Arabian Journal for Science and Engineering (2024) 49:8679-8698
https://doi.org/10.1007/s13369-023-08402-7

RESEARCH ARTICLE-PETROLEUM ENGINEERING q

Check for
updates

Pore Structure Characterization of Lacustrine Shale and its Coupling
Relationship with Sedimentary Structure from the Upper Cretaceous
Qingshankou Formation, Southern Songliao Basin, NE China

Lei Li'2 . Zhidong Bao'? - Zhongcheng Li3 - Li Chen3 . Yonggang Zhao* - Hongyu Zhao3 - Jianyi Wang? - Yu He3 .
Shuyue Ban'-?

Received: 2 April 2023 / Accepted: 21 June 2023 / Published online: 28 January 2024
© King Fahd University of Petroleum & Minerals 2023

Abstract

Characterizing the microscopic pore systems in shale reservoirs is crucial for understanding their impact on shale oil and
gas enrichment. Although significant strides have been made in understanding the pore structure characteristics, research on
pore structures related to small-scale sedimentary structures remains limited. This study investigated the multi-scale nanopore
structure characterization and its coupling relationship with sedimentary structures using comprehensive analyses of cores,
field-emission scanning electron microscopy, and gas (CO2 and N2) physisorption quantification from the Upper Cretaceous
Qingshankou Formation, Southern Songliao Basin, NE China. Three lithofacies were identified based on sedimentary struc-
tures: wavy laminated shale, horizontally laminated shale, and homogeneously laminated shale. Both organic and inorganic
pores (interparticle pores and intraparticle pores) are generally present in shale samples. The pore size distribution displays a
multi-peak pattern, with mesopores contributing to approximately 57% of the total pore volume, micropores contributing to
about 31%, and macropores accounting for a small portion of the total pore volume. The pore evolution of different lithofa-
cies shales varies due to the influence of clay minerals, quartz content, and total organic carbon (TOC) content, resulting in
the substantial heterogeneity and complex pore structure characteristics of existing reservoirs. Additionally, wavy laminated
shales are more favorable to lacustrine shale exploration than other lithofacies. This study offers an enhanced methodology
for determining which lithofacies may be most advantageous for future shale oil exploitation.
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1 Introduction have increasingly become significant in the international

energy market [1-3]. Successfully produced shale oil and
Since the beginning of the twenty-first century, shale oil  gasreservoirs have a complex microstructure and substantial

and gas, classified as unconventional oil and gas resources,  heterogeneity and exist pervasively in most of the signif-
icant petroliferous basins in China, including the Ordos,

I Zhidong Bao Sichuan, Tarim, and Songliao Basins [4-7]. Shale oil is an
baozhd@cup.edu.cn essential unconventional resource, primarily found in micro-

Lei Li /manopores and fractures of shale reservoirs in adsorption
leili@student.cup.edu.cn and free states [8—12]. The micro-/nanopores and microfrac-

tures with pore sizes larger than 30 nm are the main reservoir
space for shale oil and gas [13]. Whether a shale reservoir
can achieve enrichment and high production depends on its
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China University of Petroleum-Beijing, Beijing 102249, multi-scale nanopore structure [1, 14-17].

China With the increasing focus on unconventional nanoreser-
3 Research Institute of Exploration and Development, voir research, academic and industrial communities have paid

PetroChina Jilin Oilfield Company, Songyuan 138000, China greater attention to the small-scale sedimentary structures of
4 College of Earth Sciences and Engineering, Xi’an Shiyou shale. The main areas of interest include rock structure and

University, Xi’an 710065, Shaanxi, China microfabric [18-20], material composition and its changes
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[21, 22], diagenetic heterogeneity [4, 23], and the influ-
ence on physical properties, gas content, and development
engineering measures [16, 24]. However, small-scale sed-
imentary structures can lead to differences in large-scale
physical properties and pore structures [18, 25]. Further
research is needed to reveal the impact of sedimentary
structures on reservoir quality. Shale pores have recently
been studied using multiple characterization methods based
on multidisciplinary approaches, including direct observa-
tion, small molecule fluid injection, and ray detection [14,
24]. High-resolution pore images can be obtained through
the direct observation method, which allows for qualitative
observation of pore development characteristics and extrac-
tion of pores. Additionally, this method enables quantitative
analysis of pores’ number, roundness, and porosity using
relevant image analysis software, such as ImageJ [26, 27].
Small molecule fluid injection methods include low-pressure
gas adsorption (CO; and Nj), high-pressure mercury injec-
tion, and gas expansion (helium porosity). These methods can
characterize the full scale of micropores, mesopores, macro-
pores, and microfractures in shale [28-30]. Ray detection
technology employs optical, electron, and neutron rays, using
CT scanning (nano-/micro-CT) methods and small-angle
scattering to identify shale pore space [31, 32]. However,
these multi-method characterization techniques primarily
focus on comprehensively acquiring micropore-throat struc-
ture parameters. The emergence and rapid development
of fractal theory provide theoretical support for studying
shale pore irregularity and surface roughness [33-37]. The
Frenkel-Halsey—Hill (FHH) model is the best computational
model for obtaining the fractal dimension of mesopores and
micropores in shale [37-39]. The fractal dimension can be
calculated through low-pressure liquid—nitrogen adsorption
experiments, and the fractal dimensions obtained using this
method can adequately reflect the fractal characteristics of
pores in shale [39—41].

