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The study on hydrocarbon generation, expulsion, and retention of shale is becoming more
and more important as the exploration of unconventional oil and gas worldwide. There are
multiple sets of lacustrine shales in the eastern area of China, which show a great potential
for shale oil/gas exploration. In this study, a grain-based Rock-Eval pyrolysis method was
conducted on three sets of lacustrine shales, including the Nenjiang shale, Shahejie shale,
and Maoming oil shale, to evaluate the hydrocarbon generation, expulsion, and retention.
For comparison, pyrolysis of kerogen from the three shale samples was also carried out
under the same experimental conditions. The Maoming oil shale showed a slightly broader
distribution of activation energies than the Nenjiang and Shahejie shales, while the Nenjiang
shale showed higher dominant activation energy than the Shahejie shale and the Maoming
oil shale. At laboratory heating rates (5-25°C/min), the corresponding temperature to the
maximum hydrocarbon generating rate of shale grains was collectively higher than that of
their kerogen, especially for the Nenjiang and Shahejie shales, which implies a lagging
effect during the hydrocarbon generation and expulsion process for the shales. By
calculating the differences in hydrocarbon yields between shale grain and kerogen
samples, the content and proportion of the retained hydrocarbons were measured at
different maturation stages. The results showed that the Nenjiang shale from the Songliao
Basin has the strongest retention ability but the weakest expulsion ability, whereas the
Shahejie shale from the Dongying Depression has the strongest expulsion ability but the
weakest retention ability among the three samples. Moreover, it is found that the pore
structure of lacustrine shales is likely the principal factor controlling the hydrocarbon
retention ability/capacity. This study is expected to provide a geochemical quantitative
basis for evaluating hydrocarbon generation, expulsion, and retention of shale.
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INTRODUCTION

The increased demand for fossil energy and continuous depletion
of conventional oil and gas resources have raised great attention
to unconventional energy resources in the recent decade (Bowker,
2007; Jarvie et al., 2007; Tang et al., 2014; Wang et al., 2015; Jia,
2020). Inspired by the great success of shale gas exploration and
development in North America, many countries such as China,
India, Poland, South Africa, Australia, Ukraine, and
United Kingdom are urgent to evaluate their shale gas
resources to cope with the growing energy demand (Zou et al,,
2010; Badics and Vet6, 2012; Horsfield and Schulz, 2012; Ji et al.,
2014; Wang et al., 2014; Wang et al., 2015; Cheng et al., 2019;
Cheng et al., 2022).

Shales, the main reservoir for oil and gas resources, have been
the major subject of the unconventional oil/gas study (Xie et al.,
2016). Organic-rich and low-thermal mature lacustrine shales
that are widely distributed in China have been regarded as the
main target rocks for shale oil resources, especially for the light
shale oils with high recovery efficiency (Yang et al., 2005; Hanson
et al., 2007; Hu et al., 2008; Liu et al., 2010; Li et al., 2012; Lamei
et al, 2013; Tang et al, 2014; Peng and Jia, 2021). Some
breakthroughs have been made in continental shales in China,
especially marked by the success of well Liuping 177 drilled in
Zhangjiatan shale of the Triassic Yanchang Formation in Ordos
Basin (Guo et al., 2014; Ji et al., 2014; Yu et al., 2017). In recent
years, numerous studies have been conducted on unconventional
shale oil resources, and many of them are devoted to the resource
potential assessment of lacustrine shales (e.g., Wang et al., 2015;
Wang etal., 2019; Li et al., 2022; Wang et al., 2022). Therefore, the
resource assessment of shale gas/oil is a key problem in the
exploration of unconventional oil/gas (Cheng et al., 2017, 2018;
Jin et al, 2021). The methodology of lithology, organic
geochemistry, or petroleum geology has been applied in the
assessment of shale oil potential and its controlling factors (Li
et al,, 2020, 2021). For example, Li et al. (2020) studied the fine-
grained sedimentary rocks of the Eocene Shahejie Formation by
combining mineralogy and organic geochemistry and showed
that complex lithologies of the rocks control their shale oil
potential.

