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Abstract: The laminar structure of shale system has an important influence on the evaluation of
hydrocarbon source rock quality, reservoir quality, and engineering quality, and it is receiving increas-
ing attention. A systematic study of the lamina structure is not only of great scientific significance
but also of vital practical importance for shale oil production. In this paper, the identification and
description classification of shale laminae are first reviewed. Multiple scales and types indicate that a
combination of different probe techniques is the basis for an accurate evaluation of shale laminar char-
acteristics. The influence of laminae on shale reservoir, oil-bearing, mobility, and fracability properties
is discussed systematically. A comparative analysis shows that shale systems with well-developed
lamination facilitate the development of bedding fractures, thus improving the shale storage space.
The average pore size and pore connectivity are also enhanced. These factors synergistically control
the superior retention and flow capacity of shale oil in laminated shales. In such conditions, the high
production of shale oil wells can still be achieved even if complex networks of fracturing cracks are
difficult to form in shale systems with well-developed lamination. This work is helpful to reveal the
enrichment mechanism of shale oil and clarify the high-yield law of hydrocarbons, so as to guide the
selection of sweet spots.
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1. Introduction

Compared to conventional petroleum systems, shale strata exhibit the characteris-
tics of extremely low porosity and ultralow permeability. However, the development
of horizontal drilling and multistage hydraulic fracturing technologies has allowed the
commercial extraction of hydrocarbons from tight shale deposits that were unprofitable
decades ago [1-6]. In North America, drilling in the Bakken shale and the Eagle Ford shale
confirmed the availability of hydrocarbon liquid resources [1]. The shale oil production
in the United States reached an annual level of 2.349 billion barrels in 2018, accounting
for 64.7% of the total oil production. This value is expected to reach 9.46 million barrels
per day in 2040, accounting for 67.3% of the total US oil production [7-10]. Following
in the footsteps of the US, China is also aggressively examining its unconventional re-
source potential targeting shale oil plays [1,8,9]. Large-scale shale oil exploration in diverse
petroliferous basins, e.g., Junggar Basin, Ordos Basin, Jianghan Basin, Bohai Bay Basin,
and Songliao Basin, has revealed that China contains abundant shale oil resources [7-12].
The estimated total mass of the technically recoverable resources of shale oil in China
is between 7.4 x 10° and 3.7 x 10 t [7,12]. Currently, an annual shale oil production of
about 160 x 10* t has been realized, which makes it possible for shale oil to provide new
opportunities for strengthening the energy security of China [8,10,12].

Compared to the North America, the petroleum in China is mostly extracted from
lacustrine shale instead of marine shale [8,9,13]. It is worth noting that lake basin sedimen-
tary phases are diverse, with small sedimentation scales and shallow water depth, and they
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are more influenced by paleoclimatic changes [1,14,15]. Hence, it is easy to form a variety
of laminar structures in lacustrine shale systems [16-22]. More importantly, the expansion
of works has realized that laminated shales usually have high total organic carbon (TOC)
content and superior reservoir quality. Exploration practice from the Shengli Geophysical
Research Institute of Sinopec has shown that shale oil produced by conventional measures
mainly comes from laminated shales. Statistics on shale oil-producing wells (more than
300 wells) in the Jiyang Depression indicate that laminated shales with industrial oil flows
account for approximately 70% of total pay intervals [15,22]. In other words, the laminated
structure is also closely related to oil production [11,21-23]. With these results, it is urgent
to understand the development characteristics of shale laminae and systematically sum-
marize its impact on oil molecule accumulation, so as to realize commercial production of
continental shale oil in China.

Starting from the identification of laminae in shale reservoirs, this paper first sum-
marizes the current common division schemes of lamina types. After that, the effects of
laminae structure on shale reservoir, oil-bearing, and mobility properties are discussed. Fur-
thermore, the relationship between laminae and shale fracability is preliminarily analyzed.
In general terms, this work is helpful to reveal the enrichment and high-yield mechanism
of hydrocarbons from tight unconventional reservoirs.