In the Southern Songliao Basin of NE China, the
Upper Cretaceous Qingshankou Formation contains lacus-
trine shales with significant potential for shale oil exploration
[40, 42-44]. Previous studies have made notable progress
investigating pore structure characteristics within the Qing-
shankou Formation. These studies have examined various
aspects of the pore structure, including porosity, size dis-
tribution, connectivity, and other relevant parameters [40,
45]. Additionally, researchers have utilized advanced imag-
ing techniques such as scanning electron microscopy (SEM),
focused ion beam-scanning electron microscopy (FIB-SEM),
and mercury intrusion porosimetry to characterize the pore
network in these lacustrine shales [46—48]. However, while
significant strides have been made in understanding the pore
structure characteristics, more research has yet to explore the
coupling relationship between pore structure and small-scale
sedimentary structures within the Qingshankou Formation.

Springer

This research aims to build upon the existing body of
knowledge by further investigating the pore structure charac-
teristics and their relationship with small-scale sedimentary
structures. By doing so, we can provide a more compre-
hensive understanding of the reservoir properties, optimize
exploration and development strategies, and contribute to
the sustainable development of hydrocarbon resources in the
Songliao Basin.

This study aims to (1) characterize the small-scale sed-
imentary structure of Upper Cretaceous Qingshankou For-
mation lacustrine shales in the Southern Songliao Basin; (2)
examine the pore structure characteristics of these lacustrine
shales; and (3) explore the relationship between pore struc-
ture and small-scale sedimentary structure. This provides
an enhanced methodology for determining which lithofacies
may be most advantageous for future shale oil extraction.

2 Geological Setting

The Songliao Basin is a large lacustrine hydrocarbon-bearing
basin in northeast China [49-52] (Fig. 1a). This basin com-
prises four primary tectonic units: the central depression,
southeast uplift, west slope, and southwest uplift [20, 33,
52] (Fig. 1b). The research area is in the southern part of
the Songliao Basin’s central depression, encompassing four
secondary structural units: Honggang terrace, Fuxin uplift,
Changling depression, and Huazijing terrace [53].

During the Upper Cretaceous period, a worldwide "green-
house climate" prevailed, characterized by elevated sea levels
and a lack of long-lasting ice sheets [54, 55]. Concurrently,
one of East Asia’s most extensive oil-rich non-marine basins,
the Songliao Basin in Northeast China (Fig. 1a), evolved.
The Qingshankou Formation contains shale oil strata with
abundant total organic carbon (TOC) and high oil production
potential, particularly near the base of its initial (lower) mem-
ber [45]. The shale is abundant in type I organic matter and
features a mature oil window. Preliminary evaluations indi-
cate promising shale oil potential [40, 53]. The Qingshankou
Formation serves as the primary sedimentary deposit in the
basin [42]. The basin’s southern area mainly features three
sources: west, southwest, and southeast [45, 56] (Fig. 2a).
The Songliao Basin rapidly subsided and expanded during
the deposition of the Qingshankou Formation. It is a warm
and wet lacustrine deposit that can be divided into the Kpqn',
K>qn?, and Koqn® members, from bottom to top (Fig. 2b).
The lithology of the Koqn! Member primarily comprises
black mudstone oil shale, gray siltstone, small amounts of
gray ostracod limestone, and fine gray sandstone [10, 53].
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Fig.1 a Late Cretaceous position of the Songliao Basin [54]. b Subdivisions within the Songliao Basin [49]. ¢ Structural cross section of the
Songliao Basin’s central region, derived from regional seismic lines [49]
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3 Experiments and Methods
3.1 Experimental Measurements

This study was based on detailed descriptions, photographs,
laminae thickness measurements, and two wells’ analysis of
42-m core records. Ten core samples were selected for exper-
imental measurement based on typical lithofacies (Fig. 2a).
The Ro value ranges between 0.41 and 1.27%, which falls
within the oil window and in the peak period of oil genera-
tion [40, 45]. All samples were crushed through 40-60 mesh
(0.18-0.25 mm) before the Soxhlet was extracted for 72 h
using a solvent mixture of 93% dichloromethane and 7%
methanol [13].

The TOC was determined utilizing an Eltra Helios CS
elemental analyzer. Before analysis, each shale sample was
ground to approximately 100 mesh, and chloroform extrac-
tion was performed. Each shale sample (1 g) was mixed with
5% HCI to remove the carbonate component and washed
with distilled water. The samples were dried at 70 °C for
12 h before the analysis [30].

Mineralogy compositions of the shale samples were deter-
mined via X-ray diffraction (XRD) analysis. Shale block
samples were crushed and decomposed, ground with ethanol,
and dried at 60 °C, and the final powders were obtained
via decanted separation centrifugation. Mineral composi-
tions and relative contents were determined by analyzing
4-pm clay powder using the X-ray diffractometer operat-
ing at 104,300 Pa and 18 °C [39]. The mineral composition
and respective proportions for each sample were assessed in
accordance with the Chinese Oil and Gas Industry Standards
SY/T5983-1994 and SY/T5163-1995.

The morphological analysis and microanalysis were con-
ducted via SEM; FEI Quanta 650 FEG). The shale samples
were first cut into sheets, and the surface of each sample was
then ground and polished via mechanical methods and using
argon ions to remove uneven parts and surface attachments
before being observed using the SEM.

The morphological analysis and microanalysis were con-
ducted via SEM; FEI Quanta 650 FEG). The shale samples
were first cut into sheets, and the surface of each sample was
then ground and polished via mechanical methods and using
argon ions to remove uneven parts and surface attachments
before being observed using the SEM.

