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Abstract: Thin sections, AIM-SEM, MICP, and nitrogen adsorption were performed on laminated and
layered shales to characterize their complex pore and fracture structure. Combining the MICP model
with the FHH model, this work proposes a new fractal method for lacustrine shales with complex
lamina structure. The fractal characteristics presented four zones, representing the heterogeneity
of fractures, macropores, mesopores, and micropores. The pores and fractures of shale have strong
heterogeneity. Laminated shale has strong heterogeneity in mesopores and moderate heterogeneity
in micropores. Layered shale has strong heterogeneity in fractures and moderate heterogeneity
in micropores. The lamina structure and content of organic and mineral composition has a great
influence on heterogeneity. The mineral laminae in laminated shale change frequently; lamellation
fractures are mainly developed, and the structures are similar. Layered shales develop fractures
between layers and structural fractures; the structural differences are significant. Macropores are
mostly interparticle pores between quarts with similar structures. The wider lamina thickness of
layered shale provides sufficient crystallization space for minerals, so the mesopores of layered shale
are more homogeneous. Micropores are less developed, mainly consisting of intraparticle pores
between clay minerals, which are complex but similar in structure in the two types of shale. The
heterogeneity of mesopores and micropores is not conducive to hydrocarbon migration. Fractures and
macropores need to be connected with meso—micropores to form a transport system. So, mesopores
and micropores play decisive roles in hydrocarbon migration. Based on the above understanding,
this paper points out that hydrocarbon in laminated shale with more carbonate minerals and a high
thermal evolution degree has better availability.

Keywords: lacustrine shale; lamina structure; microscopic heterogeneity; fractal dimension

1. Introduction

Shale oil refers to the liquid hydrocarbon retained in the reservoir space of organic-rich
shale formations, which has the characteristics of in situ or extremely short distance mi-
gration and accumulation [1-3]. Shale oil reservoirs are dense, with a matrix permeability
typically less than 0.001 x 10% um? and porosity ranging from 4% to 6%. With the continu-
ous development of oil and gas exploration and the development of technology, shale oil
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and gas resources have shown enormous potential. China is rich in shale oil and gas re-
sources, with recoverable shale gas reserves of about 20 x 102 m?3 [4] and recoverable shale
oil resources of 50 x 108 t [5,6]. At present, good hydrocarbon displays have been obtained
in the Fengcheng Formation in Mahu Sag in the Junggar Basin, Yanchang Formation in the
Ordos Basin, Qingshankou Formation in the Songliao Basin, and Shahejie Formation in the
Bohai Bay Basin [6—10]. China’s shale oil is mainly accumulated in lacustrine shales of the
Mesozoic—Cenozoic [11]. The continental shale has a complex mineral composition and
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strong heterogeneity. Unlike marine shale, which has a high thermal evolution degree and
high organic content [12-14], the thermal evolution of organic matter in continental shale
is low (R, values of 0.7~1.1%) [13]. The parent material types are complex, mainly type
I and type II kerogen, with less development of type III kerogen [5,11,12]. The reservoir
space of shale is mainly pores and fractures [15]. The overall distribution characteristics of
continental shale exhibit a wide pore size range, with nano—microscale pores and fractures
developed [16-19]. Because the lacustrine plane changes frequently when continental shale
is deposited, a large number of shales with a complex lamina structure are formed. Now,
according to the development of the lamina structure, shale can be divided into laminated
shale, layered shale, and massive shale. At present, abundant hydrocarbon displays have
been found in laminated shale and layered shale. However, the complex lamina structure
increases the heterogeneity of continental shale. Due to the strong heterogeneity of con-
tinental shale [9], the structure of the pore—fracture system of shale is very complicated,
and problems such as low recovery efficiency and fast production decline are faced in the
mining process. Therefore, it is urgent to conduct in-depth research on the heterogeneity of
continental shale reservoir space with complex lamina structure.

Currently, many techniques, such as scanning electron microscopy (SEM), field-
emission scanning electron microscopy (FE-SEM), argon ion polishing scanning electron
microscopy (AIM-SEM), focused ion beam scanning electron microscopy (FIB-SEM), small-
angle neutron scattering (SANS), micro/nano-CT, nuclear magnetic resonance (NMR) [20-26],
mercury intrusion capillary pressure (MICP), and gas adsorption (N and COy) [14,24,27-30],
are commonly used to characterize the pore and fracture structure of shale reservoirs.

There are some defects in these techniques [14,31,32]. The image method can be used
to obtain the morphology, size, and distribution of pores in 2D space but cannot obtain the
pore size quantitatively [23,33,34]. Mercury intrusion porosity measurement (MICP) can be
used to determine pore radius, pore throat distribution, and other parameters but cannot
obtain micropore structure parameters due to the limitation of injection pressure [14,18,35].
Parameters such as pore radius and specific surface area can be obtained by the gas ad-
sorption method, but the existence of macropores will increase the measurement error [36].
These methods have limitations in characterizing the pore size range and cannot compre-
hensively reflect the pore and fracture structural characteristics of shale [33,37,38]. The
current research trend is to combine multiple methods to quantitatively characterize the
micro-nanoscale pore and fracture systems of shale with full aperture.

In previous studies, FIB-SEM, the gas adsorption method, and MICP were used to
analyze the pore type of shale [9,19,33,39], and the micropore structure characteristics and
influencing factors of micropores and mesopores were described [24,34,40]. Through the
full-aperture characterization of pores, it was found that micropores provide the main
specific surface area [4,41]. The above methods can be used to study the characteristics
and structure of the pore—fracture system of shale but cannot quantitatively evaluate the
degree of heterogeneity. Therefore, it is necessary to introduce fractal theory to study the
heterogeneity of the pore—fracture system quantitatively.