Our previous work (Liao et al., 2018) suggested that grain-
based Rock-Eval pyrolysis is an efficient method to evaluate the
evolution of hydrocarbon generation, expulsion, and retention. It
is suggested that the hydrocarbon yield of kerogen represents the
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total content of hydrocarbon generation of organic matter, while
the hydrocarbon yield of shale grains represents the content of
hydrocarbon expulsion. Hence, the retention content of grains is
recognized as the difference between the total content of
hydrocarbon generation of kerogen and the content of
hydrocarbon expulsion of grains (Cornford et al., 1998). This
may provide an efficient method for evaluating the characteristics
of hydrocarbon generation, expulsion, and retention of shales by
the grain-based Rock-Eval pyrolysis method. In the present study,
we investigated shale grain and kerogen samples derived from
three low mature lacustrine shale samples from the Songliao
Basin, the Dongying Depression, and the Maoming Basin. The
Rock-Eval pyrolysis results at different heating rates were
calculated to reveal the kinetic parameters, and thus
extrapolated to geological conditions. The evolutions of
hydrocarbon  generation,  expulsion, and  retention
characteristics of the lacustrine shales, as well as the main
factors controlling hydrocarbon expulsion and retention, were
further explored.

SAMPLES AND EXPERIMENTS

Samples
Overall three organic-rich lacustrine shale samples from China
were selected for kinetic analysis. Nenjiang (NJZ) is an outcrop
sample of the Late Cretaceous Nenjiang Formation (K,n,),
collected from the Songliao Basin. Shahejie (SHJ) belongs to
the Lower Paleocene Shahejie Formation (Es;), collected from the
Dongying Depression of Bohai Bay Basin. Maoming (MM) is an
outcrop oil shale of Eocene to the Oligocene Youganguo
Formation (E,3y) from the Maoming Basin (Brassell et al,
1986). The geochemical data for the source rocks are
presented in Table 1. The samples were prepared into two
forms including grains (diameter of 4 mm) and kerogen for
Rock-Eval temperature-programmed pyrolysis. Details on
sample preparation can be found in our previous work (Liao
etal,, 2016, 2018). In brief, samples were taken from a single rock
using a micro-drilling method along a vertical direction to avoid
or minimize the heterogeneity across different lamellar layers.
The results of hydrogen index (HI) versus T, from NJZ
shale, SHJ shale, and MM oil shale collected from different basins
are plotted in the diagram to determine the kerogen type and
maturity by the method of Mukhopadhyay et al. (1995). As is

TABLE 1 | Geochemical data for samples used in the pyrolysis study.

Sample Location Form S, S,
(mg/ (mg/

9) g)
NJZ Songliao Basin Grain 0.11 10.29
Kerogen 8.65 414.24
SHJ Bohai Bay Basin Grain 0.32 16.35
Kerogen 8.19 229.68
MM Maoming Basin Grain 1.85 162.95
Kerogen 2.92 255.84

HI (mg/ Tmax TOC (%) R, Kerogen
g (C) (%) type
TOC)

415 433 2.48 0.52 |

659 432 62.86

564 426 2.72 0.45 Il
589 421 39.02

564 429 28.88 0.43 |

654 427 39.1

TOC: total organic carbon; S;: free hydrocarbons; Sy: pyrolysis of hydrocarbons; Tmax: Pyrolysis temperature at maximum hydrocarbon generation; R,: vitrinite reflectance (%).
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FIGURE 1 | Hydrogen index (HI) plotted versus Ty values modified
from Shalaby et al. (2011).

shown in Figure 1, three samples are generally plotted in the
immature zone comprising type I and type II kerogen. NJZ shale
and MM oil shale were assigned relatively higher HI of type I
kerogen while SHJ shale was the lower HI area of type II kerogen.
The total organic carbon (TOC) analysis shows high TOC values
for the shale samples, with the values being 2.48, 2.72, and 28.88%
for NJZ, SHJ, and MM shales. The maturity rates (%R,,) for the
three shale samples are 0.52, 0.45, and 0.43%, respectively
(Table 1). Therefore, the shale samples with higher TOC
contents and lower maturities are suitable for in-laboratory
simulation.

