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To better understand the pore structure and fractal character of lacustrine shales and their influence on liquid hydrocarbon
occurrences, in this study, a total of 29 lacustrine oil-bearing shale samples collected from the Shahejie Formation in the
Dongying Sag, Bohai Bay Basin, were investigated based on nitrogen adsorption (NGA) analysis combined with TOC, Rock-
Eval pyrolysis, X-ray diffraction (XRD), and field emission-scanning electron microscopy (FE-SEM) experiments. The
relationships among the compositions (TOC, minerals, and oil content), pore structures, and fractal dimensions of the
lacustrine shale samples were discussed. The results showed that the adsorption and fractal characteristics of lacustrine oil-
bearing shales differ at relative pressures of 0-0.1 and 0.5-1. Two corresponding fractal dimensions D1 and D2 were determined
by the FHH model according to the nitrogen adsorption branches. Specifically, D1 varies from 2.4292 to 2.6109 (mean 2.5245),
and D2 varies between 2.4680 and 2.8535 (mean 2.6889). The specific surface area (SSA) ranges from 1.512m2/g to 34.002m2/g,
with an average of 13.656m2/g, the total pore volume is between 6.0× 10-3 cm3/g and 48.4× 10-3 cm3/g (mean 24.5× 10-
3 cm3/g), and the average pore diameter is in the range of 4.22 nm to 19.57 nm (mean 9.35 nm). Both D1 and D2 increase with
increasing SSA and increase with decreasing average pore diameters but have no correlation with pore volume. Moreover, D1
and D2 exhibit positive relationships with clay minerals and negative correlations with carbonate minerals (calcite and
dolomite). The relationship between fractal dimensions (D1 and D2) and TOC contents is expressed as a U-shaped curve,
characterized by the minimum D values at approximately 3% TOC. The shale oil content is controlled by the pore structures
and fractal dimensions, and lacustrine shales with lower SSAs and smaller fractal dimensions would have more free oil.
Therefore, lacustrine shales in the oil window with TOC contents ranging from 2% to 4% are probably the preferred shale oil
exploration target in the Shahejie Formation, Dongying Sag, Bohai Bay Basin. The results indicate that fractal analysis can
provide insight into the pore structure characteristics and oil storage capacity of lacustrine shales.

1. Introduction

Due to the large amount of resources, unconventional oil and
gas (including tight sands, coalbed methane, shale oil, and
gas) have become an increasingly important component of
global energy. In particular, the remarkable achievements of
shale gas exploration and exploitation (called the “shale gas
revolution”) in North America have encouraged the world
to explore this new energy source [1]. Meanwhile, shale oil
has also been proven to have considerable resources and is

considered a future worldwide energy source. Shale oil is
widely distributed in continental petroliferous basins in
China, and more emphasis has been gradually placed on
shale oil exploration and exploitation in recent years, stimu-
lated by insufficient shale gas reserves [2–4].

Shale oil is a complex mixture consisting of hydrocar-
bons, nonhydrocarbons, and asphaltenes and exists mostly
in adsorbed and free states in shale pore-fracture systems
[5]. Pore structure determines the content and state of
shale oil. Free oil mostly occurs in larger pores, while
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adsorbed oil primarily occurs in small pores [6, 7]. More-
over, the larger the pore volume is, the higher the content
of shale oil. Previous studies have indicated that shale is a
complex and heterogeneous reservoir characterized by a
wide pore size distribution and large amounts of clay min-
erals and organic matter [8–11]. For the lacustrine shale in
the oil window, clay minerals and brittle minerals (such as
quartz, calcite, and dolomite) provide a main pore space
rather than organic matter, which is different from marine
gas shale [12]. Recently, many studies have been con-
ducted on marine gas shale to reveal its pore structure
and influence on shale gas content [13–19]. However,
although previous studies have been performed to analyse
the pore structure of lacustrine oil-bearing shale, it is
rarely associated with shale oil content [12]. Moreover,
shale oil content is also controlled by the complexity and
heterogeneity of the pore structure.