Fractal theory originated in the 1970s and 1980s. Mandelbrot proposed the use of
fractal dimension D to characterize the scale structure of the surface through metal fracture
experiments to study irregular, rough, or broken natural structures [42]. Fractal theory
was often used to describe the irregularity and self-similarity of complex objects [42]. In
the field of geology, the internal pores of rocks are self-similar, which means that the pore
structure is similar in different spatial scales, and the local structure of the pore structure
is similar to the overall structure [27,43-49]. So, the pore structure of the reservoir space
can be quantitatively characterized by fractal theory [45,49]. The fractal dimension of
pore structure is distributed between 2 and 3; 2 means that the pore surface is absolutely
smooth and 3 means that it is absolutely rough [47-50]. These two conditions are absolutely
impossible in the field of actual geology. Generally, the smaller the fractal dimension,
the more homogeneous the structure of the pore throat, and the larger the fractal dimen-
sion, the more heterogeneous the structure of pore throat, where the pore throat refers to
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the pores and the narrower throat connecting different pores. The research methods for
fractal characteristics mainly focus on image analysis [46,51], constant velocity mercury
injection [50], high-pressure mercury injection [27,44], gas adsorption [43,52,53], nuclear
magnetic resonance, and so on [19]. Mature fractal mathematical models include the FHH
(Frenkel-Halsey-Hill) model [54,55], BET model [43,52,56], Menger sponge model, NK
model, capillary bundle model, and thermodynamic model [57]. The applicable conditions
of each model are different. Previous research on fractal characteristics mainly focused
on the pore structure of coal. At present, fractal studies have been widely used in the
pore structure of marine shales, with limited research on the fractal characteristics of full-
aperture pore and fracture systems of continental shales. Previous studies have found
that marine and continental shales have obvious fractal characteristics through the gas
adsorption FHH model and pointed out that the TOC and mineral components are the main
factors affecting the fractal dimension [3,15,49,53]. However, in the research process, only a
single technique is used to characterize the fractal characteristics of the pore structure, and
it is impossible to characterize the heterogeneity of the nano—micron pores and fractures
with full aperture.

In this paper, based on thin sections, AIM-SEM, and X-ray diffraction, combined
with MICP and nitrogen adsorption techniques, our objectives are to (1) determine the
characteristics and differences of the nano—micron pore and fracture system between
laminated shale and layered shale in the Paleogene Shahejie Formation in the Dongying
Depression; (2) propose a new characterization method for the full-aperture pore and
fracture system of continental shale and clarify the fractal interval and the heterogeneity
characteristics and differences between laminated shale and layered shale; (3) explore the
influencing factors of heterogeneity and its specific effects on porosity and permeability; and
(4) propose advantageous lithofacies for shale oil mobility based on the above three aspects.
This research result will improve the understanding of the heterogeneity of full-aperture
pore—fracture in continental shale and promote the efficient development of shale oil.

2. Materials and Methods
2.1. Materials

The Bohai Bay Basin, located in eastern China, is a Mesozoic—Cenozoic faulted basin,
including seven depressions, such as the Jiyang Depression, Huanghua Depression, and
Jizhong Depression. In recent years, great breakthroughs have been made in shale oil
exploration in the Bohai Bay Basin, and the shale oil geological resources of the Shahejie
Formation alone can reach (20.5-25.4) x 108 t[58,59]. Dongying Sag (DY Sag), located in the
southeast of Bohai Bay Basin (Figure 1a), is a Mesozoic—-Cenozoic lacustrine basin developed
on Paleozoic bedrock. The maximum sedimentary thickness can reach 5000 m, and the
Paleogene can be divided into the Kongdian Formation (Ek), Shahejie Formation (Es), and
Dongying Formation (Ed) from bottom to top (Figure 1b). The Shahejie Formation from
bottom to top can be further subdivided into four members, Es4, Es3, Es2, and Esl [36,60].
During the sedimentation period of Es4 and Es3, the lake level continued to expand,
resulting in a warm and humid deep and semi-deep lake sedimentary environment [6].
Coupled with frequent lake level changes, a shale series with a well-developed lamina
structure was formed, which has a rich oil and gas display [13,15]. It is a key research area
for the exploration and development of continental shale oil and gas in China.

In this paper, six layered shales and ten laminated shales were collected from the
Paleogene Shahejie Formation in Well A, B, C, D, E, and F (Figure 1c) to study the pore—
fracture system and fractal characteristics. Cylindrical samples with a size of 2.5 x 5 cm
were selected and divided into the following parts: (1) a 2.5 x 2 cm cylinder for the MICP
test; (2) a2.5 x 1 cm cylinder for thin sections and AIM-SEM; and (3) the remaining samples
were ground into powder less than 200 mesh, divided into four parts for X-ray diffraction,
TOC, pyrolysis testing, and N; adsorption (Figure 2a,b).
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Figure 1. Location map of study area. (a) Schematic map of the Bohai Bay Basin and its location in
China; (b) geologic structure characteristic map and sampling location of study area; (c) stratigraphic
column of study area (modified according to [18,61]).
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Figure 2. Sample experiment process (a) and arrangement (b).

