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a b s t r a c t

The pore structure and oil content of shales have an important influence on the oil mobility and
enrichment. In this study, the lacustrine shale samples from the Qingshankou Formation (Q1) of Songliao
Basin were selected. TOC, pyrolysis, XRD and nitrogen adsorption were performed on the original and
extracted shale samples. Then the influence of mineral composition and organic matter (OM) on the
development of nano-scale pore, the oil phase states and mobility were analyzed. The Q1 shale samples
can be sub-divided into three types according to the isotherm characteristics. Type A samples are
characterized by high kerogen content, with oil mainly existing in the free phase state. Type B samples
are characterized by medium kerogen content, oil mainly exists in the absorbed phase state. Type C
samples are characterized by low kerogen content, with trace oil found in the absorbed phase state.
Nano-scale organic pores are well developed in the Q1 Formation. Oil is primarily found in the pore
spaces with diameters less than 10 nm, this being the pore size threshold for mobile shale oil. When TOCo

> 2.0 wt% and EOM >1.0 wt%, Q1 Formation shale oil mobility is high, resulting in prospective drilling
targets.
© 2021 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 license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

More and more attention was being paid to the exploration and
development on shale oil and gas reserves, this due to the gradual
depletion of conventional oil and gas reserves and the increasing
difficulty in the exploration and development of new conventional
reserves. In recent years, shales have beenwidely studied as oil and
gas reservoirs. Recently, the successful development of shale oil and
gas resources in North America has even changed the pattern of the
world energy supply (Zou et al., 2015; Curiale and Curtis, 2016).
China has also gradually increased the exploration and develop-
ment of shale oil and gas resources (Zou et al., 2015; Hu et al., 2017;
etroleum Geochemistry and
ina.
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Liu et al., 2019a). The main difference between shale reservoirs and
conventional reservoirs, is that shale is also the source rock for oil
generation as well as the reservoir, with low porosity and perme-
ability typically encountered (Ross and Bustin, 2007; Ghanizadeh
et al., 2014; Gong et al., 2021). This means that for shale reser-
voirs, the following factors strongly influence the understanding of
shale storage capacity and charge mechanisms: pore structure
development, the distribution characteristics of mobile oils, and the
percentage of shale oil in different phase states have an important
influence on the understanding of shale storage capacity and
enrichment mechanism (Xie et al., 2019; Liu et al. 2019a, 2021a).

In shale reservoirs, various pore types can develop. These
include interparticle pores, intraparticle pores, organicmatter (OM)
pores and microfractures. All these pore types are observed on a
nano-scale usually (Loucks et al., 2012). The development of pore
space is primarily controlled by mineral composition, depositional
sedimentary environment, OM characteristics and tectonic
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Fig. 1. (a) Triangular plot of rock mineral composition of the selected shale samples
from the Q1 Formation (modified and simplified from Gamero-Diaz et al., 2013).
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developed history of the reservoir (Loucks et al., 2012; Gao and Hu,
2018; Dong et al., 2019; Gao et al., 2020). In contrast to conventional
reservoirs, OM is one of the important components of shale, and its
content, type and maturity have a major impact on the develop-
ment of pore space in shale (Pepper and Corvi, 1995; Pitman et al.,
2001; Curtis et al., 2012; Huang et al., 2013; Dong et al., 2019). OM
in shales can be sub-divided into insoluble OM (kerogen), soluble
hydrocarbon, polar organic compounds and other components,
according to whether it can be dissolved in organic solvents (Littke
et al., 1991). The fractional content of soluble OM can generally be
used to evaluate the fractional content of oil in shale reservoirs.

The pore space of the shale reservoirs comprises the main
storage space for the hydrocarbons generated from mature OM.
Significantly different from the shale gas reservoir, when the OM is
in themain oil generationwindow; in shale oil reservoirs, the effect
of the generated hydrocarbons occupying pore spacewill inevitably
have an impact on the measurement results. Yet, the related
research is rare, and the quantitative research on the distribution of
shale oil in the pore space of different pore sizes is also lacking (Xie
et al., 2019). Additionally, during the quantitative evaluation of pore
space characteristics, determining parameters such as porosity,
pore size distribution and the OM characteristics will inevitably
have a certain impact on the measurement results, but there are
few related studies. More research is required to fully understand
the role of hydrocarbons on petrophysical properties within the oil
window (Xie et al., 2019). Quantitative studies on the distribution
of mobile oil in nano-scale pore spaces are also required. At present,
fluid injection methods, including mercury injection and nitrogen
adsorption are the quantitative analysis tools used to determine
shale porosity and pore size distribution mainly uses the fluid in-
jection method including mercury injection and nitrogen adsorp-
tion (Gao and Hu, 2016; Liu et al. 2018, 2021b; Dong et al., 2019; Xie
et al., 2019; Zeng et al., 2021).

