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Lacustrine oil-prone shale at the oil-generation stage develops a large number of
nanopores; however, the influence of fluid–shale interactions on the nanopores of
lacustrine shale is poorly understood. A suite of mature lacustrine shales from the
Songliao Basin Qingshankou Formation was performed on sequential organic solvent
(petroleum ether and mixture of dichloromethane and methanol) extractions, and nitrogen
and carbon dioxide adsorptions, Rock-Eval pyrolysis and field emission scanning electron
microscopes (FE-SEM) observation. The sequential extractions show a decrease in total
organic matter (TOC) and in the exacted organic matter content of shale, but an increase in
the specific area (SBET) and pore volume of the extracted residues. Before and after
extractions, the relationships between the extracted amount of OM and SBET, pore volume
and their cumulative increments reveal OM as a main factor affecting the development of
nanopores in these shales. The reasons are 1) SBET and mesopores are mainly blocked by
EOMs in the initial samples, 2) the cumulative increases of SBET and mesopores are
dominantly controlled by the extracted amount of hydrocarbons during petroleum ether
extraction, and 3) both hydrocarbons and NSOs (resins and asphaltenes) have an
influence on the cumulative increases of SBET and mesopores, and kerogen exposed
more open porous-organic mesopores after the EOMs in the extracted shales. Here,
further work concludes that oils adsorbed on pore surfaces are dominantly distributed on
nanopores less than 10 nm, and free oils occur when the threshold of the average pore
width in studied shales is over 11.7 nm.
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INTRODUCTION

OM-rich shale reservoirs usually develop a large number of nanopores and have received attention
because of the exploration potential in residual oils (Chalmers and Bustin, 2007; Loucks et al., 2009;
Ross and Bustin, 2009; Jarive, 2012; Wang M. et al., 2019; Liu et al., 2019). Shale has the
characteristics of low porosity and low permeability, and its pore structure is characterized by
nanoscale (Loucks et al., 2009; Valenza et al., 2013; Zou et al., 2013; Liu et al., 2020). These nanopore
networks of shales could control the storage of residual oils and fluid flows, which determine whether
the shale can be a reservoir, and is widely used in predicting shale oil production. Previous studies
were performed on how nanopore structures were affected by solid OM, thermal maturity, water,
lithology, mineralogy, and grain sizes (Chalmers and Bustin, 2007; Loucks et al., 2009; Ross and
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Bustin, 2009; Curtis et al., 2012; Cheng et al., 2018, 2022; Jiang
and Daigle, 2019). Residual oils in these lacustrine shales
significantly add more uncertainty to porosity of reservoirs (Qi
et al., 2019). Evaluation and exploration of the residual oils from
lacustrine shales in China, however, are generally in its infancy
(Lu et al., 2017; Wang Y. et al., 2019). Recently, more attention
has been paid to fluid–shale interactions altering nanopore
development and oil mobility (Valenza et al., 2013; Cao et al.,
2016; Distefano et al., 2019; Qi et al., 2019), which is a key to
characterize lacustrine shale reservoirs.

The fluid–shale interactions include a series of chemical and
physical processes between solvents and the matrix (Hedges and
Keil, 1995; Wang M. et al., 2019; Distefano et al., 2019). Solvent
extraction is widely used to explore fluid–shale interactions (Qi
et al., 2019), and this approach has also been extended to
unconventional shale reservoirs, which possess lower porosity
and permeability. The mechanism of solvent–pore interaction is
that different kinds of solvents can destroy the energy of different
chemical or physical association forces in shale. It is thereby a well
understood mechanism of interaction by the changes of pore
space during solvent contact. To assess true permeability, solvent
(such as CO2-toluene) is applied to the reservoir rock to circulate
the solvent through the rock multiple times in order to remove
the oil blocking the pore entrance (Distefano et al., 2019). The
removal of oils clearly change storage spaces due to oil releasing
from pore surface areas and volumes within shale (Zhu et al.,
2019), and the extracted samples can provide more reliable shale
pores (Han et al., 2019). Valenza et al. (2013) proposed that
altering the residual oil quantity could cause changes of pore
structures, indicating shale pores and throats blocked by residual
bitumen, and thus change oil storage capacity. Similar results
emerged in shale porosity (Wei et al., 2014; Mohnhoff et al.,
2015). Based on extracts from sodium hypochlorite, Kuila et al.
(2014) provided an explanation for different porosities between
clay and organic matter from the Haynesville and Marcellus
shales. Qi et al. (2019) documented the nanopore structures of
marine–continental coals and mudstones before and after
extraction by low-pressure argon and carbon dioxide
adsorptions. Several mechanisms can factually control porosity
changes caused by solvent interaction (Radlinski et al., 2000;
Geramian et al., 2016; Mohnhoff et al., 2015; Distefano et al.,
2016; 2019) as follows: 1) complete removal or breakdown of
resins and asphaltenes, 2) process of dissolution and migration
for resins and asphaltenes, 3) incomplete or partial breakdown of
OMs, 4) kerogen swelling attributed to the removal of alkanes and
aromatics, 5) clay layer expansion, and 6) mineral dissolution in
the case of hydrochloric acid. These interactions may be further
complicated by difference in the oil family composition from
mature oil-rich shale. However, there are still few studies on the
influence of oil family composition effects on lacustrine shale
nanopores.

