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ABSTRACT

Lacustrine shale oil resources are abundant and play important roles in maintaining a sustainable economy. The
uncertainty in the movable oil content of organic-rich shales with strong heterogeneity is the greatest risk in their
exploration. Various methods exist for movable oil content evaluation, but they present many challenges,
especially insufficient accuracy, complicated test procedures, high costs, and limited application. In this study, an
extensive review of the theories, techniques, and methods of movable oil content evaluation and their merits and
demerits for lacustrine shales were conducted. Then, taking the lacustrine shale of the Paleogene Shahejie
Formation (50.5-33 Ma) of the Dongpu Depression, Bohai Bay Basin, as an example, the multi-step Rock-Eval
pyrolysis method combined with light hydrocarbon calibration was utilized to evaluate the movable oil content
Subsequently, key factors controlling movable oil content were investigated, including organic matter richness,
type, and thermal maturity, quartz content, clay mineral content, pore volume, and specific surface area. Both
the systematic cluster analysis results and regression standardization coefficients indicate that the total organic
carbon content, pore volume, and specific surface area are the main controls on movable oil content. Finally, a
quantitative estimation model for movable oil content was established and validated using a statistical product
and service solutions modeling. This study improves the understanding of shale oil enrichment laws and provides
a novel and practical quantitative model for movable oil content estimation in lacustrine organic-rich shales
across the world.

1. Introduction

prices, investors are increasingly focusing on shale oil (Kirschbaum and
Mercier 2013). In the last decade, the “shale oil revolution” in the US has

Oil and gas are the most important primary energy sources in the
world, and it is expected that in 2040, oil and gas will continue to ac-
count for more than 50% of the global primary energy supply (Exxon,
2018; EIA 2019a). In the context of the conventional oil and gas resource
shortage, this energy balance will potentially be maintained mainly by
shale oil and gas contributions (Hughes, 2013; Hopkins 2017). Inspired
by the development of shale gas and the impact of lower natural gas

had profound implications for the US economy (Manescu and Nuno
2015; Exxon, 2018). Although the US is most likely to be the dominant
shale oil producer for the next decade, recoverable shale oil resources
outside the US are estimated to be five times that of the US (EIA, 2013;
Manescu and Nuno 2015). Accelerating shale oil utilization may be a key
factor of guaranteeing a sustainable global oil energy supply (Hughes,
2013; Hopkins 2017; Jin et al. 2019; Zhao et al., 2020a).
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Fig. 1. Occurrence state model of adsorbed oil, free oil, swelling oil, and dissolved oil in shales.

The total amount of shale oil on Earth is considerable (EIA, 2013,
2019a; Manescu and Nuno 2015; Jin et al. 2019; Zhao et al., 2020a, b).
However, shale oil utilization has been successful only in North Amer-
ica. The US produced 2.349 billion barrels of shale oil in 2018, ac-
counting for 64.7% of the total US oil production (EIA 2019b). US shale
oil production is expected to reach 9.46 million barrels per day (b/d) in
2040, accounting for 67.3% of the total US oil production (EIA 2019a).
Although other countries have abundant shale oil resources (Manescu
and Nuno 2015), they are in the preliminary stage of shale oil explo-
ration and development, and current production is limited (Jin et al.
2019; Zhao et al., 2020a, b). The successful exploration and develop-
ment of shale oil in the US is attributed to the shale oil being in mainly
tight sandstone or carbonate reservoirs that are interbedded with shale
in marine sediments; additionally, this shale oil has a relatively high
thermal maturity, high contents of light hydrocarbons, and a high
movable oil content (Jarvie, 2012, 2014; Kuhn et al. 2012; Larter et al.
2012). In contrast, shale oil in other countries, especially in China,
mainly occurs in relatively pure shale in lacustrine deposits (Song et al.
2013; Zhang et al. 2014). Due to greater sensitivity to high frequency
climatic variability and biota origins within lacustrine systems (Katz
1995; Katz and Lin 2014), lacustrine shales display strongly heteroge-
nous biota, mineral composition, and textures. Furthermore lacustrine
oils are waxier contain less but variable light hydrocarbons (Katz 1990;
Katz and Lin 2014). Therefore, compared with marine oil, lacustrine oil
is more viscous and hence less movable (Nie et al. 2016; Wang et al.
2019a). For example, in well Boyeping 1 in the Shengli Oilfield, after
two fracturing procedures, the initial daily oil yield was only 8.22 m®
and quickly reduced to 1.6 m®, the cumulative production was only
approximately 100 m® (Lu et al. 2016). The Biye HF1 well in the Biyang
Depression of the Henan Oilfield was the breakthrough well for lacus-
trine shale oil exploration in China and obtained a daily oil yield of 23.6
m® after staged fracturing, but the daily oil yield soon decreased to 1 m®.
In addition, the daily oil yields of well Biye HF2 decreased from an initial
yield of 32 m? to 1 m3 (Ma et al., 2012; Zhang et al. 2012). The limited
production might be related to the selection of poor drilling locations,
which are mainly due to a lack of understanding of shale oil enrichment
rules, especially movable oil content (Lu et al. 2016).

Generally, oil occurs in four states in shale: adsorbed, free, swelling,
and solution (O’Brien et al., 2002; Jarvie, 2012; Larter et al. 2012; Jiang
et al. 2016; Li et al. 2016a). The adsorbed oil exists in a high density
“solid-like” form through the interaction of van der Waals and Coulomb
forces at the surface of organic matter and minerals and has no fluidity
(Curtis, 2002a, b). Free oil occurs in large pores and fractures. Due to a
certain distance between the oil and minerals, it is not bound by

intermolecular interaction forces and occurs in pores and fractures in the
form of spherical oil droplets. Therefore, free oil can flow (O’Brien et al.,
2002). Swelling oil refers to the oil “embedded” in the organic matter
structures. The oil molecules are surrounded by kerogen molecules, and
cannot flow (Van 2000; Li et al. 2016a). Dissolved oil is mainly dissolved
in water and natural gas. However, due to the low water and gas con-
tents in shale and the extremely low oil solubility, the dissolved oil
content is limited and can be ignored (Zhang et al. 2014). Fig. 1 illus-
trates the four kinds of shale oil. Under current technical conditions,
only shale oil with a free state is a movable and exploitable resource
(Jarvie, 2012; Larter et al. 2012). For shale oil exploration, the movable
oil content in shale directly determines the enrichment degree of the
shale oil resources, and the higher the enrichment degree, the higher the
producibility will be (Jarvie, 2012; Larter et al. 2012). For the high wax
and viscous oil of the heterogenous lacustrine shales (Katz 1990; Katz
and Lin 2014), how much oil is movable? What are the factors that truly
influence the movable oil content? The answers to these two questions
influence how much of the lacustrine shale oil resources can be
extracted, given the available technology (Lu et al. 2016). Accurate
evaluation of the movable oil content is one of the key scientific prob-
lems that is required to be solve to achieve efficient exploration and
development of lacustrine shale oil. Some methods for movable oil
evaluation in lacustrine shale have been proposed by researchers, but
still have some limitations (Section 2).

Recently, large lacustrine shale oil resources were discovered in the
Paleogene organic-rich shales in the Dongpu Depression (DD), Bohai Bay
Basin, eastern China. These shales have the basic elements required for
conducting a movable oil evaluation. Since the oil discovery in Paleo-
gene shales in 1976, shale oil exploration has continued and many shale
cores samples have been collected. Also, a shale oil exploration well PS
18-1 exhibited excellent daily production of 430 m® in the Liutun Sag
(Zhang et al. 2015). However, in the same sag and formation, only weak
oil shows were observed in the PS 18-8 well, drilled only 800 m from the
PS 18-1 well. These results provide excellent targets for a comparative
study of the shale oil content. These shales are highly heterogeneous and
vary in lithofacies (Shao et al. 2018; Li et al. 2020b). The organic matter
richness, mineral and oil contents of this shale are significantly different
among the different lithofacies, so it is suitable for analyzing key factors
controlling oil content variability (Wang et al. 2015a, 2020a; Shao et al.
2018; Li et al. 2020a).

A brief review of the theories, techniques, and methods for movable
oil content evaluation and their limitations for organic-rich shales is
presented in this study. Following this review, the Paleogene shales in
the DD are used as an example of the multi-step Rock-Eval pyrolysis
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Fig. 2. Examples of oil crossover effect in productive marine shale oil plays (Lopatin et al. 2003; Jarvie, 2012).

method (MREPM) combined with light hydrocarbon calibration to
evaluate movable oil content. Key factors controlling of movable oil
content are identified. Using statistical product and service solutions
(SPSS) numerical modeling, a quantitative estimation model for
movable oil content was established and validated. This study improves
the understanding of oil enrichment rules in lacustrine shale oil plays
and provides a novel and practical model for movable oil content
evaluation based on existing big test data from lacustrine organic-rich
shales across the world. This model and its establishing procedures
can also be a reference for marine shale oil evaluation.

2. Review of movable oil content evaluation methods
2.1. Oil saturation index (OSI) method

The OSI (OSI = S1/TOC x 100, where TOC is the total organic carbon
content) index was first used for conventional oil and gas exploration in
North America. For a conventional reservoir, OSI values greater than
100 mg HC/g TOC indicate oil shows (Jarvie and Baker 1984; Behar
et al. 2002; Lopatin et al. 2003). Jarvie (2012) calculated the OSI values
of the producing layers in US shale oil plays and found that layers with
OSI values greater than 100 HC/g TOC have commercial potential
(Fig. 2) (Jarvie, 2012, 2014). Subsequently, he proposed that the oil
cannot migrate effectively with OSI values less than 100 HC/g TOC and
that oil is movable with OSI values higher than 100 HC/g TOC; this was
referred to as oil crossover effect (Jarvie, 2012). This method considers
two factors when the OSI values exceed 100 HC/g TOC: The oil
generated by the shale has met its residual adsorption capacity (Pepper
1992; Jarvie et al. 1995). @ The shale has open fracture networks that
facilitates oil flow (Jarvie, 2012, 2014). Therefore, OSI = 100 mg HC/g
TOC can be taken as the lower limit of shale oil mobility, and the excess
part to 100 mg HC/g TOC is the movable oil content. At present, the OSI
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method has achieved excellent results in marine systems (Jarvie, 2012,
2014) and has also been applied to lacustrine systems, such as the
Songliao (Cao et al., 2017), Junggar (Hu et al. 2018a), and Bohai Bay
Basins (Wang et al. 2015a, 2015c).

However, the OSI method has four limitations: =~ Compared with
marine shales, lacustrine shales are highly heterogeneous (Katz and Lin
2014; Zou et al. 2019). When the pyrolysis S; and TOC are both low, the
OSI can exceed 100 mg HC/g TOC. @ The 100 mg HC/g TOC was
proposed based on statistical analyses of marine shale oil yield data, but
there are many factors affecting shale oil mobility, such as organic
matter richness, type, and thermal maturity, mineral composition, shale
textures, and pore space characteristics, which are significantly different
among shales of different lithofacies. Therefore, it is improper to use a
constant to evaluate the threshold of movable oil content of heteroge-
neous lacustrine shales. Some studies showed that the residual oil con-
tents in lacustrine shales vary greatly, ranging from 30 to 180 mg HC/g
rock (Philippi 1965; Hunt 1967; McAuliffe 1978; Xue et al. 2015), even
reaching 200 mg HC/g rock (Pepper and Corvi, 1995, b).

2.2. Grading evaluation method (GEM)

Shale is more difficult to exploit than conventional reservoirs
because of low porosity and low permeability. Previous studies mainly
utilized the GEM to evaluate lacustrine shale oil resources. Zhang et al.
(2012) proposed classification standards for grading lacustrine shale oil
resource in terms of thickness, TOC, thermal maturity, burial depth, oil
content, frackability, and formation pressure. Specifically, oil content of
0.10%-0.15%, 0.15%-0.20%, and greater than 0.20% indicate pro-
spective, favorable, and excellent shale oil resource (Zhang et al. 2012).
Whereas these standards lack the support of practical data (Lu et al.
2012).

