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Abstract: To clarify the reservoir characteristics of laminated shale, the occurrence mechanism of
shale oil and its influencing factors in the Gulong Sag, northern Songliao Basin, are studied to
better guide the exploration and development of shale oil there. First, X-ray diffraction (XRD) and
field-emission scanning electron microscopy (FE-SEM) are used to characterize the pore types, pore
geneses and factors influencing the pore volume in the study area. Second, the organic matter of
the samples is extracted with a mixture of dichloromethane and methanol. Total organic carbon
(TOC), nitrogen adsorption and Rock-Eval tests are performed on the samples before and after
extraction to reveal the pore size distribution after extraction. The factors influencing free and
adsorbed shale oil and the lower limit of pore size are discussed in detail. The results show that
interparticle pores (interP pores), intraparticle pores (intraP pores), organic matter pores (OM pores)
and microfractures can be found in the laminated shale (Q1) in the Gulong Sag, Songliao Basin, and
that the interP pores and intercrystalline pores in clay minerals are the main pores. The FE-SEM
results show that the diameters of interP pores vary from several hundred nanometers to several
microns, and their morphologies are mainly triangular, strip-shaped or irregular. The morphology of
the intercrystalline pores in the clay minerals is generally irregular, depending on the crystal type
and arrangement of clay minerals. According to the characteristics of the nitrogen adsorption and
desorption curves, the pore morphologies are mainly slit-shaped pores, parallel-plate-shaped pores
and ink-bottle-shaped pores. The pore size distribution is mostly bimodal, and the pore volume
contribution is the greatest in the pore size range of 10~20 nm. Before and after extraction, the
overall characteristics of the pore size distribution change only slightly, but the number of micropores
increases significantly. Different minerals have different degrees of influence on the proportions
of micropores, mesopores and macropores. Quartz mainly inhibits the formation of micropores,
while the overall effect on mesopores and macropores is positive depending on the diagenetic period.
Feldspar has a strong positive correlation with the micropore and mesopore proportions but is not
highly correlated with the macropore proportions. The influence of the carbonate mineral content on
the pore volume is not obvious because of its complex composition. The TOC content and vitrinite
reflectance (Ro) are the two most important factors controlling free oil and adsorbed oil, and the
contents of mineral components, such as felsic minerals, carbonate minerals and clay minerals, have
no obvious correlation with shale oil content. With increasing pore volume, the contents of free oil
and adsorbed oil increase, but the proportion of adsorbed oil decreases gradually. The correlation
between the specific surface area and adsorbed oil content is poor. At normal temperatures and
pressures, the lower limit of the pore diameters that can contain free oil is 4 nm, and the lower limit
of the pore diameters that can contain movable oil is 10 nm.
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1. Introduction

With the increasing demand for oil and gas worldwide and the annual decline in
conventional oil and gas production, unconventional oil and gas have become important
resources and have been widely studied [1]. Along with the successful development of
shale oil in North America [2–4], which has changed the world energy pattern [5], the
development of shale oil in China has gradually increased [6]. In addition, China has great
potential for shale oil resources, with recoverable resources reaching 131.8 × 108 t [7]. For
example, the Chang 7 shale oil in the Ordos Basin [8], middle Permian Lucaogou Formation
shale oil in the Junggar Basin [9] and Eocene Kong 2 member shale oil in the Bohai Bay
Basin are all major areas of production [10], but the shale oils mentioned above are hybrid
or interlayer shale oils. The Gulong shale in the Songliao Basin is a pure oil reservoir, which
shows the development of laminar structures and foliation fractures in this study area.
Due to the complex tectonic evolution background, diverse sedimentary environment and
strong heterogeneity of reservoir rock and reservoir space, it is difficult to develop [11].
Gulong shale oil resources are as large as 54.5 × 108 t, and many wells have obtained
more than 13 t of industrial oil flow per day [12]. However, there is a high proportion of
low-producing oil wells in Gulong shale, which increases costs. Research has shown that
laminated shale has a variety of laminae forms and combination types, complex fabric
characteristics and strong heterogeneity, which directly affects reservoir performance and
the accumulation of shale oil; thus, reservoir properties and oil content are key issues in
shale oil research [13]. Therefore, the identification of laminated shale pores and oil content
not only is helpful for the selection of sweet spots but also has a practical guiding role in
improving the exploration success rate.

Previous studies have shown that the Gulong shale oil in the Songliao Basin is mainly
stored in a complex nanoscale pore–fracture system [14], and its reservoir properties are
affected by many factors, such as the mineral content, total organic carbon (TOC) [15,16],
organic matter maturity [17] and depth. The first member of the Qingshankou Formation
(Q1) in the Gulong Depression mainly features interparticle pores, intraparticle pores,
organic matter pores and microfractures [18–20], among which the pore size varies from
several hundred nanometers to several microns [21]. The organic matter pores are closely
related to the maturity of the sample. Generally, organic matter pores gradually increase
in number when Ro exceeds 0.7% and reach a peak value when Ro = 1.1% [22]. The pore
size distribution of the Q1 shale mainly presents a bimodal pattern, with peak values
located at 10 nm and 40 nm [23]. When shale is in the mature stage, carbonate minerals
have a positive effect on the porosity, which is mainly related to dissolution [24]. The
pore volume shows an exponential or irregular trend with the change in the shale burial
depth [25]. There is an obvious negative correlation between the TOC content and pore
volume, but the destruction of micropores by organic matter mainly occurs at the low-
maturity stage [26]. When organic matter maturity is low, hydrocarbon generation is weak,
mainly due to the increase in the number of micropores. With the increase in maturation,
organic matter generates many hydrocarbons, and the porosity of organic matter and
dissolution increase [27]. When the organic matter enters a high-overmaturity stage, the
organic matter is consumed substantially, and the porosity tends to be stable or slightly
increases [28].