Rock-Eval Temperature-Programmed
Pyrolysis

Rock-Eval temperature-programmed pyrolysis was performed
using an Rock-Eval 6 instrument. Samples were pyrolyzed at a
temperature range of 300-650°C with heating rates of 5°C/min,
15°C/min, and 25°C/min, respectively. Pyrolysis parameters
including TOGC, S;, S,, and T, (temperature of maximum
pyrolysis yield) were measured. HI was calculated by the
formula S, x 100/TOC as described by Espitalié et al. (1977),
Peters and Cassa (1994), and Shalaby et al. (2011). The
experiment procedures have been described in detail by Liao
et al. (2018). Based on the Rock-Eval pyrolysis results, the kinetic
parameters were further calculated by the method of Liao et al.
(2018). In brief, kinetic parameters (discrete activation energy
and frequency factor) for grains and kerogen were calculated by
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Kinetic 2000 software. Assuming parallel first-order reactions
with a single frequency factor and activation energies, different
heating rates were used to achieve optimal values. Optimization
results in a best fit for calculated curves and measured curves
(Han et al,, 2014). In addition, the activation energy obeys the
discrete distributed model (Miura, 1995).

RESULTS AND DISCUSSION

Characteristics of Hydrocarbon Generation

and Expulsion
Figures 2-4 show the hydrocarbon generation rates and yields of
grains and kerogen from NJZ shale, SHJ shale, and MM oil shale
as a function of pyrolysis temperature at each heating rate,
respectively. The pyrolysis characteristics of grains and
kerogen are similar to those of Pingliang marine shale and
Yanchang lacustrine shale in Liao et al. (2018), all showing
that the total amount of hydrocarbon generation is identical
regardless of the pyrolysis heating rate for each sample (Behar
et al., 1992). Figure 5 shows the hydrocarbon generating rates of
grains and kerogen for each sample at different heating rates. It is
apparent that the corresponding pyrolysis temperatures to the
maximum hydrocarbon generating rates for grain samples are
collectively higher than those for corresponding kerogen samples,
that is, the temperatures of shale grains are respectively 7°C, 6,
and 9°C higher than its kerogen for NJZ shale at the heating rates
of 5°C/min, 15°C/min, and 25°C/min while 8°C, 8, and 9°C for SHJ
shale and 5°C, 2 and 3°C for MM oil shale. It is generally proposed
that kerogen pyrolysis can represent the hydrocarbon generation
of pure organic matter, while grain pyrolysis can represent both
generation and expulsion processes of source rock (Inan et al.,
1998; Liao et al., 2018). As a consequence, the generated
hydrocarbons cannot be expelled out in time which gives rise
to a lagging effect (Inan et al., 1998). The results also show that
both NJZ shale and SHJ shale show a larger lagging effect (i.e.
slower hydrocarbon expulsion) than MM oil shale at different
heating rates. This indicates that the lagging effect varies among
different shale samples, possibly due to the differences in
mineralogical composition and organic content of the shales.
There are significant differences in the hydrocarbon yields of
grains and kerogen for the shale samples at various heating rates
(Figure 6). Taking 15°C/min as an example, the differences in
total yield between grains and kerogen are 267 mg/g TOC for NJZ
shale, 67 mg/g TOC for SHJ shale, and 134 mg/g TOC for MM oil
shale, indicating distinct retention/adsorption capability for the
shales. The NJZ shale shows the strongest retention capability
among the three shale samples, followed by MM oil shale, and
SHJ shale is the weakest.