Lu et al. (2012) analyzed the geochemical parameters of shale oil
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Fig. 3. The grading evaluation standards for shale oil resources by using the “trichotomy” of the correlation between oil content (pyrolysis S; or rock extracts) and
TOC contents. (a) and (b) Qingshankou Formation shales in the southern Songliao Basin (Lu et al. 2012); (c¢) Lucaogou Formation shales in Jimusar Sag in Junggar

Basin (Hu et al. 2018a).
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Peng et al. 2016). Qp = hydrocarbon generation amount; Q.

amount of hydrocarbon expelled; Q,

amount of residual hydrocarbon; Q,;,, = minimal amount of

hydrocarbon needed to saturate the source rock porosity; Qe = amount of hydrocarbon dissolved in water; Q.q = amount of hydrocarbon diffused out of source rock;
Qs = amount of hydrocarbon expelled in separate phase; Q.- = amount of hydrocarbon expelled in early expulsion; Qe = amount of hydrocarbon dissolved in water
in early expulsion; and Q.g = amount of hydrocarbon diffused out of source rock in early expulsion. (¢) and (d) Movable oil contents evaluation in Qingshankou

Formation shales in southern Songliao Basin (Xue et al. 2015).

plays in the Songliao (Qingshankou Formation (Fm.), vitrinite reflec-
tance (Ro) of 0.7%-1.3%), Hailaer (Nantun Fm., Ro of 0.7%-1.0%),
Yitong (Shuangyang Fm., Ro of 0.6%-1.3%), and Bohai Bay Basins
(Shahejie Fm., Ro of 0.5%-1.1%) and divided the shale oil into
dispersed, inefficient, and enriched resources, by using the “trichotomy”
of the correlation between oil content (pyrolysis S; or rock extracts) and
TOC content. The pyrolysis S; and rock extracts show three classes with
increasing TOC (Fig. 3a and b). The TOC content is low, and the
pyrolysis Sj is low and stable with increasing TOC content. For the shales
with low TOC content, the oil generated is small. @ The TOC content is
high, and the pyrolysis S; is high and stable with increasing TOC con-
tent. For the shales with high TOC content, the oil generated amount is
great and can saturate the shale. Further generated oil will be expelled
and hence the pyrolysis S; is basically the same. ® The TOC content is
medium, and the pyrolysis S; increases rapidly with increasing TOC
content. For the shales with medium TOC, the oil generated is not small
but still insufficient to reach residual adsorption capacity. With
increasing TOC, further generated oil will retain in shale pores and
fractures and thus pyrolysis S; increases gradually (Lu et al. 2012). The
three classes correspond to dispersed, inefficient, and enriched re-
sources, respectively. Only enriched resources provide movable shale oil
resources that can be currently exploited. Inefficient resources are those
that might be exploited after future technological breakthroughs are
made, while dispersed resources may never be exploited efficiently.
Compared with movable oil content evaluation considering only py-
rolysis S; or rock extracts, the GEM considers the oil adsorption. GEM
utilizes the absolute values of the pyrolysis S, rock extracts, and TOC
contents in the oil content evaluation, hence avoiding the limitations of
the OSI method, such as the misjudgment situation when both pyrolysis
S1 value and TOC content are low but with great OSI value. However,
this method still uses TOC and pyrolysis S; to grade shale oil resources,
and whether enriched shale oil resources are movable is still uncertain.
Therefore, GEM only identifies optimal target, and whether it will pro-
duce economic yields of shale oil remains unclear.

In view of the above problems, some researchers have proposed an
improved GEM, aiming to establish the grading evaluation standard for
shales with different organic matter types (Fig. 3c) (Li et al. 2015a; Hu
et al. 2018a). First, classify the shale types in terms of kerogen types.
Second, combine the OSI method and GEM to analyze the difference

between the absolute and relative oil contents of shale with different
types and finally establish the improved GEM. The improved GEM not
only reduces uncertainty in the movable oil content evaluation of het-
erogeneous lacustrine shale, but also improves the accuracy of the
evaluation by utilizing GEM. However, this method still has some
problems, such as whether it is appropriate to use the marine shale
movable oil threshold value OSI = 100 mg/g for determining the
mobility of lacustrine shale oil.

2.3. Hydrocarbon expulsion threshold method (HETM)

Based on mass balance principle, utilizing the organic matter within
shales that could be converted into hydrocarbons, the mass must be
certain if there is no material exchange with the outside during thermal
evolution. Hydrocarbon generation potential is determined by three
components: unconverted organic matter or kerogen, residual, and
expelled hydrocarbons (Momper 1978; Pang et al., 1993a, b, 2005).
Therefore, regardless of how organic matter generates hydrocarbons,
with increasing thermal maturity, generated hydrocarbons will begin to
migrate out in a free state when the generated hydrocarbon exceeds that
needed to meet retention capacities, including self-absorption, swelling,
pore water dissolution, oil dissolution, gas dissolution, residual pore and
fracture capacity, and capillary plugging. The thermal maturity or burial
depth at which hydrocarbons begin to migrate outward in a free state
refers to hydrocarbon expulsion threshold (HET), which can be deter-
mined by hydrocarbon generation potential method (Fig. 4a and b)
(Pang et al., 1993a, b, 2005; Hu et al., 2016).

Xue et al. (2015) and Wang et al. (2015d) hold that the OSI value of
shale at the HET refers to the oil mobility threshold (Fig. 4c and d), and
the difference between the OSI and the threshold values refers to
movable oil content (Xue et al. 2015). Due to differences among HETSs of
the shale deposited in different sedimentary environments (Pang et al.,
1993a, b, 2005), different types of shale have different oil mobility
thresholds. However, when shales start to expel hydrocarbons after the
HET is exceeded, the residual hydrocarbons need to exceed not only the
oil swelling and adsorption capacities but also the pore water dissolu-
tion, oil dissolution, gas dissolution, and free hydrocarbon retention in
pores and fractures (Pang et al., 1993a, b, 2005). Therefore, the HETM
ignores the free oil in pores and fractures, which is the main components
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Fig. 5. Movable oil content evaluation of pore oil saturation method by
analyzing pore saturation index and pyrolysis S; (Su et al., 2017a, b).

of movable oil. Hence, this method underestimates the actual movable
oil content.

2.4. Pore oil saturation method (POSM)

In principle, the POSM is the closest method to the conventional
resource calculation method (Eq. 1), and it has been applied in the
Bonan Depression, Bohai Bay Basin (Song et al. 2013).

N =100xAXhxX@ X So X py/Boi (€8]

N is the total geological oil reserves; A is the oil-bearing area; H is the
effective thickness; @ is the effective porosity; So is the oil saturation;
po is the oil density; Boi is the oil volume coefficient.

Suetal. (2017a, b) analyzed the correlation among the OSI, porosity,
and permeability of shales, and found the OSI values are positively
correlated with porosity but negatively correlated with (K/(® x 100))'/2
and concluded that the movable oil content is negatively correlated with
permeability. The higher the permeability, the easier it is for oil to
migrate and expel, thus leading to a decrease in oil content. Based on the
above analyses, pore saturation index (PSI) was proposed to evaluate
movable oil content (Eq. 2) in Zhanhua Sag, Bohai Bay Basin (Su et al.,
2017a, b). Results show that pyrolysis S; basically remains unchanged
when the PSI is less than 50, while increases gradually when the PSI is
greater than 50, hence PSI = 50 was defined as the critical lower limit for
shale oil mobility (Fig. 5). With this value, shale oil layers can be eval-
uated as having low (<50) and high (>50) oil contents. The higher the
PSI value is, the higher the oil content is (Su et al., 2017a, b).

_ S 3 % 100
PSI= TOC x 100 K 2

S is the hydrocarbons retained in the shale; TOC is the total organic
carbon content; @ is the porosity; K is the permeability.

However, the POSM has four limitations:  Test accuracy of shale
porosity and oil saturation is affected by many factors. For example, a
high-temperature distillation process (i.e., Dean Stark extraction) is
necessary before porosity and oil saturation testing, but some labile
fraction of organic matter will be dissolved in this process, resulting in
an overestimation of porosity and oil saturation (Modiea and Lapierre
2012). @ Strict core requirements are needed for porosity and oil
saturation tests, such as size, fracture development degree, and preser-
vation condition. ® The PSI is an empirical threshold for oil content
obtained by statistical analysis and cannot evaluate movable oil content
quantitatively. @ Identification of the PSI threshold assumes perme-
ability is negatively correlated with oil content, but in fact, shales are
low-porosity and low-permeability reservoirs, and the movable oil
mainly exists in large pores and fractures. Therefore, the PSI mainly
reflects the oil retained in matrix pores.
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2.5. Multistep rock-eval pyrolysis method (MREPM)

Shale oils with different occurrence states have different molecular
thermal volatilization characteristics (Maende et al. 2017). Lower mo-
lecular weight oil compounds are more likely to be thermally released
than higher molecular weight compounds, shale oil in large fractures
and pores is more easily pyrolyzed than that in small pores, and free oil
is more likely to be thermally released than adsorbed or mixed oil (Jiang
et al. 2016). Therefore, pyrolysis can be used to quantitatively evaluate
the oil with different occurrence states. Traditional Rock-Eval pyrolysis
heats the shale from room temperature to 550 °C or 600 °C at a rate of
20 °C/min. It is considered that the S; peak appearing before 300 °C
represents free oil that has not yet been discharged, and the S, peak
appearing after 300 °C represents oil generated by further kerogen py-
rolysis. The S is easy to extract by weak-polar dichloromethane, so it is
regarded as free oil (movable oil) (Sanei et al. 2015; Jiang et al. 2016).
However, further studies found that the oil generated by shale cannot all
be evaporated before 300 °C and that Sy also contains some free oil,
adsorbed oil, and swelling oil. Therefore, traditional Rock-Eval pyrolysis
cannot accurately quantify free oil (Jiang et al. 2016). In 1989, by
adjusting the heating procedures of the Rock-Eval instrument, oil con-
tent of sandstone was quantitatively analyzed (Wu et al. 2000). At py-
rolysis temperatures of 90 °C, 200 °C, 200-250 °C, 350-450 °C,
450-600 °C, and 600 °C, the obtained components were Sy (natural gas),
S11 (gasoline), S (kerosene and diesel), Soo (wax and heavy oil), Sog
(colloidal and asphaltic), and S4 (residual carbon). The sum of Si1, So1,
S22 and Sp3 was total oil content. Sanei et al. (2015) developed an
adapted method, called the extended slow heating (ESH) cycle, to
characterize the organic constituents of unconventional tight siltstone
reservoirs, in which the heating rate was slowed to 10 °C per minute
over an extended temperature range (from 150 to 650 °C). This splits the
traditional S; and So peaks into three peaks: (Sigsy) free light oil,
(S2agsn) fluid-like hydrocarbon residue, and (Saopgsy + residual carbon)
solid bitumen. Compared with sandstone, shale under experimental
temperatures has adsorbed, swelling, and pyrolysis hydrocarbon frac-
tions. Hence, the oil content evaluation method of sandstone cannot be
applied to shale.

Like the analysis of the oil content in sandstone, shale oil with
different occurrence states can be quantitatively characterized by
adjusting heating program. Romero-Sarmiento et al. (2016) proposed
the shale play method for estimating shale oil contents, splitting the S;
peak measured by traditional Rock-Eval pyrolysis into two peaks: So
and Sp;. The Spo and Sp; are assigned to lighter and heavier thermo-
vaporized hydrocarbons released between 100 and 200 °C and
200-350 °C, corresponding to free (aliphatic) and adsorbed (aromatic)
hydrocarbons. Analogously, Maende et al. (2017) utilized the HAWK
pyrolysis instrument’s Petroleum Assessment Method (HAWK-PAM) and
advanced pyrolysis plots that model sorbed versus total oil yields. By
using HAWK-PAM, the S; peak is split into 4 peaks, including Sp;.1 (at
50 °C), Soii2 (at 100 °C), Sopi.s (at 100-180 °C), and Spi.4 (at
180-350 °C). The first three correspond to saturate and aromatic hy-
drocarbons and the last one refers to heavy and polar components.
However, the above two methods have two limitations: The oil
fractions correspond to which peaks are movable oil are uncertain.
Further works are still needed to evaluate with precision of the type of
hydrocarbons detected by each new acquired Rock-Eval peaks. @ By
being subjected to volatile hydrocarbons losses, this too is incapable of
evaluating the actual movable oil contents of shales (Espitalié et al.
1977; Lafargue et al., 1998; Behar et al. 2001; Michael et al. 2013).