In this study, the lacustrine, organic-rich shale samples from the
first member of Qingshankou (Q1) Formation in Songliao Basin
were targeted, and the shale samples with different OM content
that were in the main oil generation window were selected. Chlo-
roform was used as organic solvent to extract the soluble OM from
the shale samples, to quantify the mobile oil in the Q1 shale
reservoir. Mineral composition, TOC, pyrolysis and nitrogen
adsorption experiments were carried out on the samples prior to
and following hydrocarbon extraction to study the influence of
shale composition on the development of pore space, and the re-
lationships between pore size and the distribution of mobile shale
oil in nano-scale pore spaces. Finally, the thresholds of mobile shale
oil in the Q1 Formation were determined.

2. Samples and methods

The Songliao Basin is a world continental petroliferous basin
located in Northeast China. The thickest and most widely distrib-
uted interval in the basin is of Cretaceous age (Liu et al., 2017). The
Q1 Formation formed during the initial growth of the basin, which
belongs to the deep and semi deep lake sedimentary environment.
The climate was warm and humid, and the aquatic organisms were
flourishing. A sequence of dark, organic-rich shales with a thickness
around 100 m was deposited. The abundant OM is mainly
composed of mature, oil-prone Type I and Type II kerogen, which
has excellent hydrocarbon generation potential (Liu et al. 2019b,
2021a).

In this study, samples were taken from the Cretaceous Q1 For-
mation in the Qijia and Gulong sag. 10 lacustrine, organic rich dark
shale samples with similar maturity (in the oil generationwindow)
and with TOCo ranging from 0.4 wt% to 4.0 wt% were selected.

First, each sample was divided evenly into two parts. One part
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was used to determine the mineral and OM composition and the
pore size distribution of the original shale samples using nitrogen
adsorption. The mineral composition was determined using a
D8AA25 X-ray diffractometer. A CS 230 carbon sulfur analyzer and a
Rock Eval 6 were used to identify the shale OM characteristics,
including TOC and hydrocarbon generation potential characteris-
tics. The process used to determine shale mineralogy and OM
composition followed the procedure described by Liu (Liu et al.,
2019b). Along with quartz, feldspar, clay and carbonate mineral
content, and the OM parameters derived include TOC, S1, S2, S3, Tmax
and HI (HI ¼ S2/TOC � 100) are obtained. The remaining original
samples were crushed to 60e80 mesh and dried at 105 �C to obtain
the pore volume and pore size distribution using nitrogen
adsorption. Hydrocarbon extraction was performed on a third part
of the sample via Soxhlet extraction using chloroform as the sol-
vent. The extraction was performed at 70 �C for a period of 48 h to
allow quantification of mobile oil in the shale samples. Following
the extraction experiment, the shale sample particles without
mobile oil were recovered and dried at 105 �C. Subsequently, these
samples that had undergone extraction were subjected to TOC,
pyrolysis and nitrogen adsorption experiments once more.

Many theoretical methods could be used to interpret the ni-
trogen adsorption result in order to obtain pore size distribution
information, such as Brunauer-Emmett-Teller (BET), Barrett-
Joyner-Halenda (BJH) and Density-Functional-Theory (DFT). How-
ever not all theoretical methods are suitable for characterizing the
pore structure of shale, some are limited by the assumptions
inherent in the method, or by the complex composition and pore
structure of shale, not all theoretical methods are suitable for
characterizing pore structure of shale (Barrett et al., 2014;
Villarroel-Rocha et al., 2014; Zhang et al., 2017; Liu and
Ostadhassan., 2019). Considering the applicability of each theo-
retical method, we chose to use the BET model to obtain the shale
specific surface area (SSA), the BJH model to obtain pore volume
and average pore size and the DFT model to obtain pore size dis-
tribution characteristics.
3. Results