XRD, TOC, and pyrolysis tests were used to analyze the organic-inorganic geochemical
characteristics of selected shale. X-ray diffraction was carried out with SmartLab high-
resolution X-ray Diffractometer of Rigaku made in Japan to obtain the types and contents of
minerals contained in the shale, which provides a basis for the classification of lithofacies [5].
The total organic content was tested by a CS-230HC carbon-sulfur analyzer to determine the
total organic matter content in shale. The contents of free hydrocarbon (S1) and pyrolyzed
hydrocarbon (Sp) and OSA Tax were measured by a Rock-Eval 6 Pyrolyzer made in
France [15,40]. Core photos, thin sections, SEM [29], nitrogen adsorption, and MICP were
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used to determine the lamina structure and pore and fracture types of the shale [40]. After
freeze-drying and dipping [62], a colloidal aqueous emulsion was used to glue a block
of shale to a glass slide, and then, it was ground to 0.03 mm. For better identification of
calcite, ferrocalcite, and ankerite, half of the samples were stained with Alizarin Red dye
and finally observed using a Zeiss Axio Scope 5 made in Germany upright microscope
for PPL and XPL. Core photos and thin-section images describe the petrological and
fracture characteristics of shale. Shale samples were cut into 1 cm cubes and polished with
argon ions. A Quanta 200F scanning made in American electron microscope was used to
observe the type and morphology of pores. The instrument used in the nitrogen adsorption
experiment was the Micromeritics ASAP2460 surface area and porosity analyzer made
in American, which obtains pore structure parameters through adsorption-desorption
data. The MICP tests were carried out with Corelab CMS300 made in American and an
AutoPore IV 9505 Mercury Porosimeter made in American. Pore distribution curves and
capillary pressure curves were obtained by continuously changing the pressure of mercury
injection into rocks. Finally, the corresponding fractal model was used to calculate the
fractal dimension of nitrogen adsorption and MICP experiments [63] and to investigate the
heterogeneity of the full-aperture pores and fractures of shale in DY Sag.

2.2. Fractal Dimension Calculation Method
2.2.1. Calculation Method from MICP

Based on fractal theory, the mathematical model for calculating fractal dimension can
be expressed by power law function as follows [27,45]:

N(r) r7 D, (1)

Combining the capillary model, the MICP calculation method can be expressed
as follows:

lgSHg = (DHg — Z)Igpc +C, (2)

where C is a constant. If the pore fractal feature exists, 1gSy, and Igp. have a linear
relationship. The fractal dimension Dy, is derived from the slope Ky, of the fitted curve,
where Dy = Kpgg + 2.

The pore structure of shale is complex and has multifractal characteristics. In practice,
when calculating the fractal dimension from MICP tests, it is necessary to partition the
log-log intersection of Sy, and p. to determine the slope of different fractal intervals and
obtain the corresponding fractal dimension.

2.2.2. FHH Model from N, Adsorption

The FHH model is usually used to calculate the fractal dimension of nitrogen adsorp-
tion tests. When p/py < 0.4 (low-pressure stage), the van der Waals force between the
solid and the adsorption layer is the main factor, and the adsorption is mainly affected by
the roughness of the solid surface [47].

1 Py
InV = 3KN1ln [ln( P)] +C, 3)

When p/po > 0.4 (high-pressure stage), the curves of nitrogen adsorption and desorp-
tion no longer coincide, forming a hysteresis loop. The surface tension of the adsorption
medium is the main factor, and the adsorption is mainly affected by the capillary force [47].

InV = Kypln {1n<1;3>} +C, 4)
where Ky is the slope in the low-pressure phase, Ky; = Dpi1 — 3; Dy is the fractal

dimension in the low-pressure stage, Dn1 = 3Ky + 3. Kny is the slope in the high-pressure
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phase, and Knp = Dpp — 3; Dy is the fractal dimension in the high-pressure stage,
DNZ = KNZ +3 [43,52]

2.2.3. A New Method Combined with MICP and N, Adsorption

Limited by the maximum mercury injection pressure and experimental principle,
MICP tests cannot characterize the pore structure of pore sizes less than 3.6 nm and pore
sizes more than 50 nm. The N, adsorption experiment is more accurate in characterizing
the pores in the range of 2~50 nm, and the experimental error will increase due to the
existence of large pores. In previous studies, only one model is usually used to obtain the
fractal dimension [45,51,64]. However, the pore structure of lacustrine shales is complex,
and pore sizes are widely distributed in the range of micron to nanometer. A single MICP
model or FHH model cannot fully and systematically characterize the pores in shale [63,65].
In the actual calculation process, the fractal dimension calculated by the MICP model is
large in the micropore region, and some samples appear to be greater than 3. The fractal
dimension calculated by the FHH model is generally small in the low-pressure stage,
and the D of some samples is less than 2. This is obviously inconsistent with the actual
geological situation.

Therefore, in order to avoid the defects of individual models, this paper innovatively
combined the MICP model with the FHH model. The FHH model is used to correct the frac-
tal dimension of the micropore region in MICP tests, while the MICP model supplements
the inaccuracy of the FHH model in characterizing the fractal dimension of large-pore
regions. The MICP model and FHH model are used to systematically characterize the
heterogeneity of micron-nanopores in shale.

