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ABSTRACT

Oil generation (Ci4+ hydrocarbons) of three Type II kerogen samples isolated from
brackish-lacustrine mudstones from Palacogene strata (Eds, Esi, Es3) in the southern Bohai
Sea was simulated by closed-system gold tube experiments. In addition, a series of
complementary analyses (Rock-Eval pyrolysis, total organic carbon, vitrinite reflectance,
trace element, X-ray diffraction and flash pyrolysis-gas chromatography—mass spectrometry)
were also performed to identify the bulk geochemistry, palaco-environment and chemical
composition of the kerogen. The aim of this study was to achieve a better understanding of
the kinetics of oil generation from lacustrine source rocks in the southern Bohai Sea. The
results show that the three samples are Type II source rocks deposited in similar
palaeo-environments (hot and arid climates, anoxic conditions, and brackish water in shallow
to semi-deep lakes) with consequent similarity in the chemical compositions of their kerogens.
The organic matter inputs are predominantly composed of lacustrine microalgae, with a
relatively small contribution from land plants. The activation energies of oil generation from
these samples show a range of 44—52 kcal/mol, with a frequency factor varying from
1.116x10' to 1.274x10' 5’1, Due to the similar palaco-environments and chemical
composition, samples in this study exhibit strong consistencies in kinetic parameters.
Transformation ratio (TR) evolution curves of oil generation from the three samples,
calculated under a linear heating rate (3 K/Ma), exhibit a slight difference, which varies
within 4 °C at a given TR. Due to the great similarities of the three kinetic models, an
average kinetic model for the Type II brackish-lacustrine source rocks in the southern
Bohai Sea was established. This model integrates the characteristics of the three kinetic

models and is still dominated by activation energy of 52 kcal/mol. The geological
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temperature of the oil generation phase for the average model in the southern Bohai Sea is

from 92—137 °C.

Keywords: Kinetics of oil generation; Type II kerogen; Palaeo-environment; Kerogen

composition; Brackish-lacustrine source rock; Southern Bohai Sea

1. Introduction

Kerogen, a geopolymer of high molecular weight, is defined as the organic matter in
sedimentary rocks that is not soluble in aqueous alkaline solvents nor common organic
solvents (Tissot and Welte, 1984). Selective preservation and chemical condensation are the
main pathways for the formation of kerogens (Larter and Horsfield, 1993). As burial depth
increases, macromolecular matter in kerogen undergoes thermal breakdown, which results in
petroleum (oil and gas) generation (Behar et al., 1997a).

Kerogen kinetics are not only used to obtain a better understanding of the thermal
evolution of source rocks, but are also essential for basin modelling (Chen and Jiang, 2015).
Four kinetic models have been reported to describe the progress of petroleum generation: (1)
overall reaction model (a model with just one simple reaction) (Allred, 1966), (2)
Friedman-type model (kinetic parameters in this model change along with the reaction
process) (Friedman, 1964), (3) consecutive reaction model (final products are assumed to
form through several continuous reactions) (Behar et al., 1997b, 2003, 2010), and (4) parallel
reaction model (petroleum generation can be described by a series of parallel reactions)
(Tissot et al., 1987; Ungerer et al., 1990; Burnham et al., 1995). It has been widely accepted

that chemical reactions during petroleum generation can be described by first-order Arrhenius
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reactions (Burnham et al., 1987; Sweeney and Burnham, 1990). The parallel reaction model
with a single frequency factor and a discrete distribution of activation energies has been
extensively used in many cases (Braun and Burnham, 1987; Burnham et al., 1989; Tegelaar
and Noble, 1994; Dieckmann, 1998; Schenk and Dieckmann, 2004; Li and He, 2014; Abbassi
et al., 2016). Due to the complexity of petroleum generation, only approximate kinetic results
can be obtained when simulating the transformation of kerogen (Wood, 2018). Nevertheless,
the Arrhenius equation still currently provides the best approximation to the key first-order
reactions (Wood, 2018).

Pyrolysis experiments on immature kerogens in controlled conditions (relatively high
temperatures and short durations) provide reliable data for the accurate calibration of kinetic
parameters (Dieckmann, 2005). In turn, these kinetic parameters derived from laboratory
experiments can be extrapolated to geological conditions to determine the progress of
petroleum generation (Lewan et al., 1985, 2006; Schaefer et al., 1990; Dieckmann, 1998;
Dieckmann et al., 2004; Peters et al., 2018). Closed system pyrolysis has been widely
employed in the artificial petroleum generation from source rocks (Lewan et al., 1985, 2006;
Landais et al., 1989; Dieckmann et al., 1998, 2000, 2004; Behar et al., 2010). Gold-tube
pyrolysis is one of the most commonly used methods in confined system (Behar et al., 1997b;
Fusetti et al., 2010b, 2010a; Lu et al., 2010; Mao et al., 2012; J. Wang et al., 2017; Huang et
al., 2018). Monthioux et al. (1985, 1986) first conducted pyrolysis experiments on coal
samples by using gold-tube confined system pyrolysis and proved that these pyrolysates were
quite similar to natural crude oils. Moreover, the generated pyrolysates (e.g., oil, gas, water,
etc.) and kerogens were in close contact with each other in compressed gold capsules. This

reaction medium in gold-tube pyrolysis was more comparable to source rocks in natural
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systems where the retained hydrocarbons were under great pressure from the overlying rocks
and mainly absorbed by kerogens in source rocks (Xiang et al., 2016; Huang et al., 2019).
Palaeogene lacustrine mudstone (shale) is the main source rock in faulted basins of
East China (Zhu et al., 2005; Li, 2015). More than 2.5 billion tons of oil sourced from
lacustrine mudstone have been found in the Bohai Sea (offshore area of the Bohai Bay Basin),
East China (Hao et al., 2009). Previous cases in the Bohai Sea (BS) focused on the gross
kinetics or kinetics of gas generation (Gao et al., 2004; Liu et al., 2009; Wang et al., 2014; J.
Wang et al., 2017, 2018; Niu et al., 2018), but none of them have focussed on oil generation.
Therefore, the kinetic study of oil generation appears to be particularly important in the Bohai
Sea. The kinetics of oil generation (Cs+) from lacustrine source rocks determined by gold-tube
pyrolysis have been reported in other regions (Guo et al., 2008; Xiang et al., 2016; Huang et
al., 2019). While the Cs- fraction can be further divided into Ce.14 and Ci4+ fractions which are
described by different kinetic models (Dieckmann et al., 2000; Liu et al., 2016). Previous
studies conducted by gold-tube pyrolysis have made some attempts on the kinetics of oil (Cis+)
generation from lacustrine Type II source rocks (Guo et al., 2009; Wei et al., 2012; Yan et al.,
2019). However, there exists various problems in these cases. Firstly, the Type II kerogens in
the some cases (Guo et al., 2009; Wei et al., 2012; Yan et al., 2019) were actually in mature
stage which means a proportion of hydrocarbon potential has been consumed and would lead
to the relatively high Ea distribution (Peters et al., 2006). On the other hand, some key
information (calculation of kinetics; settings of parameter; frequency factor) of kinetics in
some cases was not provided (Wang et al., 2003), thus the results cannot be validated and
serve as an reference for kinetic study. In the present study, the above problems (immature

lacustrine sample, detailed procedure) have been considered, and a better kinetic work of oil
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(C14+) generation determined by gold-tube pyrolysis has been presented.

