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ABSTRACT

The occurrence characteristics of shale oil are of great significance to the movability of shale oil. In this
study, the occurrence characteristics of oil in the shale matrix at Funing Formation shale in Subei Basin
were quantitatively evaluated by organic geochemistry and microscopic pore structure characterization
experiments. The Multiple Isothermal Stages Pyrolysis (MIS) experiment results show that the content of
total oil, adsorbed oil, and free oil in the shales are 3.15—11.25 mg/g, 1.41—4.95 mg/g, and 1.74—6.51 mg/g,
respectively. among which the silicon-rich shale has the best oil-bearing. The relative content of free oil
shows an increasing trend in pores with pore diameters greater than 3 nm. When the relative content of
free oil reaches 100%, the pore size of silicon-rich shale is about 200 nm, while that of calcium-rich shale,
clay-rich shale, and siliceous mixed shale is about 10 nm. The occurrence law of adsorbed oil is opposite
to that of free oil, which indicates that shale oil will occur in the pores and fractures in a free state in a
more extensive pore size range (>200 nm). This study also enables us to further understand the
occurrence characteristics of shale oil under the interaction of occurrence state and occurrence space.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

Ning et al., 2017; Wang et al., 2019; Zhu et al., 2021). Adsorbed oil
mainly refers to oil attached to surfaces of mineral particles or

Shale oil refers to oil that occurs in organic-rich shale formations
with no natural production capacity or lower than the lower limit of
industrial oil production and requires special technological mea-
sures to obtain industrial oil production (Jia et al., 2012; Chen, 2017;
Feng et al., 2020; Hu et al., 2020; Lin et al., 2022; Xu et al., 2022).
The occurrence state of shale oil can be classified as the free state,
adsorbed state, and a small amount of inter-miscible state (dis-
solved in natural gas, kerogen, residual water, etc.) (Lu et al., 2016;
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organic matter. Explaining this part of shale oil is almost impos-
sible, and it is considered virtually immovable with current
development technology. Free oil mainly occurs in pores and frac-
tures of the mineral matrix. It is the main contributor to shale oil
productivity under the natural elastic energy recovery method,
which means that the occurrence state of shale oil is an essential
factor affecting the mobility of shale oil (Jiang et al., 2016; Li et al.,
2017, 2018; Hu et al., 2021a). Moreover, the composition of shale oil
is very complex: it generally consists of more than 50% saturated
hydrocarbons and also contains a certain content of polar com-
pounds and aromatic hydrocarbons (Regtop et al., 1982; Zhang
et al., 2020); therefore, the evaluation of shale oil content (i.e.,
adsorbed oil and free oil) and proportion in different occurrence
states is of great significance for determining the mobility and
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production potential of shale oil (Lu et al., 2016).

At present, Numerous quantitative evaluation methods for shale
oil in different occurrence states are widely used, e.g. Standard
Rock-Eval (RE) Pyrolysis (Jarvie, 2012; Jiang et al., 2016; Abrams
et al., 2017; Wang et al., 2022), Multiple Isothermal Stages (MIS)
Pyrolysis (Romero-Sarmiento et al, 2016; Zink et al, 2016),
Sequential Solvent Extraction (SSE) (Schwark et al., 1997; Pan and
Liu, 2009) and other methods (Li et al., 2018). Rock pyrolysis (RE
and MIS) has also been widely used in shale oil resource evaluation
to assess in-situ hydrocarbon content rapidly (Hu et al., 2018,
2021b). The principle of the sequential solvent extraction technique
is that shale oil with different occurrence states has different
occurrence spaces and molecular polarity. Then different polar
solvents are used to extract shale oil with different occurrence
states in shale to obtain the content of free and adsorbed oil. The
SSE technique was first used to characterize the fractionation of
bitumen in source rocks. Since then, many scholars have used this
method to extract samples of different particle sizes to obtain hy-
drocarbon fractions with different occurrence states (Sajgo et al.,
1983; Wilhelms et al., 1996; Pan and Liu, 2009; Yu et al., 2017).
The MIS pyrolysis and SSE methods assume that free shale oil is
mainly small molecules, weakly polar hydrocarbons, or non-
hydrocarbon compounds occurring in fractures or large pores. In
contrast, the adsorbed shale oil is mainly composed of macromol-
ecules, polar hydrocarbons, or non-hydrocarbon compounds in
micropores or kerogen. In addition, researchers have also con-
ducted many studies on the occurrence space of shale oil. The
mainstream research methods include environmental scanning
electron microscopy (ESEM), nitrogen adsorption before and after
oil washing (B-AOWNA), two-dimensional nuclear magnetic reso-
nance (2D-NMR), etc. (Liu et al., 2019; Wang et al., 2019; Dang et al.,
2022; Zhang et al., 2022a,b). Among them, ESEM is mainly used to
qualitatively analyze the occurrence space of shale oil, while B-
AOWNA and 2D-NMR technology can quantitatively characterize
the occurrence space of shale oil.