At present, many specialized techniques have been devel-
oped to investigate the pore structure of shale and can usually
be divided into two categories: direct imaging and indirect
methods. Direct imaging methods, such as field emission-
scanning electron microscopy and X-ray CT, have proven
to be effective techniques to provide direct information (such
as pore types and morphology) about real pore networks [11,
20, 21]. However, the pore structure of shale can be qualita-
tively characterized by indirect methods, such as nitrogen
adsorption (NGA), mercury intrusion capillary pressure
(MICP), and nuclear magnetic resonance (NMR), to obtain
the pore volume, pore size distribution, specific surface area,
etc. [18, 22–25]. Among these methods, NGA is considered
an effective technique to characterize the micropore structure
of shale [15, 16, 26–28]. The nitrogen adsorption datum sug-
gests that shale has fractal geometries, and the fractal dimen-

sions can be used to characterize the shale oil or gas contents
[12, 13].

The main purpose of this paper is to investigate the pore
structure and fractal character of lacustrine oil-bearing shales
from the Shahejie Formation in the Dongying Sag, Bohai Bay
Basin, based on nitrogen adsorption measurements. TOC
content, Rock-Eval pyrolysis, XRD, and FE-SEM tests were
also performed to discuss the relationships between the com-
position and pore structure and fractal dimensions of shales.
Moreover, the effect of pore structure parameters and fractal
dimensions on shale oil content is analysed. The results are
relevant for providing insight into the pore structures and
shale oil storage in lacustrine oil-bearing shale in the Dongy-
ing Sag, Bohai Bay Basin.

2. Samples and Methodology

2.1. Samples. In this study, twenty-nine lacustrine shale core
samples were collected from the Paleogene Shahejie Forma-
tion of 11 shale oil boreholes in the Dongying Sag, Bohai
Bay Basin (Figure 1). This sag is located in the SE of the basin
with an area of approximately 5800 km2. The upper part of
the Paleogene Shahejie Formation fourth member (Es4

U)
and the lower part of its third member (Es3

L) contain thick,
organic-rich shales and are regarded as the main source rocks
with excellent potential for shale oil development [29, 30].
The basic geological background of this sag has been pub-
lished previously [6, 31].

2.2. Methodology

2.2.1. Experiments. A relatively complete experimental pro-
ject was performed, including TOC contents, rock pyrolysis,
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X-ray diffraction (XRD) analysis, field emission-scanning
electron microscopy (FE-SEM), and nitrogen adsorption
(NGA).

Shale core samples were crushed to 100 mesh to conduct
the TOC content, rock pyrolysis, and XRD analyses. An Elab-
TOC analytical instrument (Elam Analytical Instrument Co.,
Ltd, Suzhou, China) was used to measure the total organic
carbon (TOC) of shale samples. The rock pyrolysis tests were
carried out on a Rock-Eval VI instrument. The organic geo-
chemistry parameters, including TOC, S1 (volatile hydrocar-
bon content), and Tmax (temperature of maximum pyrolysis
yield), were obtained. XRD data were collected using a Bru-
ker diffractometer to determine the mineral composition of
shale samples.

An FFI Quanta 200F field emission-scanning electron
microscope was employed to carry out the FE-SEM tests.
The samples were cut parallel to the bedding surface and then
mounted on stubs and hand-polished. Subsequently, a flat
surface was obtained by argon-ion milling. In addition, prior
to this processing, residual oil in shale pores was first
removed using dichloromethane and acetone (3 : 1 in vol-
ume) at 0.3MPa and 90°C for 72 h and dried at 110°C in a
vacuum oven (at -0.1MPa) for 24h. A series of back-
scattered electron (BSE) and secondary electron (SE) images
of the flat surface were collected at resolutions ranging from
1.04 nm to 558nm.