Chen and Zhang (2017) proposed that free oils were mainly
from the first cold extract by n-hexane, and adsorbed oils were
extracted by trichloromethane. Although sequential extraction
experiments do not show completely distinguishable oil phases,
that is, “free oil” and “adsorbed oil,” the method can be
sequentially used to obtain various oil family compositions

stored in the pore system (Wilhelms and Larter, 1994).
Moreover, the non-destructive extraction procedure can
maintain the rock in the natural state (Schwark et al., 1997),
including maturity, mineral compositions, and grain sizes before
and after the experiment. Thus, the sequential extraction is
available to analyze oil–rock interaction within the shale.

In order to better understand the effects of solvent extraction
on nanopore structure in lacustrine oil-prone shale, we adopted
continuous extractions and pyrolysis methods. The occurrence
forms of organic matter can be obtained by means of pyrolysis,
organic geochemistry, and FE-SEM. Also, the images of shale
microstructures were analyzed by FE-SEM. In addition, a series of
N2 and CO2 adsorption isotherm experiments were performed on
both core shale samples and their sequential extraction residues.
The relationships between organic matters or oil family
compositions and pore structure distributions were established.

SAMPLES AND METHODS

Samples
The geological knowledge of the Songliao Basin has gradually
increased since the discovery of the Daqing oil field in the late
1950s (Wang et al., 2013; Figure 1A). In the Songliao Basin, the
Qingshankou (K2qn) and Nenjiang (K2n) Formations are usually
considered as major source rocks (Feng et al., 2010; Bi et al.,
2021). Excellent K2qn shales were developed in a semi-deep to
deep-lake facies. The area of lake reached its maximum of
87,000 km2 and sedimentary thickness of 60–100 m in the
Central Depression zone during the depositions of K2qn (Feng
et al., 2010), leading to form the first member of Qingshankou
Formation (K2qn

1) source rocks. K2qn
1 mainly consists of gray,

dark gray, and black mudstones interbedded with oil shales and
gray sandstones and siltstones (Wang et al., 2013).

Ten K2qn
1 core samples selected for this study were taken

from wells H14 (2 032.5–2 081.5 m, N 46°22′39″, E 124°8′38″)
and × 83 (2 051.4–2 139.7 m, N 46°11′55″, E 124°39′24″), located
at Central Depression zone of the Halahai fault and nose structure
of the Qijia Sag, respectively (Figure 1). The lithology of these
sediments is mainly gray to dark shale with interbedded
sandstones (Figure 1B; Cao et al., 2017).

Methods
Shale core samples were first cleaned, dried at 50°C, and then
crushed to 80 mesh (about 180 μm). In process 1, 10 initial
samples about 40 g were first extracted with non-polar petroleum
ether in Soxhlet extraction, and amounts of extracts 1 and post-
extraction residues 1 were obtained (Figure 2), and then,
amounts of extracts 2 and residues 2 were obtained from the
residues 1 of dichloromethane andmethanol (DCM:MeOH, v:v =
9:1) Soxhlet extraction in process 2 (Figure 2). Additionally, 10
initial samples about 40 g were extracted by the mixture of
dichloromethane and methanol (DCM:MeOH, v:v = 9:1) using
Soxhlet extraction in order to get amounts of chloroform bitumen
“A” (as extracts 3) and post-extraction residues 3 (Figure 2). For
all the extracts, asphaltenes were first used as precipitate by
n-hexane. Then, the n-hexane solvents were separated into
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aliphatic, aromatic, and polar compositions via silica gel/Al2O3

adsorption chromatography using n-hexane, a mixture of
n-hexane and dichloromethane (Hex:DCM, v:v, 1:2) and a
mixture of dichloromethane and methanol (DCM:MeOH, v:v,
3:1), respectively. A weighted and quantitative analysis was used
for isolates (Figure 2).

The initial samples, the residues 1 and residues 2 were selected
respectively, and ground up to 200 mesh (about 75 μm). For these

powders, pyrolysis analyses were carried out using Rock-Eval 6
Technology with standard procedures (Cao et al., 2016). The
TOC (wt%), S1 (mg HC/g rock), S2 (mg HC/g rock), and Tmax

(temperature at which the S2 peak is the highest, °C) were
measured by pyrolysis. Hydrogen index (HI) was calculated by
S2×100/TOC.

The FE-SEM images of microstructure were analyzed on the
Hitachi S8010 systems prepared by Ar ion milling (IM4000,

FIGURE 1 | (A) Map of the Songliao Basin showing sampling sites from two wells. (B) Lithology and sampling depths are shown.