Although these methods reveal the occurrence characteristics of
shale oil to a certain extent, most of them only perform a single
analysis of the content of shale oil in different occurrence states or
the occurrence space or pore size distribution (PSD) of shale oil. SSE
and rock pyrolysis can only reveal the content of shale oil in
different occurrence states, but cannot quantitatively characterize
its occurrence space or PSD. There is still a lack of effective research
on the occurrence characteristics of rock oil under the coupling
effect of different occurrence states and PSD.

This paper intends to evaluate the occurrence characteristics of
shale oil by combining geochemical analysis with shale pore
structure characterization methods. Standard RE pyrolysis and
sequential solvent extraction techniques were performed to
comprehensively reveal the content of shale oil in different occur-
rence states. While quantifying the content of shale oil in different
occurrence states, low-temperature nitrogen adsorption technol-
ogy was also carried out to characterize the occurrence space and
PSD of shale oil in different occurrence states. Through the organic
geochemical analysis and pore structure characterization technol-
ogy, the occurrence characteristics of shale oil under the coupled
effects of different occurrence states and PSD are clarified. This
research allows a more detailed understanding of the occurrence
characteristics of shale oil and provides some theoretical guidance
for improving the recovery and economic development.

2. Geological setting
The Northern Jiangsu Basin, with an area of 35000 km?, is

faulted in eastern China (Fig. 1). The Gaoyou Sag is a sub-basin
located in the south of the Northern Jiangsu Basin and covers an
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area of 2670 km?. Gaoyou Sag is bounded by Tianchang Uplift,
Lingtanggiao Low Uplift, Liubao Low Uplift on the west, Tongyang
Uplift on the South, and Wubao Low Uplift in the East. Jinhu Sag is
the most considerable sag in the continental part of the Northern
Jiangsu Basin (Fig. 1), which is bounded on the north by Jianhu
Uplift, on the south by the Yangcun Fault zone, and Tianchang
Uplift, on the west by Zhangbaling Uplift, and on the east by
Lintangqiao-Liubao Uplift. (Gang et al., 2012; Dong et al., 2013; Liu
et al., 2014; Zhang et al., 2022a,b).

The Funing Formation formed a lacustrine sedimentary system
dominated by argillaceous sediments, with a thickness of
200—1500 m. The shale of the second member (E4f;) is the primary
source rock of the Funing Formation, and its lithology is mainly
dark gray or gray-black mudstone mixed with argillaceous lime-
stone, thin limestone, sandstone, or dolomite. The organic matter
types of the shale in E;f, are mainly Type I and Type II, and the
maturity is greater than 0.8%. The organic carbon content is mainly
distributed in 1%—2%, and the mass fraction of chloroform asphalt
"A" is between 0.1% and 0.3%. Several wells in the E;f; have ob-
tained industrial oil flow through the oil test, which has favorable
conditions for the formation of shale oil (Liu et al., 2014).

3. Samples and methodology
3.1. Samples

In this study, six samples from the E1f, were selected from three
cored wells in the Gaoyou Sag and Jinhu Sag. According to the three
terminal element diagram of the main minerals (quartz & feldspar,
calcite & dolomite, and clays), the lithological division scheme of
shale in the E;f, was established in Fig. 2a—f represents clay-rich
shale, silicon-rich shale, calcium-rich shale, clayed mixed shale,
siliceous mixed shale, and calcareous mixed shale, respectively, and
the total organic carbon (TOC) increases from blue to red. Four
lithological types were identified in the samples: HX4-3, QX4-1,
and QX4-2 are silicon-rich shale, SX84-8 is clay-rich shale, S$X84-20
is calcium-rich shale, and SX84-27 is siliceous mixed mudstone.

3.2. Methodology

3.2.1. Field emission scanning electron microscopy (SEM)

SEM analysis yields a visual depiction of pore types and was
used for accurate characterization of pore structure. The experi-
ments were performed at FFl Quanta 200 F field emission-scanning
electron microscope. Samples were obtained from the same posi-
tion as the other experiments and the irregular samples with a size
of approximately 1 cm® were mounted on stubs and hand-polished,
Subsequently, the samples were polished with an argon-ion beam
to produce a flat and smooth surface, and all samples were coated
with a layer of Au (99.999% purity) approximately 10 nm thick. A
series of back-scattered electron (BSE) and secondary electron (SE)
images were obtained at a resolution ranging from 1.04 nm to
558 nm.