The low-pressure CO; adsorption and desorption
isotherms at different partial pressures were measured at
273 K using a Quantachrome Autosorb-1 sorption ana-
lyzer. For the low-pressure N, adsorption experiments, an
ASAP2020 adsorption instrument was used to measure the
N, adsorption and desorption isotherms at different partial
pressures at 77 K. The adsorption surface was determined
using the Brunauer—-Emmett-Teller (BET) model, and the

@ Springer

pore size distribution (PSD) was calculated using density
functional theory (DFT) [28, 30].

3.2 Selection and Definition of Lithofacies
Parameters

The classification of shale lithofacies has been extensively
studied, considering factors such as clay minerals, felsic
minerals, and carbonate minerals. Previous research has
employed a ternary classification scheme, dividing shale
into argillaceous shale, siliceous shale, carbonate-rich mixed
shale (calcareous shale), and mixed shale [18, 22]. However,
previous studies have revealed that the Songliao Basin differs
from other basins [58]. In the Songliao Basin, the fine-grained
sediments primarily comprise clay, and the carbonate content
is low, typically existing as a cementation or interlayer [43,
45]. Rock composition cannot adequately distinguish litho-
facies types (Fig. 3).

In this study, the division of lacustrine shale lithofacies is
no longer confined to rock composition but considers sed-
imentary structure as the standard to determine the major
lithofacies. Changes in sedimentary structure are a direct
reflection of the hydrodynamic strength, abundance of mate-
rial supply, and stability of depositional conditions [25, 59].
We summarized that the laminated forms: wavy laminated,
horizontal laminated, and homogeneous laminated.

3.3 Methodology

According to previous studies, the FHH model is more effec-
tive and reliable and is widely used in many sedimentary
rocks [36, 41]. The FHH model can be expressed as follows:

-3-D)
Y () o
0

When Eq. (1) is written in log—log terms, we can obtain
Eq. (2) as follows:

Py
In(V) = (D —3)1In <ln<?>> +C )

where V is the adsorption volume (cm?/g) corresponding
to the equilibrium pressure P (kPa), K is a constant, R is
the universal gas content, T is the absolute temperature, Py
is the saturation pressure (kPa), C is a constant, and D is
the fractal dimension; In(V) shows a linear relationship with
In(In(Po/P)), and D can be calculated from the slope.

A porous solid has a fractal dimension between 2 and 3
[36]. The closer the fractal dimension to 2, the smoother the
shale pore surface, the simpler the pore structure, and the
weaker the heterogeneity. The closer the fractal dimension
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to 3, the rougher the surface, the more complicated the pore
structure, and the stronger the heterogeneity [29, 40, 41].

4 Results

4.1 Organic Matter Characteristics
and Mineralogical Compositions

The organic matter content of the studied shales varied from
0.62 to 3.51% (avg. 1.59%). Based on TOC content, shales
can be named as organic-rich (> 2%), organic-fair (1%-2%),
and organic-poor (< 1%) [45, 57], indicating the distribution
of organic matter is uneven in Qingshankou. The mineralog-
ical compositions of the shale samples were measured via
XRD analysis (Fig. 3a). Clay (avg. 47.01 wt%) and quartz
(avg. 28.50 wt%) dominated the mineral components, fol-
lowed by feldspar (avg. 10.98 wt%), calcite (avg. 7.62 wt%),
and pyrite (avg. 2.13 wt%) (Table 1).

4.2 Lithofacies Types and Characteristics

The shale in the Qingshankou member in the central
depressed zone of the South Songliao Basin was gray, dark
gray, and grayish black. An integration of comprehensive
core descriptions and microscopic examinations was derived
from 42-m core records; three lithofacies were identified
based on sedimentary structure in the Qingshankou shale
[60]: wavy laminated shale, horizontal laminated shale, and
homogeneous laminated shale.

100

CLA (%)

4.2.1 Wavy Laminated Shale

The mineral composition primarily comprised brittle miner-
als (40.7-45.1 wt%) and clay minerals less than 50 wt%, of
which the quartz content was between 31.8 and 33.6 wt%.
The organic matter content of the organic-poor wavy lam-
inated shale was poor, and the TOC value was generally
less than 1%, primarily made of light gray bulk fine sand-
stone, with small amount of mud lamination, carbon, and
visible bedding. Under the microscope, dark organic mat-
ter and slightly bright silty laminae were observed within
the layers (Fig. 4a), with corrugated cross-bedding, paral-
lel bedding (Fig. 4a), and coarse-grade clastic particles. The
organic-fair wavy laminated shale, primarily black and gray,
had fair organic matter content, generally 1%—2%. Under the
microscope, the organic matter mostly occurred in long strips
between quartz grains.

4.2.2 Horizontal Laminated Shale

The laminar thickness of horizontal laminated shale was
0.1-1 cm, and mineral composition was dominated by clay
minerals (51.6-57.3 wt%, with an average of 54.6 wt%). The
TOC value of organic-fair horizontal laminated shale was
generally 1%—-2%. The color showed gray layer sandwiched
with dark gray and black laminated layer (Fig. 4b). Under the
microscope, the particle size was very small, relatively dense,
and possessed a horizontal microbedding structure, showing
the directional arrangement of minerals and organic matter.
The organic-rich horizontal laminated shale was mostly pure
black, with fine texture, development of laminae, and TOC
contents of more than 2%. The dispersed organic matter in the

@ Springer
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Table 1 Basic geochemical and mineral compositions of the studied shales

Sample ID Well Depth (m) TOC (%) Mineralogical composition (wt%)
Quartz Feldspar Carbonates Pyrite Total clays