FIGURE 2 | Experimental procedure for sequential extraction.
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Hitachi High-Tech) with an accelerating voltage of 3 kV and a
milling time of 4 h. Lower accelerating voltages (1–2 kV) with the
working distances of 1.5–4 mm is used on these systems to
prevent beam damage of the samples (Tian et al., 2015). By
shifting a slider with the mouse, the voltage of the Super ExB filter
and the conversion electrode is changed, aiming at the adjustment
of the SE-BSE signal ratio from a pure SE image.

Analysis of low-pressure N2 adsorption at 77 K and CO2

adsorption at 273.15 K was performed on Micromeritics ASAP
2460. The N2 and CO2 adsorption measurements were performed
on samples, including initial samples, residues 1, and residues 2.
The procedures of automatic degassing were conducted at 110°C
about 12 h in a vacuum chamber to remove the possible
adsorption gas, free water, and volatile hydrocarbons. N2

adsorption is generally in the wider range than that of CO2

adsorption in relative pressure (P/P0). In this study, P/P0 is
0.005–0.995 for N2 adsorption and 0.00006–0.03 for CO2

adsorption, respectively. It is interpreted that wider range of
N2 adsorption can investigate micro-, meso- and macroporosity
for solid materials, but CO2 adsorption is being fit for
microporosity (Groen et al., 2003). The free spaces were
individually preformed for CO2 adsorption measurements.

The special surface areas of solid powders were calculated by
using the Brunauer–Emmett–Teller (BET) method with a restricted
P/P0 range of 0.05–0.02 (Rouquerol et al., 1999). It is noted that BET
areas are reasonably investigated within the range of 1.3–100 nm
(Wei et al., 2016). The special surface areas can be assessed by the
BET method (Eq. 1) (Brunauer et al., 1938):

P

V(P0 − P) �
1

VmC
+ C − 1
VmC

×
P

P0
. (1)

Here, P: gas pressure (Pa); P0: saturation pressure (Pa); V:
capacity of adsorbed gas at equilibrium pressure (cm3/g, STP);
Vm: capacity of monolayer (cm3/g, STP); and C: BET constant.

International Union of Pure and Applied Chemistry (IUPAC)
suggests that shale nanopores could be subdivided into three
styles on the basis of pore width micropores (<2 nm), mesopores
(2–50 nm), and macropores (>50 nm) (Sing et al., 1985). The
mesopore volume can be obtained by the
Barrett–Joyner–Halenda (BJH) theory based on N2 adsorption
within the pore size range of about 2–100 nm (Barrett et al.,
1951).

Micropore volume analysis is widely carried out by the
Dubinin–Astakhov theory application of CO2 adsorption
experiments (Dubinin and Stoeckli, 1980; Gregg and Sing,
1982). The Dubinin–Astakhov (Eq. 2) follows the relations:

lnV � lnV0 − (RT
E
)
n

× (lnP0

P
)
n

, (2)

where V: capacity of adsorbed gas at equilibrium pressure (cm3/g,
STP); V0: micropore volume; R: universal gas constant; T:
experimental temperature (K); and E: characteristic energy
(kJ/mol).

It is widely used in density functional theory methods to
calculate the pore size or volume of nanometer materials (Wei
et al., 2016).

RESULTS

Pyrolysis Parameters
The pyrolysis parameters of K2qn

1 shales and their extracted residues
are tabulated in Supplementary Table S1. The TOC contents in the
initial samples, in the residues 1 and in the residues 2 vary from 1.36
to 2.64 wt%, 1.2 to 2.16 wt%, and 1.12 to 1.83 wt%, respectively.
Pyrolysis S1 and oil saturation index (OSI = S1/TOC×100, Jarvie,
2012) in the initial samples range from 0.86 to 3.99mg/g rock and
from 55.15 to 151.14mg HC/g rock. For the residues 1, the two
parameters display various decreasing values, but these values are no
obvious reduction for the residues 2 (Supplementary Table S1). The
variations of HI and PI [production index, =S1/(S1+S2)] in the
extraction process present similar variations comparison to
variations of the S1 values and OSI values (Supplementary Table
S1). The high Tmax values range from 441 to 449°C in the intial
samples, which are not affected by extractions.

Extractable Bitumen
In extracts 1, the amount of hydrocarbons significantly varies in
the range from 1.21 to 8.58 mg/g rock (Figure 3). For extracts 2,
the amount of hydrocarbons is from 0.11 to 0.9 mg/g rock. Apart
from the hydrocarbons (>65%), the EOM is composed of polar
compounds (between 15 and 30% of EOM) and low amounts of
asphaltenes (<5%) in extracts 3. As EOMs consisting of much
higher NSOs in extracts 2 than in extracts 1 the results manifest
the stronger polar eluent and the more abundant polar extracts.
The average percent of NSOs is more than 50% in extracts 2.