According to the capillary pressure curve of MICP tests, the log-log coordinates of
lgSpq and Igp, are found. The lgSy, and Igp, calculated by the data of the mercury injection
process have a good agreement with the mercury injection pressure curve. The aperture
distribution curve is superimposed with the fractal dimension fitting curve. According
to the morphology of the obtained curves, the fractal dimension fitting curve has the
characteristics of four zones. The least square method is used to obtain the slope of the
curve and calculate the fractal dimension of different sections. Considering that the MICP
tests are affected by the “pore shielding effect”, it cannot accurately distinguish the pore
and throat. Therefore, this paper defines the fractal dimension between the four partitions
as D1, Do, Dys, and Dy, representing fractures (>10 um), macropores (1~10 pum),
mesopores (10 nm~1 pm), and micropores (<10 nm).

In the FHH model, according to the experimental data of N, adsorption, the log—

log coordinates of In V and In [ln (%)} in the low-pressure and high-pressure stages are

drawn. The least square method was used to fit the curves, the slope of the curves of
the low-pressure stage and the high-pressure stage were obtained, and the corresponding
fractal dimension was calculated. The dominant effect of N adsorption in the low-pressure
stage is the interlayer van der Waals force, and the fractal dimension Dy represents the
roughness and heterogeneity of the pore surface of shales. In the high-pressure phase, the
capillary force plays a leading role, and the fractal dimension Dy, indicates the complexity
and heterogeneity of the pore structure. The study of heterogeneity is usually intended to
characterize the heterogeneity of pore structure, so only the Dy is usually selected in the
FHH model.

Combining the MICP model and FHH model, Dy is substituted for D4 of the MICP
model. The final quadrangle dimensions used to study heterogeneity are Dy, Do, Dps,
and Dpy4. These parameters can be used to systematically characterize the heterogeneity of
the micron—nanopore—fracture system in lacustrine shales.
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3. Results
3.1. Geochemical Parameters

The organic geochemical parameters are shown in Table 1. The total organic carbon
(TOC) content ranges from 0.69% to 8.60%, with an average of 4.25%. The hydrogen index
HI (HI = S5 /TOC x 100) [66] versus Tyqy plots indicate that the organic matter type is
mainly Type II; (Figure 3). Tyax can judge the maturity of organic matter. Generally,
the higher the maturity, the higher the Ty;5c. The Ty, of shales varies in the range of
436~449 °C, with an average of 441 °C, which indicates that the shales are in the mature
stage (R, ranging between 0.70% and 0.80%, with an average of 0.74%). The HI versus
(51 + Sp) plots show that the shales are good and very good source rocks (Figure 4). The
shales of the Shahejie Formation are high-quality source rocks and have a high hydrocarbon
generation potential [(S1 + Sp) is 21.39 mg/g on average]. The Shahejie Formation has good
exploration and development prospects.

Table 1. Rock-Eval pyrolysis, R,, and mineral compositions of samples.

Well Sample Depth Lithology TOS S1 Sy 1;,,,,1,( ROD Qua:tz Feldsopar Calcjte Dolor:‘lite Claoy Pyriote
ID (m) wt%) (mglg) (mg/g) (%) (%) (Wt%) (Wt.%) (Wt.%) (wt.%) wt%)  (wt.%)
A A-1 373720  Organic-containing 1.99 5.14 5.55 441 080 227 2 405 - 23.1 3.60
B B-2 3216.60  layered mixed shale 1.84 1.48 7.45 441 074 223 7.5 17.5 - 445 3.50
A A2 3637.80  Organic-rich layered 7.0 5.14 6.55 443 079 258 43 19.4 - 38.6 6.40
A A-3 3667.00 mixed shale 448 16.82 1848 449 074 223 3.4 20.3 - 343 3.70
C Cc-7 334390  Organic-richlayered 522 4.78 2011 437 071 171 1.1 49.1 9.70 19.6 3.40
E E-1 3784.35 calcareous shale 3.36 224 9.79 445 076 109 3.7 72.7 3.80 8.6 0.30
C C-8 3334.65 Organic-rich 3.44 1.46 15 439 072 181 32 441 8.60 225 3.50
C Cc9 3336.25 laminated 5.17 2.19 2279 436 0.70 13 15 58 - 19.2 3.30
D D-1 3537.10 calcareous shale 7.73 7.25 4046 446 073 159 25 452 7.80 21.6 5.80
C C-14 3609.50 OrganiC—.containing 2.00 0.9 6.43 440 073 4.7 1.1 18.5 67.30 7.8 0.60
C C-13  3335.60 laminated 0.69 0.42 1.32 440 073 59 0.9 22 58.80 10.4 1.80
calcareous shale
C C-1 3347.07 Oreanicrich 8.60 423 3608 438 072 287 3.1 212 - 41 3.70
C C-16  3344.60 rganic-ric 2.44 0.85 755 443 075 224 55 35.8 7.10 25.6 3.60
F F-1 3087.60 1ammalt1ecl‘ mixed 7.90 8.16 435 440 073 226 5.7 26.6 18.80 21.4 4.90
C C-15  3351.10 shale 474 2.8 2098 437 071 189 1.6 35.8 - 28 4.90
Organic-containing
B B-1 3442.00 laminated mixed 1.26 1.59 4.09 441 074 227 18.6 13.7 12.80 31.2 1.00
shale
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Figure 3. Kerogen type and maturity.
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Figure 4. HI versus (S; + Sy) plots showing quality of source rocks.

3.2. Petrology Characteristics and Lithofacies Classification

Table 1 shows that the shales of the Shahejie Formation in DY Sag have complex min-
eral types and varied mineral contents. The main components are calcite (13.7~72.7%, 33.8%
on average), dolomite (0~67.3%, 21.6% on average), clay minerals (7.8~44.5%, 24.8% on
average), quartz (4.7~28.7%, 18.4% on average), and a small amount of feldspar (0.9~18.6%,
4.1% on average), pyrite (0.3% to 6.4%, 3.4% on average), and other minerals (about 6.5%).
On the whole, it is characterized by high carbonate minerals, high clay minerals, and low
felsic minerals.