Jiang et al. (2016) improved the traditional Rock-Eval pyrolysis and
established the MREPM for shale oil evaluation in different states by
comparing pyrolysis chromatography results obtained before and after
dichloromethane extraction. Specifically, S;_; was tested at a constant
temperature of 200 °C for 1 min. Then, the temperature was raised to
350 °C at 25 °C/min, and the constant temperature was held for 1 min to
test S1_o. The temperature was raised to 450 °C at 25 °C/min to test S 3.
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Fig. 6. Test procedures and parameter meaning of Multistep Rock-Eval pyrolysis method (Jiang et al., 2016).

Finally, the temperature was increased to 600 °C at 25 °C/min to test
Sy 2. 811 is light oil and represents practical movable oil content, S;_3 is
mainly light and medium oil and represents the adsorbed oil content
(heavy oil and swelling oil), Sy_; is mainly heavy oil and gelatinous
asphaltene, and Sy 5 is hydrocarbon generated by kerogen. The sum of
S1.1 and S;_5 is the maximum movable oil content, and the sum of S;_1,
S1.2 and Sy 7 is the total oil content in the shale (Fig. 6) (Jiang et al.
2016).

This method can be used to quantitatively evaluate the movable oil
content. However, it should be noted that all methods used to obtain the
free oil content through laboratory analysis would result in significant
light hydrocarbon loss during core preservation and sample preparation
(Espitalié et al. 1977; Lafargue et al., 1998; Behar et al. 2001; Michael
et al. 2013). Therefore, when using the MREPM to evaluate movable oil,
light hydrocarbon calibration is necessary.

2.6. Multi-step solvent extraction method (MSEM)

Traditional Soxhlet extraction is generally used to evaluate soluble
organic matter content in rocks. However, it is difficult to distinguish the
free, adsorbed, and swelling oil fractions in shale.

Based on the different occurrence spaces and molecular polarities of
oil, the occurrence space for free oil is relatively large, resulting in strong
contact between the free oil and extraction solvent, so the free oil is easy
to extract. Oil occurring in micropores and kerogen or adsorbed on the
kerogen surface is difficult for the solvent to reach and thus difficult to
extract. In addition, free oil generally features weak molecular polarity
and is easy to extract, while adsorbed oil generally features strong po-
larity and is difficult to extract. Therefore, solvents with different po-
larities can be used to extract shale samples in bulk or crushed to obtain
oil with different occurrence states (Qian et al. 2017). Many studies have
been conducted on quantitative analyses of the oil content of different
occurrences by combining various polar solvents. For example, the
combination of chloroform, hydrochloric acid and hydrofluoric acid was

Table 1
Solvent combination and sample status during different test steps of Multi-step
solvent extraction method (Qian et al. 2017).

Extraction Sample Solvent system Solvent Extraction

sequences form amount/ ways
(ml-g™)

Step 1 Whole Dichloromethane/ 0.4 Ultrasonic
piece (1 Methanol (93:7) cold

sz) extraction

Step 2 Blocks with Dichloromethane/ 0.4 Ultrasonic
lengths of Methanol (93:7) cold

0.1 and 0.5 extraction

cm

Step 3 150 mesh Dichloromethane/ 0.4 Ultrasonic
powder Methanol (93:7) cold

extraction

Step 4 150 mesh Tetrahydrofuran/ 0.15 Ultrasonic
powder Acetone/Methanol cold

(50:25:25) extraction

Notice: The amount of solvent is the volume of solvent used per gram of rock.

used to divide extraction of carbonate powder samples into free, car-
bonate composite, and mineral adsorption states (Guan et al. 1998;
Wang and Cheng 2000). Because the mineral composition, petrophysical
properties, and organic matter enrichment mechanism of shale are
different from those of carbonate rocks (Cai et al. 2007; Zhu and Cai
2012). It is necessary to reveal the actual occurrence state of soluble
organic matter in the shale step by step with different polarity solvents
to obtain oil contents with different occurrence states (Qian et al. 2017).
Qian et al. (2017) improved the solvent separation method by utilizing
the combination of different polar solvents and extraction methods
(Table 1). The oil extracted in steps 1 and 2 is free oil. In step 3, the
extracts are adsorbed oil that was adsorbed on the kerogen and small
molecular oil within the internal network structure of the kerogen. The
oil extracted in step 4 is mainly soluble organic matter containing many
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Fig. 7. Test procedures for multi-step solvent extraction method (Qian et al. 2017).

polar components adsorbed on the surface of minerals and is mainly
adsorbed oil (Fig. 7) (Qian et al. 2017).

The MSEM has three limitations: ~ Similar to MREPM, significant
light hydrocarbon loss occurs during core preservation and sample
preparation (Espitalié et al. 1977; Lafargue et al., 1998; Behar et al.
2001; Michael et al. 2013). @ In the process of analysis, it involves the
preparation of bulk and powder samples and requires ratio tests of
various polar solvents. This is complex, complicated, and expensive and
therefore limited to sample studies (Zhu et al., 2019a). ® The extraction
process cannot completely realize the selective separation of oil with
different occurrence states. In addition, a certain dynamic trans-
formation of the oil with different occurrence states occurs in the shale.
The range of solvents and extraction methods used may cause variations
in experimental data (Qian et al. 2017).

2.7. Free hydrocarbon difference method (FHDM)

Aiming at the heterogeneity of lacustrine shale, the FHDM first di-
vides the shale into small hydrocarbon generation and expulsion units,
and then calculates original hydrocarbon generation amount of each
unit based on the hydrocarbon generation principle of kerogen obtained

TOC (%) S1(mg/g)

2770 T T T 1 T T

by thermal simulation experiments. The difference between the original
hydrocarbon generation amount and actual oil content refers to free
hydrocarbon difference (8S;), which can be used to evaluate movable oil
content (Li et al. 2016b, 2019a). The procedures are as follows:  The
vitrinite reflectance (Ro) of the shale samples is calculated based on the
regression formula of Ro with depth. @ According to pyrolysis data or
kerogen organic elemental data, organic matter types are classified (I,
113, Iy, II). @ Thermal simulation experiments are performed to obtain
hydrocarbon generation rate (HCGR) of shale with different organic
matter types. The HCGR is multiplied by TOC to obtain hydrocarbon
generation quantity (HCGQ). @ The HCGQ minus the corrected pyrol-
ysis S; refers to 8S; (Li et al. 2016b, 2019a).

8S; < 0 (Type A) indicates that the original HCGQ is less than the
actual free hydrocarbon amount, corresponding to an influx of hydro-
carbon. For Type A shale, the TOC content and original HCGQ are
generally lower than adjacent organic-rich shale, but the pore throat
radius are commonly greater. Compared with Type A shale, the pres-
surization caused by hydrocarbon generation and concentration of the
adjacent shale is much greater due to greater HCGQ (Law and Dickinson
1985; Yurewicz et al., 2008), and the capillary force is much greater of
the adjacent shale due to smaller porosity and pore throat radius (Wang

Original hydrocarbon Free hydrocarbon
generation amount (mg/g) difference (AS1, mg/g)
0 2 4 6 -3 -1 1 3 5
T T

2780

2790

2800|-

Depth (m)

28101

28201

2830~

(c) (d)

Fig. 8. Evaluation procedures for free hydrocarbon difference method (Li et al. 2016b, 2019a). (a) Correlation between TOC and depth; (b) Correlation between
pyrolysis S; and depth; (c) Correlation between original hydrocarbon generation amount and depth; (d) Correlation between free hydrocarbon difference and depth.
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et al. 2020). The differential overpressure (Osborne and Swarbrick
1997), capillary force, and hydrocarbon concentration promote the oil
migration from adjacent to lean shales. The Type A unit is an open oil-

Earth-Science Reviews 214 (2021) 103545

rich unit with a high movable oil content. 8S; > 0 or ~0 indicates that
the original HCGQ is equivalent to the existing free hydrocarbon
amount, which is a poor connection with the adjacent shale and is a
closed unit (Type B). Type B shale can be divided into two types:
Shale with a high TOC content and a high HCGQ that is not discharged
outward due to the relative isolation of the shale, resulting in a high free
oil content, corresponding to a closed oil-rich unit (Type B;). @ Shale
with a low TOC content and a low HCGQ. Due to low original HCGQ and
poor connectivity with the adjacent shales, the residual oil is limited,
corresponding to a closed oil-poor unit (Type Bg). 8S; > 0 (Type C)
denotes that the original HCGQ is greater than the actual free hydro-
carbon amount, indicating that the generated oil is mainly discharged to
the outside. Type C shale has a high TOC content, large amount of oil,
microfractures, and good connectivity with the adjacent strata, resulting
in a large amount of oil expelled from the shale and a low oil content,
corresponding to an open oil-poor unit. Regarding the movable oil
content, type A > type B; > type By > type C (Fig. 8) (Li et al. 2016b,
2019a).

However, this method has three limitations: It only provides a
qualitative comparison of the oil content and fails to make an accurate
quantitative evaluation. @ What the FHDM evaluates is whether the
shale oil has micro-migration and if so, what the micro-migration in-
tensity is. In analyzing oil migration, the shale thickness and internal
stratigraphy should be further considered. The movable oil content is
controlled not only by the hydrocarbon generation and expulsion ca-
pacity but also by the pore space and adsorption capacity of the shale (Lu
et al. 2016; Feng et al. 2019; Li et al., 2014, Li et al., 2020a; Liu et al.
2020); @ The hydrocarbon generation and expulsion stratigraphic units
mentioned in the FHDM are not clearly defined. Rather than random
selected cores, the stratigraphic units might be better defined by refer-
ring to the cores with different lithofacies.
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Fig. 10. Occurrence state and fluidity of the liquid alkane in shale pores by using molecular dynamics simulation (Wang et al. 2015b, Wang et al., 2016a, b, 2019b).
(a) SEM image of an ion-milled Woodford chert sample; (b) Simulation snapshot of n-octane flow through a 7.8-nm quartz slit (perspective view); (c) Velocity profiles
of n-octane in a 5.24-nm quartz nanopore; (d) Occurrence of n-heptane in pores and fissures of organic matter with a width of 7.8 nm.
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Fig. 12. Generalized Paleogene stratig-
raphy of the DD. Py: Pingyuan Forma-
tion; Nm: Minghuazhen Formation; Ng:
Guantao Formation; Esd: Dongying For-
mation; Ess: Shahejie Formation; Eosy:
Upper sub-member of first member of
Ess; Eosh: Lower sub-member of first
member of Eys; Eos5: Upper sub-member
of second member of Eys; Eysh: Lower
sub-member of second member of Ess;
Eos§: Upper sub-member of third mem-
ber of Eos; Eos: Middle sub-member of
third member of Ess; Eosh: Lower sub-
member of third member of Eyss; Eosy:
Upper sub-member of fourth member of
Ess; Eosi: Lower sub-member of fourth
member of Epsy.
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2.8. Swelling method (SM)

Swelling is a natural property of polymers and can cause the sur-
rounding hydrocarbons to spontaneously absorb, which is a volumetric
change (Sandvik et al. 1992). The swelling rate (the ratio of the volumes
before and after swelling) is related to the volume and structure of the
kerogen. Kerogen generally occupies a large volume in organic-rich
shale, so swelling has a great influence on shale oil retention. For
example, the swelling rate of the kerogen in the Green River and Rundle
shales can be up to 3 (Larsen and Li, 1997). Therefore, surface effects of
swelling and adsorption are two distinct mechanisms of oil retention.
The adsorbed and swelling oil are immovable, and hence movable oil
can be obtained by subtracting adsorbed and swelling oil contents from
the total oil content (Li et al. 2016a).