Pore Types
FE-SEM imaging can provide important information on the pore
types within shales (Loucks et al., 2009). The pore types identified
in the initial samples mainly include interparticle, intraparticle,
organic matter pores, and interlayer fractures (Figure 4). The
interparticle pores are mainly observed between organic matters
and clay grains (Figure 4), and this is probably related to the
shrinking of clay minerals (Chalmers et al., 2012). The shales
record a large quantity of intraparticle, most of them located
within particles, mainly from clay mineral flakes, organic matters,
and coarse detrital particles. These pores are normally
approximately 1–3 μm in size. The existence of organic pores
is located in organic matters, whereas, the shales studied here and
many organic particles do not contain organic pores (Figure 4).
In clay aggregates, interlayer fractures can be developed in clay
minerals (Figure 4). Illite/smectite-mixed layer minerals were
flaky with serrated edges (Figure 4).

Low-Pressure N2 Gas Adsorption
Figures 5A,B present the N2 adsorption and desorption curves of
type IV low-pressure isotherms (inverse “S”) defined by IUPAC
(Barrett et al., 1951). At a relatively high pressure (P/P0 > 0.95),
amount of quantity adsorbed by the initial samples varies from 14.08
to 24.43 cm3/g and that of residues further increase after solvent
extraction (Supplementary Table S1). The hysteresis ring shows
unchanged ink bottle-shaped pores before and after extraction
(Figures 5A,B).
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The SBET increased with extraction across solvents for the oil-
rich samples, with dichloromethane and methanol extraction
causing the greatest increase in the SBET. The SBET for initial
samples ranges from 4.18 to 10.97 m2/g (Supplementary Table

S1). The extractions cause remarkable changes of the SBET,
showing the SBET of residues vary from 14.11 to 25.15 m2/g
for residues 1, and that of residues 2 are from 23.88 to
38.38 m2/g (Supplementary Table S1).

FIGURE 3 | Amount of organic matters extracted in the organic solvents.

FIGURE 4 | Field emission scanning electron microscopy showing pore and fracture features of K2qn
1 samples.
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The volumes of mesopores (sizes of 2–50 nm) and macropores
(sizes of 50–100 nm) calculated by the BJH theory are listed in
Supplementary Table S1. The volumes of mesopores and
macropores in the initial samples vary from 1.0 to 1.84 cm³/
100 g and 0.2 to 0.6 cm³/100 g (Supplementary Table S1),
respectively, which increase in residues 1 and residues 2 after
suffering two times of extractions (Supplementary Table S1).
However, the BJH pore width of the initial shale is in a range from
7.61 to 21.54 nm, displaying a decreasing trend after solvents
(Supplementary Table S1).

Low-Pressure CO2 Gas Adsorption
The CO2 adsorption isotherm curves display significant type I
features of microporous materials in Figures 5C,D (Sing et al.,
1985). Regardless of whether the relative pressure P/P0 is high or
low, the adsorption capacities of the original samples and residues
show a sequence of residues 2 > residues 1 > initial samples
(Supplementary Table S1; Figures 5C,D).

The micropore volumes (Vmic) of the initial samples calculated by
theDubinin–Astakhov theory vary from0.66 to 1.58 cm³/100 g.After
solvent extractions, the Vmic gradually increases. The Vmic of residues
1 varies from 1.65 to 2.09 cm³/100 g and that of residues 2 is from
1.86 to 2.32 cm³/100 g (Supplementary Table S1).

FIGURE 5 | Nitrogen and carbon dioxide gas adsorptions and desorption isotherms.

FIGURE 6 | Plot of TOC and S2 displays potential of K2qn
1 source rocks.
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DISCUSSION

Organic Matter Characteristics
All the samples fall inside the field characteristic for good oil
source rocks in the TOC vs. S2 diagram (Figure 6). All the
samples are characterized by Type I/II kerogens, indicating
mainly aquatic-derived organic matters (Peters et al., 2005).
These organic materials provide important parent materials
for the generation of oil and gas in the Songliao Basin (Feng
et al., 2010; Cao et al., 2016, 2021).

The OM compositions extracted with different solvents
present variations as function of solvent properties. According
to the principle of similar phase dissolution, petroleum ether, as a
non-polar solvent, can extract more portions of weak polar
hydrocarbons. This is most clearly shown by the high
proportions of alkanes and aromatics isolated from extracts 1
because of similar properties in solubility parameters (calculated
as the square root of the heat of vaporization divided by molar
volume; Kamlet et al., 1981). Most of the NSOs are characterized
by higher polar and hydrophilic, and miscible in mixed solvents
of dichloromethane and methanol, which explains the higher
extraction amounts in extracts 2. In addition, the initial samples
(e.g., H14-6-IS and H14-7-IS) have high content of hydrocarbons
(Figure 3), suggesting that small molecules contribute
significantly to the amount of free oils in shale. Oils with high
fluidity present low-dipole moment and great viscosity for
heteroatomic materials. With the increase of NSOs in shale,
the oxygen–carbon ratios gradually increase, resulting in the
increase of interactions between residual oils and shale
reservoirs, and changing flow of fluids.