3.1. Composition of the Q1 shale sample

3.1.1. XRD
The XRD results show that the selected shale samples are pri-

marily composed of clay, quartz and feldspar (Fig. 1). The content of
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clay ranges from 32.2 wt% to 64.0 wt%, with an average content of
54.9 wt%, and the clay content of all samples is more than 50 wt%
mostly. The content of quartz ranges from 18.7 wt% to 53.6 wt%,
with an average content of 28.69 wt%. The feldspar is mainly
composed of plagioclase, with an average content of 7.65 wt%, and
the content ranges from 4.5 wt% to 12.8 wt%. The content of car-
bonate ranges from 0 wt% to 33.5 wt%, with an average content of
8.86 wt%, of which are mainly composed of calcite and a small
amount of ankerite. It should be noted that the content of carbonate
in I2-3 sample is the highest, with the calcite content of 33.5 wt%,
while the carbonate content of other samples is basically lower
than 15.0 wt%. Pyrite is ubiquitous in all samples, with an average
content of 1.64 wt%. According to themineral composition diagram,
the shale samples are mainly argillaceous shale, followed by sili-
ceous shale and mixed shale (Fig. 1).

3.1.2. OM composition characteristic of original and extracted shale
sample

For the original shale samples selected in this study, the content
of TOCo ranges from 0.49 wt% to 4.08 wt%, with an average content
of 2.20 wt%. The content of free hydrocarbon S1 ranges from
0.75 mg/g to 6.22 mg/g, with an average content of 3.73 mg/g. The
content of pyrolysis hydrocarbon S2 ranges from 1.18 mg/g to
14.32 mg/g, with an average content of 8.32 mg/g. The values of
hydrocarbon index HI range from 241 mg/g to 470 mg/g, with an
average value of 372 mg/g. After extraction, the content of TOCe

ranges from 0.33 to 3.01 wt%, with an average content of 1.55 wt%.
The content of free hydrocarbon S1 ranges from 0.04 mg/g to
0.40 mg/g, with an average content of 0.22 mg/g. The content of
pyrolysis hydrocarbon S2 ranges from 0.36 mg/g to 5.25 mg/g, with
an average content of 2.35 mg/g. The values of hydrocarbon index
HI range from 64 mg/g to 200 mg/g, with an average value of
136 mg/g (Table 1).

By comparing the geochemical results of original and extracted
shale samples from the Q1 Formation, it can be seen that the
contents of the TOCe, S1, S2 and S3 of the extracted samples all
decrease to differing degrees (Fig. 2aed). The content of S1 de-
creases the most after extraction, indicating that S1 is mainly
composed of soluble OM (Jarvie et al., 2007). Meanwhile, the con-
tents of S2 and S3 also decrease, which indicates that the content of
soluble OM also contributes to the contents of S2 and S3. Further-
more, it should be noted that the abnormal increase in S2 and TOC
values from individual samples following extraction was observed,
this may be due to the sample heterogeneity. Additionally, the
content TOC of the extracted shale samples mainly represents the
content of the kerogen (Fig. 2d), which in turn indicates that the
insoluble solid OM (kerogen) is the largest contributor to the total
OM quantity.

The Tmax value of the extracted shale samples generally
Table 1
Bulk geochemical parameters and XRD results of the selected shale samples from the Q1

Number Rock-Eval (Original) Rock-Eval (Extracted)

TOC
(wt.%)

Tmax

(�C)
S1 (mg
HC/g)

S2 (mg
HC/g)

S3 (mg
HC/g)

TOC
(wt.%)

Tmax

(�C)
S1 (mg
HC/g)

S
H

I1-1 3.25 437 6.22 13.00 1.60 2.46 452 0.34 3
I1-2 2.85 428 5.02 11.20 1.35 1.89 454 0.26 3
I1-3 0.49 405 0.75 1.18 0.16 0.56 440 0.07 0
I1-4 2.13 421 3.85 8.45 1.02 1.32 445 0.19 1
I1-5 2.59 452 2.75 8.00 0.89 1.87 441 0.20 2
I2-1 1.97 420 3.44 5.91 0.78 0.93 422 0.10 0
I2-2 1.94 420 4.11 8.65 1.07 1.37 445 0.22 2
I2-3 4.08 453 5.29 14.32 1.63 3.01 445 0.35 5
I2-4 2.17 435 4.06 10.19 1.18 1.78 446 0.40 3
I2-5 0.56 426 1.78 2.28 0.34 0.33 435 0.04 0