3.2.2. Low-temperature nitrogen adsorption

Low-temperature nitrogen adsorption (LTNA) experiment was
performed on a Micromeritics ASAP 2460 surface area and porosity
analyzer. The samples were processed into portions with weights of
2 g and grain sizes of 0.250.425 mm (4060 mesh). The particle
samples were first dried in an oven at 60 °C (140 °F) for 24 h and
degassed under a high vacuum (<10 mmHg) for 12 h at 110 °C
(230 °F) in the apparatus to remove volatile substances and free
water. According to the Kelvin equation, as the gas partial pressure
of liquid increases, it condenses first in the smallest pores and then
in larger pores. Based on this theory, Nitrogen adsorption-
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Fig. 1. Location and tectonic units of the Subei Basin (Song et al., 2010).
Clays, % pressure of 0.99. The PSD was used to identify the range of the
TOCO475 0 _ dominant pore sizes and was obtained from the LTNA data using
100 ool the Barrett-Joyner-Halenda (BJH) model (Barrett et al.,, 1951). Ac-
¢ gzcil:nr?x'gghsigﬁe'e cording to the theoretical assumption of the model, the BJH model
0.95 6. Silosous mixed shale can well reflect the PSD of mesopores (2—50 nm), and the Kelvin
f:iCalcareous mixedishale equation can give the critical curvature radius of the pores.
Therefore, the BJH model was used to calculate the PSD of the
s samples in this study.
3.2.3. Gas chromatography on saturated fractions
The Gas Chromatography (GC) experiments of shale oil in the
1% study area were performed on an Agilent GC-MS 7890B-5977A
(Agilent, USA). A nonpolar Rxi-5 phase column (60 m x 0.25 mm
L.D. and 0.25 pm film thickness) was used. A small amount of extract
1.55

25

50 75 100

Quartz + Feldspar, % Carbonate + Dolomite, %

Fig. 2. Three terminal element diagram for lithology division of shale in the E;f5.

desorption isotherms were obtained under relative pressures (p/po)
ranging from 0.01 to 0.993 at 77 K; The LTNA isotherms can provide
information on the total pore volume, specific surface area, and
PSD. In this study, the BET surface area was calculated from the
LTNA data under relative pressure ranging from 0.05 to 0.35 using
the multilayer adsorption theory proposed by Brunauer-Emmett-
Teller (Brunauer et al., 1938). The total pore volume was esti-
mated to be the liquid volume of the nitrogen adsorbed at a relative

was injected into a heated (300 °C) injector; GC temperature
operating conditions for the saturated fraction were as follows: The
oven temperature was initially set at 80 °C (5 min) and then to
300 °C(held 20 min) at 5 °C/min.

3.2.4. Rock-eval and multi-isothermal stage pyrolysis

Both standard Rock-eval (RE) pyrolysis and Multi-isothermal
stages (MIS) pyrolysis were performed on the Rock-Eval VI appa-
ratus with a flame ionization detector (FID).

For RE pyrolysis, the shale samples were crushed to a particle
size of less than 0.150 mm, about 100 mg of sample was added to
the pyrolysis oven to be heated to a programmed temperature, and
the hydrocarbon gas volatilized and cracked under high tempera-
ture was separated from the sample residue by purging with inert
gas (e.g., helium). The process of standard RE sequentially removes
from the rock sample the gas, liquid, and solid components (Sg, S1,
and S, respectively) of the oil by stepwise heating: the gaseous
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hydrocarbon (Sp) in the rock is detected at the stage of 0—90 °C;
then heated to 300 °C for 3 min to detect the liquid hydrocarbon
(51), and then the temperature was raised to 600 °C at a rate of
25 °C/min to detect the gas generated by kerogen cracking and
volatilization (S,) (Espitalié et al., 1977; Lafargue et al., 1998; Behar
et al., 2001).

In contrast, the process of MIS pyrolysis can be divided into four
stages. S1.1, representing the light molecular weight fraction, was
obtained by heating from the ambient temperature at a rate of
25 °C/min to 200 °C for 1 min. Afterward, the sample was heated to
350 °C at a rate of 25 °C/min for 1 min to obtain S;_, composed of
light and medium molecular weight fractions. Then the tempera-
ture was raised at the rate of 25 °C/min to 450 °C for 1 min to obtain
S».1, composed of heavy hydrocarbons and polar compounds.
Finally, the temperature was raised to 600 °C for 1 min to get S,.o,
representing kerogen cracking products.