Researchers have evaluated the adsorption-swelling oil amount of
inorganic minerals and kerogen. During the evaluation, the samples
were first soaked and saturated in oil, then centrifuged at 3000 RPM for
15 min, and then dried at 50 °C for 12 h; the oils that were not centri-
fuged and evaporated were considered immovable oils. Results showed
that the adsorption/swelling amount of quartz on asphaltenes was
approximately 4.5 mg HC/g rock (Ribeiro et al. 2009), the asphaltene
adsorption from toluene on quartz was 6.4 mg HC/g rock (Pernyeszi
et al. 1998), but that of powdered quartz to oil was only approximately
2 mg HC/g rock (Daughney 2000). For the Shahejie shales in the Don-
gying Depression, Bohai Bay Basin, the measured adsorption/swelling
amount of quartz to oil were mainly 0.20-3.82 mg HC/g rock (Zhang
et al. 2015; Li et al. 2016a). The measured adsorption/swelling amount
of clay minerals on oil varied greatly, mainly ranging from 8.7-23.3 mg
HC/g rock (Li et al. 2016a), whereas those of kaolinite and illite on
asphaltenes reached 33.9 mg HC/g rock and 17.1 mg HC/g rock,
respectively (Pernyeszi et al. 1998). The adsorption capacity of car-
bonate minerals to oil is weak. For example, the adsorption/swelling
results of limestone and dolomite pieces on asphaltenes were 1.8 mg/m?
and 1.6 mg/m?, respectively (Yuan and Idris 1995), and that of
powdered calcite on resin and asphaltene was 2.1-3.6 mg HC/g rock
(Mohammadi and Sedighi 2013). Based on the above studies, Li et al.
(2016a) established a conceptual model for adsorbed/swelling oil con-
tent evaluation (Eq. 3-5).

Sy =poXo+r > pixi )

i=1
Sp is the adsorbed/swelling oil content; py and x( are the organic
matter content and oil adsorption/swelling capacity, respectively; p; and
x; are the content of mineral i and its oil adsorption/swelling capacity,
respectively; v is coefficient reflecting the change in SSA change.

po+ il’i =1
i=1

Assuming pores are spherical, the SSAs before and after compaction
are Sp and S, respectively, and the SSA change coefficient can be
expressed as Eq. 5 (Kieffer et al., 1999):

s LR
So LPJ

@ and g are the present and original porosity, respectively.
However, the SM suffers four limitations: ~ Test accuracy of shale
porosity is affected by many factors. For example, Dean Stark extraction
is necessary before porosity test, while some labile fraction of organic
matter will be dissolved in this process, resulting in a porosity over-
estimation (Modiea and Lapierre 2012). @ Similar to the MREPM, there
will be significant light hydrocarbon losses in the process of sample
preservation and preparation (Espitali¢ et al. 1977; Lafargue et al., 1998;
Behar et al. 2001; Michael et al. 2013). ® Application of this method
requires a large number of experimental parameters, such as those of
different minerals and kerogens with different maturities, the porosity

(€3]
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and the SSA. Similar to the MSEM, the analysis process of SM is complex,
complicated and expensive and therefore limited to samples. @ The
solvent extraction cannot complete the selective separation of the
adsorbed and swelling oil, and the change in solvent and extraction
methods may cause experimental data variation.

2.9. Nuclear magnetic resonance (NMR)

NMR technology is noninvasive and nondestructive to pore struc-
tures of shale and is sensitive to fluids (Williams et al. 1991). However,
due to the existence of irreducible and movable oil in an arbitrary pore
space of shale, each pore (relaxation time) contains a contribution of
irreducible fluid, and the corresponding pore contains different amounts
of irreducible oil with different relaxation times. Therefore, the combi-
nation of NMR and centrifugal/displacement analyses is much more
widely applied. The principle of this combination is to conduct NMR
analysis of a shale core before and after centrifugation/displacement
and evaluate the movable oil content and distribution by NMR T,
spectra (Karimi et al. 2015; Dang et al. 2018; Zhou et al. 2016). How-
ever, because shale features various hydrogen-containing components,
such as kerogen, bitumen, oil and water, and the T5 spectra provide only
limited information (Fleury and Romero-Sarmiento, 2016; Mehana and
El-monier, 2016; Li et al. 2018b), two-dimensional T;-T, spectra are
increasingly used in movable oil evaluation. However, this method
mainly focuses on kerogen and oil-bearing property evaluation and is
rarely used in oil content evaluation (Birdwell and Washburn 2015;
Kausik et al. 2017; Li et al. 2018b, 2020c). Wang et al. (2018c) and Li
etal. (2018b) used NMR to analyze the distribution characteristics of T3-
T, spectra for kerogen, kerogen with adsorbed oil, clay minerals with
different water-containing states, shale, extracted shale, oil saturated
shale, and water saturated shale and summarized their distribution in
T;-To spectra. Li et al. (2020c) subsequently improved the distribution
pattern of T;-T5 spectra (Fig. 9), making it possible to evaluate oil with
different occurrence states.

This method suffers four limitations. It is effective in conventional
reservoirs, but the displacement/centrifugation is less efficient for tight
shale. In addition, excessive pressure might cause artificial fractures and
subsequently affect experimental results (Li et al., 2019b). @ During
centrifugation or displacement, one problem is that how much oil
expelled at a certain centrifugal rate or how much displacement pressure
corresponds to the movable oil is unclear. ® When the pore throat of
shale is small enough, the physical implication of NMR parameters may
change (Lu et al. 2016). @ The analyses of centrifugation/displacement
and NMR are complex, complicated, and expensive and limited to
representative samples.

2.10. Molecular dynamics simulation (MDS)

MDS mainly utilizes Newtonian mechanics to simulate motion tra-
jectory of molecules and calculates structure and properties of the sys-
tem by performing statistical averaging through an ensemble composed
of different states (Jorgensen et al. 1984; Plimpton 1995; Ambrose et al.
2012). Researchers have tried to use MDS to analyze occurrence state
and fluidity of liquid alkane in shale pores (Wang et al. 2015b, Wang
etal.,, 2016a, Wang et al., 2016b, Wang et al., 2019b; Tian et al. 2017; Li
et al. 2019b) (Fig. 10). Although the MDS has implications for under-
standing microscale occurrence mechanism of shale oil, its application is
still limited, mainly due to the following three reasons: It is difficult to
fully consider heterogeneity of pore and fracture systems in shales by
using only narrow fractures during simulation. @ The accuracy of this
method depends on force field model selection, but the force field
applicable to different substances are not the same (Jorgensen et al.
1984; Ambrose et al. 2012). ® During simulation, graphene is generally
used to represent organic matter structure, and the six layers of gra-
phene are used as the solid surface of the nanopores of organic matter,
but both of which are far from sufficient for describing the heterogeneity
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So1) of the Paleogene shales in the Dongpu Depression. N indicates the number
of samples.

of kerogen (Ambrose et al. 2012; Harrison et al. 2014).

In view of the above methods, this study utilizes the well-developed
MREPM to evaluate oil content parameters, and these parameters are
calibrated for light hydrocarbons to evaluate movable oil content.

3. Geological framework of the DD

The Bohai Bay Basin is a well-known petroliferous basin in eastern
China (Fig. 11a and b). The thick shale in the Paleogene Shahejie Fm.
(50.5-33 Ma) is the most important source rock in the Bohai Bay Basin,
with a thickness that is generally 500-600 m, but can reach 2000-3000
m (Jin 2001; Zou et al. 2019). The DD, located in the Linging Depression
of the southeast corner of the Bohai Bay Basin (Fig. 11c), is a Cenozoic
lacustrine rift basin on Paleozoic and Mesozoic basement, with a north-
northeast strike and an area of 5.3 x 10° km2. The DD is wide in the
north and narrow in the south, bounded by the Luxi uplift to the east and
the Lankao uplift to the south and the Shenxian Sag to the north and
overlying the Neihuang uplift in the west. The DD is mainly composed of
the western slope zone, western sag zone, central uplift zone, eastern
depression zone, and eastern steep slope zone (Fig. 11d) (Wang et al.
2015a). The Shahejie Fm. (Es) developed the fourth (Es4), third (Ess3),
second (Esy), and first (Es;) members (Fig. 12), with a total thickness of
approximately 4800 m. The shale mainly developed in the lower section
of Es4 and middle - upper section of Es3, with a cumulative thickness of
2750 m (Wu et al. 2003). The shale is mainly composed of semideep
lacustrine and deep lacustrine deposits, mainly feldspathic, carbonate,
and mixed fine-grained sedimentary rocks, including brown-gray shale,
gray-dark gray calcareous shale, dolomitic shale, and dark gray-gray
gypsum mudstone (Zhang et al. 2015), which provide a strong matrix
to host shale oil resources (Wang et al. 2015a; Zhang et al. 2015; Li et al.
2020a).

4. Samples and methods
4.1. Sample selection

Fifty-nine shale core samples from nine exploration wells with
different textures (massive, layered, and laminar), color (black, gray,

brown and light green), and mineral composition were tested in this
study.
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4.2. Experimental tests

A CS-230HC carbon and sulfur analyzer was used to measure TOC.
First, the shale cores were crushed to 80-100 mesh, and the carbonate
minerals were removed with dilute hydrochloric acid. The carbonate
minerals were completely reacted in a water bath or by heating, then the
sample was washed with distilled water. The samples were placed in a
dryer for 7 h, and iron and nickel combustibles were added into the
crucible. The samples were put into a sampler, and the experimental
results were obtained after combustion in a high-temperature oxygen
flow. The MREPM was conducted using a Rock-Eval 6 apparatus at the
Wuxi Institute of Petroleum Geology, SINOPEC. First, a sample was
heated to 200 °C, and this temperature was maintained for 1 min to
obtain S;1; then, the sample was heated to 350 °C, 450 °C, and 600 °C at
25 °C/min to test Sp1, Soo and Sy, which are the light-medium oil
components in free state, heavy asphaltene components, and kerogen
pyrolysis hydrocarbons, respectively. (S;1+ Sp;1) is the movable oil
content of shale (Jiang et al. 2016). XRD was performed with a Brucker
D8 Focus to analyze minerals. The samples were first crushed to
approximately 300 mesh. Whole rock fragments were prepared by the
back-pressure method, and a whole rock slice was put into the XRD
apparatus (Kamp 2008).

A high-pressure mercury injection analysis was conducted using a
Poremaster GT60 mercury injection instrument. The experimental pro-
cedure was consistent with Chen et al. (2017). A nitrogen isothermal
adsorption experiment was conducted with an AutoSorb IQ automatic
SSA and pore diameter analyzer. Before the test, samples were pre-
treated by vacuum degassing, for which the temperature was set to
110 °C and maintained for 8 h. Then, the nitrogen adsorption capacity of
samples per unit mass under different relative pressures was measured
by gradually increasing the pressure. When the system pressure reaches
the saturated vapor pressure, that is, Pp = 0.101 MPa, the system pres-
sure is gradually reduced to measure the desorption volume of nitrogen
under different relative pressures. Consistent with Chen et al. (2017),
the SSA was calculated using the Brunauer-Emmett-Teller (BET) equa-
tion, and the pore size distribution was calculated using the Barrett-
Joyner-Halenda (BJH) method. The instrument used in the CO;
adsorption experiment was the same as that used in the nitrogen
adsorption experiment. First, the sample adsorbed by nitrogen was
degassed to remove nitrogen adsorbed on the surface and inside of the
sample. Then, CO, was injected at a low temperature of 0 °C. In this case,
CO4, entered pores as small as 0.3 nm to obtain a series of pressure and
CO3 adsorption data. Finally, pore volume and SSA of the micropores
were calculated based on the density functional theory (DFT) theoretical
density model of molecular statistical thermodynamics.