The pore volume determines the reservoir capacity of oil and gas, while the occurrence
state and mobility of shale oil affect the development [29]. Previous studies have concluded
that shale oil mainly exists in a pore–fracture system in free and adsorbed states [30,31].
Free shale oil easily flows and exists in intercrystalline pores, solution pores and the
fractures of larger pores, while adsorbed shale oil has difficulty flowing and exists in
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organic matter pores and clay mineral pores [32]. According to the difference in small-
angle scattering experiments, Sun et al. (2017) [33] speculated that Shahejie Formation
shale oil in the Dongying Depression mainly exists in a pore size range of 2–50 nm. Bao
(2018) [34] determined the lower limit of pore size that can contain free oil to be 10 nm
by analyzing the pore size range corresponding to the oil expelled during the vacuum
extraction process under a scanning electron microscope. According to Li’s (2015) [35]
statistics on the correlation between the pore development of different pore sizes and the
oil content of Cretaceous shales in the Songliao Basin, shale oil mainly exists in pores larger
than 20 nm. Shi (2021) [36] classified laminated Paleogene organic-rich shales in the Bohai
Bay Basin and studied the genesis and physical properties of different laminated shales,
concluding that the proportion of intergranular pores and microfractures with good lamina
continuity is higher in the Paleogene organic-rich shales in the Bohai Bay Basin, while the
proportion of intergranular pores and shrinkage fractures with poor continuity is higher
in the other shales. Organic matter in shale is the main factor controlling adsorbed oil,
while quartz and carbonate minerals have no obvious relationship with the adsorbed oil
content [37]. With increasing thermal maturity, the proportion of adsorbed oil gradually
decreases, while the proportion of free oil gradually increases. The TOC content is positively
correlated with the contents of free oil and adsorbed oil. Although previous studies have
been conducted on the pore types, distribution characteristics, influencing factors and
occurrence mechanisms of shale oil to a certain extent, due to the strong heterogeneity
and considerable range in shale maturity, there is a lack of comparative analysis of the
pore types, pore geneses and pore size distributions of shale with different lithofacies
and maturity, as well as the occurrence characteristics and factors influencing shale oil.
Therefore, 9 samples with a wide range of maturity were selected from the first section of
Q1 in the Gulong Sag, ranging from mature (0.87%) to high maturity (1.51%). On the basis
of X-ray diffraction (XRD), TOC and sedimentary structure analysis, the pore morphologies,
pore types, pore geneses, pore size distributions and factors influencing the pore volume of
different lithofacies were analyzed using scanning electron microscopy (SEM) and nitrogen
adsorption. The main factors controlling the distributions of free oil and adsorbed oil and
the lower pore size limit for containing oil in different states were analyzed by pyrolysis
data obtained before and after extraction.

2. Geological Setting

The Songliao Basin is in Northeast China and covers an area of 26 × 104 km2. The
formation and evolution of this basin have experienced complex tectonic changes, with pre-
Paleozoic and Paleozoic metamorphic rocks and igneous rocks as its basement, Cretaceous
strata as its main oil-bearing strata and strata with varying degrees of development from the
Cretaceous to the Cenozoic as the cap rock [38], making it a large continental sedimentary
basin. It can be divided into six first-order structural units, namely, the western slope area,
the northern plunge area, the northeast uplift area, the southeast uplift area, the southwest
uplift area and the central depression area (Figure 1a).

The research area is in the Qijia–Gulong Depression within the central depression,
which is the main hydrocarbon-generating depression in the basin (Figure 1b). The Late
Cretaceous Qingshankou Formation was deposited during a large-scale and stable lake
flooding period, with a warm and humid climate, abundant algae and accelerated sedimen-
tation rate, resulting in a semideep to deep lake reducing environment [39], which provided
good conditions for the formation of high-quality shale. The Qingshankou Formation is
subdivided into three members: Q1 to Q3. The lake basin area was the largest during the
sedimentary period of the first member of the Qingshankou Formation [40], resulting in
mainly black shale and dark gray mudstone, with thinly layered shell limestone, siltstone,
argillaceous siltstone and argillaceous dolomite. The accumulated thickness of muddy
shale accounts for 80%~85% of the total thickness of Q1, which has excellent hydrocarbon
generation potential (Figure 1c).
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Figure 1. (a) Geographic location and first-order structural unit map of the Songliao Basin. (b) Loca-
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3. Samples and Methods
3.1. Samples

In this paper, the laminated shale of Q1 in the Gulong Sag, Songliao Basin, is studied.
Nine organic-rich shale samples with different TOCs and maturity levels from 2175.14 to
2518.6 m were selected from five wells in the northern, central and southern portions of the
depression for study.

3.2. Methods

Whole-rock analysis, TOC analysis, Rock-Eval analysis, low-temperature nitrogen
physisorption and field-emission (FE)-SEM analysis were carried out on nine samples
selected from the study area.

The whole rock was analyzed using a D8AA25 X-ray diffractometer (Bruker, Billerica,
MA, USA), (Cu Kα radiation, λ = 0.15418 nm, 40 kV, 100 mA). First, the sample was
manually ground with a pestle to 80~100 mesh and then pressed to keep the surface flat
and uniform so that no particles were obviously visible. At 20 ◦C and 70% relative humidity,
the scan was performed in a range of 5 to 45◦ 2θ, with steps of 0.02◦ and 2 s. The width
of the receiving slit was 0.3 mm. Finally, the sample powder was put into the instrument
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for detection, and the monochrome Cu Kα X-ray radiation and mineral weight percentage
were analyzed three times. Then, the XRD spectrum was obtained. The relevant data of the
spectrum were read and compared with the standard XRD data of minerals to determine
the mineral types, and the area under the main intensity peak curve of each mineral was
used to calculate the relative mineral percentage semiquantitatively.

For SEM, an SEM4000 scanning electron microscope from Zeiss was used for observa-
tion and imaging (Jena, Germany). First, the selected was cut to reveal a fresh flat surface,
and physical polishing was carried out. Then, the sample chip was cleaned, fixed and
dried. The sample chip (1 cm× 1 cm× 2 mm) was polished by Ar-ion and plated with a
10 nm thick gold film. Finally, a secondary electron image was generated at an acceleration
voltage of 8–10 kV.

The TOC content was measured using a CS-230 carbon and sulfur analyzer (LECO
Corporation, St. Joseph, MI, USA). First, the samples were crushed to a particle size of
less than 0.2 mm with a mass of no less than 10 g. The samples were treated with 5% HCl
at 80 ◦C to remove carbonate and then washed with deionized water to remove residual
HCl. Second, the treated powder was mixed with iron powder and tungsten–tin alloy
as additives, with O2 as the combustion gas and N2 as the carrier gas. The combustion
temperature was raised to 3000 ◦C. Finally, the TOC content was obtained by analyzing the
amount of CO2 released from organic matter combustion.

Pyrolysis of rocks is a method for quantifying hydrocarbon content in rocks. First,
the surface of the sample was cleaned and crushed to 100 mesh; then, the sample was
put into the cracking furnace. During the pyrolysis stage (N2 environment), the initial
isothermal temperature was 300 ◦C for 3 min, and the free hydrocarbon (S1) in the sample
was released. The temperature was raised 25 ◦C/min to 650 ◦C, the pyrolysis products in
kerogen (S2) were released by pyrolysis, and the maximum temperature of hydrocarbon
generation (Tmax) was measured.