Three forms of OMs in shales, mainly including non-porous,
porous, and extracted OMs, were observed by Walls and Diaz
(2011). Loucks et al. (2009) and Curtis et al. (2012) also proposed
that one kerogen particle in one sample may contain porous and
non-porous OM forms. Factually, the three forms of OMs could
be present in shale of the Songliao Basin. As observed by FE-SEM,
the porous OMs within the shale have been clearly observed
(Figure 4), but not all OMs have nanopores, and the non-porous
kerogens exist in shales within “oil window.” Nanoporosity in
organic matters could begin to develop at about Ro > 0.6–0.9%
(Curtis et al., 2012; Loucks et al., 2012) because kerogen is
decomposed to bitumen during the period of oil generation.
In addition, the viscous liquids (bitumen) filling in the
intergranular and grain contact voids of shale are the typically
extracted OMs and non-porous materials. Removing oils can
expose porous kerogens (Qi et al., 2019). Although there are no
FE-SEM images for post-extraction residues, the solid OMs in
residues are possible to be more porous than that of initial shales
because their organic pores observed by FE-SEM images are not
the whole, and they are blocked.

Pore Changes Based on Solvent Extraction
The Effects on the Relationship Between Nanopores
and Total Organic Matter
Kerogen is solid and insoluble in organic solvents, which has the
characteristic of the cross-linked macromolecular network with

bridging and side functional groups (Ballice, 2003). The kerogen
nanopore could be a major shale pore component, which
provides a significant portion of nanopore voids (Loucks et al.,
2009; Curtis et al., 2012). Oil adsorbed on kerogen is the main
occurrence of residual oil in the source rock (Pepper and Corvi,
1995; Li et al., 2016), which exists in the adsorbed state on the
internal and external surfaces of OM due to the oil-wet surface
(Zou et al., 2013; Wang M. et al., 2019). After the removal of
extractable bitumen, the porous kerogen and solid bitumen are
exposed (Qi et al., 2019), indicating that these extracts occupy
pore surfaces of solid OMs (Valenza et al., 2013). Additionally,
the kerogen can also swell extensively when immersed in organic
solvents (Ballice, 2003). Thus, three (soluble, porous, and solid)
OM forms have different mechanisms on controlling nanopores.

There is a negative correlation (R2 = 0.832) between SBET and
TOC in the initial shale (Figure 7A), indicating that the
occurrence of organic matter is the key control causing
decreased surface areas. The SBET of residues 1 has discrete
correlation (R2 = 0.184, Figure 7A) with TOC when
hydrocarbons are dominantly extracted by non-polar solvent.
The reason is that kerogen swelling can decrease porosity during
shale interactions with solvent (Geramian et al., 2016; Distefano
et al., 2019; Qi et al., 2019), which can counteract the effect of
releasing pore spaces. Additionally, a good positive correlation
between these parameters (R2 = 0.830) in residues 2 occur when
the samples were extracted by polar solvent (Figure 7A),
although other studies have noted such trends at over larger
maturity ranges (Ross and Bustin, 2009; Cao et al., 2015). The
shales may thus be assumed to contain porous kerogens that
possess a high amount of surface area. The cause of surface area
increment is that more OM spaces can be released after
extractions. This shift demonstrates that the amount of
extracted OMs determines the SBET in initial oil-rich lacustrine
shales, whereas the solid OMs predominantly control the SBET
after polar solvent extraction, and the intermediate form
(extracted by non-polar solvent extraction) is controlled by
kerogen swelling. Thereby, soluble OM blocking, kerogen
swelling, and organic pore development are the key factors
leading to the change of surface area variations observed
during shale interactions with solvents.

Here is a negative correlation (R2 = 0.891) between mesopore
volumes and TOC contents for the initial shales, discrete
correlation (R2 = 0.480) to post-extraction residues 1, and
then positive correlation (R2 = 0.871) to post-extraction
residues 2 (Figure 7B). This transformation of correlations is
similar to that of SBET and TOC, reflecting organic mesopore
from blockage to release. The reason is organic nanopore voids in
shales could be filled by generated oils within source rocks
(Hedges and Keil, 1995; Wang and Reed, 2009; Romero-
Sarmiento et al., 2014), whose molecular size is roughly close
to the size of a mesopore, which provides oil storage space
(Valenza et al., 2013), and these spaces are released after
extractions. Although the mesopores of kerogen in this study
were not observed by FE-SEM because of the absent of post-
extraction samples, Wang M. et al. (2015) found that abundant
organic mesopores of 24–46 nm appeared in K2qn

1 shale, which
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supports our data. The result generally reflects solvent mesopore
interactions in lacustrine oil-prone shale.