4.3. Light hydrocarbon calibration

In this study, the MREPM was used to quantitatively characterize
movable oil content. However, shale cores undergo significant changes
when moved from underground to surface conditions. In addition,
during core preservation and sample preparation, significant light hy-
drocarbon loss occurs (Espitalié et al. 1977; Lafargue et al., 1998; Behar
et al. 2001). Notably, the lost light hydrocarbons are very important to
quantify for shale oil exploitation (Zhu et al. 2015; Lu et al. 2016; Xue
et al. 2016), it is necessary to determine the light hydrocarbon loss. The
DD and Dongying Depression are two adjacent lacustrine rift basins in
Bohai Bay Basin. During the Paleocene-Eocene period, the shales of both
areas developed in brackish-saline lakes. The organic matter of this shale
was mainly derived from lower aquatic organisms, and the main types of
organic matter in this shale are Type I and II; (Zhu and Jing, 2003; Zhu
etal. 2015; Hu et al. 2018b; Tang et al. 2020). Therefore, this study used
the light hydrocarbon calibration coefficient standard of pyrolysis S; of
the Es Fm. shale in the Dongying Depression (Zhu et al. 2015). The
standard was established as follows: = Cores were selected at drilling
coring site and were sealed and frozen simultaneously. @ The well
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mixed samples were divided into 2 groups. The first group was grounded
and pyrolysis analyses were performed under frozen conditions by liquid
nitrogen. Because it usually takes more than 30 days for ordinary cores
to be moved from the well site to the core store for storage, the second
group was grounded left at room temperature for 30 days, and then
pyrolysis analyses were performed at room temperature. @ The differ-
ence in pyrolysis (S; + Sz) values between two groups is the lost light
hydrocarbon (A(S; + S2)). The ratio of A(S; + S2) to (S + S2) is the light
hydrocarbon calibration coefficient (Zhu et al. 2015).

5. Results
5.1. Movable oil content

By combining MREPM and light hydrocarbon calibration, corrected
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movable oil contents (S1; + Sz1) were obtained. The results show that
the (S11 + S21) of the shale is ranges from 0.031-12.64 mg HC/g rock,
with an average of 3.39 mg HC/g rock. Further calculation of the OSI
((S11 + S21)/TOC x 100) shows that the values range from 14.9-651.8
mg HC/g TOC, with a mean of 187.8 mg HC/g TOC. Approximately
71.2% of the shale samples have OSI values greater than 100 mg HC/g
TOC, indicating that the shale in the DD has potential for shale oil yields
(Fig. 13). For example, a large amount of bitumen is developed in the
shale in the study area, and part of it has weak orange yellow fluores-
cence (Fig. 14).

5.2. Organic matter richness

TOC content and oil generation potential (S; + S3) are important
indices for evaluating organic matter richness of shale. In detail, with

Fig. 14. Microscopic and FE-SEM images of oil-generating biota in Paleogene shales of the DD. (a)-(g) Well Wen 248, 3365.7 m; (h) Well Wen 248, 3353 m; (i) Well
Wei 79-13, 3370.28 m; (j) Well Wei 20, 2641.57 m; (k) Well Wei 42, 3461.65 m; (1) Well Wen 210, 3848.2 m. ((j)-(1) were cited from Shao et al. 2018).
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similar kerogen type and thermal maturity, shales with TOC contents of
less than 0.5%, 0.5-1%, 1-2%, 2-4%, and greater than 4% represent
poor, fair, good, very good, and excellent petroleum potential respec-
tively (Peters and Cassa 1994). The shales with poor-fair petroleum
potential are non-source rocks. The shales with (S; + S3) values of less
than 3, 3-6, 6-12, 12-24, and greater than 24 mg HC/g rock represent
poor, fair, good, very good, and excellent petroleum potential respec-
tively (Peters and Cassa 1994). The test results of 59 samples show that
the TOC contents are 0.10%-6.78%, with an average of 1.77%.
Combining the data obtained by the MREPM and light hydrocarbon
calibration, results show that the (S11 + S21 + So2o + Sa3) is 0.14-47.59
mg HC/g rock, with a mean of 9.49 mg HC/g rock (Fig. 15). In terms of
TOC contents, the shales with poor, fair, good, very good, and excellent
petroleum potential account for 16.9%, 25.4%, 22.0%, 27.1%, and
8.5%, respectively (Table 2); thus, 57.6% of the tested samples represent
good petroleum potential from the perspective of TOC. From the
perspective of (S11 + S21 + S22 + S23), the shales with poor, fair, good,
very good, and excellent petroleum potential account for 30.5%, 20.3%,
15.3%, 27.1%, and 6.8% respectively (Table 2), of which 49.2% repre-
sent good petroleum potential. The proportions of shales with different
petroleum potential evaluated by the two indices are different, this is
related to the differences in the evaluation criteria. Overall, the shale in
the DD largely represents good petroleum potential.

5.3. Organic matter type

The relationship between pyrolysis Tmax and hydrogen index (HI) is
commonly used for organic matter type evaluation (Espitalié 1982). The
test results of 59 samples show that the Tmax ranges from 404 to 495 °C,
with an average of 440.5 °C, whereas the HI ranges from 7.1-651 mg/g,
with a mean of 271.3 mg/g. The results show that kerogen types I
(sapropelic), II; (humic-sapropelic), II; (sapropelic-humic), and III
(humic) account for 14.5%, 46.8%, 29.0%, and 6.5% of these shale
samples, respectively (Fig. 16; Table 2), indicating that the organic
matter types are mainly Type Il and Type I, and that Type II; is the most
abundant type. Microscopic observation results of the hydrocarbon-
generation biota show that the organic matter of the shale is mainly
amorphous, layered alginite, telalginite and solid bitumen. The amor-
phous organic matter mainly is derived from cyanobacteria. The
lamellar alginite is distributed in argillaceous laminae with yellow-
green fluorescence. The telalginite is brownish-yellow under trans-
mitted light, with bright yellow fluorescence (Fig. 14c and f). Generally,
organic matter originating from low aquatic algae is mainly Type I and
Type II;. This is consistent with the results obtained by the Trayx - HI plot.
Therefore, the shale in the DD is dominated by oil-prone kerogen with a
strong oil generation ability.

5.4. Thermal maturity

Pyrolysis Tmax is commonly used to evaluate the thermal maturity of
shale, and the Tmax values of less than 435 °C, 435-445 °C, 445-450 °C,
450-470 °C, and greater than 470 °C represent the immature, early
mature, peak mature, late mature, and post mature stages, respectively
(Peters and Cassa 1994). Whereas the bitumen or oil/water-based mud
additives “contamination” of kerogen and neglection of analytical un-
certainties or natural variability within a stratigraphic unit at any given
locality may cause Tpyay suppression (Clementz 1979; Lafargue et al.,
1998; Katz and Lin 2020), which might bias thermal maturity of shales.
By splitting the standard S, peak into Sp ; (adsorbed heavy oil and
swelling oil) and S» » (kerogen cracked hydrocarbons) peaks using
MREPM, the Tp,ax anomaly caused by “contamination” was avoided. The
test results show that Tmax ranges from 404 to 495 °C, with a mean of
440.5 °C. Immature, early mature, peak mature, late mature, and post
mature shale account for 22.6%, 41.9%, and 19.4%, 12.9%, and 3.2%,
respectively. Therefore, 96.8% of the shale samples are in immature-
mature stages (Fig. 16; Table 2), which is conducive to shale oil
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enrichment.

5.5. Mineralogy

XRD results show that the shale has a high clay mineral content,
ranging from 0 to 62.7%, with an average of 32.8%. The contents of
calcite, quartz, dolomite, ankerite, and feldspar range from 0%-62.3%,
1.1%-36%, 0%-96.9%, 0%-55.6%, and 1.3%-28.1%, with averages of
17.4%, 14.1%, 13.3%, 9.0%, and 7.0%, respectively. The shale also
contains some pyrite and gypsum, and the contents are 0%-8.9% and
0%-8.1%, with averages of 2.0% and 1.8%, respectively (Fig. 17).
Overall, the mineral composition of the shale in the DD is complex,
which is related to the strong heterogeneity of lacustrine sediments.
Shale minerals can be divided into felsic, clay and carbonate minerals.
The felsic minerals mainly include quartz and feldspar, and the car-
bonate minerals mainly include calcite, dolomite and ankerite. In
comparison, the mineral compositions of these 59 shale samples in the
DD are similar, mainly carbonate and clay minerals. Among them, the
content of carbonate is the highest, ranging from 0 to 96.9% with a mean
of 40.2%. This is followed by clay minerals, with a content ranging from
0%-62.7%, with an average of 32.8%. The felsic mineral content is the
lowest, ranging from 3.1%-53.3%, with an average of 21.0% (Fig. 17).

5.6. Pore volume

Shale has abundant micro—/nanoscale pores (Loucks et al. 2012; Zou
et al. 2013, 2019). Results of isothermal adsorption-desorption experi-
ments of the 59 samples show that although the shapes of the
adsorption-desorption isotherms and the gas adsorption capacity vary,
the isotherms feature an inverse-S shaped hysteresis loop (Fig. 18).
Specifically, when the relative pressure (P/Py) is less than 0.05, the ni-
trogen adsorption isotherm appears as a slight upward bulge, corre-
sponding to the adsorption of nitrogen molecules on the shale surface.
When P/Py is 0.05-0.45, the adsorption isotherm rises approximately
linearly, which mainly corresponds to multi-molecular layer adsorption
of nitrogen molecules on the shale surface. When P/Py is greater than
0.45, the adsorption isotherm shape bends downward with increasing P/
Py. In addition, when P/P is close to 1.0, the adsorption capacity still
rises rapidly, and there is no adsorption saturation, indicating that the
shale in the DD mainly develops macropores (greater than 50 nm) and
mesopores (2-50 nm). Generally, as P/Py is greater than 0.45, all the
adsorption and desorption isotherms start to separate, forming the
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Fig. 15. Correlations between TOC contents and hydrocarbon generation po-
tential (S; + S») of the Paleogene shales in the Dongpu Depression. N indicates
the number of samples.
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Table 2

Experimental data for Paleogene shales in Dongpu Depression, Bohai Bay Basin.

Smaple  Depth TOC Tmax (S11 Light Calibrated Calibrated (522 HI TR Original Hydrocarbon Kerogen  Total Totail Clay Felsic ~ Carbonate  Quartz
NO. (m) (%) Q) + hydrocarbon (811 + S21) OSI(mg/g) +S23) (mg/g) HI (mg/ expulsion type pore SSA mineral (%) (%) (%)

S21) calibration (mg/g) (mg/ g) amount (mg/g) volume m%g) (%)