A Micromeritics ASAP 2020 Plus surface area analyzer (Micromeritics Instrument
Corporation, Norcross, GA, USA) was used to plot the isotherm by measuring the amount
of nitrogen absorbed by the sample at p/po under a series of nitrogen partial pressures.
The specific surface area value, pore volume and pore size distribution characteristics
can be calculated and explained by a variety of theoretical models, but not all methods
are suitable for the calculation of a certain value, and each method has the most suitable
theoretical calculation model due to the limitation of its formula. For example, the pore
size distribution can be characterized by using both the Barrett–Joyner–Halenda (BJH)
and density functional theory (DFT) models, but the BJH model is mainly suitable for the
characterization of mesopores, while the DFT model can not only be applied to the char-
acterization of mesopores but can also characterize some micropores more clearly [41,42].
Therefore, according to previous studies, the Brunauer–Emmett–Teller (BET) model is more
suitable for calculating the specific surface area value [43], the BJH method is more accurate
for calculating the average pore diameter and pore volume and DFT is more advantageous
for predicting the pore size distribution [44].

The extraction process uses a mixture of dichloromethane and methanol as solvents
to extract hydrocarbons from samples using Soxhlet extraction. First, the sample was
pulverized to 60 mesh. Soxhlet extraction was performed for 72 h with a mixture of 25:2
dichloromethane and methanol in a Soxhlet plant for 48 h at 70 ◦C. After extraction, the
sample was vacuum-dried at 80 ◦C for 12 h to remove moisture; then, the sample was
retrieved and measured to quantify the flowing oil in the shale sample. After the extraction
experiment, the shale sample particles with residual oil were recovered and dried at 105 ◦C.
Subsequently, TOC, pyrolysis and nitrogen adsorption–desorption experiments were car-
ried out on the extracted samples again, and the experimental process was consistent with
the above, so it is not repeated here.
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4. Results
4.1. Shale Mineral Composition Characteristics

The main minerals in the laminated shale in Q1 of the Gulong Depression include
quartz, feldspar, carbonates and clay minerals. With reference to the lithofacies classification
scheme proposed by Shi in 2019 for shale in Es3l-Es4u in the Jiyang Depression [45], the
Q1 laminated shale in the Gulong Sag mainly contains two lithofacies: laminated clayey
shale facies with moderate TOC contents and laminated felsic shale facies with high TOC
contents (Figure 2a).
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mineral contents. (c) Histogram of the clay mineral contents.

Clay minerals account for the highest proportion, ranging from 25.1% to 53%, with
an average of 42.2%. The quartz contents are 21.7%~29.9%, with an average of 26.5%.
The feldspar contents are 9.9%~26.7%, the average is 19.6%, the composition is potassium
feldspar and plagioclase and plagioclase is the main feldspar. The carbonate is composed
of calcite, dolomite and siderite, with contents of 2.8%~20.3% and an average of 6.8%
(Figure 2b, Table 1). In this rock, pyrite is generally developed, and its contents range from
1.4% to 21.8%, with an average of 4.9% (Figure 2b, Table 1).
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Table 1. Mineral composition of laminated shale in Q1 in the Gulong Sag, Songliao Basin.

Sample Depth (m) Relative Percent of Minerals (wt.%) Relative Percent of Clay (wt.%)
Quartz Feldspar Calcite Dolomite Siderite Pyrite Clay Illite Kaolinite Chlorite I/S

M1 2198.21 24.5 18.2 0.0 6.1 0.6 2.9 47.7 74 3 2 21
M2 2262.63 29.1 9.9 0.0 0.4 4.7 3.6 52.3 73 2 3 21
N2 2347.24 28.2 13.3 0.0 2.8 0.0 2.7 53 90 1 9 0
S1 2503.6 21.7 10.5 1.1 2.8 0.0 21.8 42.1 95 1 4 0
S2 2518.6 25.2 25.3 17.3 3.0 0.0 4.1 25.1 84 1 6 9
X1 2175.14 29.9 26.7 0.0 4.6 3.6 2.2 33.0 94 0 0 6
N1 2335.62 26.8 25.5 0.8 5.1 0.0 1.4 40.4 90 1 5 4
Y1 2325.1 29.3 21.8 1.6 0.2 1.7 2.8 42.6 65 1 2 32
Y2 2375.61 23.9 25.6 2.6 1.1 0.9 2.3 43.6 85 1 4 11

The clay minerals include illite, kaolinite, chlorite and illite/smectite (I/S) (Figure 2c).
The highest proportion is illite, with contents of 65%~95% and an average of 83.3%. It is
followed by I/S, with contents of 0%~32%, and an average of 11.6%. The average contents
of chlorite and kaolinite are low, at 3.9% and 1.1%, respectively.

4.2. Organic Geochemical Characteristics of Shale

For the pre-extracted shale samples, the TOC contents are 1.26%~2.52%, with an
average of 1.98%. The contents of residual hydrocarbon, S1, are 1.18~3.26 mg/g, with an
average of 2.29 mg/g. The contents of pyrolyzed hydrocarbon S2 are 0.59~18.44 mg/g,
with an average of 6.57 mg/g. The hydrogen index (HI) contents are 47~823 mg/g, and the
average is 403.3 mg/g. For the extracted shale samples, the TOC contents are 1.02%~2.09%,
with an average value of 1.58%, which is 20.2% lower than that of the pre-extracted shale
samples. The contents of S1 are 0.01~0.11 mg/g, with an average of 0.05 mg/g, indicating
that the majority of the soluble organic matter had been extracted. The contents of S2 range
from 0.18 to 15.35 mg/g, with an average of 3.1 mg/g, indicating that soluble organic
matter is also an important part of S2. The HI values range from 18 to 771 mg/g, with an
average of 175.39 mg/g (Table 2).

Table 2. Geochemical characteristics of laminated shale in Q1, Gulong Sag, Songliao Basin.

Sample Depth
(m)

Ro
(%)

Rock-Eval (Original) Rock-Eval (Extracted)
TOC
(wt.%)

Tmax
(◦C)

S1
(mg HC/g)

S2
(mg HC/g)

HI
(mg HC/g)

TOC
(wt.%)

Tmax
(◦C)

S1
(mg HC/g)

S2
(mg HC/g)

HI
(mg HC/g)

M1 2198.21 1.23 1.93 447 1.67 5.13 266 1.55 452 0.06 2.12 137
M2 2262.63 1.29 1.73 391 2.48 5.74 332 1.17 444 0.05 1.03 88
N2 2347.24 1.33 1.88 404 2.7 4.15 221 1.5 446 0.03 0.57 38
S1 2503.6 1.5 1.26 297 1.55 0.59 47 1.02 426 0.11 0.18 18
S2 2518.6 1.51 2.01 396 2.96 4.59 240 1.55 451 0.04 0.51 33
X1 2175.14 0.87 2.24 445 1.18 18.44 823 1.99 447 0.01 15.35 771
N1 2335.62 1.35 2.52 383 3.14 4.28 170 2.09 460 0.03 0.71 34
Y1 2325.1 1.05 2.06 444 1.69 10.37 503 1.61 444 0.1 6.48 402
Y2 2375.61 1.06 2.29 417 3.26 5.85 255 1.71 458 0.05 0.98 57

The difference in the Tmax value before and after extraction is significant, which
is mainly related to the high content of soluble organic matter in shale. A graph show-
ing the relationship between Tmax after extraction and HI before extraction is shown in
Figure 3 [46], revealing that the organic matter types of Q1 shale are mainly type II1 and
type I, which is consistent with the results of previous studies [47].