Nitrogen adsorption (NGA) experiments were con-
ducted on a Micromeritics ASAP 2460 specific surface area
and porosity analyser. Shale samples were sieved to obtain
grain sizes of 40-60 mesh (0.25-0.42mm) and then put into
an oil-cleaned instrument for 72h to remove any residual
oil using the same method. Subsequently, the particle sam-
ples were dried at 383K for 12 in a vacuum oven prior to

NGA testing. Nitrogen adsorption-desorption isotherms at
77K were collected for relative pressures (P/P0) ranging from
0.01 to 0.993. In this paper, the total pore volume (PV), spe-
cific surface area (SSA), and average pore diameter were all
obtained from the adsorption branch. PV is the single pore
volume determined at a relative pressure of 0.99. SSA was cal-
culated based on the adsorption data with relative pressures
between 0.05 and 0.35 using multilayer adsorption theory
(Brunauer-Emmett-Teller, BET method). The average pore
diameter (da) was determined by PV and SSA based on the
columnar model.

2.2.2. Fractal Model. The fractal model was introduced by
Mandelbort [32] and is regarded as an effective method for
characterizing the geometry of complex non-Euclidean
shapes. The fractal dimension (D) is a quantitative parameter
to indicate the roughness or complexity of the solid surface.
In three dimensions, the fractal dimension values regularly
vary from 2 to 3, and values closer to 3 mean increasing
roughness or complexity. Several methods have been pro-
posed to calculate the fractal dimension based on gas adsorp-
tion isotherms, while the FHH (Frenkel-Halsey-Hill) model
has been proven to be the most effective and is widely used
for many types of porous rocks [33, 34]. The calculation of
fractal dimensions by the FHH model based on nitrogen
adsorption can be described as follows [33].

ln V
V0

� �
= A ln ln

p0
p

� �� �� �
+ C, ð1Þ

where V represents the nitrogen adsorbed volume at the
pressure of P (the equilibrium pressure); Vo is the volume
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Figure 2: Shale sample mineralogical composition ternary diagram.

4 Geofluids



0

3

6

9

12

15

18

21

24

Q
ua

nt
ity

 ad
so

rb
ed

 (c
m

3 /g
ST

P)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
P/P0

Adsorption

Desorption

H2

F169-5

Ink-bottle pore

(a)

Q
ua

nt
ity

 ad
so

rb
ed

 (c
m

3 /g
ST

P)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
P/P0

Adsorption

Desorption

0

1

2

3

4

5

6

7

8

9
H3

F41-3

Slit-shaped pore

(b)

Figure 3: Continued.

5Geofluids



of monolayer coverage; P0 indicates the saturation vapor
pressure of nitrogen at 77K; and C is a constant. If the micro-
pore structures of shales are fractal, there will be a linear rela-
tionship between ln ðVÞ and ln ðln ðPo/pÞÞ. Fractal
dimension can be derived from slope A.

D = A + 3: ð2Þ

3. Results

3.1. Organic Geochemistry and Mineralogy. The TOC con-
tents, S1 values, Tmax results, and mineral percentages of
the studied samples are listed in Table 1. The TOC content
of shale samples varies from 0.16% to 4.55%, with an average
of 1.76%. The values of S1 were between 0.0941mg/g and

4.6931mg/g (mean 1.1251mg/g). The Tmax value ranges
from 417°C to 463°C, indicating that the organic matter
maturity varies from low to mature. According to Table 1,
the dominant minerals in the lacustrine shales are clay min-
erals, quartz, and calcite. The clay mineral content ranges
from 2.6% to 58.2%, with a mean of 33.84%. The average
content of quartz is 24.88% (5.8%-46.8), while the calcite
content is 1.8%-60.3% (mean 17.2%). Moreover, the shales
contain some amounts of dolomite, plagioclase, and ortho-
clase, with average values of 10.43%, 8.31%, and 2.22%,
respectively. According to the impact of TOC content on
the hydrogen richness [35], two critical values of 1% and
2% were used as the boundary for organic-lean, organic-
bearing, and organic-rich lithofacies [7] (Figure 2). With
respect to these studied lacustrine shales, organic-rich shales
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are mainly dominated by mixed minerals but are highly cal-
careous (calcite and dolomite), while organic-bearing shales
are commonly highly calcareous or felsic (quartz and feld-
spar). Organic-lean shales are characterized by high felsic
or clay minerals.