Activation Energy Distributions

Figure 7; Table 2 show the activation energy distributions as well
as the frequency factor (A) for grains and kerogen from NJZ, SHJ,
and MM shales, respectively. The kinetic calculation was shared
with a given frequency factor A = 1.98Ex10'> s™' (Wang et al.,
2006; Han et al., 2014). For NJZ shale, the discrete activation
energy distribution ranges from 38 to 60kcal/mol and
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FIGURE 2 | Hydrocarbon (HC)-generating rates and hydrocarbon yield of grain and kerogen from NJZ shale as a function of pyrolysis temperature at different
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FIGURE 3 | Hydrocarbon (HC)-generating rates and hydrocarbon yield of grain and kerogen from SHJ shale as a function of pyrolysis temperature at different
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38-59 kcal/mol for grains and kerogen, respectively. In addition,
the grains and kerogen exhibit the same dominant activation
energy (Enax) of 48 kcal/mol. The discrete activation energy
distributions of SHJ shale display an identical range of
38-58 kcal/mol for grains and kerogen, with their E,, values
being 48 kcal/mol and 47 kcal/mol, respectively. Similarly, the
discrete activation energy distributions for grains and kerogen of
MM oil shale are in the range of 38-61 kcal/mol and 38-58 kcal/
mol, and E,.. values are 48kcal/mol and 47 kcal/mol,
respectively. In comparison, NJZ kerogen show relatively
higher E,.. suggesting a higher hydrocarbon generation
threshold relative to SHJ and MM kerogen. This implies that
SHJ shale and MM oil shale need relatively lower energy to
commence hydrocarbon generation but relatively higher energy
for hydrocarbon expulsion, while NJZ shale requires higher
energy for both processes.

Geological Implications

The kinetic parameters were extrapolated to a “hypothetical”
geological heating rate of 3°C/Ma (Schenk et al., 1997). Figure 8;
Table 3 show the conversion rate versus geological temperature
and maturity (%R,) for grains and kerogen of NJZ shale, SHJ
shale, and MM oil shale. The corresponding maturity (geological
temperature) rates to the main hydrocarbon generation period
(MHGP) for the NJZ grain and kerogen samples are in the range
of 0.63-0.91% (110-145°C) and 0.61-0.80% (108-134°C),
respectively. Similarly, the corresponding maturity rates

(geological temperature) to the MHGP for SHJ grain and
kerogen samples are 0.58-0.88% (106-142°C) and 0.54-0.77%
(103-131°C), while 0.55-0.86% (104-140°C) and 0.55-0.84%
(104-138°C) for MM oil shale. NJZ grains and kerogen exhibit
higher maturities and geological temperatures than those for SHJ
and MM shales, which is indicative of a later hydrocarbon
generation and expulsion. Furthermore, MM grains and
kerogen show the broadest range of maturity and geological
temperature among these samples, while those for both NJZ
and SHJ shales become progressively narrower. This may indicate
that MM oil shale enjoys the longest hydrocarbon generation and
expulsion period.

Figure 9 shows the hydrocarbon expulsion rates for grains and
kerogen of three samples at a geological heating rate of 3°C/Ma.
The grains and kerogen of all shale samples show a typical single
hydrocarbon expulsion peak with the increase of temperature.
The corresponding maturities (geological temperatures) to the
maximum hydrocarbon expulsion rates for the NJZ grain and
kerogen samples are both 0.76% (130°C), while those for the SHJ
grain and kerogen samples are, respectively, 0.75% (129°C) and
0.74% (127°C) and for the MM grain and kerogen samples both
are 0.74% (127°C). In comparison to the SHJ shale and the MM
oil shale, the NJZ shale shows a relatively higher maturity when
reaching the maximum hydrocarbon expulsion rate, which
suggests its higher threshold for hydrocarbon expulsion.

With regard to hydrocarbon retention of shale, the calculation
method for hydrocarbon retention content and retention
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proportion has been described in detail by Liao et al. (2018). Also,
a detailed discussion of hydrocarbon generation stages (i.e. stage I
and stage II) is presented in our previous work (Liao et al., 2018),
in which stage I represents the stage after the peak of hydrocarbon
generation and stage II represents the stage after second cracking.