3.2.5. Sequential solvent extraction

Sequential solvent extraction is widely used in the study of oil-
bearing reservoirs. In this study, the free oil in the shale samples
was obtained by cold ultrasonic extraction with dichloromethane,
and the adsorbed oil was obtained by thermal extraction with
tetrahydrofuran. Meanwhile, the samples and extracts after each
extraction were collected and analyzed by various methods
including LTNA, Rock pyrolysis, saturated hydrocarbon GC, and
others (Fig. 3). The specific steps are as follows :

In the first step, the samples were surface-cleaned and cut into 6
or 7 cubes with a side length of about 1 cm. Then, the cubes were
placed in a transparent airtight container containing an appropriate
amount of dichloromethane. They were sonicated for 30 min in an
ultrasonic cleaner with a frequency of 6 kHz, repeating the process
until the color of the solvent did not change. The experiment was
maintained at a constant temperature of 20 °C. After the extraction,
the extracts were separated and analyzed by saturated hydrocar-
bon gas chromatography.

In the second step, the cubes that had been extracted in the first
step were crushed into particles and sieved. The particle size frac-
tion 0.85—2 mm was also subjected to the same experimental

6 kHz ultrasonic
dichloromethane
20°C

Unextracted sample

Fromstep 0 to 3

Fromstep 0 to 3
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procedure as in the first step. At the same time, the size fractions
<0.150 mm and 0.25—0.425 mm that were obtained during the
sample crushing process were subjected to RE pyrolysis and LTNA
experiments, respectively. The extracts were also analyzed by gas
chromatography.

In the third step, the extracted particle samples in the second
step were further crushed to 0.25—0.425 mm. The extraction work
of this step is completed on a rapid solvent extraction instrument
(Beijing, Labtech). The extraction solvent adopts a more robust
polar tetrahydrofuran reagent, and the extraction temperature is
100 °C. The extracts and shale samples were also subjected to GC,
RE pyrolysis, and LTNA experiments.

4. Results
4.1. Types of shale reservoir space

The pore-fractures network is the main place and channel for
shale oil storage and seepage. Generally, shale reservoir space can
be divided into organic matter pores, intragranular pores, inter-
granular pores, and micro-fractures. The shale reservoir space
selected in this study is dominated by inorganic pores, including
clay mineral intragranular pores, feldspar dissolution pores, and
calcite and quartz intergranular pores, while organic pores are
hardly found. Thus, the inorganic pores and microfractures
contribute to the primary occurrence space of shale oil (Fig. 4). The
pores of silicon-rich shale are dominated by dissolution pores,
which are mainly formed by feldspar dissolution under the action
of organic acid. The pores are mostly filled with mixed-layer illite/
smectite and authigenic quartz, and the pore shape is irregular,
which is the key factor for a favorable shale oil reservoir (Fig. 4a—c).
Intragranular pores of clay minerals are found in large quantities in
clay-rich shale, which exists in flocculent clay mineral aggregates,
and the pore morphology is mostly long strips and parallel plates
(Fig. 4d). The pore space of calcium-rich shale and siliceous mixed
shale is dominated by intergranular pores, which are formed be-
tween brittle mineral particles, and the pore morphology is rela-
tively regular (Fig. 4e—f)

Solvent extraction
Tetrahydrofuran
100 °C

6 kHz ultrasonic
Dichloromethane

From step 1t0 3

>100 mesh

40-60 mesh

Low temperature nitrogen adsorption

Extractives

Gas chromatography

Standard rock pyrolysis

Fig. 3. Technical road.
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Fig. 4. Pore types of six shales. (a)—(f) represent HX4-3, QX4-1, QX4-2, SX84-20, SX84-8, and SX84-27, respectively.

4.2. Organic geochemical characteristics and composition

Standard RE pyrolysis and MIS pyrolysis data, performed
through the standard procedure on the samples, are listed in
Table 1. The organic matter maturity varies from low to mature
with the pyrolysis hydrocarbon peak temperature (Tpax) of
380—436 °C. S; represents the extractable free hydrocarbon con-
tent in the rock, which can directly reflect the degree of oil and gas
enrichment of the rock, and the ranges from 0.97 to 5.99 mg/g, with
an average value of 3.26 mg/g; The variation range of the hydro-
carbon quantity parameter (S;) of kerogen pyrolysis at high tem-
perature is 1.78—9.58 mg/g (mean 5.07 mg/g). MIS pyrolysis
parameters (i.e., S1-1, S1-2, S2-1, and Sp.») vary in a range of
0.07-0.22,1.66—6.29, 1.41—4.95 and 0.16—2.06 mg/g, respectively.
Among them, the pyrolysis yield, total oil, and free oil of silicon-rich
shale (HX4-3, QX4-1, and QX4-2) are much higher than those of
other lithologic shales (Table 1), which shows a good oil-bearing
property for the silicon-rich shale.