The morphology of the mineral can be observed by scanning electron microscopy
(SEM). Calcite and dolomite are mainly granular (Figure 5a,b). The crystal form of quartz
is intact and exists independently from the mineral (Figure 5c). Feldspar usually de-
velops in a tabular form (Figure 5d). Clay minerals are mainly illite, kaolinite, and il-
lite/montmorillonite mixed layers (Figure 5e). Pyrite is produced mostly in the form of
pyrite framboids (Figure 5f). According to the mineral composition, the shales of the
Shahejie Formation in Dongying Sag can be divided into mixed shale and calcareous shale,
while clay shale and siliceous shale are underdeveloped (Figure 6).

Figure 5. Characteristics of main minerals under SEM. (a) Calcite crystal, Well C, C-14; (b) dolomite
crystal, Well C, C-15; (c) quartz grain, Well C, C-1; (d) feldspar, Well C, C-8; (e) flake illite, Well C, C-1;
(f) framboidal pyrite, Well C, C-1.
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Figure 6. Mineral composition of calcareous shale, clay shale, siliceous shale, and mixed shale.

Continental shale has a complex lamina structure, which has a significant influence on
the nano-micropore and fracture structure. The three end members on the classification
triangle chart are carbonate minerals, clay minerals, and felsic minerals. The conventional
classification scheme ignores the influence of complex lamina structure on continental
shale. In order to accurately describe the lithofacies of shale, the organic matter content
and lamina structure should be combined in the classification. Thin-section images show
that multi-scale lamina structures are developed in DY Sag, and carbonate lamina (CAL,
bright layer), felsic lamina (FL), clay lamina (CL, dark layer), and organic matter lamina
(OML) can be identified. Several types of laminae appear alternately and have different
combination patterns (Figure 7). According to the thickness of different mineral laminae,
the samples are divided into laminated shale (the thickness of the laminae is less than 1
mm), layered shale (the thickness of the laminae ranges between 1 and 3 mm), and massive
shale (laminae not developed). Based on the total organic matter content, we can divide the
shale into organic-containing shale (TOC < 2%) and organic-rich shale (TOC > 2%) [60,61].
In this paper, the lithology of the shale is named according to the combination model of
“TOC-lamina structure-mineral composition”. The corresponding lithology of the shale
samples is shown in Table 1. The purpose of this article is to study the heterogeneity of
the pore and fracture system of lacustrine shales with a complex lamina structure, so we
mainly evaluate the heterogeneity of laminated shale and layered shale quantitatively.

Figure 7. Lamina structure characteristics. (a) Laminated shale, Well A, A-1; (b) laminated shale, Well
C, C-16; (c) layered shale, Well E, E-1; (d) layered shale, Well F, F-1. (CAL is carbonate lamina, FL is
felsic lamina, CL is clay lamina, and OML is organic matter lamina).
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3.3. Pore and Fracture Characteristics

Scanning electron microscopy is an important research method for observing the type
and morphology of a shale reservoir [67]. SEM images show that the shale reservoir space
in the study area is complex and can be divided into pores and fractures. According to the
morphology and development, the observed pores can be divided into interparticle pores,
intercrystalline pores, intragranular dissolution pores, and organic matter pores [5,16,17,29].
Among them, interparticle pores and intercrystalline pores are the main pore types [10].
Interparticle pores mainly develop at the contact of brittle minerals such as calcite, dolomite,
and quartz. The aperture is large, mainly distributed in a few micrometers (Figure 8a). The
intergranular pores mainly include clay mineral intergranular pores and pyrite intergranu-
lar pores. The intercrystalline pores of clay minerals usually distribute in a layered and
narrow slit shape in the matrix (Figure 8b). The pore size of these pores is small, usually
less than 600 nm (Figure 8c). A large amount of pyrite framboids can be observed in the
shale samples, with numerous intercrystalline pores developed inside these pyrite crystals;
the pore size is usually smaller than 400 nm (Figure 8d). Oil film can be seen between
pyrite crystals (Figure 8e). The dissolution pores of the shale samples in the study area
are relatively developed. Feldspars are dissolved, and the surface becomes rough. The
morphology of the dissolution pores is irregular, and the pore size distribution range is
wide (Figure 8f). Controlled by the low degree of thermal evolution in the study area, there
are fewer organic matter pores developed. The SEM images show that organic matter is
mostly distributed in strips or irregularly dispersed in the matrix in the shale (Figure 8g,h).
Circular or elliptical organic matter pores are developed inside organic matter, with smaller
pore sizes typically distributed in the tens of nanometers (Figure 8i).
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Figure 8. SEM images of the pores of Shahejie Formation shale. (a) Interparticle pores between calcite
crystal, Well C, C-14; (b) layered clay minerals, Well C, C-9; (c) intercrystalline pores between clay
minerals, Well C, C-9; (d) intercrystalline pores in pyrite, Well C, C-1; (e) oil film on pyrite particles,
Well E, E-1; (f) intragranular dissolution pores in feldspar, Well C, C-14; (g) striped organic matter,
Well C, C-15; (h) irregularly dispersed organic matter, Well D, D-1; (i) organic matter pores, Well
F F-1.
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According to the core and thin-section photos, the study area has developed two types
of fractures, including structural fractures and micro-fractures (including abnormal pres-
sure fractures, diagenetic contraction fractures, and bedding fractures). Under the influence
of regional tectonic stress, the fractures developed in the study area can be divided into
high-angle fractures (fracture inclination > 75°) and low-angle fractures. The fractures
extend far, and most of the fractures are not filled with minerals (Figure 9a—c). During
the sedimentation and diagenesis process of shale, abnormal high pressure caused by the
transformation and dehydration of clay minerals, hydrocarbon generation, and hydrother-
mal activities can all lead to the formation of abnormal pressure fractures (Figure 9d).
The content of clay minerals in shale samples in the study area is generally high. During
the diagenetic stages, clay minerals were dehydrated and contracted, which can easily
form shrinkage joints in the edges of quartz and calcite minerals (Figure 9e). The volume
reduction in organic matter in the process of thermal evolution can also form shrinkage
joints at the edges of organic matter (Figure 9f).