This paper, based on comprehensive experiments (Rock-Eval, total organic carbon,
vitrinite reflectance, trace element, X-ray diffraction, flash pyrolysis-GC-MS and gold tube
pyrolysis), aims to determine the liquid oil potential of lacustrine source rocks and the
kinetics of oil (C14+) generation in the southern BS. Inorganic approaches, including trace
element analysis and X-ray diffraction (XRD), were also employed to identify the
depositional conditions of the samples. Flash Py-GC-MS was used to reveal the chemical
structure of kerogen. The determination of the palaco-environment and chemical composition
of kerogen is beneficial to obtain a better understanding of the kinetic processes. In the
present study, we established a typical (average) kinetic model of the Type II
brackish-lacustrine kerogen in the southern BS. The results not only provide reliable data and
new information for kinetic studies in the southern BS, but also serve as a reference for
kinetic studies of brackish-lacustrine source rocks in East China or other regions that share a

similar depositional environment.

2. Geological settings

The Bohai Bay Basin, one of the most petroliferous lacustrine basins in East China, is
a Mesozoic-Cenozoic intraplate rift basin (Chen et al., 2017). The Bohai Sea (BS) is defined
as the current offshore area of the Bohai Bay Basin (Wang et al., 2014). As shown in Fig. 1,
the study area is located in the southern BS and consists of two sags (Laizhouwan Sag,
Huanghekou Sag) separated by four uplifts (Bonan low uplift, Laibei low uplift, Kendong
uplift and Weibei uplift).

The southern BS experienced two periods of tectonic movement during the Cenozoic
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Era, known as the syn-rift and post-rift periods (Fig. 2) (Hsiao et al., 2004). The tectonic
evolution in the southern BS was determined by both normal faults and strike-slip faults (Liu
et al., 2016; Zhang et al., 2017): Stage I and stage II of the syn-rift period were predominately
controlled by subparallel EW-trending normal faults. Stage III of the syn-rift period was under
the superimposition effect of the subparallel EW-trending normal faults and the NNE-trending
strike-slip faults (Fig. 2).

The Palacogene strata in the study area include the Palaeocene Kongdian (Ek)
Formation, the Eocene Shahejie Formation (Es) and the Oligocene Dongying Formation (Ed)
(Fig. 2). These formations were deposited in alluvial, fluvial, deltaic, salt lake or semi-deep to
deep lake facies (Allen et al., 1997; Xin et al., 2013; Wen et al., 2014). The Shahejie
Formation and Dongying Formation can be divided into four members and three members,
respectively (Fig. 2). Several sets of source rocks (Es4, Es3, Esi.2, and Eds) have been
discovered as the main source rocks in the southern BS (L. Wang et al., 2011; Yang et al.,
2011; Niu, 2012; Wu et al., 2015). The Neogene strata, mainly controlled by fluvial and
shallow lake facies (Allen et al., 1997; L. Wang et al., 2011), are composed of the Guantao
Formation (Ng) and Minghuazhen Formation (Nm). The Quaternary in the study area is

dominated by marine sediments (Zhu et al., 2015).

3. Materials and methods
3.1. Sample description and preparation

In this study, three source rock samples were collected from Well HHK25-2-A and
Well LZW10-3-A (Fig. 1b). The three grey mudstone samples correspond to the three main

source rock layers in the southern BS (Table 1). All these samples were cleaned in an
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ultrasonic bath with distilled water and sonicated several times to remove the drilling mud.
Then these samples were dried up and cleaned several times by ultrasonic cleaner again with
the mixture of dichloromethane and methanol (9:1, v/v) to exclude possible organic

contamination from external (artificial) sources.

3.2. Total organic carbon, Rock-Eval pyrolysis and Vitrinite reflectance

Total organic carbon, Rock-Eval and vitrinite reflectance were tested to determine the
basic geochemical characteristics of the source rock samples. Samples were crushed to 100
mesh by using an agate mortar and pestle. The detailed steps of total organic carbon analysis
follows Wang and Guo (2019). Samples were digested with a HCI solution (5%) to eliminate
the inorganic carbonate fraction. Then samples were cleaned using distilled water and dried in
an oven at 50 °C. The total organic carbon (TOC) was measured with a Leco CS-230
Carbon/Sulfur Analyzer with an error no more than 0.5%. Both the original rock samples and
kerogen samples were measured for TOC.

Rock-Eval measurements followed Lafargue et al. (1998) using a Rock-Eval 6
instrument. Free hydrocarbon (S1), pyrolysis hydrocarbon (S2), CO; yield (S3) and the
temperature of maximum pyrolysate (Tmax) were determined.

The detailed preparation and measurement of vitrinite reflectance (%Ro) can be
found in Liang et al. (2019). Sample were crushed into particles (2—3 mm), mounted in liquid
epoxy on glass slides, and then polished. The measurement of %Ro was performed on a Leco
CTR6000M Photometry Microscope and at least 25 points were measured for each sample.

The final vitrinite reflectance was the arithmetic mean value of these points.
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3.3. Trace element and mineralogy analysis

The collected rock samples were ground using an agate mortar and pestle to 200 mesh.
Approximately 50 mg of each sample was weighed into Teflon beakers and digested in a
series of acid digestions using HNOs3 and HF until a clear solution was obtained, following
Wei et al. (2018). The solution was diluted 1:1000 by mass and analysed on a Finnigan MAT
inductively coupled plasma mass spectrometer (ICP-MS). Trace elements (V, Co, Ni, Cu, La,
Sr, and B) were measured with a relative standard deviation no more than 5%.

Measurements of mineral compositions by X-ray diffraction (XRD) have been
described in detail by Wang and Guo (2019b). The samples were ground to <40 pm with an
agate mortar and pestle. The powdered samples were scanned by an Ultima IV X-ray
diffractometer with Cu-Ka radiation. The generator settings were 40 kV and 30 mA. X'Pert
High Score software was used to identify the mineral type and content. Note that the clay

mineral content was measured for samples of <5 um fractions.