(mg/  coefficient ) (ecm®/g)

g)
1 3674.78 0.88 453 1.22 0.71 2.08 236.32 1.76 19995 48.1 385.4 185.48 I 0.017 9.892 279 16.3 53.5 11.7
2 3411.65 1.97 452 1.1 0.30 1.43 72.70 9.41 477.66 44.3 857.8 380.11 I 0.014 9.589 34.7 18.2 38.7 11.3
3 3357.5 1.57 441 1.26 0.23 1.56 98.85 8.35 530.50 6.9 569.7 39.17 I 0.046 6.648 28.6 17.3 50.3 12.8
4 2730.75 1.73 436 0.76 0.10 0.83 48.26 11.26 651.24 1.0 657.6 6.32 I 0.015 6.942 25.1 15.8 51.8 11.9
5 3345.31 2.68 451 3.87 0.23 4.78 178.52 10.13 378.41 40.4 635.1 256.72 I 0.053 5.281 33.6 19.2 44.3 16.4
6 3687.46 2.03 452 2.93 0.71 5.00 246.70 5.60 276.54 44.3 496.6 220.06 I 0.026 9.107 16.9 15.6 62.3 8.4
7 3558.16 6.67 440 7.32 0.58 11.54 172.99 36.05 540.24 5.0 568.9 28.68 I 0.013 9.107 30.2 16.4 45.2 12.6
8 3557.58 3.05 436 6.26 0.58 9.87 323.99 16.88 553.99 1.0 559.4 5.37 I 0.045 4.968 26.3 10.9 60.1 9
9 3547.62 2.77 444 0.55 0.54 0.84 30.45 14.44 520.74 14.5 609.2 88.50 I 0.006 11.211 51.9 28.3 12.4 23.5
10 3431.1 1.22 451 1.27 0.32 1.68 137.82 1.45 119.05 63.9 329.8 210.75 I 0.011 9.912 47.8 15.9 30.9 13.1
11 3556.88 4.38 437 8.23 0.54 12.64 288.83 20.31 464.23 3.0 478.4 14.15 m 0.101 2.349 52.4 22 16.4 18.4
12 4156.23 0.95 451 2.25 1.21 4.96 520.16 1.48 155.17 63.9 429.9 274.70 m 0.024 5.949 13.7 17.2 68 7.2
13 3184.9 0.96 435 1.25 0.14 1.43 148.17 3.95 409.41 0.9 413.0 3.56 I 0.006 2.247 9.1 4.1 81.6 1.4
14 3365.7 2.82 448 3.85 0.25 4.82 170.76 8.24 292.10 50.0 584.4 292.28 m 0.028 5.276 15.9 14.1 67.7 8.3
15 3212.03 0.52 447 0.29 0.15 0.33 64.38 1.20 231.39 44.8 419.6 188.18 m 0.024 18.301 32.3 17.2 44.2 13.4
16 3404.1 0.96 445 1.3 0.30 1.69 177.01 3.12 326.29 34.1 4953 169.04 m 0.018 7.933 25.1 10.9 55.1 6.4
17 3274.2 0.86 443 0.46 0.18 0.54 62.98 1.88 218.15 23.6 285.6 67.44 I 0.014 12.170 39.1 21.1 37.2 15.7
18 3362.6 1.13 447 1.47 0.25 1.84 163.20 2.80 248.45 44.8 450.5 202.04 m 0.019 8.047 18.9 14.1 63.4 8.4
19 3559.65 1.40 438 3.81 0.58 6.01 429.78 5.14 367.67 4.8 386.3 18.63 m 0.020 1.771 36.1 10.1 51.8 7.9
20 3356.75 3.68 445 7.04 0.23 8.69 235.97 13.54 367.54 34.1 5579 190.41 I 0.017 6.616 36.2 20.3 39.9 17.2
21 3677.81 219 449 3.13 0.71 5.34 243.68 4.40 200.91 54.9 4459 245.01 m 0.040 5.612 26.1 15 55.7 9.5
22 3188.8 232 439 213 0.14 2.44 105.18 8.56 369.60 7.3 398.9 29.27 m 0.060 27.057 35.1 17.1 40.2 12
23 3167.22 6.78 435 8.44 0.14 9.58 141.30 27.03 398.67 0.9 402.1 3.47 m 0.049 11.288 22.3 17.2 51.1 9.6
24 3155.12 2.58 436 3.93 0.14 4.46 173.24 11.34 440.39 1.7 447.9 7.50 m 0.047 16.430 27.9 16 49.7 11
25 3263.42 218 447 2.65 0.18 3.13 143.35 6.78 310.87 44.8 563.7 252.81 m 0.051 21.656  40.5 17.2 39 12.7
26 3282.66 245 438 2.92 0.19 3.47 141.83 9.47 387.32 4.8 406.9 19.62 m 0.060 20.728  35.9 17.8 35.3 11.1
27 3278.1 3.04 440 4.05 0.18 4.78 157.23 13.21 434.68 10.5 485.8 51.16 m 0.032 8.846 25.1 16.1 53.6 7.6
28 3467.8 0.72 447 0.61 0.38 0.84 116.76 1.47 204.45 44.8 370.7 166.27 m 0.007 9.156 41.6 21 28.5 14
29 3685.7 1.12 450 1.29 0.71 2.20 197.26 1.32 118.39 59.6 292.9 174.54 m 0.047 11.366  39.6 28.5 14.8 21.2
30 3271.38 2.00 437 5.24 0.18 6.18 309.42 10.17 509.01 3.0 524.5 15.51 I 0.060 21.539 33 21.8 23.5 15.7
31 3192.5 2.30 437 3.64 0.14 4.16 181.07 10.23 44498 3.0 458.5 13.56 m 0.075 33.683 62.7 22.2 10.5 16.7
32 3190.75 3.87 435 5.97 0.14 6.83 176.29 15.65 404.08 0.9 407.6 3.52 m 0.063 20.451 40.9 22.5 313 14.1
33 3178 3.03 438 3.46 0.14 3.96 130.72 13.83 456.89 4.8 480.0 23.15 I 0.076 26.656 37.6 20.3 26 139
34 3376.37 0.55 438 2.23 0.25 2.79 507.77 1.70 309.37 4.8 325.0 15.67 m 0.020 4.956 21.9 52.7 22.7 36
35 3428.76 0.35 441 0.88 0.32 1.16 332.91 0.80 228.96 14.4 267.4 38.41 m 0.027 4.128 13.5 5.9 80.6 4.6
36 4154.03 1.94 448 4.65 1.20 10.23 528.41 2.83 146.18 50.0 292.4 146.27 m 0.023 8.350 17.6 10.7 68.8 7
37 3284.65 2.04 433 4.29 0.19 5.10 249.83 7.12 349.02 0.2 349.6 0.57 m 0.051 11.966  38.8 24.3 31.6 5.7
38 3447.1 0.30 447 0.08 0.35 0.11 35.80 0.55 182.66 44.8 331.2 148.55 m 0.015 20.854 433 21 31.7 17.5
39 3383 0.67 431 2.21 0.30 2.88 431.58 1.46 219.15 16.0 260.7 41.59 12 0.024 4.948 25.3 10.7 62.6 9
40 3688.2 1.24 456 0.4 0.71 0.68 54.82 0.76 61.09 77.3  269.2 208.13 112 0.015 9.362 13.1 40.7 28.5 28
41 3279.2 4.71 433 6.44 0.19 7.65 162.31 11.30 239.81 21.0 303.4 63.63 112 0.049 8.680 39.2 45.6 0 17.5
42 3416.58 0.75 436 1.27 0.32 1.68 222.96 2.04 270.95 29.3 3832 112.20 12 0.010 5.333 23.9 8.7 66 7.1
43 3159.12 0.46 432 0.23 0.14 0.26 57.00 0.85 185.59 18.4 227.4 41.83 12 0.003 1.092 0 3.1 96.9 1.6
44 3385.32 4.34 447 5.12 0.30 6.66 153.34 4.49 103.36 59.7 256.6 153.25 12 0.052 16.361 15.4 13.6 66.1 7
45 3420.1 0.45 438 0.69 0.32 0.91 202.13 0.97 21498 35.1 331.2 116.25 12 0.021 10.117  28.4 10.9 60.7 8.5
46 3383.85 0.83 424 1.82 0.30 2.37 287.01 2.33 282.42 3.9 293.8 11.42 12 0.031 5.331 27.4 13.6 50.5 10.2
47 4155.2 1.42 424 4.21 1.20 9.26 651.79 2.94 206.90 3.9 215.3 8.37 12 0.026 6.689 21 11.3 64.3 9.1
48 3452.9 0.42 445 0.12 0.38 0.17 39.40 0.41 97.83 54.7 216.1 118.30 112 0.015 19.884 41.7 28.2 25.2 19.3
49 3532.81 0.33 436 0.04 0.45 0.06 17.40 0.33 99.31 29.3 140.4 41.12 112 0.031 29.394  60.2 31.3 6.9 24.1
50 3563.05 0.80 432 0.98 0.58 1.55 193.64 1.17 146.60 18.4 179.6 33.04 112 0.017 9.373 42.5 16.1 28.9 13.4
51 3523.07 0.29 441 0.03 0.45 0.04 14.90 0.33 113.36  43.8 201.7 88.36 112 0.023 26.110 51.6 26.2 21.5 21.1

(continued on next page)
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Table 2 (continued)

Quartz

(%)

Carbonate
(%)

Felsic
(%)

Clay

Totail
SSA

Kerogen  Total

type

Hydrocarbon
expulsion

Original

HI

(S22

Calibrated

Calibrated

Light

(S11

Tmax
4

(9]

TOC

Depth
(%)

(m)

Smaple
NO.

mineral

(%)

pore

(mg/g) HI (mg/
g

+523)
(mg/

8)

0SI (mg/g)

(S11 + S21)
(mg/g)

hydrocarbon

(m?/g)

volume

amount (mg/g)

calibration
coefficient

$21)

(cm®/g)

(mg/
g)

7.7

24.5

26.4

40.1

0.023 4.151

112

58.83
61.88
7.61

26.4 2225
23.7 261.6

7.0
45.0
2.0

163.69

2.66
1.98
1.47
0.50
0.04
0.11
0.14
0.06

88.46
85.32

1.44
0.

0.19
0.32
0.14
0.58
1.20
0.54
1.21
1.21

1.21
0.64
1.77
0.76
0.21
0.02

0.1

435
434
413
424
404
431

1.63
0.99
1.45

3285.55

52

25.5
1.1

8.016 50.2 47.6
21

0.026

12
11
III
III
11

199.68

85

3420.9
3182

53

43.4

15.7

3.995

0.031

108.7
142.0

7.3

101.10
78.11

139.22

2.02
1.20
0.46
0.03
0.22

0.

54
55

21.2

14.723  59.2 27 12.7
9.1

26.740
7.241

0.046
0.072

63.91

187.24
82.37

3558.38 0.64

26.9

31.6

50.2

0.15

7.13

4152.44 0.56

56
57

33.7
32

53.3

38.7

0.038

99.94
2.75

166.6
144.7
26.6

60.0
1.9
1.9

66.63

18.59

3552.28 0.17

4178.29
4168.67

41.6 14.4

441

19.148
13.916

0.023

141.96
26.12

223.69
86.43

495
486

0.10

30.3

38.7 19.5

41.8

0.018

0.51

20

0.09

0.23

59
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obvious inversed-S shaped hysteresis loop (Fig. 18). Meanwhile, the
adsorption capacity of the desorption curve is clearly larger than that of
the adsorption curve under the same P/Pj. According to the hysteresis
loop types classified by the IUPAC (Fig. 19), the shales in the DD is
mainly type H3 with a small amount of type H4, indicating that the
shales mainly develop slit-shaped pores with a small amount of narrow
slit-like pores.

By utilizing high-pressure mercury injection and nitrogen and CO»
isothermal adsorption experiments, this study quantitatively charac-
terized the pore volumes of shale macropores, mesopores, and micro-
pores. The results show that the macropore volume is 0.1-97 x 1073
cm®/g, with an average of 16 x 10~2 cm®/g; the mesopore volume is
1.6-49 x 1073 cm3/g, with a mean of 14 x 1072 cm®/g; and the
micropore volume is 0.23-7.1 x 10~° em®/g, with an average of 2.2 x
103 cm3/g. This indicates that the pores within shales are mainly
macropores and mesopores, which is conducive for movable oil
enrichment (Zhu et al., 2019b; Liu et al. 2020). In general, the total pore
volume of shale ranges from 2.8-100.6 x 10> cm®/g, with an average
of 32.5 x 1072 em®/g.

5.7. SSA

Clay minerals and pores are key contributors to the SSA of shale
(Kuila et al. 2014; Liu and Peng, 2017; Feng et al. 2019). The SSAs of
macropores, mesopores and micropores of shales in the DD were
quantitatively characterized by high-pressure mercury injection and
nitrogen and CO; isothermal adsorption experiments. The results show
that the SSA of macropores is 4.2 x 107>-1.14 m?/g, with an average of
0.30 mz/g; the SSA of mesopores is 0.25-17.95 mz/g, with a mean of
4.70 m?/g; and the SSA of micropores is 0.61-22.6 m?/g, with an
average of 6.60 mZ?/g. Thus, mainly micropores and mesopores
contribute to the SSA. Overall, the total SSA ranges from 1.09-33.68 m?/
g, with a mean of 11.59 m?%/g.