3.2. Nitrogen Adsorption-Desorption Isotherms. The nitrogen
adsorption isotherms of some lacustrine shales are illustrated
in Figure 3. The adsorption isotherms of the studied shales
belong to type II on the basis of the IUPAC classification
[36]. According to Figure 3, the nitrogen adsorption process
can be divided into three stages. At a low relative pressure
(P/P0 < 0:4), the adsorption amount is low and increases
slowly with increasing relative pressure, which is considered
nitrogen monolayer coverage on the pore surface at this
stage. Subsequently, at a medium-high relative pressure
(0:4 < P/P0 < 0:8), the adsorption amount approximately lin-
early increases as the relative pressure increases, belonging to
the stage of multilayer coverage. Finally, as the relative pres-
sure increases from 0.8 to 1.0, a significant increase in nitro-
gen adsorption is noted, while adsorption saturation is not
achieved when the relative pressure is close to P0 (saturation
vapor pressure). Capillary condensation occurred at this
stage.

In addition, at low relative pressure, the adsorption and
desorption branches of the isotherms almost overlap. How-

ever, when the relative pressure is larger than 0.4, a hysteresis
loop appears between the adsorption and desorption
branches, which can indicate the dominant pore types in
shales. According to the hysteresis loop shape of the nitrogen
adsorption-desorption isotherms, the studied shales belong
to three typical types and a mixed type: H2, H3, H4, and
H2-H3 (Table 2). For type H2, an obvious yielding point
appears in the desorption branch at a relative pressure of
nearly 0.5, resulting in a hysteresis loop, which reflects the
ink-bottle-shaped pores (Figure 3(a)). The corresponding
SEM image shows that the pores are mainly ellipse- or
polygon-shaped dissolution pores (Figure 4(a)). For type
H3, the adsorption and desorption branches are nearly paral-
lel at medium-high relative pressure and steeply increase
when P approaches P0, resulting in a narrow hysteresis loop,
reflecting silt-shaped pores (Figure 3(b)). Moreover, many
plate-like pores are recognized in the SEM images, which
are mainly intragranular pores in clay mineral aggregates
(Figure 4(b)). Type H4 can be recognized by a narrow loop
and a flat adsorption-desorption isotherm, which is associ-
ated with the narrow silt-shaped pores in clay mineral aggre-
gates (as shown in Figures 3(c) and 4(c)). For mixed types
H2-H3, the desorption branch appears upper convex and
forms an obvious hysteresis loop, which is the main charac-
teristic of both types H2 and H3, indicating that both ink-
bottle and silt-shaped pores exist (Figure 3(d)). Both ellipse-

2 𝜇m

(a) F1691-5-SE

10 𝜇m

(b) F41-3-SE

3 𝜇m

(c) H88-1-BSE

3 𝜇m

(d) Y556-2-BSE

Figure 4: SEM images of the studied shales.
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or polygon-shaped dissolution pores in carbonate minerals
and plate-like pores in clay mineral aggregates can be
observed in large numbers (as shown in Figure 4(d)). It can
be concluded that pores generated from carbonate mineral
dissolution are generally ink-bottle shaped and that the intra-
granular pores in clay mineral aggregates are mainly slit-
shaped.

3.3. Micropore Structure. The micropore structure parame-
ters, including the SSA, pore volume, da, and pore per-
centages, are listed in Table 2. The SSA values of the
studied lacustrine shales range from 1.512m2/g to
34.002m2/g with an average of 13.656m2/g. Type H4
shales have the largest SSA, followed by types H2, H2-
H3, and H3. The pore volume is between 6.0× 10-

3 cm3/g and 48.4× 10-3 cm3/g (mean 24.5× 10-3 cm3/g).
The da values vary from 4.22 nm to 19.57 nm, with a mean
of 9.35 nm, larger than those of marine shales from the
Lower Cambrian Qiongzhusi Formation and Lower Silu-
rian Longmaxi Formation [15, 16]. Type H3 and H2-H3
shales have larger da values, with mean values of
11.20 nm and 13.44 nm, respectively. In this study, pore
size classification of the shale oil reservoir proposed by
Zhang et al. [37] was adopted. For the studied shales,
pores less than 25nm occupy the largest proportion (mean
53.88%) of the pore volume, especially types H2 and H4.
The pores between 25nm and 100nm make the second
largest contribution, with an average content of 29.64%.
The larger average pore diameter and the higher content
of pores larger than 100nm of types H3 and H2-H3 lead
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Figure 5: Fractal calculation results from ln ðVÞ vs. ln ðln ðP/P0ÞÞ of nitrogen adsorption from shales.
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to these two types of shale being more conducive to the
storage and flow of shale oil.