S1 A 1961.21 0.62 323 11.1 5.8 2.0 48.8
S2 A 1980.92 0.76 33.6 11.5 6.6 2.2 46.1
S3 A 1971.49 1.29 31.8 8.9 6.4 3.0 49.9
S4 B 1490.25 1.42 32.8 8.8 6.1 32 49.1
S5 B 1501.62 1.93 22.7 8.2 10.4 1.4 57.3
S6 A 1981.12 1.76 29.8 14.1 1.3 1.5 533
S7 B 1514.65 2.23 21.3 12.8 12.0 2.3 51.6
S8 B 1517.40 3.51 23.1 8.3 11.3 1.7 55.6
S9 B 1519.17 1.28 29.3 13.4 6.1 2.0 49.2
S10 A 2051.04 1.10 28.3 12.7 10.2 2.0 46.8

organic-rich horizontal laminated shale resulted in a slightly
darker matrix.

4.2.3 Homogeneous Laminated Shale

A massive dark gray fabric characterized the homogeneous
laminated shale; internal material within beds was rela-
tively uniform, with little variations in composition or texture
(Fig. 4c). The organic matter content was relatively high,
with an average value of 1%—2%. The mineral composition
was dominated by clay minerals of more than 45 wt%. Under
the microscope, the mineral distribution of the homogeneous
laminated shale samples was relatively uniform, and those
samples with a higher TOC had a slightly darker matrix.

4.3 Classification of the Shale Pore System

SEM revealed that pore spaces within the lacustrine shale
reservoir of the Qingshankou Formation in the Southern
Songliao Basin include mineral interparticle pores, clay min-
eral intraparticle pores, pyrite intercrystalline pores, mineral
dissolution pores, and organic matter pores; there were dif-
ferences in the types of pores across the different lithofacies.

The wavy laminated shale primarily exhibited interpar-
ticle mineral pores and strip-shaped organic matter that
developed a small number of original gas pores (Fig. 5a).
Many clustered or dispersed framboidal pyrite aggregates
were typically associated with organic matter and con-
tained a large number of intercrystalline and interparticle
pores (Fig. 5b, c¢). The horizontal laminated shale primarily
contained intraparticle pores within clay minerals and fram-
boidal aggregates, which had diameters of 140-560 nm and
comprised multiple pyrite grains (Fig. 5d). Organic matter in
the organic-fair horizontal laminated shale was distributed in

S @ Springer

strips with angular shapes and particle sizes of several to tens
of micrometers, and it occupied the interparticle pores of the
clay (Fig. 5e). Organic pores developed in the organic-rich
horizontal laminated shale (Fig. Se) were mostly elongated
and elliptical and 30-510 nm in size (Fig. 5f). The reser-
voir pore space of the homogeneous laminated shale was
dominated by clay mineral intraparticle pores and interparti-
cle mineral pores. The organic-poor homogeneous laminated
shale developed interlayer pores of clay minerals, and the
remaining interparticle pores primarily appeared between
hard, brittle grains, such as quartz (Fig. 5g). Organic pores
were poorly developed and were irregular in shape, with
diameters of tens of nanometers (Fig. Sh). Interparticle pores
between some clay minerals, brittle minerals, and organic
matter were common (Fig. 51).

4.4 Quantitative Analyses of Pore Structure
4.4.1 Gas Adsorption

CO, Adsorption A comparison of the CO, adsorption
isotherms of the different lithofacies samples is shown in
Fig. 6. In all samples, the quantity of adsorbed CO; experi-
enced an increase in tandem with the rise in relative pressure.
When maintaining identical relative pressure, the amount of
gas adsorbed by the horizontal laminated shale was greater
than that absorbed by the wavy laminated shale, which in
turn was greater than that absorbed by the homogeneous
laminated shale. The micropore volumes of wavy lami-
nated shale, horizontal laminated shale, and homogeneous
laminated shale were 0.174-0.241 ¢m3/100 g, 0.231-0.267
cm3/100 g, and 0.182-0.203 cm?/100 g, respectively (Table
2).
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Fig. 4 Lithofacies within the Qingshankou shale. a Wavy laminated shale; b horizontal laminated shale; and ¢ homogeneous laminated shale
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Fig.5 Scanning electron microscopy images showing the primary pore
types in the Qingshankou Member shales: a organic matter pores and
interparticle pore between quartz mineral particles, S1, organic-poor
wavy laminated shale; b organic matter occupies the intercrystalline
pores associated with pyrite framboids, S3, organic-fair wavy laminated
shale; ¢ interparticle pores between mineral particles, S4, organic-fair
horizontal laminated shale; d organic matter occupies the intercrys-
talline pores associated with pyrite framboids, S3, organic-fair wavy
laminated shale; e organic matter pores and intraparticle pores within

N, adsorption The Nj adsorption isotherms of the shales
are shown in Fig. 6. The morphologies of the Ny adsorp-
tion—desorption isotherms of different shale lithofacies were
markedly different. According to the IUPAC system [61],
the wavy laminated shale hysteresis loop was close to the
typical H2 type and has both the characteristic adsorption
and desorption curves of the H3 type (Fig. 6a), being hori-
zontal and parallel to each other over a wide pressure range,
indicating that this lithofacies is dominated by ink-bottle-
shaped macropores [62]. The horizontal laminated shale
N, adsorption—desorption hysteresis loop was not evident
(Fig. 6b). The N, adsorption—desorption isotherms of these
samples corresponded to type H3 (primarily tabular pores),