The TOC of six samples varies from 0.86% to 1.52% (mean 1.21%)
(Table 2). The inorganic material composition data obtained from
XRD are listed in Table 2; the silicon-rich shales HX4-3, QX4-1, and
QX4-2 are mainly composed of quartz and feldspar, which vary
from 48.8% to 58.8% and 30.9%—38.51%, respectively with a small
amount of calcite (1.57%—10.54%) and clay minerals (2.88%—4.2%).
These are mainly in the form of sandstone interlayers in shale. The
minerals of $X84-20 are dominated by dolomite (54.26%) and clay
minerals (24.01%). The SX84-8 sample is mainly composed of clay

Table 1

minerals (59.51%) and quartz (26.75%); while clays (29.21%), quartz
(29%), and analcite (16.09%) are the dominant minerals of SX84-27.

4.3. Standard RE pyrolysis of extracted samples

The standard RE pyrolysis data of the extracted samples are
shown in Table 3. Step O represents the original sample without
extraction. The standard RE pyrolysis parameters (Sy, Sz) of the six
shale samples vary between 0.97 and 5.99 mg/g and 1.78—9.47 mg/
g, respectively. The data of Step 1 are obtained from cubic samples
with an edge length of about 1 cm in the cold ultrasonic extraction
of methylene chloride; the pyrolysates of S; and S, are from 0.22 to
1.19 mg/g and 1.33—3.15 mg/g, respectively. The data in Step 2 refers
to the standard RE pyrolysis after the cubes in Step 1 were crushed
and sieved to 0.85—2 mm and then subjected to cold ultrasonic
extraction. The S; and S, vary from 0.02 to 0.85 mg/g, and
0.83—2.24 mg/g, respectively. The data in Step 3 refers to the shale
samples after two cold extractions that were further crushed and
sieved to 0.25—0.425 mm and subjected to standard RE pyrolysis
after thermal extraction. The pyrolysates of S; and S, vary in the
range of 0.02—0.19 mg/g and 0.2—0.81 mg/g.

It can be clearly found that the pyrolysis yield decreases with the
increase of extraction times, and the variation between pyrolysis
steps can be represented by the parameters A(S1+S>), AS1, and AS»,
i.e. the difference between two adjacent standards RE pyrolysis
parameters, as shown in Fig. 5a—c, respectively. The original sam-
ple's RE pyrolysis yield (S;+S2) is the highest and gradually

Peak pyrolysis temperature (Tmax), Rock-Eval (RE) pyrolysis, and multiple isothermal stages (MIS) pyrolysis of shale samples.

Sample Tmax Rock-Eval Pyrolysis Multi-isothermal stages pyrolysis

No. °C S1, mg/g) Sz, mglg S1-1, mg/g S1-2, mg(g S2-1, mg/g S2-2, mg[g
HX4-3 429 5.99 7.47 0.22 6.29 4.10 0.93
QX4-1 428 5.32 9.58 0.11 6.19 4.95 1.73
QX4-2 436 3.54 6.64 0.07 4.60 3.63 2.06
$X84-20 408 2.67 3.13 0.14 3.17 2.37 0.62
SX84-8 380 1.07 1.80 0.09 2.12 143 0.16
SX84-27 383 0.97 1.78 0.08 1.66 141 0.27
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Table 2
Total organic carbon (TOC) and inorganic minerals composition.
Sample TOC Quartz Feldspar Calcite Dolomite Clays Pyrite Analcite
No. % % % % % % % %
HX4-3 1.15 48.08 38.51 10.54 0.00 2.88 0.00 0.00
QX4-1 133 55.08 35.07 1.57 0.00 8.28 0.00 0.00
QX4-2 1.06 58.80 30.90 4.00 2.10 4.20 0.00 0.00
SX84-20 132 13.33 2.58 3.31 54.26 24.01 1.09 1.42
SX84-8 1.52 26.75 4.74 2.88 4.19 59.51 1.92 0.00
SX84-27 0.86 29.00 8.45 2.67 12.69 29.91 1.19 16.09
Table 3
Standard RE pyrolysis data from extracted samples.
Sample Step 0 Step 1 Step 2 Step 3
No. S1, mg/g Sz, mg/g 51, mg/g Sz, mg/ 51, mg/g Sz, mg/g S1. mg/g Sz, mg/g
HX4-3 5.99 7.47 0.47 3.15 0.14 2.24 0.02 0.32
QX4-1 5.41 9.47 0.24 2.69 0.04 1.71 0.02 0.20
QX4-2 3.54 6.64 0.22 2.15 0.03 1.34 0.02 0.28
S$X84-20 1.95 3.41 1.19 2.70 0.52 1.31 0.09 0.52
SX84-8 1.07 1.80 0.58 133 0.51 0.83 0.19 0.81
SX84-27 0.97 1.78 0.91 1.53 0.85 139 0.17 0.62
(a) 1 (b) &
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Fig. 5. Variation of shale standard RE pyrolysis parameters with the extraction process.