6. Discussion
6.1. Data error analyses

In this study, 59 shale samples were tested. As shown in Fig. 13, the
TOC content and (S11 + S21 + S22 + So3) are positively correlated, and
the square of the fitting coefficient (R is 0.8809, indicating that the
results of the TOC content and pyrolysis tests and light hydrocarbon
calibration were reliable. The evaluation parameter reliability of shale is
affected by thermal maturity. Generally, the parameters are applicable
when thermal maturity is low, while they cannot reflect the actual
characteristics of shale (e.g., Rock-Eval pyrolysis, Tryax) when maturity is
high (Ro > 1.3%) (Peters 1986; Zhang et al. 2007). As described in
Section 5.4, 96.8% of the shales in the DD are immature-mature
(Fig. 15), indicating that it is reliable to use pyrolysis tests to analyze
the geochemical characteristics of shale. However, when using the Tmax
- HI plot to evaluate the organic matter type, it was found that there were
two anomalous points in the lower right corner, whose Tmax values
were abnormally high and whose organic matter type cannot be deter-
mined (Fig. 16). Further analyses showed that the organic matter rich-
ness of these two samples was very low, with TOC contents less than
0.23% (Fig. 13), indicating that these two samples were not source rocks
and that the tested organic matter should be related to the migrated
hydrocarbons. Therefore, the test data of these two samples are not
considered in the subsequent discussion.

6.2. Factors controlling movable oil content

The factors controlling the movable oil content of shales are complex
and are directly related to oil generation potential, oil storage capacity,
and oil retention capacity (Wang et al. 2019a, b). The oil generation
potential is related to the organic matter richness, type, and thermal
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maturity; the oil storage capacity is related to the pore volume, which is
controlled by the organic matter richness and mineral composition; the
oil retention capacity is related to adsorption capacity, which is
controlled by mineral composition and SSA (Lu et al. 2016; Li et al.,
2014, Li et al., 2020a; Liu et al. 2020).

6.2.1. Organic matter richness

Organic matter is the material basis for oil generation in shale. When
the organic matter type and maturity are fixed, the higher the organic
matter richness is, the stronger the oil generation capacity (Peters and
Cassa 1994). As shown in Fig. 13, the movable oil content of shales in the
DD is positively correlated with TOC, indicating that organic matter
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richness is a factor controlling movable oil content. However, the
movable oil contents of some samples are low, even for a TOC content
greater than 2%. This might be related to the different organic matter
composition, mineral composition, and textures, which further resulted
in different oil generation potential and oil storage space of shales with
similar organic matter richness. This phenomenon can also be seen in
previous studies on the strata in the DD (Li et al. 2020a), Lucaogou Fm.
in the Jimusar Depression, Junggar Basin (Hu et al. 2018a), Hetaoyuan
Fm. in the Biyang Sag, Nanxiang Basin (Feng et al. 2019), Qingshankou
Fm. in the Songliao Basin (Lu et al. 2016), Xingouzui Fm. in the Jianghan
Basin (Li et al. 2015a), and Shahejie Fm. in the Bonan Sag, Bohai Bay
Basin (Lu et al. 2016).

From the envelope line, when TOC < 1%, the movable oil content
increases rapidly with increasing TOC content; when 1% < TOC < 2%,
the movable oil content increases continually with increasing TOC
content but with a decreasing rate of increase; when TOC > 2%, the
movable oil content maintains a high value with increasing TOC content
(Fig. 13). This is consistent with the “trichotomy” relationship between
the oil content and TOC content in the Lucaogou Fm. in the Jimusar
Depression (Hu et al. 2018a), the Hetaoyuan Fm. in the Biyang Sag (Feng
et al. 2019), the Qingshankou Fm. in the Songliao Basin (Lu et al. 2016),
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Fig. 18. Nitrogen and carbon dioxide adsorption-desorption isotherms of the
Paleogene shales in the Dongpu Depression.
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the Xingouzui Fm. in the Jianghan Basin (Li et al. 2015a) and the Sha-
hejie Fm. in the Bonan Sag (Lu et al. 2016). Only shales with abundant
organic matter are favorable for the formation of shale oil plays with
commercial value (Jarvie 2008, 2012; Wang et al. 2019a). When
organic-rich shales start to generate oil, the oil first undergoes (mineral
and kerogen) adsorption/swelling in place (O’Brien et al., 2002; Jarvie,
2012; Larter et al. 2012), but when the TOC content is low, the gener-
ated oil amount is small and is unable to reach the in-place adsorption/
swelling capacity, so the oil is incapable of being expelled. With
increasing TOC content, when the oil generated from shales meets the
in-place adsorption/swelling limits, the oil is retained in pores and
fractures in a free state (Pang et al., 1993a, b, 2005), and the movable oil
content increases gradually. When the TOC content continues to in-
crease, due to the limited pore and fracture spaces available for oil
retention, the additional generated oil will migrate and be expelled.
Therefore, the movable oil content will remain at an elevated value and
no longer increase or increase slightly with increasing TOC content. Due
to differences in the organic matter sources and mineral compositions of
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shales in different areas, the development and evolution of pores and
fractures are different; hence, the boundaries of the “trichotomy” vary
for different areas. For example, the critical TOC contents of the
Lucaogou Fm. in the Jimusar Depression are 1.7% and 3.4% (Hu et al.
2018a); the critical TOC contents of the Shahejie Fm. in the Bonan Sag
are 0.8% and 2.4% (Lu et al. 2016); and the critical TOC contents of the
Xingouzui Fm. in the Jianghan Basin are 0.75% and 1.9% (Li et al.
2015a).

6.2.2. Organic matter type

The organic matter type of shale is related to its origin. Organic
matter with different origins has different chemical compositions and
structures and thus different oil generation capacities. For Type I
kerogen, the organic matter mainly originates from algae, bacteria and
some other lower aquatic organisms and has a strong oil generation
capacity (Marchand et al. 1969). The organic matter of Type III kerogen
mainly originates from terrigenous higher plants, and its oil generation
capacity is limited (Combaz 1980). Therefore, in addition to organic
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matter richness, organic matter type is an important index for deter-
mining oil generation capacity. However, due to the common qualitative
and semiquantitative classifications of organic matter types, such as
classification schemes of Type I, Type II;, Type IIy, and Type III, few
studies have analyzed the influence of organic matter type on movable
oil content (Li et al., 2014). The kerogen type index (KTI), which is
calculated with the maceral composition and organic element data of
the kerogen, is commonly used for characterizing organic matter type
quantitatively, but the testing procedures are complex. Many re-
searchers use the HI to identify organic matter type: the higher the HI,
the closer to Type I the organic matter is, and thus the stronger the oil
generation capacity will be. For example, HI > 600 mg HC/g TOC,
300-600 mg HC/g TOC, 200-300 mg HC/g TOC, and < 200 mg HC/g
TOC, correspond to Type I kerogen, Type II; kerogen, Type II, kerogen,
and Type III kerogen, respectively (Peters and Cassa 1994). Notably,
most of the tested shale samples passed the HET, and the obtained py-
rolysis data did not reflect the original characteristics of the shale. In
other words, the HI doesn’t represent the original oil generation ca-
pacity (HI®). Therefore, it is necessary to restore HI° to reflect the
organic matter types more accurately. In this study, a data-driven model
for studying kerogen kinetics was utilized to reconstruct HI® (Fig. 20)
(Chen and Jiang 2015). This model holds that petroleum generation
kinetics of kerogen in a certain organic-rich shale can be characterized
by its reaction path along thermal maturation (Chen and Jiang 2015),
and hence the HI° can be restored by the most commonly accessible
Rock-Eval/TOC data. However, this model fails to consider certain
maceral composition and organic matter type of kerogen and the
geological conditions of the shales developed (Chen and Jiang 2015).
Try to avoid this issue, this model was utilized after the organic matter
types were classified. The specific formula is shown in Egs. 6-7.

H, :H?{lfexp{f (T;;X) } }+C

1200 (H) —H,)
R™HY (1200 — H))

(6)

7

HI® is the original HI, mg HC/g TOC; HI is the hydrogen index (Sa/
TOC), mg/g; Trax is the maximum temperature of the pyrolysis peak, °C;
Tg is the kerogen conversion rate corresponding to pyrolysis tempera-
tures, %; f, 8 and C are obtained by pyrolysis data simulation (Chen and
Jiang 2015).

Analyses show that the movable oil content is positively correlated
with HI® (Fig. 21a), indicating that the stronger the initial oil generation
potential is, the higher the movable oil content. However, an obvious
anomaly occurred: four samples with HI° values greater than 600 mg
HC/g TOC, have low movable oil contents. The analyses performed
suggest that these four samples are Type I kerogen (Fig. 21a), for which
the low movable oil content may be related to the high oil expulsion
efficiency (Fig. 22). Among these types of kerogen, Type I has the
highest oil generation capacity, but it also has the highest oil expulsion
efficiency. Generally, oil expulsion efficiency increases gradually as the
kerogen type transitions from Type III to Type II5, Type II; and Type I
(Sandvik et al., 1992; Stainforth 2009; Zou et al. 2019). For Type I
kerogen, the highest oil expulsion efficiency is related to strong oil
generation capacity, under which conditions overpressure can easily
form in the shale. Overpressure promotes fracture development, which
in turn accelerates oil expulsion (Wang et al. 2015a, 2015c). In addition,
organic acids form during or before oil generation and promote the
formation of numerous secondary pores by the dissolution of minerals
such as quartz and feldspar (Surdam et al. 1989; Yuan et al. 2019),
which are important pore spaces for shale oil accumulation. Unlike Type
11, Type II; and Type III kerogen, Type I kerogen is rich in hydrogen but
poor in oxygen. Oxygen is an essential element for organic acid forma-
tion; thus, the secondary pores of Type I kerogen are less developed
(Surdam et al. 1989), which is not conducive to shale oil enrichment.
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This phenomenon can also be seen in the Lucaogou Fm. shales in the
Jimusar Depression (Hu et al. 2018a).

6.2.3. Thermal maturity

With a certain organic matter richness and type, the higher the
thermal maturity, the more oil is generated; thus, thermal maturity may
also be an index affecting the movable oil content of shales. The analyses
show that the movable oil content of shale first increases and then de-
creases with increasing Tax (Fig. 21b). The movable oil content peaks at
a Tax of 437 °C, indicating that the highest movable oil content occurs
during early maturity. This should be related to both oil generation and
expulsion and oil cracking. Specifically, the movable oil content in-
creases gradually with oil generation during the early mature stage.

With increasing maturity, the shales start to expel oil only after the
generated oil reaches the in-place adsorption, swelling, water dissolu-
tion and pore residue limits (Momper 1978; Pang et al., 1993a, b, 2005),
so the movable oil content increases gradually before the HET. Qil
expulsion occurs as long as the shales reach the HET, and the liquid oil
may also start to crack (Li et al. 2015b), resulting in a decreasing
movable oil content. Notably, this change is significantly different from
that induced by the influence of thermal maturity on shale oil mobility.
The higher the thermal maturity, the more light components there are,
which results in a high gas-oil ratio and better oil mobility (Wang et al.,
2018; Li et al. 2020a).

6.2.4. Quartz content

Movable oil content is related to the physical properties of the shale.
The mineral composition and proportions influence the pore and frac-
ture development of shale and, in turn, determine its physical properties
(Curtis, 2002a, b; Kuila and Prasad 2013; Liu and Peng 2017). The
primary pore space is the effective pore space for oil enrichment and is
related to the quantity of terrigenous debris input, which can be char-
acterized by quartz content (Chen et al. 2011; Dong et al., 2019). Ana-
lyses show that the movable oil content of the shales first increases and
then decreases with increasing quartz content, peaking at a quartz
content of 15% (Fig. 21c). This may be due to two reasons. First, primary
pore development is related to terrigenous debris input quantity. The
higher the quartz content, the larger the primary pores are (Dong et al.,
2019; Feng et al. 2019). Second, the quartz content is intrinsically
related to the TOC content (Rowe et al. 2008; Liu et al. 2019). Because
the movable oil content is positively correlated with the TOC content,
the quartz content has some correlation with movable oil content.
Generally, increasing quartz content indicates an increasing amount of
terrestrial debris input, which would provide large amounts of nutrients
to the depositional water and is favorable for the existence of lower
aquatic organisms, even prompting algae blooms (Bohacs et al. 2005;
Wu et al. 2014). Therefore, the paleoproductivity would increase
greatly, and the TOC content would also increase. The terrigenous debris
input quantity continuously increases with the quartz content. While the
space suitable for organism existence of depositional water is certain,
when the paleo-productivity peaks, the terrigenous debris input quan-
tity will dilute the sedimentary organic matter, decreasing the TOC
content. Specifically, in shales of the DD, the TOC content decreases
gradually with increasing quartz content when the quartz content sur-
passes 15%. Due to the strong positive correlation between TOC content
and movable oil content, the correlation between quartz content and the
movable oil content initially increases and then decreases.