488
increases, which is due to the decrease in light hydrocarbon content
after extraction. Relatively light hydrocarbons and non-
hydrocarbons are included in the S2 measurement, which will
result in a drop in the peak temperature of S2 drop (Collins and
Lapierre., 2014; Carvajal-Ortiz and Gentzis., 2015). Correspond-
ingly, the original shale samples contain mainly Type IIA kerogen
(Fig. 3a) according to the plot of Tmax versus HI (Espitali�e et al.,
1984). After extraction, while a small reduction of TOC was noted,
the value of the HI index reduced significantly due to the loss of
light hydrocarbons belonging to S2 during the extraction process.
This indicates that the extracted shale samples are mainly
composed of Type IIB and Type III kerogens according to the plot of
Tmax versus HI. The derived TOC content from the extracted shale
samples is strongly influenced by kerogen content. These TOC
values show a good linear correlation with S1 and extractable OM
(EOM), with the coefficients of R2¼ 0.69 and R2¼ 0.71, respectively.
In addition, the total oil (total oil¼ (S1þ S2) original - (S1 þS2) extracted)
(Jarvie, 2012) obtained from pyrolysis parameters before and after
extraction show a good correlation with TOCe (Fig. 3b and c). This
indicates that kerogen is the primary oil generation material. Under
the similar geological conditions, the kerogen content is the main
factor determining the eventual oil content. It also shows that the
total oil, EOM and S1 all can indicate the relative content of mobile
shale oil.

It should be noted that the values obtained for S1 in this study
are generally 2 times higher than the values published by Liu et al
(Liu et al. 2019a, 2019b). That is because these samples were
investigated almost as soon as they were extracted from the well.
EOM values however, show a similar distribution range when
compared to the results of earlier studies, indicating that EOM is a
better parameter to consider S1 when characterizing the content of
soluble OM (i.e. shale oil) (Behar et al., 2001; Liu et al., 2019b).

3.2. Nitrogen adsorption of the original and extracted shale samples

3.2.1. Adsorption isotherms
Typical nitrogen isotherms of this study are shown in Fig. 4.

According to the characteristics of nitrogen isotherms of shale
samples before and after extraction, it can be divided into three
groups. The samples with Type A isotherms include I1-1, I1-2, I1-5
and I2-3, these correspond to isotherm of type II defined by IUPAC
(Sing,1985; Sing et al., 2016). The hysteresis loops are small, and the
isotherms increase to infinity when p/po ¼ 1, this indicating the
existence of macropores. Furthermore, the hysteresis loops of Type
A isotherms are similar to that of type H3, indicating the pores are
composed of parallel plate pores. The hysteresis loop changed
considerably after extraction, and came to resemble type H2B. This
indicates the pores are ink bottle pores, which is clearly a different
result from the original shale samples. The amount of nitrogen
Formation.

Whole Rock Mineralogy (wt.%) EOM
(wt.%)

2 (mg
C/g)

S3 (mg
HC/g)

Quartz Plagioclase Calcite Ankerite Pyrite Total
Clay

.89 0.36 28.3 7.7 0 0 0 64.0 1.35

.78 0.34 25.7 9.7 2.0 0 1.9 60.6 1.49

.46 0.04 29.8 10.6 3.5 0 3.5 52.6 0.75

.43 0.13 25.8 6.0 3.9 0 1.8 63.1 3.33

.13 0.19 20.9 8.2 9.0 3.7 3.2 54.9 1.02

.59 0.06 53.6 12.8 0 0 1.5 32.2 1.26

.08 0.19 28.4 5.6 5.6 3.7 0.9 55.8 1.13

.25 0.46 18.7 4.5 33.5 0 0 43.3 0.16

.53 0.33 26.2 5.2 3.5 0 1.7 63.4 0.51

.36 0.03 29.5 6.2 3.8 0 1.9 59.1 0.72



Fig. 2. Bar chart of comparing bulk geochemical results between original and extracted shale samples (a) free hydrocarbon S1. (b) pyrolysis hydrocarbon S2. (c) organic carbon S3. (d)
Total organic carbon TOC.

Fig. 3. Crossplots of the bulk geochemical results. (a) Hydrogen index (HI) versus Tmax relationship for the original and extracted shale samples from the Q1 Formation. (b)
Crossplots of TOC versus S1 and EOM. (c) Crossplots of TOC versus total oil.

L.-H. Bai, B. Liu, Y.-J. Du et al. Petroleum Science 19 (2022) 486e497
adsorbed increases obviously under the same relative pressure af-
ter extraction (Fig. 4a). The samples with Type B isotherms include
489
I1-7, I2-2 and I2-4. The isotherms before and after extraction both
correspond to isotherms of type VI, the hysteresis loops before and



Fig. 4. Typical nitrogen isotherms of the original and extracted shale samples for the
Q1 Formation.
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after extraction are both similar to type H2B, which indicates that
the pores are composed of ink bottle pores. Similar to the Type A
samples, the nitrogen adsorption capacity of the extracted shale
increased significantly under the same relative pressure compared
with that of the original samples (Fig. 4b). The samples with Type C
isotherms include I1-4, I2-1 and I2-5. Similar to Type B, the derived
isotherms from this subset correspond to type II isotherms, and the
hysteresis loops measured before and after extraction are both
similar to type H3. That indicates that the pores of original and
490
extracted samples are both composed of parallel plate pores. By
contrast to Type A and B samples, the Type C shale samples have
almost the same amount of nitrogen adsorption capacity under the
same pressure regime. The gas adsorption amount capacity of Type
C shale samples in the same relative pressure range is significantly
lower than that of Type A and B shale samples (Fig. 4c).