Figure 10; Table 4 show the evolution of hydrocarbon
generation, expulsion, and retention for three samples at a
geological heating rate of 3°C/Ma. At a stage, I (R, = 1%), the
hydrocarbon yields for NJZ grains and kerogen are 384.71 mg/g
TOC and 659.65mg/g TOC, respectively. Similarly, the
hydrocarbon yields for SHJ grains and kerogen are 515.61 mg/
g TOC and 573.58 mg/g TOC while those for MM oil shale are
551.08 mg/g TOC and 683.50 mg/g TOC, respectively. As the
difference in hydrocarbon yields between shale grain and kerogen
samples is recognized as the hydrocarbon retention content of the
shales (Cornford et al., 1998), the content and proportion of the
retained hydrocarbons could be calculated based on the
hydrocarbon yields. The hydrocarbon retention content and
the retention proportion for NJZ shale are 274.94 mg/g TOC
and 41.68%, while 57.97 mg/g TOC and 10.11% for SHJ shale and
132.42 mg/g TOC and 19.37% for MM oil shale, respectively.
Similarly, at stage II (R, = 3%), the retention content and
proportion for NJZ shale are 264.82 mg/g TOC and 39.01%,
while 38.03mg/g TOC and 6.53% for SHJ] shale and

133.26 mg/g TOC and 18.78% for MM oil shale, respectively.
By comparison of the hydrocarbon retention data, it offers us an
opportunity to estimate the retention ability of shale samples.
Taking Yanchang Formation (YC-L) into consideration (Liao
et al., 2018), NJZ shale has the highest retention content among
these shale samples while those for MM oil shale, YC-L shale, and
SHJ shale become progressively lower at both stage I and stage II.
This may suggest that NJZ shale from the Songliao Basin is of the
strongest retention ability but of the weakest expulsion ability for
prevalent continental shales in China. However, SH]J shale from
the Dongying Depression has stronger hydrocarbon expulsion
ability but weaker hydrocarbon retention ability.

Analysis of Influencing Factors of

Hydrocarbon Expulsion and Retention

Pore structure parameters, such as pore volume, special surface
area, porosity, permeability, and pore size diameter, are available
for the evaluation of natural gas reservoirs (Chalmers and Bustin,
2007; Ross and Bustin, 2009; Chalmers et al., 2012; Mastalerz
et al, 2012; Zhang et al,, 2017a, 2017b). For example, many
previous studies suggested that the abundance of pores in shales is
mainly controlled by the compositions of minerals and organic
matter (Loucks et al., 2012; Ma et al., 2015; Xiong et al., 2015; Li
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FIGURE 6 | Hydrocarbon yield of grain and kerogen for NJZ shale, SHJ shale, and MM oil shale at the heating rates of 5°C/min, 15°C/min, and 25°C/min.
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FIGURE 7 | Distribution of activation energies with the universal frequency factor (A) for grain and kerogen from NJZ shale, SHJ shale, and MM oil shale.

etal, 2016; Han et al., 2019). Therefore, X-ray diffraction analysis
of whole rock was performed with the shale samples in this study.
The major minerals for the shale samples including YC-L shale
are divided into two types, one is clay minerals and the other is
brittle minerals. Table 5 shows the contents of clay minerals and
brittle minerals for these shale samples. The contents of brittle

minerals for NJZ, SHJ, MM, and YC-L shales are 57.3, 50.9, 28.7,
and 60.0%, while those of clay minerals for the samples are 42.7,
49.1, 71.1, and 40.0%, respectively. The mineralogical data shows
that MM oil shale has the lowest brittle mineral content but the
highest clay mineral content, while the other shale samples have
almost similar contents of brittle and clay minerals. A study by
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TABLE 2 | Kinetic parameters obtained from Rock-Eval pyrolysis for grains and kerogen from NJZ shale, SHJ shale, and MM oil shale.

Sample Form E, range (kcal/mol) Epax (kcal/mol) A(s™)
Nenjiang Grain 38-60 48 A=198x10"%s""
Kerogen 38-59 48
Shahejie Grain 38-58 48
Kerogen 38-58 47
Maoming Grain 38-61 48
Kerogen 38-58 47
A'is a frequency factor; E, is activation energy; Enay is the activation energy for maximum petroleum potential.
R, (%) (%) R, (%)
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FIGURE 8 | Conversion rate versus geological temperature and maturity for three samples at a geological rate of 3°C/Ma.