3.4. Fractal Dimensions from Nitrogen Adsorption. The FHH
plots of some studied shales with different types of hysteresis
loops are shown in Figure 5. Two distinct linear segments at
relative pressures (P/P0) of 0-0.5 and 0.5-1 are identified,
which indicate that there are two types of gas adsorption
mechanisms occurring in these two regions. At a relative
pressure of 0-0.5, nitrogen monolayer and multilayer cover-
age mainly occurred. Thus, the fractal dimension D1 reflects
the surface fractal dimension [33]. However, nitrogen capil-
lary condensation mainly occurred at a relative pressure of
0.5-1, so the fractal dimension D2 reflected the pore structure
fractal dimension.

The equations of fitting straight lines and fractal dimen-
sions at P/P0 values of 0-0.5 and 0.5-1 are shown in
Table 3. The fractal dimension D1 values of the studied shale
range from 2.4292 to 2.6109, with a mean value of 2.5245,
which is similar to the D1 (mean 2.5990) of marine shale
from the lower Cambrian Qiongzhusi Formation [16] but
larger than the D1 (mean 2.3815) of lacustrine shale from
the Qingshankou Formation of the Songliao Basin [12].
The fractal dimension D2 values are between 2.4680 and
2.8535, with an average of 2.6889, which is similar to the
D2 (mean 2.6892) of the Qingshankou shale but less than
the D2 (mean 2.8022) of the Qiongzhusi shale (mean

2.8022). Thus, the pore surface of the studied shale is more
complex and heterogeneous than that of the Qingshankou
shale in the Songliao Basin.

4. Discussion

Fractal characteristics and pore structures are generally con-
trolled by the lacustrine shale composition, including TOC
content and minerals, which also affect the content and
mobility of shale oil. Therefore, the factors of pore structure
and fractal dimensions will be discussed. Moreover, the oil
contents affected by pore structures and fractal dimensions
are also revealed.

4.1. Factors Effect on Pore Structure. The relationships
among the various pore structure parameters of the stud-
ied shale are shown in Figures 6 and 7. The average pore
diameter shows a negative correlation with SSA but no
correlation with pore volume (Figures 6(a) and 6(b)).
There are positive correlations between SSA and pores less
than 25nm and pores between 25 and 100 nm but a neg-
ative correlation with pores larger than 100nm
(Figure 7(a)). Thus, shales with larger average pore diam-
eters would also have more pores larger than 100 nm,
resulting in a low SSA. Pore volumes are positively corre-
lated with pores less than 25nm but negatively correlated
with pores larger than 100nm. Meanwhile, pore volume
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Figure 6: Relationship among various pore structure parameters.
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has no apparent relationship with pores between 25 and
100nm, which means that there is no apparent correlation
between pore volume and average pore diameter. The SSA
is positively correlated with pore volume except for some
samples with many dissolution pores. The secondary dis-
solution pores in the carbonate minerals generally have
larger pore sizes (as shown in Figure 4(d)). The dissolu-
tion pores make a significant contribution to the pore vol-
ume rather than the SSA. Thus, shales with many
dissolution pores are characterized by a high pore volume
but a low SSA.