3.4. Inorganic proxies of palaeo-environment proxies

Commonly used inorganic proxies were employed to identify the palaco-environment
including the Sr/Cu ratio (Cao et al., 2015; Alexandrine et al., 2019). A high ratio denotes hot
and arid climatic conditions, while a low ratio indicates warm and humid conditions (Table 2).
In addition, a high V/V+Ni ratio is an effective proxy of reducing (anoxic) conditions, while a
low ratio reflects oxic to dysoxic conditions (Greenwood et al., 2013; Kayode et al., 2014).
Moreover, boron has been widely accepted as a quantitative proxy of palaeo-salinity, due to
the strong correlation between boron and salinity in modern aqueous systems (Adams et al.,

1963; Couch, 1971). In consideration of the different boron absorption capacities for each


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/diffractometers

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

type of clay mineral, palaeo-salinity can be calculated according to the following formulae
(Couch, 1971):
B = Belay/(4Xi + 2Xs + Xk) (1)
log Bx = 1.28%log (Sp) + 0.11 (2)
Here, Bi refers to the abundance of boron absorbed in kaolinite (ug/g), Belay is the boron
content in the clay fraction, which excludes the impact of inherited (terrestrial) boron (ug/g),
Xi, Xs and Xk represent the proportion of illite, smectite and kaolinite in the clay fraction (%),
respectively, and S;, is the palaeo-salinity (in parts per thousand, ppt).

Cobalt (Co) can be used as a quantitative parameter for the palaco-water depth (Zhou
etal., 1997, 1999; Zhang et al., 2011). The abundance of Co in sedimentary rock is mainly
controlled by the sediment source and cosmic dust, in which the sedimentary rate of Co is

nearly constant (Wu and Zhou, 2000). Formulae were first proposed by Zhou et al. (1997):

SRSample = SRiacustrineX COLacustrine/ (COSample - QXCOTerrigenous) (3)
A= LaSample/ LaTerrigenous (4)
D =3.05%10%/SRsamptc"? )

Where SRsample and SRiacustrine represent the sedimentation rate of sample and normal
lacustrine mudstone, respectively (mm/y); SRiacustrine 1S always 0.15-0.30 mm/y in lacustrine
mudstone (Zhang et al., 2011). COLacustrine, COSample and COTerrigenous refer to the cobalt
abundance in normal lacustrine mudstone (20 pg/g), samples and terrigenous clasts (4.68
ug/g), respectively (Zhang et al., 2011), a is the correction coefficient of the terrigenous
cobalt, indicating the terrigenous contribution. Lasample and Latemigenous are the lanthanum
abundance in samples and terrigenous clasts, respectively, where Latermigenous 18 39 pg/g (Zhang

etal., 2011), and D is the palaco-water depth of the sample (m).
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3.5. Chemical treatments of isolated kerogen

Rock samples were ground to powder (<100 mesh) and treated with HCI and HF to
isolate the kerogens from the rocks following the steps proposed by Saxby (1970). All of the
kerogen samples were extracted in a Soxhlet apparatus for 72 h to remove the soluble organic
matter using a mixture of dichloromethane and methanol (9:1, v/v) for the preparation of flash

pyrolysis-GC—MS and gold tube pyrolysis.

3.6. Flash pyrolysis-GC-MS

Kerogen samples (approximately 4 mg) were loaded into quartz pyrolysis tubes. Flash
pyrolysis was performed using a CDS Analytical Pyroprobe 5250 equipped with an
autosampler and connected to the GC inlet by a heated transfer line (300 °C). The kerogen
samples were pyrolysed at 650 °C for 20 s. An Agilent 6890 gas chromatograph and an
Agilent 5973 mass selective detector were used to analyse the pyrolysate. Helium gas was
employed as the carrier for GC separation and pyrolysate transfer. The initial temperature of
the GC oven was —20 °C (held for 1 min), which was achieved using liquid CO,. The oven
was heated to 40 °C at a rate of 8§ °C/min, then heated to a final temperature 320 °C at a rate
of 4 °C/min, and held at 320 °C for 25 min. The transfer line temperature was 320 °C. The
full-scan mass spectrum from 15 to 600 Da was measured with an electron energy of 70 eV. A
blank flash pyrolysis run, using an empty quartz tube, was carried out before the analysis of

each sample to avoid contamination.
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3.7. Closed system-gold tube pyrolysis

Gold tube pyrolysis was conducted in a confined and anhydrous system following the
procedures described by Wei et al. (2012). Each kerogen sample was divided and loaded into
24 gold tubes (40 mm length, 0.2 mm wall thickness and 3 mm i.d.) that were welded on one
end. The weight of sample loaded in each tube decreased from 100 mg to 10 mg with
increasing target temperature. Argon was flushed into the tubes for 15 min to displace air, then
the other end of the tube was sealed by arc welding.

The 24 tubes were divided into two groups of twelve. One group was heated at a rate
of 2 °C/h, while the other was heated at 20 °C/h. The sealed tubes in each group were placed
into separate autoclaves in the same oven, with each autoclave having a different maximum
target temperature and containing one tube from each kerogen sample. The heating
temperature was programmed to increase from the ambient temperature (25 °C) to 200 °C
over 10 h and then increase to a maximum of 440 °C at a rate of 20 °C/h (or to 400 °C at
2 °C/h). Autoclaves were removed from the oven once the target temperature for that
autoclave had been reached. For the 2 °C/h group the target temperatures ranged from 290 °C
to 400 °C in 10 °C intervals, while for the 20 °C/h group the target temperatures ranged from
330 °C to 440 °C in 10 °C intervals.

The fan set at the bottom of the oven facilitated heat circulation and made the
difference in temperatures between the 12 autoclaves no more than 1 °C. Note that the three
gold tubes filled with the three samples from Es3, Esi.2, and Eds were placed into each
autoclave. This step ensured that the samples from different layers experienced the same
degree of thermal simulation. Thus, experimental error between the samples could be

minimised.
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Pressure in the autoclave, controlled by a set of pressure devices, was maintained at 50
MPa with an error of < 1 MPa. Each autoclave was connected to a water pipe used to fill and
drain water. Pressure in the autoclave was monitored by a pressure programme and adjusted
by adding water from the pump or expelling water from the drain valve.

The autoclaves were removed from the oven at their target temperatures and quenched
in a cold-water bath. Then, the gold tubes in the autoclave were removed and cut in half. The
hydrocarbons in the gold tubes were extracted in a Soxhlet apparatus for 72 h with a mixture
of DCM and methanol (9:1, v/v). A rotary evaporator was used to concentrate the extracts.
Finally, the Ci4+ fraction (oil) was collected in bottles and weighed.