2. Identification of Multiscale Laminae

The lamina is the smallest megascopic layer without internal layers in fine-grained
sedimentary rocks [24,25]. The thickness is generally less than 1 cm [11,26,27]. The mineral
composition within a single lamina is relatively uniform [27]. Generally, laminae are inter-
preted to form in response to small-scale fluctuations within a single flow or depositional
event in the rates of the controlling processes, e.g., seasonal growth of planktic or ben-
thic organisms [11,15]. In addition, some laminae may be associated with late diagenetic
transformation, such as coarse-grained calcite laminae, which is widely observed in the
Shahejie Formation shale in the Dongying sag [16,22]. In such cases, the lamina may have
multiscale characteristics in different observational settings. Lamellar features ranging
from macroscopic (meter scale) to microscopic (mm to um scale) have been extensively re-
ported by previous studies [11,17,25,28-30] (Figure 1). In general, the meter and centimeter
lamina structures reflect variations of vertical superposition lithology, while millimeter and
micrometer lamina structures reflect mineral superimposition patterns [31,32].

Core observation can directly depict the centimeter- to millimeter-scale laminae, as
well as obtain various superposition methods of different mineral compositions on this
scale [27,29] (Figure 1B). The submillimeter- to micron-scale lamellar structures can be
further quantitatively described by using thin sections and scanning electron microscopy
(SEM) (Figure 1C,D). However, core and microscopic data are limited and often discon-
tinuous, making it difficult to effectively predict the vertical distribution of laminae in
a whole well [30,33]. Conversely, well-log data, e.g., a series of conventional logs and
image logs, offer special advantages for continuous evaluation [25,30,34]. In particular,
image logging has been applied to the identification of laminae on the subcentimeter scale
because of its high vertical resolution (~5mm) (Figure 1A). For example, Wang et al. [30]
and Pang et al. [25] offered the characteristics of shale multiscale laminae of Fengcheng
Formation in Mahu Sag and Lucaogou Formation in Jimusar Sag through imaging logging,
respectively, which provided insights for the prediction of sweet spots in the study area.
It should be noted that the resolution of the image tool is limited (the vertical resolution
is usually 5 mm), which can lead to the loss of microscopic lamina information [30,34].
In other words, the laminated structure investigated by imaging logs is strictly more of a
laminar combination, which may contain a large number of basic laminae on the pum scale.
Overall, the joint use of multiple methods is the key to the effective evaluation of multiscale
laminae (Figure 1).
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Figure 1. The identification of multiscale laminae in shale reservoir based on the combination of
multiple methods, modified after Pang et al. [25], Xu et al. [20], Wu et al. [11], and Wang et al. [18].
(A) Laminae structure and their characteristics on FMI image logs. (B) The recognition of laminae
on core images and XRF scan. (C) Various laminated types represented by thin section images.
(D) Various laminated types represented by SEM images.