Particularly, the positive correlation (R2 = 0.845) between
macropore volumes and TOC contents present in initial shale
(Figure 7C) indicates that organic matter contents have a
dominant effect on the macropore voids. However, Wang M.
et al. (2015) suggested that macropores within kerogens of K2qn

1

source rocks were undeveloped according to the studies of FE-
SEM and Hg intrusion. As shown in Figure 4, the macropores
may mainly include the free spaces from the clay interlayer
fractures filled with solid OMs and illite/smectite-mixed layers
(4.4). It is conceivable that if the solid OM (e.g. kerogen) has a
dominant contribution to the macropore development in the
shale, the positive trend between macropore volumes and TOC
contents can be maintained after soluble OM removal. Factually,
although soluble OMs may control on macropore development
because of the releasing amounts of macropore voids after
extractions, the removal of soluble OM shows no correlations
in OM with macropore volume (4.2.2). It may be inferred that
larger pores or interlayer fractures are physically cut into
nanoscale pore by liquid organic matter (e.g. oil molecules in
4.2.2), and formation of macropores could be measured under
this experimental condition. The data also support the clogging
effect of segregated pores by residual oils (Loucks et al., 2012),
consistent with hydrocarbon vapor adsorption experiment of Li
et al. (2017).

However, the correlations between micropore volumes and
TOC contents for the initial samples or post-extraction residues
are weakened and show considerable scatter (Figure 7D). This

indicates that the solid OM contributes little to the micropore
volume. The reason is possibly because a relatively low matured
micropore shows an undeveloped structure(Chen and Xiao,
2014). Nonetheless, comparison of Vmic volumes between
initial and extracted samples reveal that occurrence of liquid
organic matters has still influence on the micropore volume.

Solvent-Pore Interactions
1) Oils releasing from surface areas

As shown in Formula (3), cumulative surface areas (ΔSRe-IS)
between SBET-Re and SBET-IS are made.

ΔSRe−IS � SBET−Re − SBET−IS . (3)
Here, SBET-IS is the surface area of initial samples. SBET-Re is the
surface area of residues. The cumulative surface areas of ΔSa Re-
IS and ΔSb Re-IS represent difference between residues 1 and
initial samples and difference between residues 2 and initial
samples in the surface area, respectively.

To test the possibility that oil family compositions affect
surface areas in studied samples, the absolute increase in
surface areas is plotted against the amount of extracted
hydrocarbons and NSOs (Figure 8). There are well negative
correlations between both hydrocarbons and NSOs from
amount of extracts 3 and the SBET in initial samples
(Figure 8). A comparison was performed by Cao et al. (2015),
who demonstrated a strong positive correlation between specific
surface areas and pyrolysis parameter S1 values in Silurian shales.
Based on the analysis of extracts and N2 adsorption, the removal

FIGURE 7 | Correlation of pore surface areas and pore volumes with the TOC.
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of extractable compounds obviously caused different changes of
specific surface areas. Both the amount of extracted hydrocarbons
and NSOs isolated from extracts 1 show positive trend with ΔSa
Re-IS (Figure 8). It can be inferred that both hydrocarbons and
NSOs adsorbed on surfaces of oil-prone source rocks could
control the development of specific surface areas. Compared
with the cumulative surface areas of ΔSa Re-IS, the larger
change in ΔSb Re-IS may be due to more solvent penetration
into samples leading to the breakdown of fluid–pore interactions,
including fluid–kerogen and fluid–clay interactions (Valenza
et al., 2013; Distefano et al., 2016). However, the correlation
coefficient (R2 = 0.641) between ΔSb Re-IS and the amount of
extracted hydrocarbons demonstrates well than that of ΔSa Re-IS
and the amount of extracted NSOs (R2 = 0). This difference
indicates the different degrees between hydrocarbons and NSOs
in filling surface areas, attributed to the hydrocarbons, making up
the majority of crude oils, and a large amount of surface areas are
exposed due to hydrocarbons releasing rather than NSOs
releasing. Although the removal of large molecule materials in
the extraction process also provide increment of the surface area,
the removal of NSOs from pore surface areas attribute to two) or
three) processes (Radlinski et al., 2000; Geramian et al., 2016;
Mohnhoff et al., 2015; Distefano et al., 2016; 2019). It causes a
scattering change of intensity in the pores.

2) Oils within pore voids

Beaumont and Foster (1999) concluded that pore throats of
reservoirs were generally considered as molecular sieves, allowing
small particle to pass but retain lager particle, that is, normal
paraffins, aromatic, asphltenes, and methane gas characterized by
the diameters of 0.4–10, 0.8–20, 5–40, and 0.38 nm, respectively.
Thereby, crude oil inside nanopore of source rocks is dominantly
stored in mesopores and macropores.

The cumulative pore volume (ΔVRe-IS) between VRe and VIS is
calculated by Formula (4) as follows:

ΔVRe−IS � VRe − VIS. (4)

Here, VIS is the pore volume of initial samples. VRe is the pore
volume of residues. ΔVa Re-IS and ΔVb Re-IS represent the
difference between residues 1 and initial samples and difference
between residues 2 and initial samples in the pore volume,
respectively.