decreases with increased extraction times. A(S1+S;) represents the
total hydrocarbon reduction during standard RE pyrolysis, which
varies from 0.31 to 11.95 mg/g (mean 5.39 mg/g), 0.2—2.06 mg/g
(mean 1.04 mg/g), and 0.34—7.64 mg/g (mean 1.27 mg/g) after a
single extraction, respectively (Fig. 5a). The content of AS; extracted
at each step is 0.06—5.52 mg/g (mean 2.55 mg/g), 0.06—0.67 mg/g
(mean 0.25 mg/g), and 0.002—0.68 mg/g (mean 0.26 mg/g),
respectively (Fig. 5b). The AS; of Step 1 is much larger than that of
Steps 2 and 3, which also verifies the experimental hypothesis, that
is, the extracts of the first and second steps are mainly free oil with
the light and medium soluble organic matter. Fig. 5c shows that the
AS; varies in the range of 0.25—6.78 mg/g (mean 2.84 mg/g),

0.14—-1.39 mg/g (mean 0.79 mg/g), and 0.02—1.92 mg/g (mean
1.01 mg/g) for steps 1, 2, and 3, respectively, which shows a trend of
first decreasing and then increasing. The AS;/AS, values charac-
terize the variation of free oil/adsorbed oil in shale reservoirs,
which always show a decreasing trend during the step-by-step
pyrolysis process (Fig. 5d).

4.4. The variation of soluble organic matter during sequential
solvent extraction

The (=n-C31/=n-C3>) ratio (sums of n-alkanes before Cp; and
after Cy, respectively) is used to characterize the distribution of n-
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alkanes and to reveal further low and high molecular weight
(LMW/HMW) ratio indicator (He et al., 2022a; 2022b). The peak
areas of the n-alkanes were integrated to obtain a graph of the
relative content of saturated hydrocarbons in a single extraction, as
shown in Fig. 6d, where the relative content of each hydrocarbon
(Cq through Cs37) is the ratio of the peak area of that hydrocarbon to
the sum of the peak areas for all hydrocarbons (e.g., the relative
content of Cy5—Cy5 peak area/d C; peak area,i=1, 2, ..., 37). The GC
results of saturated hydrocarbons in sequential extracts are shown
in Fig. 6. The dominant n-alkane peaks of shale extracts range from
nCy3 to nCsg.. And it gradually shifted from light-end bias to heavy-
end bias with the increase in extraction times, indicating the
variation of LMW/HMW proportion from Step 1 to Step 3, i.e., the
dominant peak of n-alkanes shifted from C,; to C3; (Fig. 6a—c).

4.5. Characterization of occurrence space of shale oil with different
states

The nitrogen adsorption isotherm curve of shale samples in Step
0—3 is shown in Fig. 7. It can be seen that although the isotherms of
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shale samples are slightly different in shape, and they are all in the
reverse "S" shape, that is, the type IV adsorption curve in the [UPAC
classification. Moreover, at high relative pressures (p/po > 0.45), the
isotherms of the adsorption branch and the desorption branch do
not coincide, and the desorption isotherm is located above the
adsorption isotherm to form a hysteresis loop. The shape of the
hysteresis loop can reflect the pore structure in the adsorbent.
There are mainly two types of pore morphology in the shale sam-
ples studied in this study. The adsorption and desorption isotherms
of Typel are almost parallel, and the hysteresis loop is long and
narrow. The adsorption branch rises slowly when p/pg < 0.9 and
rises rapidly after p/pg > 0.9, which is dominated by typical plate-
like pores. Typell has a wide hysteresis loop, The variation of the
desorption branch is relatively gentle when the relative pressure is
high, and it becomes steeper at the medium relative pressure.
Interestingly, after continuous solvent extraction of shale samples,
the shape of low-temperature nitrogen adsorption isotherm has
not changed, but the pore volume has slightly increased, indicating
that shale oil may be desorbed from the surface of shale minerals in
layers (Fig. 7).
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Fig. 7. Isotherm adsorption curves of steps 0 to 3. (a)—(f) represent HX4-3, QX4-1, QX4-2, SX84-20, SX84-8, and SX84-27, respectively.