3. Descriptive Classification of Shale Laminae

Currently, a number of categories have been used to divide the shale
laminae [27,29,30,35-38]. Among them, mineral composition is the most common ba-
sis for classification. In such cases, with the application of image observation, clay mineral
lamination, felsic lamination, carbonate lamination, and organic matter lamination are
widely recognized in the lacustrine shale systems of China (Figure 1) [20,21,38-40]. Fur-
thermore, the parameters of lamina, e.g., continuity, shape, and geometry, are used to
capture lamination (Figure 2). With these results, three major categories and 12 subclasses
of laminae are proposed [35,37], and common lamination patterns and their corresponding
images are shown in Figure 2. In addition, Shi et al. [22] divided laminae into thin parallel
laminae, thick parallel laminae, wavy laminae, lenticular laminae, sandy laminae, and
weak laminae according to the laminar shapes and structures. Moreover, Dong et al. [41]
determined the thickness of bedding through core observation and thin section identi-
fication, classifying laminar spacing >50 cm as massive, 10-50 cm as layered, 1-10 cm
as thin laminae, 1 mm-1 cm as laminae, and <1 mm as sheet. The demarcation point
between laminae and layers, according to Liu et al. [27], was set at 1 mm (laminae < 1 mm,
layer > 1 mm). Similarly, the value of 1 cm to distinguish lamina and layered structure
was implemented in the work of Pang et al. [25]. The aforementioned discussion indicates
that the laminae have gradually undergone a transformation in terms of classification and
characterization from a single feature to a comprehensive feature [17,42,43]. Laminae can
no longer be accurately described solely by virtue of their thickness, shape, and mineral
composition.
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Figure 2. Descriptive terms for lamina continuity, shape, and geometry, modified after Lazar et al. [37]
and Campbell [35]. Solid yellow lines indicate continuous laminae, and dashed yellow lines indicate
discontinuous laminae.

4. The Role of Laminae for Shale Oil Enrichment and High Yield
4.1. Control of Laminae on Reservoir Property

The occurrence states of oil molecules in shale reservoirs including free oil occurs
in pores and microfractures, adsorbed oil storage in kerogen and on the mineral particle
surface, and a small amount of oil that dissolves in the kerogen [44-47]. The work of
Chen et al. [48] pointed out that about 80% of shale oil is distributed in macropores of
shale reservoir. Hence, the pore structure, including pore size, pore volume, and porosity,
possesses an important influence on shale oil storage capacity [49-53]. In addition, previous
studies have indicated that the contact boundary between various laminae belongs to the
mechanically weak surface of shale rock, which easily forms laminar fractures during
geological evolution, thus improving the reservoir’s physical properties [8,9,12,54-56].
For example, using NMR and helium porosity tests, Wang et al. [57] and Ning et al. [58]
systematically compared shales with different structures in Dongying Sag. Their works
pointed out that laminar shales have higher porosity and permeability, followed by layer
shales, with massive shales having the lowest (Figure 3A—C). Similar conclusions were
demonstrated in [38,59-66]. In particular, based on the quantitative detection of high
pressure mercury injection, Bao [60] and Zhang et al. [61] further proposed that the porosity
of lamellar shale is mainly provided by pores with a size of 10-30 nm, and the contribution
rate is about 32.6-55.2%. Meanwhile, pores with a size of more than 100 nm also have a
certain contribution. However, the porosity of massive shale is mainly provided by pores
smaller than 10 nm, which generally account for 57.96-99.64% of the total effective pores,
with an average value of 78.14%. More importantly, no pores with a size larger than 100 nm
could be observed in the massive samples [60,61]. It is worth noting that many studies
have also found pores with a diameter of >100 nm in massive shale, but the number is
obviously lower than that of laminated shale [57,59,62,67-71].
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Figure 3. Frequency distribution of physical properties and oil saturation of different lamina structure,
modified after Ning et al. [58]. (A) and (D) Frequency distribution of porosity and oil saturation of
laminated shale. (B) and (E) Frequency distribution of porosity and oil saturation of layered shale.
(C) and (F) Frequency distribution of porosity and oil saturation of massive shale.

According to the quantitative statistical results of SEM images, on the other hand,
Liu et al. [68] and Zhang [72] identified that various pore types are developed in shales with
different structures in the Shahejie Formation of Jiyang Depression (Figure 4). However,
the development degree of these pore types is quite different. Among them, lamellar shale
is dominated by micron and ultra-micron storage spaces, while massive shale is mainly
composed of interlamellar pores and shrinkage pores on the mesopore scale. Pore con-
nectivity is another important parameter to describe the shale reservoir properties [73,74].
Jiang et al. [71] compared the nuclear magnetic resonance and mercury intrusion data of
shale, and they concluded that the pore connectivity is ordered as follows: laminated shale
> layered shale > massive shale. The same phenomenon was presented using fluid tracer
migration [63] and CT scanning [23].