Moreover, it should be noted that the Ci4+ fraction measured is the mass of liquid
hydrocarbons generated by the kerogen samples. The mass of Ci4+ fraction needs to be
transformed to the oil yields of source rocks by the following equation (6):

B = Mci4+/(Msample X TOC kerogen) (6)
Where B is the oil yield from the OM (mg/g toc); Mcia+ represents the mass of Ci4+ fraction
generated by kerogen sample (mg); Msample represents the mass of kerogen sample loaded into

the tube (mg); TOCkerogen 18 the total organic carbon content of kerogen (wt%).

3.8. Kinetic analysis

The transformation ratio (TR), i.e. the ratio of kerogen already transformed to
hydrocarbon (Tissot and Welte, 1984), is one of the most significant factors for kinetic
calculation. TR can be calculated using equation (7).
TR = B/Bmaximum (7)

Where TR is the transformation ratio; § indicates the cumulative oil yield at a certain
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pyrolysis temperature; Bmaximum represents the primary maximum cumulative oil yield.

Based on the pyrolysis data from the laboratory, the TR at each pyrolysis temperature
can be obtained and used as the input data for calculation of the kinetics. Special kinetic
software (Kinetic 2000 developed by Lawrence Livermore National Laboratory (LLNL) and
Humble Instruments & Services), was employed to fit the kinetic parameters of oil generation,
including frequency factors and activation energies.

The first-order reaction in parallel with a single frequency factor and a discrete
distribution of activation energies was chosen as the preferred calculation method. As
recommended by Burnham (2017), 1 kcal/mol was set as the spacing of discrete activation

energies.

4. Results
4.1. Bulk geochemical characteristics

Rock-Eval, total organic carbon and vitrinite reflectance were performed to obtain the
basic geochemical data of samples (Table 1). Vitrinite reflectance (%Ro) and Tmax showed
relatively low values of 0.37-0.39% and 427-431 °C, respectively. These two parameters
indicate the immaturity of these samples. Total organic carbon (TOC) content of the rock
samples is 2.8-4.3%, and the hydrogen index (HI) was 559-613 mg/g. To avoid the
uncertainty of kerogen type by only using HI, the analysed samples were projected onto
pseudo-van Krevelen diagrams of HI-OI and HI-Tmax to identify the kerogen type
objectively. As shown in Fig. 3, the samples in the present study exhibited the features of

Type II kerogen.
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4.2. Palaeo-environmental proxies

The trace element data of the rock samples are presented in Table 3. Several effective
trace element proxies found by previous researchers, i.e. V/(V+Ni), St/Cu, Co, and B were
employed to determine the palaco-environment.

The concentrations of trace elements in the samples do not vary substantially. As
shown in Table 3, ratios of V/(V+Ni) in the samples show a narrow range of 0.70-0.73. The
St/Cu ratios of the samples are 17.1-20.8. In addition, the concentrations of Co are 14.4-16.0
pg/g. Based on equations 3-5, the palaco-water depths of the samples of D3, S1, and S3 are
approximately 27, 30 and 38 m, respectively.

Clay mineral types and proportions, listed in Table 4, provide the foundation for
reconstructing the palaeo-salinity by using boron. The total clay content and clay mineral
contents (I', S', and K) of the three samples exhibit similar values (Table 4). The boron
concentrations in the samples ranged from 35.3 to 46.8 pg/g.

The inherited boron content can be estimated by the method proposed by Ye et al.
(2016): It is assumed that the lowest boron sample at the same K>O content contains primarily
the inherited boron and only a very small amount of dissolved boron from lake water. The line
of best fit between the K»>O (representing the content of illite) and boron content of the lowest
boron samples always shows a strong correlation. The boron content on this line can be
assumed to be the inherited boron content when the K>O content is zero. Abundant samples
with K>O and boron contents in the Huanghekou Sag of the southern BS have been published
(Zhuang et al., 2010). Therefore, these data can be used to determine the inherited boron
content in the southern BS, which was estimated to be 18 pg/g by the method of Ye et al.

(2016).
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The palaeo-salinity, calculated by equations (6) and (7), is in a narrow range of
5.0-7.4 ppt (Table 4). Sample S1 has the highest palaeo-salinity, while sample S3 has the

lowest palaeo-salinity.

4.3. Pyrolysates from flash pyrolysis-GC-MS

The total ion chromatograms (TICs) from flash pyrolysis-GC-MS of the
three-kerogen samples at 650 °C are presented in Fig. 4a—c. All the samples display dominant
homologous and bimodal distributions of n-alkane/n-alk-1-ene doublets from Cs extending to
C29, with the maxima at C¢ and Cz1. The aliphatic hydrocarbons of the three samples show
identical minima at C14. Monoaromatic compounds, such as benzene and short-chain
alkylated benzenes (e.g., toluene, ethylbenzene and m-xylene), make up the majority of
aromatics (Fig. 4d—f). Mass chromatography of m/z 217 identified C27—Cz9 steranes, although
the exact species (e.g., C27 a0c20R, C27 apf20S, C27 000208, etc.) could not be determined
due to the low abundance of steranes. Cz7 steranes and Cag steranes account for the majority of
steranes in all these samples (Fig. 4g—1). A series of parameters for the analysis of pyrolysates,
following Zhang et al. (2014), were employed to reflect the composition of the pyrolysates
(Table 5). Values of parameter 1 and parameter 2 vary with narrow ranges of 0.65—0.68 and
0.32-0.35, respectively. Parameter 3, which represents the amount of aromatics (Zhang et al.,
2014), is between 2.30 and 2.72. Parameter 4 and 5, indicating the relative contents of toluene
and benzene in monoaromatics, are 0.42—0.47 and 0.10-0.24, respectively. The variation
pattern of parameter 4 is the same as for parameter 3. However, for parameter 5, S1 has the
highest value, whereas D3 exhibits the lowest value. Parameter 6, a maturity index (van Graas

et al., 1981), has the range of 0.34-0.47.
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4.4. Oil pyrolysates from gold tube pyrolysis

The cumulative oil yields (Ci4+ fraction) from the gold tube pyrolysis experiments are
presented in Table 6 and Fig. 5. The cumulative oil yields under 2 °C/h are approximately
equal to (or slightly lower than) the yields under 20 °C/h. Moreover, the curve of the yields
under 2 °C/h and 20 °C/h exhibit similar variations (Fig. 5). Yields of all the samples first
increase to the maximum values and then decrease with increasing pyrolysis temperatures.
The decrease in oil yields is associated with secondary hydrocarbon cracking in the confined
system (Wei et al., 2012).

All three samples reached their maximum oil yields at 390 °C under 20 °C/h and
350 °C under 2 °C/h. As shown in Table 6, sample S3 has the highest maximum yield (523
mg/g TOC under 20 °C/h; 485 mg/g TOC under 2 °C/h) among all the samples, while D3
and S1 present very similar maximum yields under the different heating rates (447 and 441

mg/g TOC under 2 °C/h; 458 and 456 mg/g TOC under 20 °C/h).