9 3 s
. . . Tectonic fracture
on Y e

e Centimeter
OO0 um

&
Ab(rmal pressure fractures

5 P Shrinkage joint
Shrinkage joint

‘a m 5 pm 20 pm
_ I

Figure 9. Core photos and SEM images of fractures of Shahejie Formation shale. (a) Tectonic fracture,
Well C, C-13; (b) tectonic fracture, Well D, D-1; (c) tectonic fracture, Well C, C-1; (d) abnormal pressure
fractures, Well B, B-1; (e) shrinkage joint at the edge of quartz particle, Well C, C-1; (f) shrinkage joint
at the edge of organic matter, Well C, C-7.

The mechanical properties of mineral laminae are different, and the laminae with dif-
ferent properties produce lamellation fractures due to extension or contraction. According
to the observation of thin sections, the lamellation fractures develop approximately parallel
to the stratification direction (Figure 10a). Fractures perpendicular to the stratification
often develop between multiple bedding fractures (Figure 10b), which can connect the
lamellation fractures together and become a good migration channel for shale oil. The
lamellation fractures can be divided into secondary fractures at the end and continue to
extend. Two secondary fractures may also merge into a single fracture after extending some
distance (Figure 10c). During the extension process, fractures do not pass through mineral
particles; instead, they bend and extend along the edges of mineral particles (Figure 10d).
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Figure 10. Thin sections show lamellation fracture characteristics of Shahejie Formation shale.
(a) Lamellation fractures, Well A, A-3; (b) lamellation fractures, Well A, A-1; (c) lamellation fractures,
Well F, F-1; (d) lamellation fractures, Well B, B-1.

The composition of the pore and fracture system of shales with different lamina
structures is different. Laminated shale has frequent alternations in organic matter lamina,
felsic lamina, clay lamina, and carbonate lamina. Due to the different mechanical properties
of laminae, the lamellation fractures are well developed. The interlaminar thickness of
stratified shale is large, and observed under core and thin photos, the development of
lamellation fractures is less, while the structural fractures are very developed. Laminated
shale mainly develops interparticle pores between calcite crystals, intercrystalline pores
between clay minerals, and intercrystalline pores in pyrite. Meanwhile, layered shale
develops interparticle pores between calcite crystals, intercrystalline pores between clay
minerals, and dissolution pores in feldspars (Figure 11a,b).

El Laminated shale IE Layered shale

@ Intercrystalline pores in clay @ Intercrystalline pores in pyrite @ Intercrystalline pores in clay @ Intercrystalline pores in pyrite
@ Organic matter pores @ Interparticle pores between calcites @ Organic matter pores B Interparticle pores between calcites
| Tectonic fractures @ Lamellation fractures B Tectonic fractures @ Lamellation fractures

Figure 11. Pore and fracture reservoir space composition. (a) Laminated shale; (b) layered shale.
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4. Discussion
4.1. Heterogeneity of Pore Structure

Superimposing the pore size distribution curve and fractal dimension fitting curve of
MICP, we can find that the fractal curves of laminated shale and layered shale in Dongying
Sag have the characteristics of four zones. Taking sample F-1 as an example (Figure 12a),
with the increase in the mercury injection pressure, mercury first enters the pores which are
sized greater than 21.435 pm and fractures. Subsequently, mercury saturation increased less
in the pore size range of 0.268~21.435 um, indicating less development of macropores. With
a further increase in the mercury injection pressure, mercury saturation increases greatly in
the pore size range of 0.009~0.268 um, indicating that mesopores are widely developed.
Eventually, the mercury enters pores sized smaller than 0.009 um. The fitting results of the
fractal dimension of nitrogen adsorption at different pressure stages is shown in Figure 13.
The fractal dimensions of different zones of selected samples are shown in Table 2.
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Figure 12. Overlay chart of pore size distribution and fractal dimension fitting curve. (a) F-1,
laminated shale; (b) A-3, layered shale.
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Figure 13. The fractal dimension fitting curve of Nj adsorption. (a) B-1, laminated shale; (b) C5-1,
layered shale.
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Table 2. Fractal dimension and R? based on MICP and nitrogen adsorption.