The PSDs of shales after SSE are shown in Fig. 8. The analysis
combined with GC data shows that the yellow area in Fig. 8 rep-
resents free oil dominated by medium and light hydrocarbons,
while the orange area represents adsorbed oil dominated by heavy
hydrocarbons. The occurrence characteristics of shale oil with
different states in silicon-rich shale are different from other litho-
logic shales. The blue curve represents the PSD of the shales that
have not been extracted. It can be seen that the absolute pore
volume of the silicon-rich shale is significantly lower than that of
the shale of other lithology. This is mainly because the pore space of
the silicon-rich shale is occupied by retained hydrocarbons. After
the first and second extraction, the pore space with PSD >10 nm in
the silicon-rich shale is released, which indicates that the free oil in
the silicon-rich shale mainly occurs in the pores with PSD above
10 nm. After the third extraction, the most significant change in
absolute pore volume is the pore with PSD <20 nm, which indicates
that the adsorbed oil in silicon-rich shale is mainly distributed in
the pores with PSD <20 nm and it is also distributed in the pores
with pore diameter >20 nm, but its proportion is relatively low.

In addition, the PSD of clay-rich shale, calcium-rich shale, and
siliceous mixed shale is similar at Step 0, and the samples have
relatively large pore volumes. After the first and second extraction,
the space occupied by free oil is released. Compared with clay-rich
shale, calcium-rich shale, and siliceous mixed shale show relatively
more significant pore volume increment, which is mainly contrib-
uted by pores with PSD of 2—30 nm, indicating that free oil in
calcium-rich shale and siliceous mixed shale is mainly distributed
in pores with PSD of 2—30 nm, while free oil in clay-rich shale is

mainly distributed in pores with PSD of <10 nm. The extraction
results in the third step show that the adsorbed oil in calcium-rich
shale, clay-rich shale, and siliceous mixed shale mainly occurs in
the PSD <10 nm or even smaller.

5. Discussion

5.1. Comparison of the total hydrocarbon between sequential
solvent extraction, RE, and MIS pyrolysis

MIS pyrolysis and RE pyrolysis are effective methods to evaluate
source rocks' hydrocarbon generation potential and in-situ hydro-
carbon content. However, standard RE pyrolysis suffers from
delayed detection of heavy hydrocarbons and non-hydrocarbons
and incorrect estimation of asphaltenes. MIS pyrolysis further
subdivides the rock pyrolysis process based on standard RE pyrol-
ysis, which is an advanced method for evaluating the content of
shale oil at present. Although there are some errors in standard RE
pyrolysis, they should be consistent in evaluation parameters (e.g.,
hydrocarbon generation potential). In this study, Correlations be-
tween standard RE pyrolysis parameters (S1, S) and MIS pyrolysis
parameters (S1-1, S1-2, S2-1, S2-2) of the non-extracted samples (Step
0) were analyzed (Fig. 9; lines are forced through the origin). The
results show that the two pyrolysis methods have good consistency
in the evaluation of hydrocarbon generation potential (S1+S, & S1-
1+S51-2+S2-1+S2-2) (Fig. 9a), and the total oil (S1+S2—S2-2 & S1-1+S51-
2+S5.1), free oil (S1 & S1.1+S1.2) and adsorbed oil (S5—S2.2 & S».1)
obtained by RE pyrolysis are about 90%, 83% and 144% of those
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Fig. 8. PSD of the BJH model for each step of the sequential solvent extraction process. (a)—(f) represent HX4-3, QX4-1, QX4-2, SX84-20, SX84-8, and SX84-27, respectively.

obtained by MIS pyrolysis, respectively (Fig. 9b, ¢, and d). Therefore,
the standard RE pyrolysis can still be used as an effective method to
evaluate the contents of shale oil in different states.

The sequential solvent extraction (SSE) method can reflect crude
oil’s multi-layer structure and distinguish free and adsorbed oil in
shale reservoirs (Pan and Liu, 2009; Yu et al., 2017). In this study,
based on the SSE experiment, the standard RE pyrolysis test was
carried out for shale after each extraction. The difference between
two adjacent standard RE pyrolysis parameters (AS;+AS>) was used
to reflect the variation of extracted content in shale. The cumulative
variation of the extract after three times extractions was compared
with the MIS pyrolysis data of the non-extracted samples to reflect
the consistency between the total amount of the extract and the
total amount of pyrolysis. It was found that the amount of shale oil
extracted by the SSE method is about 1.17 times that of the MIS
pyrolysis method (S1-1+S1-2+S2-1) (Fig. 10a). After correcting the
total oil amount of standard RE pyrolysis and MIS pyrolysis, the
actual amount of shale oil calculated by SSE method is about 1.089
times that of MIS pyrolysis, which indicates that the SSE method is
accurate and reliable for evaluating the content of shale oil in the
matrix. However, the quantitative characterization of the content of
free oil and adsorbed oil by SSE is slightly different from that of MIS
pyrolysis. The content of adsorbed oil and free oil in SSE is 1.68
times and 0.8 times of MIS pyrolysis data, respectively (Fig. 10b and
c). Therefore, the ratio of free oil to adsorbed oil evaluated by the

SSE method is about half of that of MIS pyrolysis (Fig. 5d).