Extraction of bitumen significantly alters nanopore volumes
(Figures 9A–D). We here assess the effect of pore clogging by
bitumen based on comparing nanopore volumes measured before
and after solvent extraction. There are remarkably negative
correlations (R2 = 0.868) between the VIS mesopore volumes
of initial samples and amount of extracts 3 (Figures 9A,B),
whereas cumulative mesopore volumes of ΔVb Re-IS show
positive trends with the amount of extracted hydrocarbons
and NSOs. The changes of correlations indicate that mesopore
volumes in initial shale are dominantly blocked by oils and are
gradually released after extraction, implying the opening pore
space. The mesopore volume changes could be explained by the
mechanism of incomplete or partial breakdown of organic matter
(Distefano et al., 2016). As studied by Li et al. (2016), the OM-
hosted pore network is created during the conversion of kerogen
to oil, whereas parts of OM pores are synchronously filled by oils
generated by kerogen and finally reaching the saturated state. Our
samples are mainly within oil windows, and a large number of
hydrocarbons generated from solid kerogen but not yet been
completely expelled due to hydrocarbon expulsion efficiency
lower than 70% for source rocks of the Songliao Basin (Xue
et al., 2015). However, after the second extraction, the correlation
between cumulative mesopore volumes ofΔVa Re-IS and amount
of extracted hydrocarbons is apparently better than that of ΔVa
Re-IS and amount of extracted NSOs (Figure 9). The result is
consistent with the previous study of oils releasing from surface
areas, attribution to dissolution, migration for NSOs, and
incomplete breakdown of OMs (Radlinski et al., 2000;
Distefano et al., 2016; 2019).

In Figure 9C, there is a positive correlation (R2 = 0.766)
between macropore volumes (50–100 nm) and hydrocarbon
contents in initial shale. This suggests that the larger pores in
mature lacustrine oil-prone shale, the more hydrocarbons it

FIGURE 8 | (A) Amount of hydrocarbons vs. surface areas in the initial samples and cumulative surface areas, respectively; (B) Amount of NSOs vs. surface areas in
the initial samples and cumulative surface areas, respectively.
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contains. The reason is that some macropores may be derived
from larger pores or interlayer fractures cut or segregated by
residual oil molecules. Consistent with the study from Wang M.
et al. (2019), who suggested the increase of porosity, the
proportion of free oil in residual oil increased. After
hydrocarbon expulsion, hydrocarbon migration in studied
source rocks tends to occur in macropores or fractures due to
capillary pressure and buoyancy. However, not all the
macropores are filled with oils. Moreover, the amounts of both
extracted hydrocarbons and NSOs compounds are not consistent
with cumulative macropores volume variations (R2 < 0.5) before
and after extractions (Figure 9D). The main cause is that the
residual hydrocarbons in shale occupy mesopore volumes
dominantly, and it is not possible to distinguish oil with
different pore diameters effectively. Thereby, it still needs to
perform more research works on oil family compositions to be
effective on nanopores.

Maturity of Shale
Maturity could control the development of nanopores during oil/
gas generation (Chen and Xiao, 2014; Wu et al., 2015; Jiang et al.,
2016). However, this was not any observable trends in nanopore
changes with maturity. The reason is that the shale samples are
generally within a narrow maturity range, whereas there are great
differences of nanopore structure parameters in study samples

(Supplementary Table S1). Additionally, as expected, the
changes are less pronounced in maturity from each of the
extracted samples. Thus, the maturity is not the dominant
factor to solvent-nanopore interactions.

BJH Pore Size Distributions
The pore size distributions of Qingshankou Formation shales
calculated by the BJH model are presented. A plot of the
derivative of pore volume with respect to pore diameter (dV/
dW vs. W) could be referred to describe the pore volume in any
pore width range. Furthermore, if the W-axis is logarithmically
expressed, the plot of dV/d(logW) vs. W mainly displayed the
pore size distribution of the relative pore volumes between any
pore size ranges (Kuila and Prasad, 2013) because the “visual
area” from the curve of dV/d(logW) is proportional to the real
volume (Wei et al., 2016). Meyer and Klobes (1999) suggested an
equation of dV/d(logW) = 2.303 × dV/dW × W, as a result of
magnifying concentration of mesopores and macropores
application on N2 adsorption (Tian et al., 2015).