The shale Ro values of Q1 in the Gulong Sag range from 0.87% to 1.51%, with an aver-
age of 1.24%, indicating the mature to highly mature evolutionary stage. After extraction,
the Tmax values range from 426 ◦C to 460 ◦C, with an average of 447.56 ◦C, indicating the
mature evolutionary stage, which is less mature than that indicated by Ro. The main reason
for this trend is that the pyrolyzed hydrocarbon, S2, after extraction is low, resulting in a
distortion of the Tmax value [48].
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4.3. Shale Pore Types and Genesis

Based on the shale pore classification scheme proposed by Loucks et al. 2012 [49],
the pore types of laminated shale samples in Q1 in the Gulong Sag, Songliao Basin, can
be mainly divided into interparticle pores, intraparticle pores, organic matter pores and
microfractures (Figure 4).
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Figure 4. FE-SEM image of laminated shale in Q1, Gulong Sag, Songliao Basin. (a) M1 sample:
laminated clayey shale facies with a moderate TOC content, Ro = 1.23% and burial depth of 2198.21 m.
(b) M2 sample: laminated clayey shale facies with a moderate TOC content, Ro = 1.29% and burial
depth of 2263.63 m. (c) Sample Y2: laminated felsic shale facies with a high TOC content, Ro = 1.06%
and burial depth of 2375.61 m. (d–f) Sample N1: laminated felsic shale facies with a high TOC content,
Ro = 1.35% and burial depth of 2335.62 m.

4.3.1. Interparticle Pores

Interparticle pores often develop between rigid minerals, such as quartz, calcite,
potassium feldspar and plagioclase. In the process of burial, due to the increasing pressure
of the overlying strata, triangles or long strips are mostly formed by extrusion (Figure 4a,d),
which preserves them, and sometimes they may be cemented and blocked by calcite,
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pyrite and other minerals, thereby becoming irregular. In addition, the pores are generally
large; most of them have pore sizes >1 µm, but they are basically isolated and have poor
connectivity. Alternatively, organic matter enters the oil generation window and begins to
generate hydrocarbon and contract with increasing maturity, allowing interparticle pores
to form between rigid minerals and organic matter [50], and such interparticle pores tend
to be irregular in shape (Figure 4b). These pores can also be formed at the contact between
clay minerals and rigid minerals (Figure 4f), and the pore diameters of interparticle pores
formed by the latter two causes are generally smaller.

4.3.2. Intraparticle Pores

The intraparticle pores in the studied rock are mainly dissolution pores, clay mineral
interlayer pores and intercrystalline pores within pyrite framboids. The dissolution pores
are generally small, with sizes ranging from 100 to 300 nm, and the shapes are mostly circu-
lar; the dissolution pores are scattered and poorly connected (Figure 4e). The intraparticle
pores of clay minerals are caused by the directional arrangement of clay minerals. The
intraparticle pores of chlorite can reach 1.93 µm, which is a kind of pore with a large pore
size among intraparticle pores. The shapes are mostly slit-shaped; the long axis can reach
2 µm, and the short axis is generally approximately 200 nm (Figure 4d). The shapes of pyrite
intercrystalline pores are mostly spheroidal, strawberry-shaped and clustered (Figure 4c,d).
They are mostly distributed in rhomboidal areas between pyrite crystals but are often filled
with organic matter, and the pore size is generally several hundred nanometers.

4.3.3. Organic Matter Pores

The organic pores, including kerogen pores and asphalt pores, are mostly round, long
and irregular. The length of the long organic matter pores varies from tens to hundreds
of nanometers, and the distribution is relatively concentrated (Figure 4e). Circular and
irregular organic pores are also often clustered, with small pore sizes, usually tens of
nanometers, and have poor connectivity (Figure 4c). In summary, the pore sizes in organic
matter are generally small, usually on the order of nanometers, and pore sizes on the order
of microns are rare.

4.3.4. Microfracture

The fractures mainly include clay mineral drying-related shrinkage fractures, organic
matter hydrocarbon-generation-related shrinkage fractures and structural microfractures.
Clay particles usually have cracks around them due to drying (Figure 4c,f). The crack shapes
are mainly serrated, with lengths generally of approximately 2 µm. The hydrocarbon-
generated contraction joints of organic matter are mostly distributed in long strips in the
interior of organic matter (Figure 4e) or at the edges, and these crack lengths can reach
14 µm. The shape of the structural microfractures is similar to that of the above fractures,
with multiple fractures developing together and fracture lengths up to 11 µm (Figure 4f).

4.4. Pore Structure Characteristics of Shale Based on the Nitrogen Adsorption Method
4.4.1. Isothermal Adsorption–Desorption Curve

According to the International Union of Pure and Applied Chemistry (IUPAC) physi-
cal isotherm classification scheme [51], the nitrogen adsorption and desorption curves of
the original shale samples of the Q1 shale in the Gulong Sag all indicate type IV(a) shale
(Figure 5). A hysteretic loop is produced for each sample due to mesopore development.
A hysteretic loop is caused by the mismatch between the desorption curve and adsorp-
tion curve under the same pressure caused by capillary condensation during nitrogen
desorption of mesopores [52]. According to the morphology of the hysteresis loops, a
transitional hysteresis between H2(a) and H3 and a strong hysteresis between H3 and H4
are mainly present in the Gulong shale. The hysteresis types of samples X1 and Y1 are
transitional types between H3 and H4 (Figure 5f,h). The H3 hysteresis loop indicates that
the pore shape is dominated by slit-shaped pores formed by the accumulation of flaky
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particles, such as the pores between clay minerals. The H4 hysteresis loop is similar to the
H3 hysteresis loop in that the adsorption branch is composed of type I and type II shale
isotherms. Compared with the H3 curve, the isotherm is slightly gentle and usually related
to narrow slit-shaped pores. The other samples are the transitional between H2(a) and H3
(Figure 5a–e,g,i), and the pore morphologies include ink bottle shapes and parallel slab–slit
shapes. The difference between the two hysteresis types is that the transition type between
H3 and H4 has a gentle adsorption–desorption branch and is similar to the combination of
type I and type II isotherms, while the transition type between H2(a) and H3 has a steeper
desorption branch.
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Figure 5. Before and after extraction: isothermal adsorption–desorption curve of Q1 shale in the
Gulong Sag, Songliao Basin. (a–i) Isothermal adsorption-desorption curves of M1—Y2 samples before
and after extraction.

