by

non-polar hydrocarbons, and the CM-bound fractions

dominated by NHs and asphaltene (Table 3), which could

be ascribed to their differences in thermal evolution, and

thereafter hydrocarbon generation and expulsion. In addi-

tion, their differences in OM biogenic origin might exhibit

influences on their compositional differences as well,

which will be discussed in details afterwards.

First, the free and CM-bound fractions underwent dif-

ferential thermal evolution with the increase of burial depth

of the Es3 and Es4 source rocks. Because of the steric

protection provided by carbonate crystals, the CM-bound

fractions showed relatively lower maturity compared to

their free counterparts. However, due to the limited amount

of the SHs of the CM-bound occurrence, biomarker-based

maturity parameters could not be accurately calculated,

thus direct maturity comparisons between the free and CM-

bound fractions could not be achieved. As it is widely

accepted that the thermal evolution of OM could be

expressed as ‘‘kerogen-asphaltene/nonhydrocarbon-free

hydrocarbons’’ (Tissot and Welte 1984; Tissot et al. 1987),

the free fractions with relatively higher maturity should

have a higher compositional percentage of non-polar

hydrocarbons than that of the CM-bound fractions, which

is consistent with our results, demonstrating the CM-bound

fractions were of lower thermal maturity. Second, hydro-

carbon products of the free and CM-bound fractions have

undergone differential expulsion due to their differences in

pore connectivity to adjacent sandstone carriers. It is

obvious that the free fractions were better communicated

with adjacent sandstone carriers, whereas the CM-bound

fractions were confined in relatively closed environments,

evidenced by the detection of elemental sulfur (Fig. 2). The

polar nonhydrocarbons and asphaltene migrated less easily

compared to the non-polar hydrocarbons (Chen et al.

2011), and as a result, the free fractions with higher thermal

maturity and better expulsion conditions show much higher

content of saturated and aromatic hydrocarbons, whereas

the CM-bound fractions with lower maturity and worse

expulsion conditions are dominated by nonhydrocarbons

and asphaltene. Third, the free and CM-bound fractions are

of subtly different biogenic origin based on biomarker

analysis. 4-methyl steranes indicative of dinoflagellate

input were only detected in the free fractions, whereas the

BSs indicating Botryococcus braunii origin were specifi-

cally detected in the CM-bound fractions. Since different

algal species have their unique intrinsic nature, their
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thermal evolution and hydrocarbon generation patterns

would exhibit influences on the thermal products, which

would in the end be expressed in the group compositions of

the free and CM-bound fractions.

4.3 Environmental influences
on the geochemistry of free and CM-bound
fractions

Molecular characterization of the free fractions suggested

that the Es3 and Es4 source rocks were developed in

markedly different depositional environments, with Es3

and Es4 formed in fresh and saline lacustrine environments

respectively (Fig. 2a, c). Previous research indicated that

mineralogical composition, mainly the relative abundance

of illite and smectite, could influence OM preservation and

hydrocarbon expulsion of source rocks (Li et al. 2017b). As

the Es3 and Es4 CFs differ in clay mineral composition as

influenced by depositional environment and burial depth,

with Es4 dominated by illite layers (Table 2), hydrocarbon

expulsion of Es4 was therefore enhanced, which could be

verified by the relatively lower Rock–Eval pyrolysis S2 of

the Es4 CFs compared to those of Es3 (Table 1). On the

whole, the geochemical interpretation based on the CM-

bound fractions was consistent with their free counterparts,

and distinct molecular differences existed between the CM-

bound fractions of the fresh Es3 and saline Es4 CFs, mainly

reflected in the distribution patterns of n-alkanes (m/z 85

mass chromatograph in Fig. 5c, d) and BSs (m/z 123 mass

chromatograph in Fig. 4). Thus, it could be concluded that

the molecular differences of the CM-bound fractions

between the Es3 and Es4 CFs could be ascribed to the same

reason responsible for the distinction between their free

counterparts, which is the differences in developed algal

species as a consequence of adaptation to different sedi-

mentary environments (Pang et al. 2005; Zhang et al. 2009;

Li et al. 2017a), as evidenced by the source-related

biomarkers identified in the free and CM-bound fractions

of the Es3 and Es4 CFs. Although Botryococcus braunii,

indicated by the BSs in the CM-bound fractions, could

thrive in both fresh and saline lacustrine environments,

recent research found out that Botryococcus species

developed in aquatic environments with medium salinity

exhibit better hydrocarbon generation potential (Grice et al.

1998; Furuhashi et al. 2016), which is consistent with our

research results and the exploration practice, that compared

to the Es3 source rocks, the Es4 was a more significant

contributor to the hydrocarbon production of the Dongying

Sag.

5 Conclusions

(1) We effectively explored the geochemical features of

the free and CM-bound fractions of Es3 and Es4 CFs

from the Dongying Sag in North China. The

molecular analyses of the CM-bound fractions

demonstrate that they could serve to supplement the

geochemical information derived from the free

fractions concerning biogenic interpretation, as the

BSs, indicative of Botryococcus braunii input in the

Dongying Sag, were selectively detected in the CM-

bound fractions.

(2) The distinctions in the depositional environments of

the Es3 and Es4 source rocks were also reflected in

the molecular differences of the CM-bound frac-

tions, mainly the differences in n-alkanes and BSs

distribution patterns. The geochemical interpretation

based on the CM-bound fractions was consistent

with their free counterparts. Thus, it could be

concluded that the differences in developed algal

species as a consequence of adaptation to different

sedimentary environments, as evidenced by the

source-related biomarkers, is the major cause for

the geochemical distinctions between the Es3 and

Es4 CFs.

(3) The free and CM-bound fractions differ significantly

in OM abundance and group composition, with the

free fractions as the majority and dominated by

saturated hydrocarbons. Differential thermal evolu-

tion and, thereafter, the difference in hydrocarbon

generation and expulsion of the free and CM-bound

fractions, as well as the distinction in biogenic origin

reflected by the source-indicated biomarkers, could

explain the compositional differences between the

Es3 and Es4 CFs.
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