3.2.2. Specific surface area
For the original shale samples, the BET results show that the

specific surface area ranges from 0.1245 m2/g to 4.8975 m2/g, with
an average specific surface area of 2.816 m2/g. After extraction, the
specific surface area of shale samples increased significantly. The
specific surface area ranges from 0.3522 m2/g to 13.7433m2/g, with
an average specific surface area of 6.6495 m2/g (Table 2).

3.2.3. Pore volume and average pore diameter
For the original shale samples, the BJH results indicate that the

pore volume ranges from 0.001178 cm3/g to 0.020215 cm3/g, with
an average pore volume of 0.0144577 cm3/g. The average pore
diameter ranges from 12.655 nm to 37.2128 nm. After extraction,
the pore volume ranges from 0.001614 cm3/g to 0.03003 cm3/g,
with an average pore volume of 0.0182086 cm3/g. The average pore
diameter ranges from 8.6922 nm to 23.0636 nm (Table 2).

The average pore diameter of the shale samples after extraction
is smaller than that of the original samples (Fig. 5a), while the pore
volume of the shale samples after extraction is typically larger than
that of the original shale samples (Fig. 5b). Yet, the pore volume of
the I1-3 and I2-1 samples after extraction is smaller than that of the
original shale samples, and the pore volume of the I2-5 samples is
nearly the same as the original sample after extraction. Average
pore diameter exhibits a good negative correlation with pore vol-
ume of the original and extracted shale samples, indicating that the
nano scale micropore development provides a lot of pore space in
the Q1 shales (Fig. 5c and d).

3.2.4. Pore size distribution
Most of the original shale samples have bimodal pore size dis-

tributionwith peaks at 10 nm and 40 nm. The pores of I1-3, I1-4, I2-
1 and I2-5 show a large percentage of pores with diameter of
around 40 nm, which basically belong to Type C shale samples.
However, the total pore volume of these samples is not developed.
The range of longitudinal pore volume is obviously lower than that
of other samples (Fig. 6).

The pore volumes of samples I1-3, I1-4, I2-1, I2-3 and I2-5 after
extraction have no obvious variations with pore size distribution,
and the pore volumes of I1-3 and I2-1 shale samples with Type C
isotherm are even lower than those of the original samples. In these
samples, the pore volume of diameter less than 10 nm is high
compared to that of other samples after extraction. However, the
pore volume does not vary significantly in the range of pore
diameter greater than 10 nm after extraction (Fig. 6).

4. Discussion

4.1. Influence of shale composition on nano-scale pore development
in the Q1 shales

The Type A shale samples have the largest EOM content
(0.75e3.33 wt%), followed by the Type B shale samples
(1.02e1.26 wt%), and that of Type C shale samples have the lowest
EOM content (0.16e0.72 wt%) (Fig. 7a). The content of free oil is
controlled by the amount of kerogen. After extraction, the TOCe of
Type A shale samples is the highest (TOCe ranges from 1.32 wt% to
3.01 wt%), followed by Type B shale samples (TOCe ranges from
1.37 wt% to 1.87 wt%), and the lowest is found in Type C shale



Table 2
BET surface area, pore volume and average pore size results of the raw and extracted shale samples from Q1 Formation.

Number Isotherm
type

Original Extracted

surfacea
rea (m2/g)

Pore volume (cm3/g) Average pore size (nm) surfacea
rea (m2/g)

Pore volume (cm3/g) Average pore size (nm)

I1-1 A 3.9132 0.020068 18.3009 13.7433 0.03003 8.6922
I1-2 A 2.8853 0.015015 18.7172 9.604 0.022993 9.3906
I1-3 C 0.6301 0.005513 31.5618 0.486 0.001614 17.3255
I1-4 A 2.0207 0.011959 21.3967 4.4168 0.015904 13.4775
I1-5 B 3.2374 0.016204 17.5626 6.7611 0.017577 10.2448
I2-1 C 4.8975 0.01918 12.655 6.2547 0.017282 10.657
I2-2 B 3.3956 0.017108 17.172 10.4009 0.025403 8.9979
I2-3 A 2.5164 0.018137 26.0592 5.2673 0.02252 16.2259
I2-4 B 4.5355 0.020215 15.0404 9.2087 0.02673 10.4058
I2-5 C 0.1245 0.001178 37.2128 0.3522 0.002033 23.0636