The shale samples after extraction are all transitional types between H2(a) and H3. A
comparison of the shale samples before partial extraction reveals that the transitional type
between H2(a) and H3 before extraction and H3 and H4 after extraction not only shows
that many micropores are added to the samples but also indicates that the shale oil in the
original pores is extracted. The pore morphology changes from narrow or slit-shaped pores
to ink-bottle-shaped pores [53]. Notably, some shale samples, such as X1 and Y1, show
disagreement between the desorption curve and adsorption curve at low relative pressure



Minerals 2023, 13, 1220 12 of 27

after extraction, which may be caused by the expansion of porous nonrigid structural
particles or an irreversible chemical reaction between the adsorbate and adsorbent [52].

4.4.2. Pore Size Distribution

The shale pores of Q1 of the Qijia–Gulong Sag in the Songliao Basin are in the pore size
range from 1 nm to 150 nm, and the distribution of pore sizes varies. The distribution of the
X1 and Y1 samples is unimodal, and the pore size of both samples peaks at approximately
40 nm. The other samples show a bimodal distribution, with peaks at approximately 5 nm
and 30 nm (Figure 6a). The overall distribution trends are similar, with the 6 nm pore size
as the dividing line, and the contribution of pore volume increases gradually during the
change in the pore size from 1 to 6 nm. As the pore size increases from 6 nm to 10 nm, the
pore volume contribution gradually decreases, the peak value is reached in the pore size
range of 10 nm to 20 nm, and the pore volume is the largest and then gradually decreases.
However, the pore volume contribution rate of pores with sizes of 10 nm can be used as the
watershed value, the pore volume contribution rate of pores with sizes of larger than 10 nm
is 60%, and the pore volume contribution rate of pores with sizes of smaller than 10 nm is
40% (Figure 6b). The pore volume contribution of most samples is similar in the 2–10 nm
range, and the Y1 sample shows the least pore volume contribution in that range. When
the pore size is larger than 10 nm, the pore volume contribution shows a rapid increase and
reaches a peak at 50–100 nm (Figure 6c).
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The pore size distribution of the extracted Gulong samples is similar to that of the
pre-extracted Gulong samples (Figure 7), but the difference is that the nitrogen adsorption
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capacity of different pore sizes increases or decreases after extraction of the same sample,
except for the Y1 sample. Notably, M1, X1 and N1 are bound by a pore size of 3 nm. For
pore sizes less than 3 nm, the pore volume value after extraction is greater than that before
extraction. For pore volumes greater than 3 nm, the pore volume after extraction is smaller
than that before extraction. The N2, S2 and Y2 samples are limited to 5 nm. The limits of the
M2 and S1 samples are 6 nm and 10 nm, respectively, but the pore volume of the S1 sample
changes only slightly when the pore diameter is larger than 10 nm. The pore volume of the
Y1 samples after extraction is greater than that before extraction in the full pore size range.
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5. Discussion
5.1. Factors Influencing Shale Pore Volume
5.1.1. Mineral Composition and Content

The factors affecting the pore volume of laminated shale in Q1 in the Gulong Sag,
Songliao Basin, are discussed according to two lithofacies: laminated clayey shale facies
with moderate TOC contents and laminated felsic shale facies with high TOC contents.
The factors influencing pores, such as the mineral composition, content, organic matter
type, maturity, TOC content and burial depth, are very complex [54]. Each factor has
a different effect on different pore volumes, so the pores are divided into micropores
(1~2 nm), mesopores (2~50 nm) and macropores (50~200 nm) for discussion.

Quartz and feldspar are the main brittle minerals in the laminated clayey shale facies
with moderate TOC contents. In the range of micropores, quartz content showed a weak
negative correlation with the volume of micropores (Figure 8a), indicating that quartz is
not conducive to the development of micropores, which may be due to the stable physical
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and chemical properties of quartz, which does not easily dissolve and produce micropores;
moreover, the increase in quartz content will cause a “run effect” to occupy the pores in
minerals such as chlorite that easily produce micropores [55]. The feldspar content has a
high positive correlation with the volume of micropores (Figure 8b). Compared with quartz,
feldspar is less stable and is easily corroded by acidic fluids released by carbonate minerals
or organic matter in the process of thermal evolution, resulting in many dissolution pores.
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ure 8a) because, according to the Tmax values determined here and in previous studies, 

Figure 8. Figure showing the factors influencing the pore volume of laminated shale in Q1 of the
Gulong Sag, Songliao Basin. (a) Correlation between quartz content and pore volume of medium
TOC laminated clayey shale facies; (b) Correlation between feldspar content and pore volume of
medium TOC laminated clayey shale facies; (c) Correlation between carbonate minerals content and
pore volume of medium TOC laminated clayey shale facies; (d) Correlation between illite content
and pore volume of medium TOC laminated clayey shale facies; (e) Correlation between Ro and pore
volume of medium TOC laminated clayey shale facies; (f) Correlation between TOC content and pore
volume of medium TOC laminated clayey shale facies; (g) Correlation between Quartz content and
pore volume of high TOC laminated felsic shale facies; (h) Correlation between chlorite content and
pore volume of high TOC laminated felsic shale facies; (i) Correlation between Ro and pore volume
of high TOC laminated felsic shale facies.
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For mesopore pores, the pore volume first increases and then decreases with increasing
quartz content (Figure 8a), and the inflection point occurs when the quartz content is
approximately 27%. It is speculated that the pore volume begins to decrease as the quartz
content increases and that the overgrowth of quartz becomes more obvious. The feldspar
content was positively correlated with the mesopore volume (Figure 8b).

There is a negative correlation between macropore volume and quartz content (Figure 8a)
because, according to the Tmax values determined here and in previous studies, the main
body of Q1 is in the middle diagenetic A2 stage, and a local part is in the middle diagenetic
B stage [56]; that is, the main body is in the hydrocarbon generation stage, the primary
intergranular pores and secondary pores develop and the local clay is transformed to form
many organic pores and clay intergranular pores [57]. However, due to the overgrowth of
most quartz, at this stage, the contact mode between quartz particles will become mosaic
contact, resulting in rock densification and pore plugging, resulting in a reduction in
pore volume. The feldspar content is negatively correlated with the macropore volume
(Figure 8b). While feldspar is eroded by acidic fluid, potassium feldspar can fill larger
intergranular pores with secondary minerals [22], which is why the feldspar content is
positively correlated with the pore volume of micropores and mesopores. For macropore
volume, the positive correlation is small or even negative.