@ Springer
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clays, S7, organic-rich horizontal laminated shale; f organic mat-
ter pores and interparticle pores between minerals, S8, organic-rich
horizontal laminated shale; g organic matter occupies the intraparti-
cle pores hosted by clays, S9, organic-fair homogeneous laminated
shale; h organic matter pores and intraparticle pores within clays,
S9, organic-fair homogeneous laminated shale; i interparticle pore
between mineral particles, S10, organic-fair homogeneous laminated
shale. OMP: organic matter pores, InterPP: interparticle pores, IntraPP:
intraparticle pores

which is in good correspondence with the abundant tabu-
lar pores observed via SEM (Fig. 4d). The homogeneous
laminated shale N, adsorption—desorption hysteresis loop
corresponded to type H4 (Fig. 6¢), indicating that the pores of
this lithofacies primarily comprised nanopores with a rather
irregular (amorphous) structure. These pores are relatively
closed and have poor connectivity [62].

The desorption and adsorption curves of all shale samples
produced hysteresis loops at P/Pp = 0.45 (Fig. 6). When
P/Py < 0.45, the quantity of adsorbed gas across the different
lithofacies was almost identical; however, at P/Py > 0.45,
the hysteresis effect in the wavy laminated shale was more
evident than that in the homogeneous laminated shale and



Arabian Journal for Science and Engineering (2024) 49:8679-8698

1.0

(a) - TOC=0.62%
& 0.8 - TOC=1.29%
s
_g 0.64
S 0.4
£
S 0
0.0
0 0.01 0.02 0.03
Relative Pressure(P/P;)
1.0: . "
(b) - S5 TOC=1.93%
=0 -~ 37 TOC=2.23%
s
=
v
=
3
8
=]
>
0 0.01 0.02 0.03
Relative Pressure(P/P,)
1.0
(c) - S9 TOC=1.28%
Y - S10 TOC=1.10%

0.64

0.4

Volume adsorbed (cm

0.0

(=]

0.01 0.02 0.03

Relative Pressure(P/P,)

8687
20
——S1 Desorption . o
-=-S1 Adsorption TOC=0.62%
) ——S3 Desorption  TOC=1.29%
= 15 -=-S3 Adsorption
g I
=
S 10
=
7]
=
2
P 5
0 H
0 0.1 02 03 04 05 06 07 08 09 1
Relative Pressure(P/P,)
20 ——S5 Desorption
-#-S5 Adsorption TOC=1.93%
- = S7 Desorption 0
2 -=-S7 Adsorption  10C=2.23%
g 15
o
2
E
: | ==
=
o
o
E}
2 5
()I
0 01 02 03 04 05 06 07 08 09 1
Relative Pressure(P/P,)
20 S9 Desorpti
—— sorption ) ’
-=-S9 Adsorption ~ TOC=1.28%
— =S 10 Desorption ) o
= -=-S10 Adsorption TOC=1.10%
g 15
w9
2
3z
210
-
v
=
2 5
0

0 0.1 02 03 04 05 06 07 08 09 1

Relative Pressure(P/P,)

Fig.6 Comparison of the gas adsorption isotherms from various lithofacies of lacustrine shale: a wavy laminated shale; b horizontal laminated

shale; and ¢ homogeneous laminated shale

horizontal laminated shale. This shows that there were more
open pores and a certain number of mesopores in the wavy
laminated shale.

The mesopore and macropore structural parameters of the
different shale lithofacies are presented in Table 2. The DFT
pore volume (DFT-PV) of the wavy laminated shale was also
higher than that of the horizontal laminated shale. The aver-
age pore diameter (APD) of the wavy laminated shale varied
from 13.11 to 15.20 nm, whereas those of the homogeneous
laminated shale and horizontal laminated shale were 11.87—
12.46 nm and 9.23-11.95 nm, respectively.

4.4.2 PSD of Microporosity

The micropore size distribution patterns of the Qingshankou
Formation shales, represented by log differential curves con-
cerning pore volume (dV/dlogD), exhibited relatively analo-
gous fluctuation trends (Fig. 7). The PV of the homogeneous
laminated shale samples showed a unimodal distribution,
with a peak at 0.87 nm and a weak peak widely distributed
at 0.50-0.65 nm (Fig. 7). The micropore size distribution
curves of the horizontal laminated shale samples showed a
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Table 2 Structural parameters of shales obtained via adsorption experiments

Sample
D

Lithofacies

CO; adsorption

Ny adsorption

Micropore
surface area

(m*/g)

Micropore
volume
(cm3/100 g)

DFT pore
volume
(cm3/100 g)

Mesopore
volume
(cm3/100 g)

Macropore
volume
(cm3/100 g)

Average pore
diameter (nm)

S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

Organic-poor
wavy
laminated
shale

Organic-poor
wavy
laminated
shale

Organic-fair
wavy
laminated
shale

Organic-fair
wavy
laminated
shale

Organic-fair
horizontal
laminated
shale

Organic-fair
horizontal
laminated
shale

Organic-rich
horizontal
laminated
shale

Organic-rich
horizontal
laminated
shale

Organic-fair
homogeneous
laminated
shale

Organic-fair
homogeneous
laminated
shale

5.876

6.554

7.955

7.877

8.407

8.345

9.920

10.021

7.155

7.982

0.174

0.175

0.241

0.209

0.249

0.231

0.255

0.267

0.182

0.203

0.521

0.441

0.400

0.512

0.170

0.198

0.211

0.201

0.312

0.322

0.393

0.304

0.307

0.365

0.126

0.143

0.161

0.151

0.238

0.234

0.011

0.012

0.012

0.014

0.007

0.006

0.010

0.009

0.014

0.021

13.20

13.11

13.41

15.20

9.23

9.83

11.95

10.87

12.46

11.87

distinct peak at approximately 0.82 nm in diameter and devel-
oped at approximately 0.75-0.85 nm in diameter (Fig. 7b).
The micropore size distribution curves of the wavy lami-
nated shale samples showed a conspicuous single peak at
approximately 0.90 nm in diameter and two weak peaks at
0.42-0.60 nm and 0.65-0.72 nm (Fig. 7c). The shale PSD
showed that the micropore size was dominated by pores
with diameters of < 1.0 nm. Compared with those of the