The pore size distributions of Qingshankou shales
calculated by the BJH model are shown in Figure 10. This
pattern clearly demonstrates that the larger pores could
contribute more to the total pore volume, consistent with
observation by FE-SEM. The reason is that one large pore
can have a volume equal to many small pores (Tian et al.,

FIGURE 9 | (A) Amount of hydrocarbons vs. mesopore volumes in the initial samples and cumulative surface areas, respectively; (B) Amount of NSOs vs.
mesopore volumes in the initial samples and cumulative surface areas, respectively; (C) Amount of hydrocarbons vs. macropore volumes in the initial samples and
cumulative surface areas, respectively; (D) Amount of NSOs vs. macropore volumes in the initial samples and cumulative surface areas, respectively.
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2013). The plot of dV/d(logW) vs.W for the shale pore volumes
demonstrate different PSDs for three samples with different
organic matter contents or oil capacity (Figures 10A–C).
Comparing three initial geological samples, there are
generally much finer micropores to mesopores (<10 nm) in
low TOC or OSI samples, whereas larger mesopores to
macropores (>10 nm) are developed in high TOC or OSI
samples (Supplementary Table S1; Figures 10A–C). After
organic solvent extraction in succession, average pore width of
shale decreases obviously because of petroleum removal from
smaller pores, and larger nanopores of free oil-rich samples
(high OSI) apparently increase. The observation is consistent
with the study by Zhu et al. (2019) who suggested that the
threshold of pore diameter for petroleum mobility reaches
12.1 nm in mature Eocene lacustrine shales. Zou et al. (2011)
also estimated that the critical pore radii can be about 54 nm
for tight oil reservoirs in the Ordos Basin of China. The
occurrence of mobile oil can be ascribed to two reasons: the
first is hydrocarbon expulsion leading to these residual oils
driven out to larger pores or even fractures (Qi et al., 2019),
and the second is that the large amount of residual oils can only
be concentrated in the available space of its own size based on
the molecular sieves effect (Beaumont and Foster, 1999).
Comparison of average pore diameters between initial and
extracted samples, it is thereby inferred that more free oils
(e.g., OSI = 151.14 HC mg/g TOC for the H14-6-IS sample in
Supplementary Table S1) mainly occur in rich larger
nanopores of lacustrine oil-prone shales. If residual oils in
shales are capable of being mobilized when OSI >100 HC mg/g
TOC (Jarvie, 2012), the threshold of average pore width in
studied shales reaches 11.7 nm (e.g. H14-1-IS sample in
Supplementary Table S1). This threshold is slightly lower
than 12.1 nm from Zhu et al. (2019), the probable reason is

different sediment environments and source-reservoirs for two
type shales.

For the distributions of the specific surface area with respect to
the pore size [(dA/d(logW) vs. W)], the results show dominant
pores less than 10 nm respect to pore areas, and the
concentrations of these pores decrease with the increasing of
the pore size (Figures 10D–F). The relative contributions of
micropores, mesopores, and macropores to the surface areas
reveal that most of the surface areas are dominantly
contributed by micropores and fine mesopores (Figures
10D–F). Xiong et al. (2016) also suggested that growths of
pre- and post-extraction nanopores occurred in width of less
than 10 nm in Yanchang shales of the Ordos Basin. It can be
thereby estimated that more than 60% oil stored in shale could be
adsorbed on the surface of pore with size less than 5 nm, and
threshold nanopore diameter would enlarge with an enrich
content of heavier hydrocarbons (Wang M. et al., 2015). By
fully considering the total oil compositions, here we suggest
that residual oils distributed on the surface of pores in these
lacustrine shales may be predominantly controlled by finer
nanopores (<10 nm).

CONCLUSION

The Songliao Basin lacustrine shales were sequentially extracted
with petroleum ether and mixed solvent of dichloromethane and
methanol, and nanopores of two solvent-extracted residues and
initial samples were analyzed using low-pressure nitrogen and
carbon dioxide adsorptions. Combined with the measurement of
Rock-Eval, FE-SEM, and geochemical analyses, the results reveal
solvent-nanopore interactions on lacustrine oil-prone shale. The
following conclusions are drawn from this study:

FIGURE 10 | Plot showing correlation of pore sizes and special surface area distributions with pore width from N2 adsorption isotherm using BJH model.
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1) The sequentially soluble OMs contain various oil
compositions, showing high content of hydrocarbon from
petroleum ether extraction, and high yield of NSOs from
dichloromethane and methanol extractions.

2) Organic matter is a primary control on solvent-nanopore
interaction in shale–oil systems: generally, the lower TOC
content, the greater N2-BET specific areas and nanopore
volumes of the shales. Differences in organic matter forms
greatly affect nanopore development in organic rich shales.
The SBET and mesopores were mainly blocked by soluble
OMs. The cumulative increases of SBET and mesopores were
significantly controlled by amount-extracted hydrocarbons
during petroleum ether extraction, but both hydrocarbons
and NSOs have an influence on cumulative increases of SBET
and mesopores after all soluble OMs removed. The porous-
organic mesopores gradually emerge during sequential
extractions, indicating open nanopores in the shales.
Additionally, the non-porous and soluble OMs can jointly
fill in the interlayer fractures of clay mineral, changing
macropores by physically restricting the access of these
structures.

3) Consider residual oil composition and pore diameter
comprehensively, the oils adsorbed on the pore surface are
mainly controlled by nanopores less than 10 nm, and when
nanopore is greater than the threshold of 11.7 nm, the residual
oils in shale will be likely free.
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