There is a good negative correlation between carbonate minerals and macropore vol-
ume (Figure 8c), which is speculated to be caused by the plugging of pores by carbonate
minerals in the form of cement. The correlations between carbonate minerals and mi-
cropores and mesopores are not very strong, which proves that carbonate minerals have
little influence on the above types of pore scales, or because the composition of carbonate
minerals is more complex and the influencing factors on pores are more complex, there is
no strong correlation.

Illite is the most abundant component in clay minerals and has no obvious correlation
with the volume of micropores. With increasing illite content, the mesopore volume first
increases and then decreases, and the higher the organic matter content of the sample,
the larger the mesopore volume that is generated. This may be because the higher the
organic matter content, the more liquid hydrocarbons fill the pores, resulting in a positive
correlation between illite content and macropore volume with a strong positive correlation
(Figure 8d). In summary, because the morphology of the illite under scanning electron
microscopy is flocculent, it can produce many nanoscale pores, so the overall pores of all
scales are positively correlated with illite.

For laminated felsic shale facies with a high organic matter, the quartz content is
weakly negatively correlated with the micropore volume (Figure 8g). The volume of
mesopores first increases and then decreases with increasing quartz content. There is a
strong negative correlation between quartz content and macropore volume (Figure 8g), and
the reason is similar to that of the laminated clay shale facies with moderate TOC contents,
which will not be discussed in further detail here.

Chlorite contributes a relatively small proportion of the mineral composition and
has a positive correlation with the mesopore volume. It is speculated that chlorite linings
in pores can inhibit pressure dissolution to a certain extent and effectively inhibit quartz
overgrowth [58]. The correlation between micropores and macropores is weak (Figure 8h).

5.1.2. Organic Matter Content

For the laminated clay shale facies with moderate TOC contents, the pore volume of
organic matter is moderately or weakly positively correlated (Figure 8g). In the process of
hydrocarbon generation, organic matter will produce organic acids to dissolve carbonate,
phosphate rock and other minerals, resulting in dissolution pores; second, the organic
matter itself will shrink to produce organic matter pores [59]. Both types of organic matter
have a positive effect on pore volume. However, the increase in organic matter content may
not necessarily increase the pore volume because the resulting bitumen will fill the pores,
resulting in a decrease in pore volume [60,61].
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5.1.3. Maturity

The influence of maturity on pores is extremely complex. It can not only control the
evolution degree of organic matter and, thus, the structure of organic matter pores but also
cause the transformation of clay minerals, thus changing the pore characteristics of clay
minerals [62]. Maturity represents the different evolutionary stages and characteristics of
organic matter in different periods. In the immature stage of organic matter, organic matter
usually has no pores. When it is in the mature stage, organic matter generates hydrocarbon,
which produces organic matter pores. In addition, for shales of different types or different
layers in different basins, the formed organic matter pores are different. Huo et al. believe
that organic matter pores start to form when Ro is 0.7% and rapidly increase when Ro
is 0.7%~1.2% [63]. For the laminated clayey shale facies with moderate TOC contents,
the volume of micropores and mesopores decreases with increasing maturity (Figure 8e).
This may be because liquid hydrocarbons in the oil generation stage preferentially fill
micropores and mesopores and finally fill macropores, so macropores and maturity still
maintain a positive correlation [64].

5.2. Occurrence Characteristics of Shale Oil

It is generally believed that shale oil exists in three states: free, dissolved and adsorbed.
However, it mainly exists in the shale pore–fracture network in the form of free and
adsorbed states [31]. Free shale oil exists in a large pore–fracture network and can flow
freely in theory. The adsorbed oil interacts with the surfaces of minerals or organic matter,
so there is basically no fluidity. At present, the experiments used to evaluate the oil content
of shale mainly include the nuclear magnetic resonance (NMR) method [65], organic solvent
extraction method [66], multistep pyrolysis method [67] and conventional pyrolysis method.
However, regardless of the kind of experimental method, light hydrocarbon loss in the
process of coring and preparation of experimental samples is a problem. The conventional
pyrolysis of S1 may not represent all the free oil, and S2 may not represent the complete
pyrolysis of kerogen into hydrocarbons [68]. Therefore, light hydrocarbon recovery and
heavy hydrocarbon correction are needed to accurately characterize the free oil content in
the pyrolysis of S1.

The light hydrocarbon recovery part of S1 in this paper is calculated according to the
total oil content and light hydrocarbon recovery coefficient of shales of different maturities
(Figure 9) proposed by Wang Min et al. (2022) [69], and the heavy hydrocarbon correction
is discussed later. If the calculation of the adsorbed oil content is characterized only by S2o
(before extraction)–S2e (after extraction), the oil stability index (OSI) value calculated by S2o–
S2e is greater than 100 mg/g, except for the S1 sample. According to the oil transcendence
effect theory proposed by Jarvie et al. (2012) [70], if the OSI value is greater than 100 mg/g,
the excess part is regarded as the mobile oil amount (Table 3) and should be included in the
free oil content. In summary, the formulas of free oil and adsorbed oil used in this paper
are as follows:

Free oil = S1o × Lhrc + (S2o − S2e − |TOC × 100|), (1)

Adsorbed oil = S2o − S2e − (S2o − S2e − |TOC × 100|) = |TOC × 100| (2)

Note: S1o—before extraction of S1 measured by conventional pyrolysis; S2o − S2e—
(before extraction)S2-(after extraction) S2; and OSI—(S2o − S2e)/TOC × 100.

Lhrc is the light hydrocarbon recovery coefficient (Figure 10a), and the calculated
values are presented in the columns showing the methods of this paper in Table 3.

To verify the difference between free oil and adsorbed oil calculated by different
methods, this paper also applies the method of Wang Min et al. (2022) (also described as
the Wang Min method) to calculate the content of free oil, total oil and adsorbed oil of
selected samples:

Free oil = S1o × Lhrc, (3)



Minerals 2023, 13, 1220 17 of 27

Total oil= S1o × Torc, (4)

Adsorbed oil = Total oil − Free oil = S1o × (Torc − Lhrc) (5)

Torc is the total oil content recovery coefficient (Figure 10a), and the calculation results
are presented in the column showing the method of Wang Min in Table 3.

The calculation results of free oil and adsorbed oil in this paper are compared with
those of Wang Min (Figure 10), and there was little difference in the contents of free oil
calculated by the two methods (Figure 10a). The correlation of adsorbed oil is not obvious,
and the content of adsorbed oil calculated by the Wang Min method is higher than that
in this paper (Figure 10b). The Wang Min method is based on NMR, but the method is
not currently advanced. The calculation formula of adsorbed oil in this paper combines
the empirical theory of Jarvie et al. (2012) [70], but it does not consider the influence of
maturity on adsorbed oil; OSI = 100 mg/g changes with different maturities.