Collectively, the development of laminae promotes the formation of laminar microfrac-
tures. In such cases, the pore size of the laminated shale is obviously improved. Moreover,
the microfractures can connect the pores, further increasing the porosity and permeability of
shale reservoirs [69,71,72]. It is worth noting that the types of laminae are varied (Figure 1).
Laminae composed of different minerals also have significantly different characteristics
of compaction resistance, which leads to different pore structures between laminae. For
example, through quantitative statistics of SEM images of different laminae in the Kongdian
Formation shale, Li et al. [24] comprehensively pointed out that the internal pore diameter
of carbonate laminae is small due to mineral cementation. At the same time, compared to
mixed laminae (mainly composed of clay minerals and siliceous minerals), the work of
Xin et al. [21] demonstrated that siliceous laminae possessed superior average porosity and
pore size. In addition, Wu et al. [11] found that the porosity and pore size were smaller
because of the toughness of the clay laminae and organic matter laminae. As mentioned
above, the development characteristics of laminae control the storage conditions of shale
reservoirs, which is the basis for shale oil enrichment [47,49,59].



Energies 2023, 16, 1661

60of 17

Porosity (%)

0

<— Nanometer scale—> €——— Micrometer scale > <€ Ultra-micron scale ——>
= O Laminated shale
- [] Layered shale
- O Massive shale
ij M= B | H—‘H 1 . ] !_\T il H , ‘ ‘ HH
OM evolution Biostructure Clay OM shrinkage Clay Calcite Dolomite IntergranularCarbonate Carbonate Tectonic Tectonic
pore Pore interlamellar pore shrinkage intergranular intergranular pore of  dissolution intergranular tension shear
pore pore pore pore debris pore fracture fracture fracture
Pore types

Figure 4. The main types of reservoir space contribute to the shale porosity for different lamina
structure, modified after Zhang [72].

4.2. Influence of Laminae on Oil-Bearing Property

The oil-bearing property of shale refers to the hydrocarbon content retained in reser-
voirs [46,75]. Likewise, the retention behavior of oil molecules is closely related to the pore
structure [46,76,77]. To sum up, from the above discussion, the increase in lamina develop-
ment seems to be beneficial for the increase in shale o0il content [11,53,58]. Ning et al. [58]
analyzed Shahejie Formation shales in the Dongying Sag and reported more frequent
laminae and a higher oil saturation in the shale. Specifically, the oil saturation of laminated
shale is generally above 30%, while that of massive shale is less than 20% (Figure 3D-F). In
particular, Shi et al. [22] further compared the difference in oil content in different lamina
including thin parallel laminae, thick parallel laminae, wavy laminae, lenticular laminae,
weak laminae, and sandy laminae. The first three types of laminae had good continuity and
exhibited higher oil saturation values than the latter three types, which had poor laminar
continuity. In addition, the free hydrocarbon content (S;) based on Rock-Eval pyrolysis was
also used to investigate the oil content in shales [11,20,57,78,79]. The evaluation results also
revealed that the oil-bearing property was higher in laminated shale than that in massive
shale [21,53,57]. In addition, the fluorescence characteristics are also important parameters
to describe the occurrence and enrichment characteristics of shale oil [80,81]. Collectively,
the observations of fluorescence thin sections under planepolarized light and fluorescence
light show that the fluorescence in laminar shale samples is strong, and it is distributed
linearly along the laminated plane or locally concentrated. However, the fluorescence
in massive shale is dim and scattered in speckled features [75,82-84]. This phenomenon
further proves that laminated shale has good oil-bearing properties.