Fig. 5. Distributions (a, b) and Crossplots (c, d) of the nitrogen adsorption experiment results. (a) The average diameter of the original and extracted shale samples. (b) The pore
volume of the original and extracted shale samples. (c) The pore volume versus the average diameter of the original shale samples. (d) The pore volume versus the average diameter
of the extracted shale samples.
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samples (TOCe ranges from 0.33 wt% to 0.92 wt%). Hence, the
kerogen content of Type A shale samples is the highest, EOM is the
highest, followed by Type B shale samples, with Type C shale
samples having the lowest content of kerogen and EOM (Fig. 7b).
Pores smaller than 40 nmweremainly developed in the Type A and
B shale samples before extraction, and pores less than 10 nm have
significantly developed after extraction predominated (Fig. 6). The
Type A and B shale samples are significantly properties to Type C
shale samples. In Type C shale samples, measured EOM is 1.0 wt%,
and the TOCo and TOCe are 2.0 wt% and 1.4 wt%, respectively.

Type A and B shale samples have relatively low quartz and
feldspar contents, and relatively high clay and carbonate contents
(Fig. 7cee). Type C shale samples are rich in rigid minerals such as
quartz and feldspar (Fig. 7 c). The pore space of Type C shale
samples prior to and after extraction is poorly developed, and the
pore volume is relatively low. It can be clearly seen that pores with
491
a pore diameter of around 40 nm are developed. This is because
rigid minerals such as quartz and feldspar play a role in protecting
relatively large primary pore space during burial and compaction
(Loucks et al., 2012; Dong et al., 2019). Clay minerals, due to their
large specific surface area, provide space for OM (Kennedy et al.,
2014; Su et al., 2018; Liu et al. 2020), and can also form a “card
house” micro pore structure (Bennett et al. 1991; Slatt and O’Brien,
2011)). Kerogen also has a large specific surface area, which again is
also conducive to the development of nano scale reservoir space
(Dong et al., 2018; Slatt and O’Brien, 2011). The chemical instability
of carbonateminerals means that they are easily affected by organic
acids produced during hydrocarbon generation, which again is
favorable for the development of micropores. Type A and B shale
samples are rich in clay, OM and carbonate minerals (Fig. 7aee),
which not only leads to the generation of pores with a maximum
diameter of around 40 nm, but also is favorable for the



Fig. 6. The pore size distributions of the original and extracted shale samples for the Q1 Formation.
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development of pore space with a pore diameter around 10 nm
(Fig. 6). After extraction, the total pore volume of Type A and B shale
samples also increased significantly, while that of Type C shale
samples remained almost unchanged (Fig. 7f).
4.2. Effect of soluble OM on nitrogen isotherm

Examination of nitrogen isotherms from shale samples before
and after extraction show that the content of soluble OM has a
significant impact on gas adsorption and desorption behavior
(Figs. 4 and 7). In Type A shale samples, kerogen is well developed.
Plenty of mobile shale oil is available to fill in the pore space,
resulting in the variation of original characteristics of pores. After
extraction, the recorded hysteresis loops of the unmodified sam-
ple change from type H3 indicating plate parallel pores, to type
H2B typical of small-diameter ink bottle pores. The nitrogen
adsorption capacity increased significantly due to volume of pore
space made available following oil removed during extraction. In
Type B shale samples, the content of kerogen and shale oil in the
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pore space is relatively high. However, the shale oil in Type B shale
samples is mainly in the absorbed phase state, and the content of
adsorbed shale oil is not enough to change the original pore space
characteristics. Hence, the hysteresis loops of both original and
extracted samples are mainly of type H2B, indicating the presence
of ink bottle pores. The removal of adsorbed shale oil after
extraction would also release a large amount of specific surface,
resulting in a significant increase in the nitrogen adsorption ca-
pacity. In Type C shale samples, the content of kerogen and shale
oil are relatively low. The shale oil mainly exists in the adsorbed
phase state, which is similar to that of Type B shale sample. The
trace amounts of adsorbed shale oil in Type C shale samples are
also not enough to change the original pore characteristics during
oil charge (Fig. 8). Therefore, the nitrogen isotherms from Type C
samples prior to and after extraction are all H3 hysteresis loops,
indicating plate parallel pores. Furthermore, the nitrogen
adsorption capacity of these samples is almost identical from
samples prior to and after extraction due to the low oil content in
Type C shale samples.