4.5. Determination of primary maximum oil yield

The impact of secondary oil cracking is an inevitable problem during the highly
mature stage of source rocks. Based on the comparison of results from open and closed
system pyrolysis, Dieckmann et al. (1998, 2000) contended that the overlap between primary
oil generation and secondary oil cracking was quite narrow because the latter commenced
very soon after the former has come to an end. A recent study (Sun et al., 2015) determined by
gold-tube pyrolysis (using different heating methods) came to a similar conclusion. To reduce

the impact of secondary oil cracking we used Sun et al. (2015) as a guide to identify the
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primary maximum oil yields in the present study. In this study oil yields of the two lacustrine
kerogen samples were measured by gold-tube pyrolysis using two heating methods: a
continuous heating method and step by step heating method. The former is the method we
employed in present study. For the latter, the sample is heated to different target temperatures
discontinuously. Ci4+ generated is extracted from the sample when the first target temperature
is reached. Then the extracted sample was re-loaded into the gold tube and heated to its next
target temperature. This operation is repeated until the last target temperature. In this way, the
oil generated at different stages can be well preserved and measured. In addition, the impact
of secondary cracking to oil yields in gold tube pyrolysis can be reduced.

The oil generation of kerogens in study of Sun et al. (2015) was from 300 °C to
380 °C. The two heating methods exhibited nearly the same oil yields when pyrolysis
temperature was 300-360 °C. The secondary cracking gradually occurred at the end of oil
generation when temperature was above 360 °C, consistent with the ideas of Dieckmann et al.
(1998, 2000). The maximum oil yields of the two lacustrine kerogen samples using the
continuous method were 90% of that in “step by step” method. Moreover, the temperature gap
of the maximum yield from the two method was 10 °C.

The gold tube pyrolysis in present study and in the case of Sun et al. (2015) were
performed on the same instrument and the samples are all lacustrine kerogens. If the “step by
step” method is treated as the method closest to geological conditions, then the findings of
Sun et al. (2015) can be used to calibrate the maximum oil yield in a continuous system. In
this way, the primary maximum oil yields (primary maximum yield = maximum yieldcontinuous
method/90%) and corresponding temperatures of samples can be estimated for the present work

(Fig. 5). The primary maximum oil yields for sample D3, S1 and S3 are 497, 490 and 539
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mg/g TOC, respectively.

4.6. Kinetic results

Kinetic analyses of oil generation, in terms of the frequency factor (A) and activation
energy (Ea) distribution were calculated based on the closed-system pyrolysis data.
Detailed information on the derived parameters is listed in Table 7. The discrete
distributions of Ea are given by bar graphs (Fig. 6d—f). Type II kerogen samples in this
study are characterized by a relatively broad distribution of Ea (44—52 kcal/mol) rather
than a narrow range of Ea. The lines of best fit and experimental transformation ratio (TR)
data are shown in Fig. 6a—c.

For the generation of the Ci4+ fraction, the samples in this study exhibit similar
kinetic features (Ea range, A and predominant Ea): Oil generation from samples D3, S1
and S3 requires an Ea range of 4652 kcal/mol, 4652 kcal/mol, and 44-52 kcal/mol and
A values of 1.121x10" 57!, 1.116x10 s, 1.274x10'* 5!, respectively (Table 7). Samples
D3, S1 and S3 show similar average Ea value 0f 49.9, 50.0 and 50.2 kcal/mol, respectively

(Table 7).

5. Discussion
5.1. Determination of palaeo-environment

The depositional environment is an important influence on the composition,
preservation and quality of OM (Tribovillard et al., 2006; Harris et al., 2013). However, the
palaeo-environments of source rock samples have not been considered in previous kinetic

studies, and the palaeco-environment of the Palacogene in the southern BS has rarely been
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studied. The concentrations and ratios of trace elements are important proxies to reconstruct
the palaco-depositional conditions of marine and lacustrine systems (Jones and Manning,
1994; Tribovillard et al., 2006; Harris et al., 2013), and so several were employed to achieve a
better understanding of the depositional conditions in the BS.

Palaeo-salinities of the samples are estimated to be 5.0-7.1 ppt, suggesting brackish
water (mesohaline) in the palaeo-lake (Table 2). The St/Cu ratio has a positive correlation
with the degree of drought, so the high ratios of St/Cu (17.1-23.3) from different layers in the
southern BS were formed under a hot and arid climate (Table 2). The palaco-water depths of
the samples (ca. 27-38 m) indicate environments of shallow to semi-deep lakes (Table 2).
Such sedimentary environments are considered to be suitable for producing high-quality
source rocks in the Bohai Bay Basin (Niu, 2012; Wu et al., 2015). The depositional
environment of sample S3 and S1 is a semi-deep lake. The palaco-water depths of samples D3
is close to the lower limit (30 m) of semi-deep lakes (Table 3). The V/(V+Ni) ratios
(0.65-0.73) suggest the presence of anoxic conditions, which is beneficial for the preservation
of organic matter (Tribovillard et al., 2006).

In summary, it was found that the three Type II samples in this study were deposited
in similar sedimentary environments (hot and arid climate, anoxic conditions, and brackish
water in shallow to semi-deep lakes). This finding implies that the samples in this study may

share similar kerogen compositions and kinetic characteristics.

5.2. Kerogen composition from pyrolysis-GC-MS
Flash pyrolysis is considered to be one of the most efficient tools for probing the

chemical structures of kerogens (Gelin et al., 1995). It has been demonstrated that lacustrine
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kerogens exhibit bimodal distributions of pyrolysates and abundant Czo+ proportions (Derenne
et al., 1994; Grice et al., 2003), while marine kerogens can produce a unimodal distribution
with a maximum around #n-Ci3 and relatively low abundance of Cao+ (Horsfield, 1989;
Flaviano et al., 1994). As shown in Fig. 4a—c, the pyrolysate distributions exhibit typical
characteristics of lacustrine kerogens. Parameters of the three samples exhibit similar values
with only slight differences (Table 5), indicating their similar chemical structures. Pyrolysates
of these samples are all dominated by short to middle chain aliphatics and monoaromatics
(Fig. 4a—f).
The pyrolysate distributions were compared with a previous study of Zhang et al.
(2014) in which both lacustrine Type I and II kerogens from NE China were analyzed by flash
pyrolysis-GC—MS. The two types of kerogens were distinguished by different pyrolysate
distributions and compositions. The pyrolysates (aliphatic distribution, long-chain aliphatics,
aromatic compounds and abundance, etc.) of samples in the present study are quite different
from lacustrine Type I kerogens, but very close to the Type II kerogens of Zhang et al. (2014).
This evidence further supports our previous analysis of kerogen type from bulk geochemical
experiments (e.g., Rock-Eval Pyrolysis).
n-Alkane/n-alk-1-ene doublets dominate the pyrolysates of the kerogen samples and
reveal the abundant presence of aliphatic macromolecular constituents (Fig. 4d—f). These are
typical of pyrolysates of algaenan biopolymers, which are found in the cell walls of specific
lacustrine microalgae (Largeau et al., 1986; Sinninghe Damst¢ et al., 1993; Gelin et al., 1994,
1995, 2003a; Audino et al., 2002; Holman and Grice, 2018).
Plant-derived components always produce high proportions of aromatics, especially

complex aromatics (PAHs) (Solli and Leplat, 1986; Yoshioka and Takeda, 2004). The PAHs in
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the present study, such as methylnaphthalenes, ethylnaphthalenes and dimethylnaphthalenes,
were detected but in low abundance (Fig. 4d—f), while the majority of aromatic compounds
are monoaromatic, indicating a relatively low contribution from land plants.