TABLE 3 | Division of the main hydrocarbon generation period of three samples.

Sample Form Main hydrocarbon generation
period
R, (%) T (°C)
NJZ Grain 0.63-0.91 110-145
Kerogen 0.61-0.80 108-134
SHJ Grain 0.58-0.88 106-142
Kerogen 0.54-0.77 103-131
MM Grain 0.55-0.86 104-140
Kerogen 0.55-0.84 104-138

The diivision of the main hydrocarbon generation period (MHGP) was explained in detail in
Liao et al. (2018).

Ross and Bustin, (2008) suggested that the content of clay
minerals might affect the hydrocarbon expulsion of source
rock. However, it is found that the retention content and
retention proportion of MM oil shale with the highest
abundance of clay minerals show a very slight difference
compared with SHJ shale and YC-L shale having a relatively
low abundance of clay minerals. It is worth noting that the
retention content and retention proportion vary vastly among
NJZ, SHJ, and YC-L shales, although there is little difference in
the mineralogical compositions between them. This may suggest
that mineralogical composition is not responsible for the
hydrocarbon retention capacity for the shales in this study.
The reservoirs of NJZ shale are of ultra-low porosity and of
ultra-low permeability (Wang, 2014). The porosity of NJZ shale is
ranged from 3.67 to 5.15% with an average of 4.36%. The pore
diameter is ranged from 1 to 3 um (only a few of them reach

R, (%)
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FIGURE 9 | Expulsion rates for three samples at a geological heating rate
of 3°C/Ma.

4-5um). The permeability is ranged from 0.00054 x 107> to
0.006515 x 107> um® SHJ shale has a relatively larger pore
diameter and higher permeability. The pore diameter for SHJ
shale ranges from 44 to 250 nm with an average of 76 nm, the
porosity from 0.5 to 9.8%, with an average of 5.6%, and the
permeability from 0.06 x 107 to 1.60 x 107> ym?* (Zou et al,,
2011). The porosity of YC-L ranges from 0.5 to 3.5%, and about
70% of YC-L shale contains a permeability of less than 0.01 x
10~ um”®. The pore diameter typically ranges from 6 to 9 nm with

Frontiers in Earth Science | www.frontiersin.org

June 2022 | Volume 10 | Article 921806


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Liao et al.