@ Springer

wavy laminated shale and homogeneous laminated shale, the
micropore size (0.75-0.85 nm) of the horizontal laminated
shale contributed to a greater extent to the total volume.
The mesopore and macropore size distribution curves of
the three lithofacies, obtained via N, adsorption experiments,
are shown in Fig. 7. Mesopores with pore diameters of 1 nm
and 4-10 nm markedly contributed to the PV in the wavy lam-
inated shale, showing a double-peak characteristic (Fig. 7a).
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Contributions to the PV of the horizontal laminated shale
primarily originated from pores of 1-2 nm and 3-5 nm, and
all samples showed a double peak, with TOC content having
a substantial influence on both PV (Fig. 7b). However, the
small pore size mesopores of the homogeneous laminated
shale, concentrated in the size ranges of 1-1.5 nm and 2—
4 nm, markedly contributed to the PV (Fig. 7c¢).

; T —TTT ”]'() T Y ]b()

Pore Size Diameter(nm)

4.5 Fractal Characteristics

Figure 8 shows the plots of InV versus In(In(Py/P)) for
the different lithofacies, which appear as two distinct linear
regions. This indicates a gas adsorption mechanism and frac-
tal features within these two intervals [6]. Therefore, when
calculating the fractal dimensions, two fractal dimensions,
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Fig.8 Plots of In V versus In(In(Py/P)) for various lithofacies of lacustrine shale

D; and D;, were generated. According to the DFT theoreti-  than the D, values, indicating that the shale pore struc-
cal equation, D corresponds to the low-pressure region (P/Pp  ture was more complex and heterogeneous than the specific
< 0.45), where nitrogen is primarily adsorbed on the mono-  surface area. The D; values of the wavy laminated shale
layer or multi-molecular layer of the shale pore surface; this ranged from 2.3711 to 2.3756, whereas those of the homo-
reflects the complexity of the shale pore surface morphology  geneous laminated shale ranged between 2.3691 and 2.3697.
[35, 37]. Dy corresponds to the high-pressure zone (P/Pp >  The D; values of horizontal laminated shale greatly var-
0.45), which primarily undergoes capillary condensationand  ied, from 2.3010 to 2.3973, showing that its pore surface

reflects the complexity of the shale microscopic pore struc-  area morphology was complex. The D; values of the wavy
ture [34, 36, 37]. laminated shale (2.4606-2.4702) were relatively small, and
The results of the Dy and D, linear regression analy-  the D; values of the organic-rich horizontal laminated shale

ses are presented in Table 3. The D values ranged from  (2.4579-2.4607) were smaller than that of the organic-fair
2.3010 to 2.3973, and the D, values ranged from 2.4606 to horizontal laminated shale (2.5653-2.4944), showing that
2.5653. The Dy values of all lithofacies types were smaller
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Table 3 Fractal dimensions (D; and Dy) of the three lithofacies. RZ = fitting coefficient

Sample  Lithofacies Fractal dimension

ID

D, fitting equation R? Dy D, fitting equation R? D;

S1 Organic-poor wavy y = —0.6244x + 0.4301 09964 23756 y = —0.5305x + 0.4957 0.9456  2.4695
laminated shale

S2 Organic-poor wavy y = —0.6268x + 0.4302  0.9948 23732 y=-0.5298x + 0.4888 0.9665 2.4702
laminated shale

S3 Organic-fair wavy y=—0.6275x +1.2396 09874 23725 y=-0.5316x+ 1.0666 0.9335  2.4684
laminated shale

S4 Organic-fair wavy y = —0.6289x + 0.5509  0.9918 2.3711 y=-0.5394 x + 1.0547  0.9266  2.4606
laminated shale

S5 Organic-fair horizontal y = —0.6990x + 1.4017  0.9641 23010 y=—0.4347x + 1.4815 0.8812  2.5653
laminated shale

S6 Organic-fair horizontal y = —0.6352x + 0.675 0.9919  2.3648 y = —0.5056x + 0.7691 0.9310  2.4944
laminated shale

S7 Organic-rich horizontal y = —0.6027x + 0.9685  0.9983 23973  y=-0.5421x + 1.3172 0.9021 2.4579
laminated shale

S8 Organic-rich horizontal y=-0.6121x +0.9597 09979 23879 y=-0.5393x 4 0.6197 0.9542  2.4607
laminated shale

S9 Organic-fair homogeneous y = —0.6309x + 0.4229  0.9953 2.3691 y = —0.5088x + 0.4977 0.951 24912
laminated shale

S10 Organic-fair homogeneous  y = —0.6303x + 0.4230  0.9954  2.3697 y =—0.5111x + 0.4866 0.9651 2.4889

laminated shale

the wavy laminated shale and organic-rich horizontal lam-
inated shale have a relatively simple pore structure and low
heterogeneity.