The distribution of steranes provides valuable information on organic matter inputs
(Huang and Meinschein, 1979; Volkman, 1988). C»7 sterols (steranes) are mainly from algae,
while Cy9 sterols (steranes) are more typically associated with land plants although microalgal
sources are known (Volkman, 1986; He et al., 2018). Compared to C»7 and Cog steranes, an
increased abundance of Cy9 steranes suggests a greater contribution of land plants to the OM
(Grice and Eiserbeck, 2013). However, it is difficult to assign any sterane to a specific group
of organisms (Kodner et al., 2008). For example, green algae can be the possible potential
source of Cy9 steranes (Volkman, 1988; Volkman et al., 1994). In addition, the specific sources
of Cag steranes remains uncertain. Fungi and microalgae such as diatoms may be the possible
source of Cag steranes (Volkman, 1986; Grice and Eiserbeck, 2013; He et al., 2018). As shown
in Fig. 4g—i, C7 steranes and Cas steranes account for the majority of steranes in all these
samples, suggesting high inputs of lacustrine (planktonic) microalgae, while the relatively low
proportion of Cyo steranes is consistent with the low amounts of PAHs, indicating the low
inputs of land plants.

Prist-1-enes, which are usually attributed to the phytyl side chain of chlorophyll
(Larter et al., 1979; Hold et al., 2001), were observed in these samples (Fig. 4a—c). Parameter
6, varying from 0.34 to 0.47, suggests that the samples are of low maturity (Zhang et al., 2014)
which is consistent with vitrinite reflectance and Tmax data in Table 1.

Overall, flash pyrolysis provides more evidence for the kerogen type of our samples

indicating their similar chemical structure (Type II; kerogen). OM inputs of samples are
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mainly sourced from the algaenans of lacustrine microalgae. Land plant input makes up a

small proportion of the total OM.

5.3. Kinetics of Type Il kerogen

The parallel reaction model with a single A and a discrete distribution of Ea was
used to calculate the kinetic parameters in this study. The curves of the TR derived from
the kinetic parameters show good agreements with the experimental data (Fig. 6a—c),
indicating that the kinetics fitting results are credible (Tegelaar and Noble, 1994). In
consideration of the linear correlation between Ea and A in logarithm form (Wood, 2018),
we focus on the discussion and comparison of Ea.

As shown in Table 4, the kinetic parameters of the three samples in the present
study share the same predominant Ea (52 kcal/mol), similar average Ea values (49.9-50.2
kcal/mol) and Ea ranges (44—52 kcal/mol). Only slight differences can be observed in
these samples. Kinetic parameters describe the molecular structure of kerogen under
thermal stress (Tegelaar and Noble, 1994). The thermal stability of kerogen is determined
by the dissociation energies of different chemical bonds, such as various carbon and
heteroatomic bonds (Wei et al., 2012). The consistencies of kinetic parameters between
samples can be attributed to the close similarities in kerogen chemical structure and the
formation environment of the samples. Moreover, the Ea distributions of the samples are
more concentrated in high Ea (52 kcal/mol), while distributions of relatively low Ea parts
(44-51 kcal/mol) are relatively dispersed. It has been recognized that long-chain aliphatics
have lower bond dissociation energy than that of short- to middle-chain aliphatics (Jiang et

al., 2008), resulting in the increased proportions of low Ea in samples having abundant
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long-chain aliphatics. Hence, the predominant Ea (52 kcal/mol) in the present study may
be associated with the high proportion of short- to middle-chain aliphatics, while the
relatively low Ea may be associated with the long-chain aliphatics which are in relatively
low proportion (Table 5).

The kinetic behaviour of kerogen is influenced by a variety of factors (Wood,
2018), but kerogen type is the one most commonly discussed (Hunt et al., 1991; Tegelaar
and Noble, 1994; Reynolds et al., 1995; Lewan et al., 2006; Peters et al., 2018). Although
the exact Ea values for different types of kerogen remains controversial (Zhang et al.,
1983; Pei and Zhou, 1989; Jiang et al., 2008; Liu et al., 2009; Chen and Jiang, 2015),
researchers have reached a consensus on the Ea distribution (Tissot and Welte, 1984;
Klomp and Wright, 1990; Behar et al., 1997b): Type I kerogen has a quite narrow Ea
distribution, while Type III kerogen exhibits a very broad range and Type II kerogen
displays an intermediate range. Samples in the present study share similar Ea results and
exhibit a range of 44-52 kcal/mol, suggesting the typical intermediate Ea range of Type 11
kerogen. This further validates the previous evidence on kerogen type. Moreover, the
average Ea values of oil (Ci4+) generation in the present study are relatively low
(49.9-50.2) compared with that (51 kcal/mol) of oil (Ce+) generation in Type II kerogen
(Guo et al., 2008). This can be attributed to the different generation mechanisms that the
generation of Ce.14 fraction significantly lags behind that of Ci4+ fraction, which results in
the relatively low Ea of the Ci4+ fraction (Dieckmann et al., 2000; Liu et al., 2016).

Apart from kerogen type, organic sulfur may play an important role in the kinetics of
petroleum generation (Lewan, 1998): Sulfur-rich samples are characterised by low Ea because

the S—S and C-S bonds are more prone to cleavage than C—C bonds. The sulfur compounds in
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sulfur-abundant lacustrine samples can be detected by flash pyrolysis GC-MS (Sinninghe
Damsté et al., 1989; Gelin et al., 1995; Grice et al., 2003). However, the sulfur-bonded
compound series of aromatics, such as DBT, MDBTs, EDBTs, etc, were not detected in the
present study, indicating that the abundance of organic sulfur compounds in samples the
samples is extremely low or non-existent (Wang et al., 2018). Thus, it can be concluded that
organic sulfur has no impact on the kinetics of these samples.