SampleID Dmi  Rmi® Dm2 Rm® Dms  Rms® Dme Rm> D1 Rvi? Dne Rh?
A-1 2.740 0.948 2.059 0.985 2.938 0.987 2.238 0.990 2.401 0.995 2.451 0.999
B-2 2.781 0.998 2.082 0.996 2.260 0.931 2.920 0.984 1.974 0.921 2414 0.997
A-2 2.765 0.933 2.104 0.986 2.366 0.980 3.247 0.999 2.037 0.925 2.416 0.996
A-3 2.753 0.987 2.146 0.977 2.309 0.962 2.833 0.979 2.033 0.935 2.439 0.998
C-7 2.698 0988  2.048 0984 2955 0993 2719 0997  2.398 0.990 2689 0975
E-1 2.838 0.940 2.087 0.934 2.834 0.993 2.767 0.998 2.383 0.978 2.677 0.982
C-8 2.792 0.976 2.107 0.970 2.283 0.964 2.727 0.984 2.358 0.988 2.438 0.998
C9 2798 0978  2.079 0952  2.533 0964 2944 0999 2419 099 2462  0.999
D-1 2.766 0.980 2.048 0.979 2.773 0.981 3.004 0.999 2.368 0.988 2.443 0.996

C-14 2.633 0.955 2.192 0.952 2.378 0.978 2.456 0.998 1.895 0.924 2431 0.993
C-13 2.794 0.974 2.046 0.978 2.749 0.992 2.477 0.990 1.938 0.813 2.508 0.988
C-1 2.782 0.857 2.098 0.969 2.349 0.994 2.768 0.999 2.097 0.938 2.450 0.999
C-16 2.709 0.952 2.129 0.939 2.331 0.991 2.816 0.982 2418 0.995 2.474 0.999
F-1 2.729 0.994  2.086 0.942  2.508 0.968  2.801 0.988  2.449 0.998 2504  0.999
C-15 2.724 0.972 2.055 0.985 2.710 0.972 2.904 0.995 2.394 0.992 2.422 0.999
B-1 2577 0992  2.100 0956 259 0980 2946 0956 2405 0.996 2440  0.999

The fractal dimension (D) of fractures ranges from 2.577 to 2.838, with an average of
2.742. The D of macropores is 2.046~2.192, with an average of 2.092. The D of mesopores
is 2.260-2.955, with an average of 2.554. The D of micropores ranges from 2.414 to 2.689,
with an average of 2.487. The correlation coefficients (R?) are more than 0.95 (Table 2). The
heterogeneity of the shale reservoir space structure is generally strong. Among them, the
heterogeneity of fractures is the highest. The heterogeneities of mesopores and microp-
ores are medium, and the pore structures are relatively complex. Macropores are more
homogeneous and have a simple structure.

4.2. Heterogeneity of Pore Structure of Shales with Complex Lamina Structure

There is a strong difference in the heterogeneity of the micro-nanopore and fracture
system between laminated shale and layered shale. Overall, the heterogeneity of fractures
and mesopores is the strongest, micropores have a medium heterogeneity, and the structure
of macropores is simple and relatively homogeneous. The heterogeneity of fractures in
mixed shale and calcareous shale is similar, with slightly weaker heterogeneity in macrop-
ores, significantly stronger heterogeneity in mesopores, and slightly stronger heterogeneity
in micropores compared to calcareous shale (Figure 14a). The heterogeneity of macropores
and micropores is similar between laminated shale and layered shale. The heterogeneity of
fractures in laminated shale is weaker than that in layered shale, but the heterogeneity of
mesopores in laminated shale (Dy3 on average 2.647) is significantly stronger than that in
layered shale (Dp3 on average 2.400) (Figure 14b).

The content of brittle minerals in mixed shale is low, while the content of clay minerals
is high. The interparticle pores between brittle minerals are often filled by clay minerals,
which leads to a more complex pore structure. The clay mineral content of mixed shale is
about twice that of calcareous shale (the average clay mineral content of mixed shale is
31.97%, while that of calcareous shale is 15.67%), but the types of clay minerals are similar,
mainly illite, kaolinite, and illite mixed layers. The structure of the intercrystalline pores
between clay minerals is relatively similar, mainly in the form of plate-like structures. Due
to the frequent alternations between clay and carbonate laminae, the fractures developed
in laminated shale are mainly lamellation fractures, with less development of structural
fractures. The lamellation fractures developed in laminated shale of the Shahejie Formation
are relatively straight, and the characteristics between different lamellation fractures are
similar. Occasionally, the lamellation fractures are connected by cross-lamellation fractures,
but the length of these fractures is short. Layered shale has fewer lamellation fractures and
more structural fractures. The pore size distribution curve and fractal dimension fitting
curve reflect that there are few macropores in laminated shale and layered shale. The
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macropores are mainly dissolution pores, which are similar and relatively homogeneous in
the two types of shales. Nitrogen adsorption and MICP experiments show that laminated
shale and layered shale mainly develop mesopores, with their pore volume accounting
for about 70% of the total pore volume. Mesopores are mainly interparticle pores between
carbonate minerals and intercrystalline pores between clay minerals. The laminated shale
has a thin laminae thickness and lacks the crystalline space of carbonate minerals. There
are significant differences in the morphology and structure of carbonate interparticle
pores, while layered shale has sufficient crystalline space and complete interparticle pores.
Therefore, the interparticle pores between carbonate minerals developed in laminated shale
are more heterogeneous compared to layered shale. Micropores occupy a small proportion
of the shale reservoir (pore volume less than 5%). The heterogeneity of micropores is
moderate in both laminated shale and layered shale. The pore structure of micropores is
very complex and needs further experiments such as CO; adsorption to characterize.

30 r OLaminated shales DOLayered shales b
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M
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Figure 14. Columnar graph of four-zone fractal dimension of shales. (a) Different lithology; (b) differ-
ent lamina structure.