Fig. 7. The minerals and EOM distributions of the shale samples with different nitrogen isotherm types. (a) Content of the EOM. (b) TOC of original and extracted shale samples. (c)
Content of the quartz þ feldspar. (d) Content of the carbonate minerals. (e) Content of the clay minerals. (f) Pore volume of original and extracted shale samples.
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4.3. Mobile oil storage pore space

After extraction, TOCe has good positive correlations with pore
volume and the specific surface area (Fig. 9), indicating that main
contribution to the pore volume in the Q1 Formation is mainly the
micropores related to OM. Yet, the I2-3 sample is a clear outlier
from this correlation. Compared to the other samples, the content
of carbonate minerals in the I2-3 sample is relatively high, up to
33.5 wt%. During the oil generation stage, carbonate minerals are
easily dissolved forming dissolution pores, whichwill provide a few
of pore volume (Loucks et al. 2015; Dong., 2018). However, the
specific surface area does not increase significantly as the dissolu-
tion pore developed (Fig. 9a). The correlation between kerogen
content and pore volume indicates that OM related pores are well
developed in the Q1 Formation, providing a certain space for the
accumulation of free oil. At the same time, there is a good negative
correlation between pore volume and average pore size (Fig. 5c and
d), indicating that the OM pores of the Q1 Formation are mainly
nano pores.

The relationship between mobile shale oil distribution and pore
size distribution could not be directly examined for any of the
samples. However, the differences in pore volume distribution (D
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DV/DW) between unmodified samples and shale samples that have
undergone hydrocarbon extraction can directly indicate the dis-
tribution of mobile shale oil in pores of different diameters. Hence,
in this study, the differences in pore volume distribution from
samples prior to and after extraction was used to characterize the
distribution in space of mobile shale oil (Fig. 10).

It can be seen that for Type A and B shale samples, shale oil is
found in pores with diameters less than 10 nm, followed by pore
with diameters of 20 nm and 40 nm. For Type C shale samples, the
change in pore diameters is only concentrated at 20 nm and 40 nm,
showing a bimodal distribution. Due to the presence of undevel-
oped pores (diameter <10 nm) and low EOM content, the pore size
distribution curves of Type C shale samples prior to and after
extraction are not clearly defined, which may be within the error
range of nitrogen adsorption experiment. Hence, the D DV/DW
from Type C shale samples is not always positive (for example, the
D DV/DWof I1-3 and I2-1 samples are negative), and the pore space
after extraction does not increase as expected, but decreases
instead. That means that the difference of pore size distribution
before and after extraction may not quantitatively reflect the dis-
tribution characteristics of mobile oil in pores with different di-
ameters. Examination the differences in pore volume distributions



Fig. 8. Schematic illustration of impact of the content of shale oil in different phase states on the nitrogen adsorption isotherms.

Fig. 9. (a) Crossplots of the TOC versus BET surface area of the extracted shale samples. (b) Crossplots of the TOC versus pore volume of the extracted shale samples.
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from samples prior to and following hydrocarbon extraction in
Type C shale samples still allows the conclusion to be drawn that
shale oil is found in pores with diameters of 10e40 nm.

4.4. Mobile shale oil generation thresholds in the Q1 Formation

Soluble organic matter extraction allows the characterization of
most of the stable hydrocarbons in shales, including heavy hydro-
carbons. For this reason, EOM is used to quantitatively characterize
the content of shale oil in the Q1 Formation. In shale reservoirs, the
hydrocarbon content generated could only be discharged on the
premise of meeting its own adsorption capacity (Pang et al., 2004;
Zhu et al., 2019). In this study, examination of the nitrogen
adsorption curves from the Q1 Formation gives an indication of:
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whether the hydrocarbon content in the samples matches the
adsorption capacity of the shale minerals and OM; the phase states
of the shale oil; whether the mobile oils were able to migrate into
available pore space and change the original pore structure char-
acteristics (Fig. 8). The selected threshold TOCo and EOM values for
Type A and B shale samples rich in free and adsorbed shale oils and
Type C shale samples only containing trace adsorbed shale oil are
2.0 wt% and 1.0 wt% respectively. These values are determined as
the oil-bearing threshold values for Q1 shale oil mobility (Fig. 7a
and b and Fig. 8). In the 1st stage, the amount of hydrocarbon
generation is insufficient to exceed the adsorption capacity of the
shale minerals and OM surfaces (EOM <1.0 wt%), and shale oil
mainly exists in the adsorption phase state. The values for
maximum specific surface area and total pore volume of the shale