Above all, the kinetic results exhibit typical features of Type Il kerogen and strong
similarities can be observed in all samples. The slight difference in kinetics may be due to
small differences in the kerogen composition. In view of this similarity, an average
(typical) kinetic model of Type II brackish-lacustrine source rocks in the study area can be
established based on the three samples. The average model is obtained by the
weighted-average method (Peters et al., 2006; Wang et al., 2011): Samples with higher
Rock-Eval S, are considered to exert more influence on the weighted kinetic parameters.
Weighted proportional values, determined by the relative S; values of the samples, can be
given to the kinetic parameters of each sample to combine their Ea and A values. In this
way, a weighted kinetic model can be obtained. Fig. 7 compares the kinetic parameters
derived from the three samples with those of the average kinetic model corrected by the
weighted-average method. This method does not narrow or broaden the activation energy
range but integrates the characteristics and reduces the difference of the three kinetic
models. The average kinetic model is still dominated by Ea value of 52 kcal/mol (Fig. 7).
This average kinetic model can be regarded as the typical kinetic model of the Type II

brackish-lacustrine source rocks in the southern BS.
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5.4. Transformation of Type Il kerogen from brackish lake

The kinetic parameters of the samples from the southern BS present similar
characteristics, but the similarities or differences among the samples become more
obvious when the kinetic model is extrapolated to a geological heating rate, a common
practice in kinetic studies (Burnham et al., 1989; Schaefer et al., 1990; Dieckmann, 1998;
Lewan et al., 2006; Peters et al., 2006, 2018). The average geological heating rate in a
specified basin can be reasonably obtained from the time-temperature history (Welte et al.,
1997). According to studies of the thermal history in the southern BS (Sun et al., 2011;
Niu, 2012; Cheng et al., 2013), the average geological heating rate varies in the range
2.8-3.2 K/Ma. Therefore, the median value (3 K/Ma) is assumed to be the geological
heating rate in this study.

As shown in Fig. 8, the TR curves of liquid oil generation span a broad temperature
interval of 75—146 °C. TR values between 0.1 and 0.9 have been defined as the oil
generation window of source rocks (Pepper and Corvit, 1995). The oil generation window
can be divided into three stages according to the TR value (Houseknecht and Hayba, 1998):
early generation phase, main generation phase and late generation phase, corresponding to
TR 0of 0.10-0.25, 0.25-0.65 and 0.65-0.9, respectively. The samples in the study area have
entered the early generation phase when the geological temperature reached 90 °C. The
onset of the main generation phase corresponds to temperatures of 100—-103 °C. This phase
ends at 125-129 °C. The late generation phase ends at geological temperatures of 138 °C.
As shown in Fig. 8, these TR curves show strong consistency among the samples. The
variations among TR curves are no more than 4 °C during the oil generation. Even for

replicate kinetic analyses (10 replicates) of the same sample (Green River shale), the



593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

corresponding geological temperatures differed by up to 2.3 °C at a given TR (Peters et al.,
2006). Therefore, variations of 4 °C in this study can be considered a very slight
difference among TR curves, which reconfirm the similar kinetic characteristics of these
samples. The TR evolution curve of the average kinetic model is located in the neutral
area among the TR curves of the three samples (Fig. 8). The corresponding oil generation
phase starts at 92 °C and ends at 137 °C, and the geological temperature of the main
generation phase is between 102 and 127 °C. This study not only provides basic and
reliable data for the modelling of source rocks and the evolution of oil generation, but also
demonstrates that trace elements and flash pyrolysis-GC—MS are useful and necessary
tools in kinetic studies of source rocks. In addition, the work in this paper establish the
average kinetic model for Type II kerogens and can serve as a reference to lacustrine Type
IT kerogens in regions that share similar depositional environments with the southern

Bohai Sea.

6. Conclusions

Closed-system pyrolysis of three Type II kerogens isolated from the mudstones in
Eds, Esi-2, and Es3, southern Bohai Sea was performed to determine the kinetics of oil (Cis+)
generation. These samples share similar palaco-environments (hot and arid climates, anoxic
conditions and brackish water in shallow to semi-deep lakes) and kerogen chemical
composition (mainly sourced from lacustrine algae with relatively low contribution from land
plants). The activation energy of the samples ranges from 44 to 52 kcal/mol with a
frequency factor from 1.116x10' to 1.274x10'* s’!. Strong consistency exists in the kinetic

parameters of the three samples. The consistencies become more obvious on the TR curves
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of samples. The corresponding geological temperatures of the samples vary within just

4 °C at the given TR. Based on the close similarity in paleo-environment, kerogen
chemical compositions and kinetic parameters between the samples, an average kinetic
model of brackish-lacustrine source rocks in the southern Bohai Sea was established via
the weighted-average method. The average kinetic model reduces the difference and
integrates the characteristics of the three kinetic models. This model is still dominated by
an activation energy of 52 kcal/mol. The geological temperature span of the oil generation

phase for the average model is 92—-137 °C.
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Figure captions

Fig. 1. (a) Simplified geological map of the Bohai Sea (after Xu et al., 2018); (b) Detailed
geological map of the study area (modified from Zhang et al., 2017); (c) Cioss section
showing the structural framework of the study area (after Zhang et al., 2017). The full
names of the abbreviations in this figure are as follows: Q (Quaternary), Nm
(Minghuazhen Formation), Ng (Guantao Formation), Ed (Dongying Formation), Es; (First
member of Shahejie Formation), Es> (Second member of Shahejie Formation), Es3 (Third
member of Shahejie Formation), Es4 (Fourth member of Shahejie Formation), Ek

(Kongdian Formation).

Fig. 2. General Cenozoic stratigraphy of the study area (modified from Xu et al., 2018 and

Wei et al., 2018). Form.= Formation; Symb.= Symbol.
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Fig. 3. (a) HI vs Tmax diagram of the samples; (b) HI vs OI diagram of the samples

Fig. 4. (a—) correspond to the TICs of pyrolysates from sample D3, S1 and S3 at 650 °C;
(d—f) are the combined mass fragmentograms (m/z 78+91+128+142+156) of sample D3, S1
and S3, showing the distribution of aromatics in pyrolysates; circles: n-alkanes; triangles:
n-alkenes; squares: unresolved compounds; C, = alkane/ene doublets; B= benzene; T= toluene;
EtB= ethylbenzene; mXy= m-xylene; pXy= para-xylene; oXy= ortho-xylene; PrB=
propylbenzene; BuB= butylbenzene; MeN= methylnaphthalene; EtN= ethylnaphthalene;
DimeN= dimethylnaphthalene; AIB= long chain alkyl benzenes; (g), (h) and (f) are the mass

fragmentograms (m/z 217) of sample D3, S1 and S3, exhibiting the sterane distribution.