6.2.5. Clay mineral content

The stronger the adsorption capacity is, the lower the movable oil
content (Li et al. 2018a). The adsorption capacity of shale is directly
related to the clay mineral content (Feng et al. 2019). The analyses show
that the movable oil content of the shales increase initially and then
decrease with increasing clay mineral content, peaking at a clay mineral
content of 25% (Fig. 21d). This is inconsistent with previous studies that
concluded that the movable oil content decreases with increasing clay
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mineral content (Feng et al. 2019). This difference may have two ex-
planations. First, the movable oil content is correlated with the
adsorption capacity of shales, which in turn is related to the clay mineral
content. The higher the clay mineral content, the stronger the adsorption
capacity is, and thus the lower the movable oil content. Second, the clay
mineral content is intrinsically related to TOC content. Because movable
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oil content is positively correlated with TOC content, the clay mineral
content has some correlation with movable oil content. Generally, the
clay mineral content is a practical index for indicating water turbulence
during deposition (Bohacs et al. 2005; Liu et al. 2007); the higher the
clay mineral content is, the lower the turbulence. Therefore, the higher
the clay mineral content, the better the preservation condition for
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Table 3
Movable oil content prediction of the randomly selected ten shale samples.
Smaple Depth TOC Calibrated Total Totail Predicted
NO. (m) (%) (811 +S21) pore SSA (811 +
(mg/g) volume (m2/g) $21) (mg/
(cm®/g) 8
13 3184.9 0.96 1.43 0.006 2.247 2.37
21 3677.81 2.19 5.34 0.040 5.612 5.19
22 3188.8 2.32 2.44 0.060 27.057 3.53
23 3167.22 6.78 9.58 0.049 11.288 11.08
24 3155.12 2.58 4.46 0.047 16.430 4.73
26 3282.66 2.45 3.47 0.060 20.728 4.52
29 3685.7 1.12 2.20 0.047 11.366 3.12
41 3279.2 4.71 7.65 0.049 8.680 9.07
43 3159.12 0.46 0.26 0.003 1.092 1.61
55 3558.38 0.64 1.20 0.046 14.723 1.94

organic matter accumulation is, and thus the higher the TOC content is.
However, when the clay mineral content exceeds a critical value, the
depositional water is too calm and lacks nutrient input, which indicates
that the depositional setting is not favorable for supporting aquatic or-
ganisms, resulting in a low paleoproductivity and TOC content (Bohacs
et al. 2005; Wu et al. 2014; Chen et al. 2011). Because the movable oil
content is positively correlated with TOC content, the relationship be-
tween the clay mineral content and movable oil content initially in-
creases and then decreases. Specifically, in shales of the DD, the TOC
content decreases gradually with increasing clay mineral content when
the clay mineral content is greater than 25%.

Under combined control of the above two explanations, when clay
mineral content is less than 25%, increasing clay mineral content both
promotes increasing TOC content and adsorption capacity of shales, but
impacts of increasing TOC content on movable oil content are signifi-
cantly greater than that of the increasing adsorption capacity, thus the
movable oil content increases. When clay mineral content surpasses
25%, increasing clay mineral contents also promote increasing TOC
content and adsorption capacity simultaneously, but impacts of
increasing TOC content on movable oil content are lower than that of the
increasing adsorption capacity, thus the movable oil content decreases
gradually (Fig. 21d).

6.2.6. Pore volume

Abundant micro—/nanoscale pores develop in shales and are key
storage spaces for oil. As shown in the microscopic images of oil-
generating biota and FE-SEM (field emission scanning electron micro-
scopy), large amounts of bitumen were distributed in the intergranular
pores of the calcium-rich carbonate laminas in the studied shale, with
weak orange yellow fluorescence (Fig. 14). Therefore, the pore volume
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Fig. 26. Validation of the established model by comparing the measured and
predicted movable oil contents. N indicates the number of samples.

directly affects the movable oil content (Loucks et al. 2012; Zou et al.
2019; Zhu et al., 2019b). The analyses show that the movable oil content
of the shales increase with increasing pore volume (Fig. 21e). This
finding is similar to those from other lacustrine shale oil plays (Li et al.,
2014; Feng et al. 2019). Before reaching the HET, the oil generated from
the shales is preferentially retained in pores after satisfying the in-place
adsorption/swelling limits. When these pores became saturated, the
additional oil generated was expelled with an episodic expulsion pattern
(Roberts and Nunn 1995; Ma et al. 2016). The larger the pore volumes,
the greater the spaces for oil retention are, and thus the greater the
movable oil content is.

6.2.7. SSA

Clay minerals and pores are key contributors to the SSA of shale
(Kuila et al. 2014; Liu and Peng, 2017). Generally, the greater the SSA is,
the stronger the adsorption capacity (Li et al. 2018a). The analyses show
that the movable oil content of the shales decreases with increasing total
SSA (Fig. 21f), indicating that when pore volumes remain the same, the
larger the SSA is, the lower the movable oil content. This finding is
consistent with the results of prior studies (Feng et al. 2019).

6.3. Movable oil content estimation model
Based on the above analyses, the movable oil content of the shales

has certain correlations with organic matter richness, type, and thermal
maturity, quartz content, clay mineral content, pore volume, and total
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Fig. 25. Accuracy validation of the numerical simulation results by regression standardized residual and cumulative probability with the IBM SPSS Statistics

25 software.

22



T. Hu et al.

SSA. However, there may also be some internal relationships among the
above seven factors, such as the internal relationship that exists among
the TOC, quartz, and clay mineral contents and also the clay minerals
and SSA (Kuila et al. 2014; Liu and Peng, 2017). Given this, IBM’s SPSS
Statistics 25 software was utilized in this study to a conduct systematic
cluster analysis on the above seven factors to determine the unique
factors affecting movable oil content (for example, the intergroup
connection and Pearson correlation tests were utilized). The systematic
cluster analysis shows that the clay mineral content is positively corre-
lated with total SSA (Fig. 23a), indicating that the key contributor to the
SSA of the shales is the clay mineral content (Fig. 23b). Meanwhile,
quartz content shows a weak correlation with the clay mineral content
and total SSA, which may be related to the inherent correlation between
the quartz and clay mineral contents in lacustrine deposits (Fig. 23c).
HI® is correlated with Tyax, probably because Ty is included in the
data-driven model for reconstructing kerogen kinetics (Fig. 23d). There
is a high correlation between the TOC content and total pore volume,
indicating that many organic matter pores developed in the studied
shales, and are key contributors to the total pore volume (Fig. 24).

IBM SPSS Statistics 25 was utilized to conduct a multiple regression
analysis of factors controlling the movable oil content and ultimately
establish a movable oil content evaluation model. The results show that
the standardized coefficients of the movable oil content of the shales
with the above seven parameters are significantly different. Among
them, the standardized coefficients of the TOC content, total pore vol-
ume and total SSA are much greater than those of HI°, Tnay, and the
quartz and clay mineral contents, indicating that TOC content, pore
volume and SSA are the key factors controlling movable oil content.
Therefore, based on the system cluster analysis results and on a guar-
anteed basis of model accuracy, TOC content, pore volume and SSA were
used in the simulation to establish the movable oil content evaluation
model. Notably, to assess the accuracy of the model, 47 tested shale
sample data points were randomly selected in this study for multiple
regression simulation (Table 3), and the remaining 10 data points were
utilized to validate the accuracy of the model (Table 3). The established
model is shown in Eq. 8.

Y = 1.531 x X; +40.764 x X, — 0.126 x X3 +0.932 (8)
X; is TOC, %; X, is total pore volume, crn3/g; X3 is total SSA, rnz/g.

To some extent, this evaluation model removes the limitations that
most of the existing methods display. This approach makes full use of the
data obtained in previous studies, overcomes the problem of a lack of
shale cores, and provides ways for reducing testing costs. However, the
accuracy and reliability of the predicted movable oil content are related
to the reliability of existing test data. Meanwhile, there are three aspects
to be noted:  There is not necessarily a correlation between movable
oil content and shale oil mobility. The movable oil content could be high
with poor oil mobility. In addition to the movable oil content, the shale
oil mobility is also controlled by the oil composition, oil maturity,
fracture development density, and formation pressure. @ The shale core
samples studied in this work mainly come from the Es Fm. of the DD,
which developed in a brackish-saline lacustrine environment, and the
organic matter types are mainly Type II and Type I, with Type II;
dominating, Therefore, the established evaluation model might not be
applicable for shales deposited in fresh or ultra-saline lacustrine envi-
ronments, marine shales, or shales with Type III and Type II5 kerogen. It
is suggested that studies on the factors controlling the movable oil
content should be conducted on fresh lacustrine shale, ultra-saline
lacustrine shale, marine shales, and shales with Type III and Type II;
kerogen to establish a corresponding evaluation model. ® If a more
accurate evaluation model of movable oil content is required, due to the
strong heterogeneity of lacustrine shales, it is necessary to further
classify the shales into different lithofacies by using the TOC content,
mineral composition, and rock textures, then analyze key factors con-
trolling the movable oil content, and finally establish a movable oil
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content evaluation model for shales with different lithofacies.

6.4. Accuracy validation

Numerical simulation results show that R? of the regression evalua-
tion model reaches 0.791 and that the regression standardized residual
conforms to a normal distribution (Fig. 25). Therefore, the evaluation
model established by multiple regression is reliable. In addition, based
on the TOC content, pore volume and SSA data of the remaining 10 shale
samples, the movable oil content was predicted by the evaluation model.
The results show that the predicted movable oil content was consistent
with the tested movable oil content with a linear fitting equation coef-
ficient of 1.0253 and R? of 0.9725 (Fig. 26), which further validated the
accuracy of the model.

7. Summary and conclusions

This paper provides an extensive review of the theories, techniques,
and methods of movable oil content evaluation and their merits and
demerits for lacustrine shales. Taking typical lacustrine shales of the
Paleogene Shahejie Fm. (50.5-33 Ma) of the DD and Bohai Bay Basin as
an example, a novel and practical quantitative model for movable oil
content evaluation was established. The main conclusions are as follows.

(1) A brief review of the OSI, GEM, HETM, POSM, MREPM, MSEM,
FHDM, SM, NMR, and MDS methods for movable oil content evaluation
and their limitations for lacustrine organic-rich shales was provided. The
MREPM combined with light hydrocarbon calibration is the most
mature and practical method of the movable oil content evaluation for
lacustrine shales.

(2) The movable oil content of the Es Fm. shales in the DD are high;
71.2% of the studied samples resulted in oil crossover effects, reflecting
a high organic matter richness and oil-prone organic matter types within
the oil window. The mineral composition is complex, for which car-
bonate is found in the highest proportion, followed by clay minerals, and
the felsic mineral content is the lowest. The shale pores are mainly
macropores and mesopores, and the total pore volume ranges from
2.8-100.6 x 10—3 cm3/g, with an average of 32.5 x 10—3 cm3/g. The
SSA is mainly controlled by the micropores and mesopores, and the total
SSA ranges from 1.09-33.68 m2/g, with a mean of 11.59 m2/g.

(3) The TOC content, pore volume and SSA are the key factors con-
trolling the movable oil content of these shales, and the evaluation
model was simulated by IBM SPSS Statistics 25 and validated with test
data.

(4) In the future, due to the strong heterogeneity of lacustrine shales,
it is necessary to establish movable oil content evaluation models for
shales with different lithofacies for a more accurate evaluation.
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