In reality, the laminae can also affect the shale oil content by controlling the expulsion
and retention of petroleum [70,82,84]. Generally, the contact surface between different
types of laminae is the weak zone in the rock with the lowest rupture strength [58,69].
During the process of hydrocarbon generation and pressurization, these contact surfaces
form a large number of microfractures, which promote oil discharge along the microfrac-
tures [13,29,47]. In particular, hydrocarbon generation simulation experiments have re-
vealed that under the same or similar conditions, laminated shale has greater oil gen-
eration capacity (Figure 5) [85-87]. In such cases, the development degree of microfrac-
tures and the efficiency of hydrocarbon expulsion in lamellar shales can be further im-
proved [47,57,82]. However, the well-developed laminated fractures can also significantly
improve the pore structure and provide important reservoir space for oil storage in a shale
system (Figures 3 and 4). Even though a large amount of shale oil may be expelled, as a
result, the considerable storage space and oil generation capacity of laminated shale also
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ensure the demand for shale oil enrichment [88,89]. For this reason, the oil-bearing property
of laminated shale is still superior under the background of higher oil discharge efficiency
(Figure 5). Overall, the laminar structure affects the hydrocarbon generation and expulsion
process of shale oil, thus controlling the oil-bearing characteristics.

Generated oil (§*kgc,, ) Generated oil (3*kgc.,, )
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Figure 5. Ratio of generated and expelled oil of different laminar structure shales with simulated
temperature, modified after Zhang et al. [86]. The TOC, Ro, and kerogen type of laminated shale
are 3.2%, 0.42%, and type I, respectively, while those of massive shale are 2.05%, 0.42%, and type IIj,
respectively.

4.3. Effect of Laminae on Shale Oil Mobility

The mobility of petroleum in shales is the key to the high yield of shale oil
wells [44,58,90-92]. On the one hand, the mobility of shale oil depends on the proper-
ties of hydrocarbon fluids [47,93-96]. Complex physical and chemical reactions occur when
different complex hydrocarbon compounds flow in micro- to nanopore throat media with
different mineral properties [8,97]. In addition to the scale effect, this also includes the
adsorption of crude oil components (e.g., gaseous hydrocarbons, saturated hydrocarbons,
aromatic hydrocarbons, and asphaltenes) on different minerals [98-100]. Generally, ad-
sorbed oil occurs in the form of high-density solidlike or embedded kerogen on the surface
of minerals, and it is immovable without additional forces [47]. Considering the properties
of oil in shale reservoirs, more light components are beneficial to an increase in movable oil
contents [101,102].

On the other hand, reservoir conditions also play specific roles in controlling the
flowability of shale oil, and fluid mobility is treated as weaker in small-scale pores
(Figure 6) [71,103,104]. For example, the work of Zou et al. [49] found that the lower
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threshold for oil storage and flow is a pore throat of 20 nm through simulations of a
nanoporous template with a controllable pore diameter. At the same time, similar critical
pore sizes, e.g., 10 nm [58,90,105], 12.1 nm [96], 30 nm [53], and 40 nm [106], for shale oil
flows have been widely reported in related studies based on the SEM observations and
quantitative calculation. A molecular dynamics simulation conducted by Wang et al. [107],
through adsorption simulations of alkanes onto a graphene surface (oil-wet), proposed that
alkanes only flowed after exceeding the critical pore size. The proportion of movable oil
gradually increases with increasing pore size. Moreover, this work further realized that
the fluidity of oil molecules in slit pores is better than that in circular pores (Figure 6). On
the other hand, Cui and Cheng [108] suggested that movable shale o0il was also related to
the porosity, and the movable oil content increased with increasing porosity [60,89]. As
mentioned above, the development of laminae can effectively improve the pore diameter,
pore volume, and porosity of shale reservoir (Figures 3 and 4). Compared to massive shales,
the laminated shales, thus, possess a higher movable oil proportion (Figure 7). Moreover,
Ning et al. [58] and Jiang et al. [71] noted that the development of laminae can also increase
the connectivity of the shale reservoir, which is conducive to improving the flow capacity
of shale oil.
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Figure 6. Effects of pore size, pore type, and adsorption layer thickness (t;) on the proportion of
adsorbed pore volume in the total space, modified after Wang et al. [107].
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4.4. Impact of Laminae on Shale Fracability