Fig. 5. Cumulative oil (Ci4+ fraction) yields with increasing temperature in pyrolysis
experiments (a) Cumulative Ci4+ yields at heating rate of 20 °C/h; (b) Cumulative Cis+

yields at heating rate of 2 °C/h;

Fig. 6. Best curve fittings and the kinetic parameter sets for the Ci4+ fraction
(a—c) represent the fitting curves and measured TR of sample D3, S1, S3, respectively;
(d—f) are the kinetic parameters (distribution of activation energies and frequency factor)

of sample D3, S1, S3, respectively.

Fig. 7. Comparison of activation energies between the average kinetic model and samples

in the southern Bohai Sea
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Table 1
Geochemical characteristics of samples

Sample D3 S1 S3
Well Name  HHK25-2-A HHK25-2-ALZW10-3-A
Depth (m) 2015-2030 2080-2095 2540-2555

Laver Eds Es: Es;3
TOC (wt%)* 33 2.8 43
HI (mg/g)? 613 601 559
OI (mg/g)* 33.6 28.3 20.1
S, (mg/g)? 20.1 16.9 24.0
S; (mg/g)? 1.1 0.79 0.86
Trnax (°C)? 427 427 431
Mean %Ro*? 0.39% 0.38% 0.37%
TOC (wt%)® 24.3 25.6 34.0

Note: “a” represents the original rock samples; “b” denotes kerogen samples

Table 2
Classification standard of paleo-environment

Classification standard Reference
Paleoclimate Warm and humid climate Hot and arid climate Tian and Zhang (2015)
Sr/Cu<10 Sr/Cu>10
Oxic Dysoxic Anoxic Euxinic Hatch and Leventhal
Paleoredox ) ) i )
V/V+ANiI< 0.46<V/V+Ni<0.6  0.54<V/V+Ni<0.82 V/V+Ni>0.84 (1992)

Brackish water (Mixohaline)  Euhaline Hyperhaline

Fresh water

Paleosalinity Oligohaline Mesohaline Polyhaline  water water Venice System (1958)

0-0.5ppt 05-5ppt 5-18ppt 18-30 ppt 3040 ppt  >40 ppt

Shore Shallow lake Semi-deep Deep lake
Paleowater Wang (2011)

depth 0-5m 5-30m 30-50 m >50 m Yang et al. (2015)




Table 3
Trace element content and calculation of paleo-water depth

Sample V Co Ni Cu Sr La B . SRL SR D
V/(V+Ni) St/Cu

name (pug/g) (ng/g) (ng/e) (ng/z) (ng/g) (ng/e) (ng/g) (mm/y) (mm/y) (m)

D3 999 144 369 395 768 458 402 073 194 0225 051 27

SI 893 150 356 353 734 459 468 0.71 20.8 0225 047 30

S3 999 16.0 423 347 594 404 353 0.70 17.1 0.225 040 38

Note: SRy range of normal lacustrine mudstone is between 0.15 and 0.3 mm/y (Zhang et al., 2011). As
we do not have the accurate SRy data, the middle value of the SRy range (i.e. 0.225 mm/y) is assumed
to be the SRy in this study. D refers to the water depth (m).



Table 4
Results of XRD and calculation of paleosalinity

Clay Clay mineral content (%)
Sample B Beorrect Bclay Bk Sp
content
name ) I K C 1S(S% T S (ng/g) (ng/g) (ng/g) (ng/z) ppt
0
D3 48.7 27.0 7.0 1.0 650(¢40) 660 260 402 222 456 141 6.5
S1 54.9 29.0 13.0 0.0 58.0(40) 63.8 232 468 288 525 167 74
S3 51.8 350 6.0 2.0 57.0(40) 692 228 353 173 334 102 50

Note: I - illite; K - kaolinite; Ch - chlorite; S - smectite; I'- calculated illite; S'- calculated smectite; B-
measured boron abundance in rock sample; Beorrect- corrected boron abundance in rock sample in which
inherited B is subtracted (Bcorrect = Brock — Binherited); Belay- boron abundance in clay fraction (Belay =
Beorreet/Clay mineral content); By - the abundance of boron absorbed in kaolinite; S, — palacosalinity in

parts per thousand.



Table 5

Parameters for analysis of the pyrolysate composition

Number Sample Sample Sample
Parameter
D3 S1 S3

1 CeCo (aliphatic)/Ce—Cao (aliphatic) 0.68  0.65 0.67

2 Cy—Cy (aliphatic)/Cs—Co9 (aliphatic) 0.32 0.35 0.33
3 Toluene/n-Cs (alkane + alkene) 2.30 2.45 2.72
4 Toluene/Total monoaromatics 0.42 0.43 0.47
5 Benzene/Total monoaromatics 0.10 0.24 0.16
6

Prist-1-ene/n-Ci7 (alkane + alkene)  0.47 0.38 0.34

Note: Parameters are calculated from peak areas in mass fragmentograms for m/z 85 (alkanes), m/z 83
(alkenes), m/z 78 (benzene), m/z 91 (toluene) and m/z 91 (monoaromatics); Aliphatics = n-alkanes +

n-alkenes.



Table 6
Liquid hydrocarbon products of immature kerogens at different heating rates and temperatures

Heating rate Temperature Cis+ (mg/g TOC)
(°C/h) (°C) Sample D3 Sample S1 Sample S3
330 168 168 166
340 226 216.71 216
350 287 270.68 286
360 345 * 354
370 386 369 411
20 380 427 419 467
390 458 456 523
400 432 438 487
410 376 357 410
420 339 300 321
430 286 255 258
440 242 197 185
290 133 125 130
300 177 172 185
310 225 218 232
320 285 273 290
330 339 324 353
) 340 407 376 414
350 447 441 485
360 425 427 466
370 389 351 427
380 337 300 362
390 293 251 291
400 258 178 223

Note: Easy%Ro values in this table are calculated according to the method proposed
by Sweeney and Burnham (1990). “*” in this table means the data were not obtained
because of leakage of the gold tube during pyrolysis.



Table 7

Kinetic parameters for oil generation of source rock in the southern Bohai Sea

Sample D3 NI S3 Average model
Frequency factor (S™) 1.121x10™ 1.116x10" 1.274x10" 1.180x10"
Activation energy Ea (kcal/mol) Reaction (%) Reaction (%) Reaction (%) Reaction (%)
44 0.00 0.00 0.01 0.00
45 0.00 0.00 0.00 0.00
46 6.96 3.78 0.4 3.50
47 16.01 18.09 19.59 17.99
48 0.00 0.00 0.00 0.00
49 22.4 29.22 20.27 23.45
50 12.77 0.00 9.03 7.76
51 0.00 0.00 0.00 0.00
52 41.86 48.9 50.69 47.28

Average of Ea (kcal/mol) 49.85 50.00 50.20 50.03
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