5 Discussion
5.1 Difference in pore structures

The PSD in organic shale spanned a broad spectrum, cover-
ing nano- to micrometer scales. The pore structure analysis
derived from N, adsorption exposed pore dimensions rang-
ing from 1.2 to 100 nm, with Fig. 9 demonstrating the
contributions of varying scales to the pore volume (PV).
The pore size distribution displays a multi-peak pattern,
with mesopores contributing to approximately 57% of the
total pore volume, micropores contributing to about 31%,
and macropores accounting for a small portion of the total
pore volume. The wavy laminated shale had a high vol-
ume fraction of mesopores (58.76%—62.41%), with areduced
contribution from micropores and macropores. In contrast,
the pore volume of the horizontal laminated shale was dom-
inated by micropores, which accounted for 51.10%-59.21%
of the total pore volume, followed by mesopores. Homoge-
neous laminated shale micropores contributed more to the
total pore volume, with an average of 61.62%. Both micro-
pores and mesopores were plentiful in all shale samples,

representing over 90% of the cumulative pore volume, under-
scoring the importance of these pore types in shale reservoirs.

Unlike horizontal laminated shale and homogeneous lam-
inated shale, wavy laminated shale was dominated by pore
diameter of 2-50 nm (Fig. 9a), and the organic matter pores
were relatively poor and isolated (Fig. 5a). The different pore
diameters of the wavy laminated shale were less affected
by TOC content (Fig. 9a), indicating that these lithofacies
primarily contained inorganic pores. In addition, with the
increase in TOC content, the proportion of pores with diam-
eter < 2 nm increased, and the proportion of pores with
diameter 2—50 nm decreased (Fig. 9b). During burial, organic
matter is prone to intense extrusion, leading to changes in
pore diameter. The pores of mesopores or macropores shrank
into micropores, thereby reducing the variations in the APD
of organic matter (Fig. 5f).

5.2 Factors Controlling the Pore Structures

The Qingshankou Formation shale exhibited a complex pore
network based on N, PSD (Fig. 7). Fractal dimensions should
be calculated to characterize the complexity of pore struc-
ture in oil shales and analyze the factors controlling the pore
structure of distinct lithofacies.
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Fig.9 Percentage of pores with different diameter ranges based on N, adsorption data. a Percentage of pores with different diameter ranges with
lithofacies. b Percentage of pores with different diameter ranges with increasing TOC content

5.2.1 Relationships Between Fractal Dimensions and Pore
Structure Parameters

The relationships between the fractal dimensions and pore
structure parameters showed that relationships of the two
fractal dimensions with the DFT pore volume are similar
to those with the APD, exhibiting a strong correlation with
horizontal laminated shales (Fig. 10). Variations in correla-
tions between fractal dimensions (D and D,) and DFT pore
volume areas might be associated with the relative pressure
ranges for calculating Dy and D;, which span from 0 to 0.45
and from 0.45 to 1.0, respectively [28, 63]. In accordance
with the Kelvin equation, smaller pores were filled with
nitrogen at P/Po > 0.45 compared to those at P/Po < 0.45.
Therefore, D reflects smaller pore volume and pore size
characteristics than D;. The correlation between horizontal
laminated shales and DFT pore volume was better than that
between wavy laminated shales and DFT pore volume. This
may be because horizontal laminated shales were primarily
micropores, which contribute more to DFT pore volume than
mesopore (Fig. 9a and 10b). Our analysis revealed that the
large average pore size of horizontal laminated shale favors
the seepage and production of shale oil.

5.2.2 Relationships Between Fractal Dimensions
and Mineral Content

The correlations between the fractal dimensions (D and D5)
and the quartz, pyrite, and clay contents of each lithofacies
were analyzed (Fig. 11). Fractal dimension D of wavy lam-
inated shale showed a strong positive correlation with quartz
mineral content, whereas that of horizontal laminated shale
showed no evident relationship with quartz mineral content
(Fig. 11a). The variation in fractal dimension among distinct

@ Springer

lithofacies might be linked to the quartz origin. Wavy lam-
inated shales contained substantial amounts of authigenic
quartz, generally consisting of small quartz crystal grains.
The dimensions of these euhedral quartz particles ranged
from nanoscale to 3 um, and they were in close contact with
organic matter, with some even encircled by it (Fig. 5a). The
presence of authigenic quartz markedly increases rough sur-
face of quartz and reduces PSD [64]. Fractal dimension D
of horizontal laminated shales was weakly positively cor-
related with pyrite content (Fig. 11b). The intercrystalline
organic matter nanopores of the framboidal pyrite aggre-
gate were intensively developed in the interparticle organic
matter, forming a honeycomb organic matter pore network
(Fig. 5d). The framboidal pyrite aggregate had large inter-
granular pore surface area and good connectivity, which are
conducive to the desorption, diffusion, and seepage of shale
oil [65]. Therefore, the higher the pyrite content, the larger
the Dy; however, the relationship between D, and the pyrite
content was not evident (Fig. 11b), indicating that the pyrite
content had little effect on the heterogeneity of the pore struc-
ture.