5.2. Comparison between pore volume increment and hydrocarbon
generation potential

The relationship between pore volume, a key parameter for
evaluating reservoir performance, and the variation of the pyrolysis
yield is discussed. Soluble organic matter in shale usually occupies
a specific pore volume, gradually releasing as the soluble organic
matter is dissolved. Fig. 11 shows that the variation trend of the
hydrocarbon generation potential (AS1+AS>) is in good agreement
with the pore volume (A Pore volume), which indicates that the
extraction of residual oil in the pores is the main reason for the
increase of pore volume, although the two cannot perfectly coin-
cide, which is mainly due to the destruction of larger pores and
fractures in the process of rock fragmentation. Damage to rock pore
structure caused by the organic solvent used in extraction process
and the limitation of PSD for LTNA techniques.

5.3. Analysis of the shale oil occurrence characteristics beyond the
limit of LTNA

LTNA method can effectively reflect the distribution of nano-
pores in materials, and the PSD for shale testing is between 2 and
300 nm, which has been widely used in shale micropore structure
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testing. Although this scale can detect most nanopores, it is still a
little insufficient for the fractures existing in the shale matrix,
which challenges us to characterize the occurrence characteristics
of oil in the shale matrix on a full scale. However, the occurrence
states and proportion of shale oil in pores with PSD larger than
200 nm can still be inferred according to the variation of shale oil in
different occurrence states at the PSD of 2—200 nm. Fig. 12 shows
the variation of the relative content of shale oil with PSD in
different occurrence states. Among them, the relative content of
free oil in silicon-rich shale decreases in the pore size of 2—3 nm
and gradually reaches 100% in the pore size of 3—200 nm. The
relative content of free oil in calcium-rich shale, clay-rich shale, and
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siliceous mixed shale only increases with the pore size and reaches
100% at 10 nm, but the PSD of adsorbed oil is just opposite to that of
free oil. Therefore, the distribution trend of shale oil in different
states in the more extensive PSD can be inferred, that is, in the
silicon-rich shale, the relative content of free oil is dominant in the
pores with PSD larger than 200 nm or in the PSD greater than 10 nm
in the calcium-rich shale, clay-rich shale, and siliceous mixed shale,
while the proportion of adsorbed oil is very small.

6. Conclusions

In this study, organic geochemistry and pore structure
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Fig. 12. Variation of the relative content of shale oil with PSD in different occurrence states.
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characterization technology were combined to characterize the
occurrence characteristics of shale oil quantitatively. The data of
MIS pyrolysis show that the content of total oil, adsorbed oil, and
free oil are 3.15—11.25 mg/g, 1.41—4.95 mg/g, and 1.74—6.51 mg/g,
respectively, which is consistent with that obtained by SSE method.

The difference in the PSD of free oil and adsorbed oil in different
lithologic shale is noticeable. The relative content of free oil in
silicon-rich shale decreases first and then increases at the turning
point of 3 nm and reaches 100% when the pore size is about
200 nm. The relative content of free oil in calcium-rich shale, clay-
rich shale, and siliceous mixed shale increases with the increase of
pore size and reaches 100% when the pore size is about 10 nm,
while the PSD of adsorbed oil in shale is opposite to that of free oil,
which indicates that shale oil will occur in the pores and fractures
in a free state in a more extensive pore size range (>200 nm)

The combined organic geochemical and pore structure charac-
terization technology is an effective means to study the occurrence
characteristics of shale oil, and further research is needed to
generalize this work, which could include: (1) Unexposed shale is
needed to evaluate in situ shale oil occurrence characteristics, e.g.,
shale frozen with liquid nitrogen, shale of sealed coring, etc. (2)
Whether this method applies to shale with different maturity.
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Acronyms

RE standard rock-eval pyrolysis

MIS multiple isothermal stages pyrolysis

SSE sequential solvent extraction

ESEM environmental scanning electron microscopy
B-AOWNA nitrogen adsorption before and after oil washing
2D-NMR two-dimensional nuclear magnetic resonance
LTNA low-temperature nitrogen adsorption

SSA specific surface area

RPV relative pore volume

APV absolute pore volume

PSD pore size distribution

LMW low molecular weight

HMW high molecular weight

BJH Barrett-Joyner-Halenda

BET Brunauer-Emmett-Teller
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