Compared to conventional reservoirs, the physical characteristics and flow capacity of
shale oil reservoirs are quite poor [109,110]. Therefore, using fracturing techniques is essen-
tial to connecting matrix pores and achieving commercial productivity of shale oil [111,112].
For this reason, fracability is an important factor to take into account when evaluating shale
oil reservoirs [56,113,114]. Studies have demonstrated that shale texture clearly controls the
compressive strengths, elastic moduli, and tensile strengths of fine-grained sedimentary
rocks [56,109,110,114-117]. As for the fine-grained sedimentary rocks, laminated shale is
often formed by alternating brittle laminae (e.g., carbonate lamina and felsic lamina) and
plastic laminae (e.g., clay lamina and organic matter lamina) [11,16,21,22,97]. This situation
enhanced the heterogeneity of the rock’s physical properties and tended to concentrate
stress [110]. In terms of the impact of structural weak surfaces, interfaces of brittle laminae
and plastic laminae are essentially naturally occurring weak planes and frequently the
focus of crack propagation [58,69]. An increase in their quantity facilitated the cracking of
crack propagation along bedding surfaces [109,115,116], and complex networks of cracks
are difficult to form in the process of fracturing (Figure 8A,B) [56,114,118]. Due to their
great plasticity in particular, fractures that result from the fracturing of plastic laminae or
structurally weak surface can be quickly repaired [56,110,114]. Wang et al. [119] conducted
triaxial fracturing modeling experiments and found that lamination limits the height of
hydraulic fracturing.

The influence of laminar thickness and laminar continuity on shale fracability was
also investigated (Figure 8C-F). Some scholars found that, with the increase in laminar
thickness, the weakening degree of laminae to rock decreases, and the brittle index of shale
increases [114,118]. Accordingly, a negative correlation between the laminar thickness and
shale fracability index (The fracability index is characterized as the ratio of the brittleness
index to the fracture toughness. Generally, a higher fracturability index indicates a greater
likelihood of the rock fracturing) was recognized (Figure 8C). Meanwhile, a positive cor-
relation with Poisson’s ratio was observed (Figure 8D). Notably, it does not seem that
thicker laminae lead to a better fracturing effect. For example, Xu et al. [120] proposed that,
when the thickness of shale laminae is moderate (~4 cm), more branching fractures could
be recognized, and the fracturing result would be better. As for the laminar continuity,
its influence on the fracability of shale is similar to the number of laminae (Figure 8E,F).
Actually, this phenomenon is acceptable, as, when the continuity of laminae is great, the
fracturing crack could mainly extend along the interface between different lamina, which
would hinder the vertical bifurcation and turning of cracks [56,114,116,118].

To sum up, from the above discussion, shale fracturing is reduced with well-developed
and strongly continued laminae, but enhanced with laminar thickness (Figure 8). How-
ever, it is worth clarifying that laminated shales have high porosity, large pore diameter,
good pore connectivity, superior oil content, and great mobility [8,9,13,58,59]. More im-
portantly, interfaces of brittle and plastic laminae are usually the main storage space for
shale oil [75,83,84]. The above two factors make it possible to obtain high production even
if only simple fractures are formed during fracturing in laminated shales [58,59]. Therefore,
laminated shales, e.g., laminated argillaceous shales in the Jiyang Depression and laminated
felsic shales in the Huanghua Depression, are usually characterized as the most favorable
lithofacies among the continental shales in China [9,58,59,81,121].