Minerals 2023, 13, x FOR PEER REVIEW 17 of 27 
 

 

 

Figure 9. Total oil content and light hydrocarbon recovery coefficient of lacustrine facies 
shale with different maturities (modified from Wang et al., 2022) [70]. 

Table 3. Table of free oil and adsorbed oil contents of laminated shale in Q1 of the Gulong Sag, 
Songliao Basin. 

      Method of This Paper Method of Wang Min 
Sample TOC Ro S1o S2o-S2e OSI Free Oil Adsorbed Oil Total Oil Content Free Oil Adsorbed Oil 

M1 1.93 1.23 1.67 3.01 155.96 7.45 1.93 9.17 6.37 2.80 
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S2 2.01 1.51 2.96 4.08 213.61 13.52 1.91 15.91 11.35 4.56 
X1 2.24 0.87 1.18 3.09 137.95 2.57 2.24 4.88 1.72 3.16 
N1 2.52 1.35 3.14 3.57 141.67 18.75 2.52 21.79 17.70 4.09 
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the Wang Min method) to calculate the content of free oil, total oil and adsorbed oil of 
selected samples: 
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Total oil= S1o × Torc,  (4)

Adsorbed oil = Total oil-Free oil = S1o × (Torc-Lhrc) (5)

Torc is the total oil content recovery coefficient (Figure 10a), and the calculation re-
sults are presented in the column showing the method of Wang Min in Table 3. 

The calculation results of free oil and adsorbed oil in this paper are compared with 
those of Wang Min (Figure 10), and there was little difference in the contents of free oil 
calculated by the two methods (Figure 10a). The correlation of adsorbed oil is not obvious, 
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Figure 9. Total oil content and light hydrocarbon recovery coefficient of lacustrine facies shale with
different maturities (modified from Wang et al., 2022) [69].

Table 3. Table of free oil and adsorbed oil contents of laminated shale in Q1 of the Gulong Sag,
Songliao Basin.

Method of This Paper Method of Wang Min

Sample TOC Ro S1o S2o − S2e OSI Free Oil Adsorbed Oil Total Oil Content Free Oil Adsorbed Oil

M1 1.93 1.23 1.67 3.01 155.96 7.45 1.93 9.17 6.37 2.80
M2 1.73 1.29 2.48 4.71 272.25 14.13 1.73 14.76 11.15 3.60
N2 1.88 1.33 2.70 3.58 190.43 15.68 1.88 17.84 13.98 3.86
S1 1.26 1.50 1.55 0.41 32.54 6.46 1.26 8.83 6.46 2.37
S2 2.01 1.51 2.96 4.08 213.61 13.52 1.91 15.91 11.35 4.56
X1 2.24 0.87 1.18 3.09 137.95 2.57 2.24 4.88 1.72 3.16
N1 2.52 1.35 3.14 3.57 141.67 18.75 2.52 21.79 17.70 4.09
Y1 2.06 1.05 1.69 3.89 188.83 5.91 2.06 7.97 4.08 3.89
Y2 2.29 1.06 3.26 4.87 212.66 10.76 2.29 15.45 8.18 7.27
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5.3. Factors Controlling Shale Oil
5.3.1. TOC Control on the Oil Content

The increase in the organic matter content has a positive effect on the free oil of the
two lithofacies, resulting in a positive correlation (Figure 11a). This is mainly because
the TOC content represents the residual organic carbon content, and the increase in TOC
content represents the increase in the hydrocarbon content that can be produced per unit
of mass. After meeting its own residual oil and gas demand in various forms, it begins to
discharge outwardly in a free state, so there is a positive correlation between the two. Since
the calculated results of adsorbed oil in this paper are consistent with the TOC values, the
relationship between them is not discussed in this paper (Figure 11b).

5.3.2. Ro Control on the Oil Content

With the evolution of maturity, the content of free oil increases continuously (Figure 11c),
and the content of adsorbed oil shows a trend of first increasing and then decreasing
(Figure 11d). Consistent with the current understanding in the literature [71], the main
hydrocarbon generation window of the Gulong shale is Ro = 0.8%~1.2%, and the adsorbed
oil rapidly increases in this interval, which is consistent with the large amount of kerogen
cracking in the hydrocarbon generation stage. After Ro becomes greater than 1.2%, it
undergoes a higher thermal evolutionary stage, and the content of adsorbed oil begins
to decline, but the free oil continues to increase, which is speculated to be due to the
conversion of the heavy components in the adsorbed oil to light components. The adsorbed
oil of samples of laminated clayey shale facies with moderate TOC contents is mainly
formed after an Ro of 1.2% is reached, so there is no trend of adsorbed oil increasing with
the evolution of Ro (Figure 11d).
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5.3.3. Relationship between Free Oil, Adsorbed Oil and Mineral Composition

There is no correlation between free oil and the felsic mineral content (Figure 12a).
There is a positive correlation between adsorbed oil and the felsic mineral content. Es-
sentially, the adsorbed oil content increases with increasing TOC content (Figure 12b).
There is also no correlation between free oil and adsorbed oil and carbonate minerals
(Figure 12c,d) because, in the oil–water–rock three-phase state, both calcite and dolomite
show hydrophilic characteristics, resulting in a low adsorbed hydrocarbon content [72].
The clay mineral content is not correlated with free oil (Figure 12e) but has a variable
correlation with adsorbed oil. The positive correlation for the laminated felsic shale facies
with high TOC contents may be due to the relatively large specific surface area of clay
minerals, and some clay minerals have certain oil wettability during diagenetic evolution,
which can provide certain surface adsorption sites for adsorbed oil [73]. The reason for the
negative correlation of the laminated clayey shale facies with moderate TOC contents is
speculated to be due to the high maturity of the lithofacies (Ro values between 1.23% and
1.50%) (Figure 12f). The change in the mineral content affects the size and structure of pore
throats, but it also indirectly affects the occurrence space of adsorbed oil while having no
significant effect on the free oil.
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minerals; and (f) adsorbed oil and clay minerals.
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5.3.4. Control of the Pore Size and Pore Volume on Shale Oil