In addition, clay minerals had a remarkable influence
on both pore surface area and pore structure; however, the
influence on pore structure of distinct lithofacies was oppo-
site (Fig. 11c). In the horizontal laminated shale rich in
clay minerals and organic matter, the clay minerals reduced
the complexity of pore structure. The clay minerals in
horizontal laminated shales comprised different kinds of
minerals, which may contain different types and scales of
pores (Fig. 5d, e). Another key controlling factor may be
that organic matter distributed in strips was surrounded by
clay minerals (Fig. 5e). Clay minerals are the “mystery” of
long-term preservation of organic matter in sediments [53];
however, more persuasive data are required to substantiate
this.
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Fig. 10 Relationships between fractal dimensions and pore structure parameters: a DFT pore volume and b average pore diameter

5.3 Implications of Sedimentary Environment
for the Pore Structures

5.3.1 Sedimentary Environment with the Development
of Distinct Lithofacies

The sedimentary environment determines the material com-
position and structure of shale lithofacies [25, 57, 66].
During the sedimentary period of Qingshankou Formation
in Songliao Basin, large-scale water inflow occurred, form-
ing a large and wide depression lake basin with water depth
of semi-deep lake to deep lake [44, 57]. Previous studies
have suggested that sedimentary facies and their sedimen-
tary characteristics can be identified from Qingshankou core
descriptions of lithofacies to build a shallow lacustrine and
semi-deep to deep lacustrine facies [44, 57]. The wavy lam-
inated shale, characterized by the presence of sandstone and
siltstone layers that are thin and discontinuous (Fig. 4a), is
interpreted to have formed in the outer front of the delta
or shallow lacustrine environment. This lithofacies results

from mechanical transport deposition and chemical depo-
sition under relatively unstable water conditions, increased
terrigenous sources, brackish water, and a reducing environ-
ment [57, 67, 68]. On the other hand, the horizontal laminated
shale is primarily developed in the semi-deep lake to deep
lake facies. It is associated with seasonal changes in salinized
quiet water and a reducing environment [19, 57]. Finally, the
homogeneous laminated shale is predominantly found in the
shore-shallow lake facies, representing a deep-water subti-
dal zone characterized by low-energy sedimentation linked
to transgression [59, 69]. The succession of wavy laminated
shale, homogeneous laminated shale, and horizontal lam-
inated shale from the basin margin to the subsag in the
Qingshankou Formation of the Southern Songliao Basin is
in agreement with the established models of shale deposition
(Fig. 12). In addition, our model depicting the succession
of wavy laminated shale, homogeneous laminated shale, and
horizontal laminated shale in the Qingshankou Formation
of the Southern Songliao Basin is consistent with the shale
deposition models identified worldwide [60, 70]. Based on
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Fig. 11 Relationships between fractal dimensions and mineral contents: a quartz content; b pyrite content; and ¢ clay content

extensive research in various shale reservoirs, these models
have provided valuable insights into the depositional pro-
cesses and environments associated with different lithofacies.
Our findings further support the validity and applicability of
these established shale deposition models, reinforcing the
understanding of shale reservoir development and character-
ization.
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5.3.2 Geological Significance of Pore Structures

The wavy laminated shale is abundant in the delta front,
where the lake surface is shallow formed in the presence
of abundant detrital input, with giant grain size and low clay
content [21, 68] (Fig. 12a). The detrital rigid grains are likely
to be stacked into a rigid framework, which is more favor-
able for the preservation of inorganic pores than that of other
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Fig. 12 Conceptual model showing microscopic mineral content related to sedimentary pattern of lacustrine shale: a wavy laminated shale; b homo-
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lithofacies in shale. In shore-shallow lake facies, the homoge-
neous laminated shale constantly subsided and accumulated,
forming a relatively closed fluid environment [69], resulting
in relatively closed pores and poor connectivity (Fig. 12b).
The horizontal laminated shale was primarily formed in a
semi-deep lake-deep lake environment, and the sedimentary
structure is primarily horizontal laminae. The water is calm,
and the hydrodynamic condition is weak during the sedi-
mentary period. In the horizontal laminated shale, massive
input of terrigenous clasts was not as well developed as in
wavy laminated shale (Fig. 12c). However, parallel bedding
develops with the fluctuations in lake level, forming a rel-
atively open fluid environment [71]. Furthermore, minimal
detrital input in oxygen- and nutrient-rich shallow waters
under a semihumid to humid climate promotes an increase in
TOC abundance [57]. High-quality reservoirs are preserved
within organic pores featuring a large specific surface area.
Consequently, the wavy laminated shale and organic-rich
horizontal laminated shale in the Qingshankou Formation’s
lacustrine shale constitute ideal source-reservoir unit systems
for petroleum generation, migration, and accumulation.

6 Conclusions

(1) In the Qingshankou Formation lacustrine shale, three
lithofacies were discerned based on sedimentary structures:
wavy laminated shale, horizontal laminated shale, and homo-
geneous laminated shale. These lithofacies significantly

influenced pore types and pore structures related to oil
storage. The wavy laminated shale exhibited numerous inter-
particle and intraparticle pores, displaying pore diameters of
2-50 nm, resulting from dissolution-related pores in brittle
minerals, effectively expanding oil storage capacity. In con-
trast, horizontal laminated shale and homogeneous laminated
shale predominantly featured micropores, which were sub-
stantially affected by TOC.

(2) The shale pore structure exhibited greater complex-
ity and heterogeneity than the pore surface roughness when
integrating fractal theory with N2 adsorption tests. In wavy
laminated shale, quartz and clay minerals directly impacted
the pore structure and pore diameter variability. The irreg-
ularity of pore surfaces in horizontal laminated shale and
homogeneous laminated shale was similar.

(3) The wavy laminated shale and organic-rich horizontal
laminated shale within the Qingshankou Formation lacus-
trine shale can therefore be regarded as ideal source-reservoir
unit systems for petroleum generation, migration, and accu-
mulation. Horizontal laminated shale led to the formation of
oxygen-depleted sedimentary water, which in turn resulted
in relatively closed pores and limited connectivity.
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