Energies 2023, 16, 1661 11 of 17

12 A 0.6 -
9 10 * 0.5 o
A o ®
O] .. ;\~ (@] o"' °
Tal o e, = l ° o
E81 g2ales ol 504 I A L
= ot 8° ®e . c -~ T e o B
=61. 2°$ e 4 e c0.3 i ¢ ‘o o o,
8L Y o R (7] o .!’.O o o
-C% e .8 o® ® By » P ™ . * & s
O ] “\\0 ° L L4 \*\ © ®e0f0g800 o L ,"/
S 4 o % o o ..0 . 0.02 o .‘.‘ H ° 8] ./', u
L g ® o . o8 o o %
2. ., * S . 0.11 . -
\\ 0g © o /"
0 . . RN . . 0 . . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Laminar number Laminar number
12 c 0.6 D
10 0.5 o
X P ° @ Se
S o °«
e ® = J &)
-E 8 x;’ .. - ‘.(-U, 0.4 .. :. ° ~~~‘
> ° 'o' [ J b P —_ .. ® s~~
-— 2 4 ® ," c 5, T
=6 - o eo o 60.31". o o 2% *o
“o (] ° % ® “ @ o % . .,
Q i ) #° 7] N ® o8 L o ©  § \\
8 /" e ° Red 2= e o® K4 1) o
g 41 . £0.2 SR O AN
Lt ‘ ® xo" ..~~Q 0 ) .. L
2 //' 01 \~\ .
. "' ~~§~
ob—» < 0 - .
0O 0.05 0.1 0.15 0.2 0.25 0.3 0 10 20 30 40 50 60
Laminar average thickness (mm) Laminar thickness variance (mm)
12 = 0.6 E
o, i
10 0.5 g e
é i - » .\\\‘ ® o e ““‘.—
J [ ) e = i ‘_——‘. ®
= 8 g S ...o. % . KX 90'4 e g e° s
3 . ..'. e \.\\ = "‘__.—‘ °
= 6 7 .~~\ 3 ® ° o ® oo oO 3 '__." ° ! ’ ® o o . °
a ~~\~. s & o \\ g e ° ° k. . [ ) = ° ',—"‘
S 4 et v, e T N 3020 %o 0 s ee sfee® et
© ’\ . L ° o Se ‘:0 .:'. ® ¢ .9
I ew T @ H i e® ¢ %o %
21 \\ e ®e 0.11 S ’
~9es -
0 : - o : 0 — : - :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Laminar continuity Laminar continuity

Figure 8. The influence of laminar structure on shale fracability, modified after Xiong et al. [56,114].
(A,B) The effects of laminar number on shale fracability index and Poisson’s ratio. (C,D) The effects of
laminar average thickness on shale fracability index and Poisson’s ratio. (E,F) The effects of laminar
continuity on shale fracability index and Poisson’s ratio.
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5. Conclusions

(1) Sedimentary lamination is the most important visible sedimentary structure in fine-
grained shales. The scales and types of laminae are also multiple. The multiscale
laminar structure ranges from macroscopic lithology changes to microcosmic mineral
superimposition and can be identified from shale systems. The combination of various
probe techniques provides a method for the fine evaluation of multiscale laminae.

(2) The development of laminae facilitates the formation of microfractures in the shale
along the laminar direction. In particular, laminated shales have been identified as
generally possessing a greater TOC content and, therefore, superior hydrocarbon
generation capacity. These two factors allow the laminated shale to retain and store
considerable petroleum even with a higher hydrocarbon expulsion efficiency. In
addition, the large pore diameter and good pore connectivity increase the proportion
of movable oil. Collectively, the laminated texture controls the shale oil enrichment
characteristics.

(3) The laminar structure also plays an important role in controlling shale fracability.
Specifically, fracability declines with increasing laminar number and continuity, but
increases with the improvement of laminar thickness. Notably, the high oil content
and mobility in the laminated shale allow for high production even if only simple
fractures are formed during the fracturing process.

(4) The laminar structure impacts scale exploration and efficient development of oil. Thus,
it is important to strengthen the research on the genetic mechanism and development
distribution of laminar for the prediction of shale oil sweet spots. Furthermore, the
recognition methods of seismic and logging for the identification and prediction of
shale laminae should receive more attention in future work.
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