The pore size distribution range of the Gulong shale is large; they are mainly nanopores
and a few micropores, so the average pore size is not representative when characterizing the
shale pore size. Therefore, the pore volume is used to explore its factors. With increasing
pore volume, the content of free oil increases (Figure 13a), and the content of adsorbed oil
also increases (Figure 13b), but the proportion of adsorbed oil decreases (Figure 13c); that
is, the content of free oil has a relatively high growth rate per unit pore volume, so the
proportion of mobile oil in shale oil increases. The relationship between adsorbed oil and
the specific surface area is complicated (Figure 13d). On the one hand, the selected samples
in this paper have high maturity. As mentioned above, when Ro is greater than 1.2%, a
large amount of adsorption oil cracks and transforms, resulting in an increasing content of
free oil. On the other hand, lacustrine shale pores show mixed wetting characteristics, and
some clay minerals do not adsorb hydrocarbons on the surface because of water wetting,
so the correlation between the specific surface area and adsorbed oil content is poor [74].
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5.4. Lower Limit of the Pore Size of Shale Oil

With increasing pore volume, the proportion of adsorbed oil gradually decreases,
and the proportion of free oil and mobile oil gradually increases (mobile oil is defined as
the part of oil corrected for free oil minus heavy hydrocarbons). By using the method of
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Wang Min et al. (2015) [75] to infer the possible pore diameter of shale oil occurrence by
statistical principles, the lower limit of the pore diameter of shale oil occurrence in Q1 was
determined. The cumulative values of pore volumes under different pore sizes obtained
by nitrogen adsorption were used to establish the correlation coefficients with free oil and
mobile oil (Figure 14a,b) and the table showing the distribution relationship, respectively.
According to the statistical results (Table 4), the correlation between free oil and mobile oil
and pore volume gradually increases with the gradual increase in the pore size, and the
correlation coefficient of free oil reaches a peak value of 0.671 when the pore size reaches
4 nm and then gradually decreases. The correlation coefficient of movable oil reaches
a peak value of 0.3573 when the pore diameter is 10 nm and then gradually decreases.
In other words, free oil may accumulate in pores larger than 4 nm, accounting for 81%
of the total pore volume, which is similar to previous research results [52,75]. However,
mobile oil accumulates in pores larger than 10 nm, occupying 60% of the total pore volume
(Figure 14c).
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Table 4. Comparison between the free and mobile oil contents and pore volume for different
pore sizes.

Volume of Pores with Diameters > Pore Size (nm)

Sample Free Oil
(mg/g)

Movable
Oil (mg/g) 0 2 4 6 8 10 15 20 40 80 110

M1 7.451 5.913 0.032 0.029 0.022 0.019 0.016 0.014 0.011 0.009 0.005 0.002 0.002
M2 14.134 13.313 0.028 0.027 0.023 0.021 0.019 0.017 0.014 0.013 0.008 0.004 0.003
N2 15.676 6.108 0.038 0.036 0.028 0.025 0.021 0.018 0.015 0.013 0.008 0.003 0.002
S1 6.464 7.048 0.024 0.023 0.020 0.018 0.015 0.014 0.011 0.010 0.007 0.004 0.003
S2 13.524 12.505 0.029 0.028 0.023 0.021 0.019 0.017 0.014 0.013 0.009 0.005 0.004
X1 2.570 2.435 0.014 0.014 0.013 0.012 0.011 0.010 0.009 0.008 0.006 0.004 0.003
N1 18.752 17.702 0.040 0.038 0.033 0.028 0.024 0.022 0.018 0.016 0.010 0.003 0.002
Y1 5.907 5.982 0.009 0.009 0.008 0.008 0.008 0.008 0.007 0.006 0.005 0.003 0.002
Y2 10.763 6.777 0.036 0.035 0.030 0.028 0.024 0.022 0.019 0.017 0.012 0.006 0.004

Correlation coefficients (R2)
Free oil 0.626 0.6511 0.671 0.6662 0.6603 0.6555 0.6332 0.5675 0.4524 0.0205 0.0008

Movable oil 0.2478 0.2696 0.3323 0.3263 0.3402 0.3573 0.3555 0.3228 0.2429 0.0233 0.0133

Average proportion (%) 100 95 81 74 65 60 50 46 30 16 11

Notably, no correlation coefficients exceed 0.68, indicating that shale oil with different
occurrence states is affected by factors other than the pore size. The peak correlation
coefficient between the mobile oil and the pore volume is only 0.3573, which may be caused
by the low correlation due to the lack of maturity when selecting the heavy hydrocarbon
correction coefficient.

6. Conclusions

Through XRD, FE-SEM and TOC analyses and before and after extraction pyrolysis
experiments, the mineral composition, pore genesis, pore size distribution, factors influenc-
ing the pore volume and factors influencing Q1 in the Gulong Sag, Songliao Basin, as well
as the factors influencing shale oil in different occurrence states and the lower limit of pore
size occurrence, were studied, which has significance for shale oil sweet spot identification
and prediction. The following can be concluded:

(1) The main mineral components of laminated shale in Q1 in the Gulong Depression
are quartz, feldspar, carbonate and clay minerals. Clay minerals account for the highest pro-
portion, followed by quartz. The lithofacies are divided into laminated clayey shale facies
with moderate TOC contents and laminated felsic shale facies with high TOC contents.

(2) The pore types of laminated shale in Q1 in the Gulong Depression can be divided
into interparticle pores, intraparticle pores, organic matter pores and microfractures. Pores
with a variety of scales are developed, including micropores, mesopores and macropores.
The pore shapes are mainly slit-shaped pores, parallel-plate-shaped pores and ink-bottle-
shaped pores. The pore sizes are mainly distributed in the ranges of 5~6 nm and 10~20 nm,
and the pore volume contribution is the largest in the range of 10~20 nm. The pore diameter
distribution has little change before and after extraction, and the difference is that the pore
size increases or decreases before and after extraction.

(3) The content of quartz is negatively correlated with the volume of micropores and
macropores. The correlation of quartz content with the mesopore pore volume is first
positive and then negative. The content of feldspar has a strong positive correlation with
both micropores and mesopores, while the positive correlation between feldspar content
macropores is weak, and a negative correlation is possible. Due to the complex composition
of carbonate minerals, the correlation with the pore volume of different sizes is weak. The
presence of illite and chlorite tends to increase the pore volume for different pore sizes.

(4) The influence of the organic matter content on the pore volume shows a positive
correlation trend. However, an increase in organic matter content does not necessarily
increase pore volume because the resulting bitumen can also fill and reduce pores. The
influence of maturity on the pore volume is complicated, and different maturity stages
have different influences on the pore volume.
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(5) TOC and Ro are the main factors controlling the distributions of free oil and
adsorbed oil, while the mineral composition has a limited controlling effect on shale oil
and affects and changes the pore structure to produce different effects on shale oil. With
increasing pore volume, the content of free oil increases, and the content of adsorbed oil
also increases, but the proportion of adsorbed oil decreases.

(6) At normal temperature and pressure, the lower limit of the pore size of free oil is
approximately 4 nm, and the lower limit of the pore size of movable oil is approximately
10 nm.
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