4.3. The Influencing Factors of Heterogeneity and the Effects on Reservoir Properties
and Seepage Ability

The content of organic matter and mineral composition are the main factors affecting
the types and structures of micro-nanopores and fractures in shale [68]. With the increase
in organic matter content and thermal evolution degree, the heterogeneity of fractures,
mesopores, and micropores decreases, while the heterogeneity of macropores increases.
The shales with a high organic matter content usually develop in the deep depression
zones of the basin, with less tectonic activities and a stable sedimentary environment. The
shale laminae developed in this environment are relatively straight, and the fractures are
mainly composed of lamellation fractures with fewer structural fractures. The lamellation
fractures are relatively straight, and the width of the fractures in each position is roughly
the same. The structure between the bedding fractures is relatively similar. Owing to the
low thermal evolution of organic matter in this study area, the volume shrinkage of organic
matter in this stage mainly leads to the formation of larger shrinkage cracks between
organic matter and the mineral matrix, while organic matter pores with smaller pore sizes
are not yet developed or less developed. Therefore, with the increase in the degree of
thermal evolution of organic matter, the heterogeneity of macropores increases, while the
heterogeneity of mesopores and micropores decreases (Figure 15).
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Figure 15. The relationship between TOC, Ty, and heterogeneity of pores with different sizes.
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An increase in feldspars and quartzes will increase the brittleness of shale, which is
conducive to the formation of structural fractures, and increase the complexity of fractures
(Figure 16(al)). There is less development of lamellation fractures in shale with high
carbonate mineral content, and only a few structural fractures can be observed in core and
thin-section photos. The development degree of fractures is relatively low. Clay minerals
can increase the toughness of shale, inhibit the development of structural fractures, and
block existing fractures, increasing the complexity of fractures (Figure 16(c1)). A higher
felsic mineral content is conducive to the development of interparticle pores with larger
pore sizes. A change in the carbonate mineral content mainly affects the development
of interparticle pores in the mesopore size range. The content of feldspar, quartz, and
carbonate minerals increased, and the main control macropores and mesoporous pores
showed homogenization characteristics (Figure 16(a2,b3)). This phenomenon confirms that
the pore morphology of interparticle pores is regular and the pore structure is relatively
uniform. The micropores developed in the shale of Dongying Sag are mainly intercrystalline
pores of several nanometers to tens of nanometers between clay minerals. These pores are
usually in the form of a closed plate or narrow slit at one end, with a single pore type and
low heterogeneity (Figure 16(c4)).

The heterogeneity of pores and fractures directly affects the permeability of shale. An
increase in the heterogeneity of fractures and macropores will increase the permeability
of the sample (Figure 17a,b). The heterogeneity of mesopores and micropores is not con-
ducive to the seepage of hydrocarbons, and the influence of mesopores is more significant
(Figure 17¢,d). Although fractures and macropores promote the permeability of shale,
they need to be connected with mesopores and micropores. Mesopores and micropores
play a decisive role in the flow of oil and gas in shale. The nitrogen adsorption and MICP
tests indicate that the pore volume of micropores mainly composed of intercrystalline
pores between clay minerals is small, but these micropores occupy the vast majority of the
specific surface area of the shale reservoir space, which mainly affects the adsorption of
hydrocarbons and has a relatively small impact on the seepage of hydrocarbons. Combined
with the previous discussion on the factors affecting the heterogeneity of the pore and
fracture system, this paper ultimately points out that the shale with low felsic minerals,
low clay minerals, high carbonate minerals, and a high thermal evolution degree is the
dominant lithofacies of shale oil accumulation and migration.
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Figure 16. The relationship between feldspar and quartz, carbonate minerals, clay minerals, and
heterogeneity of pores with different sizes. (al-a4) Feldspar and quartz; (b1-b4) carbonate minerals;
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5. Conclusions

Through MICP and nitrogen adsorption, combined with fractal theory, this paper re-
searched the heterogeneity of the micro-nanopore and fracture system of lacustrine shales with
a complex lamina structure in Dongying Sag. The authors draw the following conclusions:

(1) The laminated shale mainly develops interparticle pores between carbonate min-
erals, intercrystalline pores in pyrite, intercrystalline pores between clay minerals, and
lamellation fractures. Layered shale develops interparticle pores between carbonate miner-
als, intercrystalline pores between clay minerals, intragranular dissolution pores in feldspar,
and structural fractures.

(2) The lacustrine shales with a complex lamina structure have fractal characteristics
among four zones, representing the heterogeneity of fractures, macropores, mesopores,
and micropores. The overall heterogeneity of the pore and fracture system is strong. The
characteristics of laminated shale are relatively homogeneous in fractures with strong
heterogeneity in mesopores and moderate heterogeneity in micropores. Meanwhile, in
layered shale, the characteristics are strong heterogeneity in fractures, homogeneous in
mesopores, and moderate heterogeneity in micropores.

(3) Organic matter and mineral composition are the main factors affecting hetero-
geneity. An increase in the TOC and the degree of thermal evolution will increase the
heterogeneity of macropores. Macropores and mesopores are mainly composed of interpar-
ticle pores between felsic minerals and carbonate minerals, and macropores and mesopores
tend to be homogeneous with the increase in felsic and carbonate minerals. An increase in
clay mineral content will promote the formation of slit or plate-like intercrystalline pores,
making the pore structure simple.

(4) The heterogeneity of mesopores plays a decisive role in the flow of shale oil. Shale
oil in laminated shale with high carbonate minerals and a high thermal evolution degree
has strong mobility.
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