Pyrolysis Method on Shale Evaluation

R, (%) R, (%) R, (%)
5 0.20 0.73 099 1.43 201 2.72 347 5) 0.20 0.73 0.99 1.43 2.01 2.72 3.47 5 0.20 0.73 099 1.43 2.01 2.72 3.47
5 800 — 3 700 — o 800 =
: 7001 NIZ e ;600 SEE e 2700 R
CED 600 i é 500 # :EfGOO ",'
5 500 . S 400 ; < 500
2 400 i 2 % 2 400 /
= 300 S e 3009 £3001{
£ 200 / -.-Kerogen E 2001 -.-Kerogen 22001 -.-Kerogen
g 100 i — Grain S 1004 7 —Grain S 10018 — Grain
2 ok 5 ofF 3 0
T 100 125 150 175 200 225 250 = 100 125 150 175 200 225 250 T 100 125 150 175 200 225 250
Geological temperature (C) Geological temperature (C) Geological temperature ('C)
FIGURE 10 | Characteristics of hydrocarbon generation, retention, and expulsion for three samples at a geological heating rate of 3°C/Ma.
TABLE 4 | Amount of hydrocarbon generation, retention, and expulsion for three samples in stage | (R, = 1%) and stage Il (R, = 3%).
Ro=1% R, = 3%
Samples Form Hydrocarbon Retention (mg/ Retention Hydrocarbon Retention (mg/ Retention
yield (mg/g TOC) g TOC) proportion (%) yield (mg/g TOC) g TOC) proportion (%)
NJZ Grain 384.71 274.94 41.68 414.08 264.82 39.01
Kerogen 659.65 — — 678.90 — -
SHJ Grain 515.61 57.97 10.11 543.97 38.03 6.53
Kerogen 573.58 — — 582.00 — -
MM Grain 551.08 132.42 19.37 576.30 133.26 18.78
Kerogen 683.50 — — 709.56 — —
YC-L Grain 338.59 66.92 16.50 375.09 70.66 15.85
Kerogen 405.51 — — 445.75 — —
The data of YC-L were obtained from Liao et al. (2018).
TABLE 5 | Main mineral contents of four shale samples.
Sample Brittle mineral Clay mineral
Component Proportion (%) Component Proportion (%)
NJZ Quartz, calcite, and microcline 57.3 lllite and chlorite 42.7
SHJ Quartz, calcite, and dolomite 50.9 Kaolinite and illite 49.1
MM Quartz and pyrite 28.7 Kaolinite, montmorillonite, and illite 711
YC-L Quartz, pyrite, microcline, and calcite 60.0 lllite, montmorillonite, kaolinite, and chlorite 40.0
an average of 7.2 nm (Gao et al, 2014; Dai et al,, 2016), which ~ hydrocarbon expulsion ability, whereas NJZ shale has the
belongs to ultra-low permeability and low porosity shale (Zeng  lowest pore size and permeability and the weakest

et al., 2008). For MM oil shale, the pore size ranges from 0.35 to
200 nm (Gao et al., 2016), and the porosity ranges from 13 to 24%
with an average of 17% (Li, 2016). The fissure of MM oil shale is
barely developed due to less mechanical compaction/
consolidation in the late stage of diagenesis (Li, 2016). At this
stage, shales are immature even if they have high organic carbon
contents. As a consequence, the MM oil shale exhibits a relatively
weak hydrocarbon retention capacity. This may indicate that the
discrepancy in hydrocarbon retention ability/capacity is mainly
attributable to the pore structure (porosity and permeability) of
lacustrine shales in China. The results also reveal that high pore
diameter and permeability facilitate strong ability of hydrocarbon
expulsion from the lacustrine shales, that is, SHJ shale has the
highest pore diameter and permeability and the strongest

hydrocarbon expulsion ability.

CONCLUSION

Overall, three sets of lacustrine shales from continental basins in
China were investigated by a grain-based Rock-Eval pyrolysis
method to reveal the evolution characteristics of hydrocarbon
generation, expulsion, and retention of the shales. The pyrolysis
and kinetic parameters showed that the Nenjiang shale has a
relatively higher generation threshold than the Shahejie shale and
Maoming oil shale while extrapolating to a geological heating rate
of 3°C/Ma. Both the Shahejie shale and the Maoming oil shale
need lower energy for hydrocarbon generation but higher energy
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for hydrocarbon expulsion, while the Nenjiang shale requires
higher energy for both processes.

By comparison of the pyrolysis results of shale grain and
kerogen samples, the retention content and proportion of the
shales were estimated approximately. The Nenjiang shale has the
highest hydrocarbon retention content and retention proportion,
followed by the Maoming oil shale, the Yanchang shale, and
Shahejie shale. At the earlier maturation stage (R, = 1%), the
retention proportions for the Nenjiang, Shahejie, and Maoming
shale samples were estimated as 41.68, 10.11, and 19.37% and
then changed to 39.01, 6.53, and 18.78% at the advanced
maturation stage (R, = 3%), respectively. This indicates that
the Nenjiang shale from the Songliao Basin has the strongest
retention ability but the weakest expulsion ability, while the
Shahejie shale from the Dongying Depression has the
strongest hydrocarbon expulsion ability but the weakest
hydrocarbon retention ability. Furthermore, the hydrocarbon
retention capacity of lacustrine shales may largely depend on
the pore structure (porosity and permeability) of the shales,
rather than the compositions of the minerals and organic
matter therein.
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