Fig. 10. The pore volume distribution differences between the original and extracted shale samples.
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reservoir could reach 6 m2/g and 20 � 10�3 cm3/g, respectively. In
the 2nd stage, the amount of hydrocarbon not only meets the
adsorption capacity of shale minerals and OM surface (EOM >1.0 wt
%), but also fills the pore space in the shale. The average pore
diameter of the extracted shale samples is basically greater than
10 nm (Fig. 5), and the oil extraction process measures the sum total
of the produced free and partially adsorbed shale oil at the same
time. Besides, within the pore size range of D DV/DW less than
10 nm, Type A and B shale samples show a large amount of shale oil
occurring in pores with diameters of less than 10 nm (Fig. 10). This
is considered to be oil that is in the adsorbed phase state. 10 nm is
therefore considered to be the threshold value of pore size that
affects the mobility of shale oil in the Q1 Formation.

In the paper by Zhu et al. for shale samples that had undergone
hydrocarbon extraction, an EOM value of 0.7 wt% and a minimum
average pore diameter of 12.1 nm after extraction were used as the
thresholds to determine whether the shale oil content of the
samples exceeded the adsorption itself (Zhu et al., 2019). However,
in this study there were no samples with TOC less than 1.0 wt%.
Therefore, in the 1st stage, when the kerogen content of the sample
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is low and the hydrocarbon generation does not meet the adsorp-
tion of itself, the specific surface area and pore volume of the
sample may be affected by other factors such as inorganic mineral
composition, resulting in a wide range of EOM and average pore
diameter values rather than a single value for each parameter
(Fig. 11).

It is worth noting that the thresholds for mobile shale oil
defined by this study: average pore diameter (10 nm) and EOM
content (1.0 wt%), are based on the study of shale samples from the
Q1 Formation. The results on which these thresholds are based are
also affected by the quality of crude oil and the development
characteristics of the reservoir space, which are different from the
shale samples investigated by Zhu et al. (2019) from the Shahejie
Formation. The lower pore diameter threshold and the higher
content of soluble OM in the Q1 Formation may indicate that the
pore space of nanoscale related to OM is better. After the extraction,
most of the adsorbed shale oil within pore spaces of less than 10 nm
in diameter in Q1 Formation shale is also extracted. Shale oil can be
extracted from pores down to around 2 nm in diameter. Previous
studies have also shown that the effective molecular diameters of



Fig. 11. Crossplots of EOM against BET surface area and pore volume after extraction.
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n-alkanes, cyclohexanes, complex ring structures and micro gran-
ular compounds are 0.48 nm, 0.54 nm, 1e3 nm and 2e4 nm,
respectively (Tissot and Welte., 1984; Wang et al., 1996). Hence,
with the improvement of oil exploitation techniques, the pore size
threshold for shale oil mobility in the Q1 Formation may fall below
10 nm.

5. Conclusion

1. The nitrogen isotherms of the Q1 Formation shale samples prior
to and after extraction can be divided into three types. Type A
shales with high kerogen content. Sufficient shale oil fills the
pores and oils are primarily in the free phase state. The kerogen
content of Type B shales is moderate, and the relatively high
shale oil fractional content is mainly in the adsorbed phase state
on the surfaces of pore spaces. The kerogen content of Type C
shales is relatively low, and the trace amounts of shale oil in
these samples is found in the adsorbed phase state on the sur-
faces of pore spaces. The pore structure in these samples was not
affected by oil migration and charge.

2. The content of kerogen controls the content of movable shale oil
in the Q1 Formation. The presence of detrital minerals such as
quartz and feldspar are conducive to the preservation of pore
spaces with diameters of around 40 nm in the Type C samples.
The presence of kerogen is conducive to the development of
pore space of diameter less than 10 nm in Type A and B samples.
Overall, the pore space in the Type C samples is considered to be
poorly developed.

3. A large amount of absorbed shale oil contained in the Q1 For-
mation shale reservoir is found in pores with diameters less
than 10 nm. Only when TOCo is more than 2.0 wt%, the shale oil
content (EOM) is greater than 1 wt%, and the average pore
diameter is greater than 10 nm, does the shale oil volume exceed
the reservoir's adsorption capacity, fill the available pore space
and primarily exist in the free phase state.
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