The influences of TOC and clay and carbonate minerals
(calcite and dolomite) on the structural parameters are illus-

trated in Figure 8. The SSA and pore volume have no appar-
ent relationship with the TOC content (Figures 8(a) and
8(d)), which is different from the overmature marine shale
in South China. The reason is that there are few organic pores
in the shale within the oil window, which makes organic mat-
ter have no apparent contribution to the SSA and pore vol-
ume of the studied lacustrine shale. The slightly positive
correlations between the clay mineral component, SSA, and
pore volume suggested that clay minerals are the contributor
to the SSA and pore volume (as shown in Figures 8(b) and
8(e)). The SEM images also illustrate that there are many
plate-like intragranular pores in clay minerals (Figures 4(b)
and 4(c)).
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Figure 8: Relationships between the specific surface area and the TOC (a), clay minerals (b), and calcite +dolomite (c) and relationships
between the pore volume and the TOC (d), clay minerals (e), and calcite +dolomite (f).
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In contrast, the slightly negative relationship between
SSA and carbonate mineral content is illustrated in
Figure 8(c). Carbonate minerals such as calcite and dolo-
mite have a large number of dissolution pores, which are
generally much larger than intragranular pores in clay
minerals (Figure 4). Thus, the higher the carbonate min-
eral content is, the more dissolution pores there are,
resulting in a lower SSA. The higher the content of pores
larger than 25nm, the lower the SSA is (as shown in
Figure 7(a)). However, there is no apparent relationship
between pore volume and carbonate minerals. The reason
can be explained from Figure 7(b). Specifically, there is an
obvious correlation between pores larger than 100 nm and
pore volume but no apparent relationship between pore

volume and pores of 25-100 nm, leading to pore volume
not being correlated with carbonate minerals. Dissolution
pores in calcite or dolomite are generally larger than
25nm (Figure 4).

4.2. Factor Effects on Fractal Dimensions. The relationship
between the pore structure parameters and the fractal dimen-
sions is obvious in Figures 9 and 10. The fractal dimensions
(D1 and D2) are positively correlated with the SSA but have
no apparent relationship with pore volume. In contrast, there
are negative relationships between the fractal dimensions and
average pore diameter. The fractal dimensions decrease rap-
idly as the average pore diameter increases. This is because
shales with smaller average pore diameters would also have
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Figure 9: Relationships between D1 and pore structure parameters.
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more pores less than 25nm but fewer pores large than 25nm,
resulting in that the SSA and fractal dimensions also increase.

To reveal the role of TOC and the mineralogical compo-
sitions of shale affecting the fractal dimensions, the correla-
tions between fractal dimensions and TOC, clay minerals,
and carbonate minerals are plotted in Figure 11. The rela-
tionship between the fractal dimensions (both D1 and D2)
and TOC contents is characterized by a U-shaped curve,
which is similar to the data of lacustrine shale from Qing-
shankou Formation documented byWang et al. [12] but con-
trasts that of the aforementioned gas marine shale [13, 16].
For the gas marine shale, a parabola curve was observed
between fractal dimensions and TOC content [16]. In this
study, the U-shaped curve is characterized by a yielding point

at 3.0% TOC content (3.0% is an approximation) when the
fractal dimensions reach minimum values (Figures 11(a)
and 11(d)). Specifically, when the TOC content is less than
3.0%, the fractal dimensions (D1 and D2) decrease as the
TOC content increases. The reasons may be as follows. For
shale in the oil window, there are few pores in the organic
matter, resulting in the pore structure and surface being
almost unaffected by organic matter. Thus, fractal dimen-
sions would not increase as the TOC content increased.
Moreover, the higher the organic matter content (TOC) is,
the more organic acids are produced during the hydrocarbon
generation process, leading to more large dissolution pores in
the carbonated minerals [38], thus decreasing the fractal
dimensions D1 and D2. Meanwhile, both D1 and D2 show

0 5 40353025201510

y = 0.009 × x+2.5653
R2 = 0.6234

2.4

2.5

2.6

2.7

2.8

2.9

BET SSA (m2/g)

D
2

(a)

0 10 20 30 40 50 60
Pore volume (10–3cm3/g)

2.4

2.5

2.6

2.7

2.8

2.9

D
2

(b)

y = 0.00039x2–0.0469+3.0299
R2 = 0.9876

3 6 9 12 15 18 21
2.4

2.5

2.6

2.7

2.8

2.9

D
2

Average pore size (nm)

(c)

y = 0.007 × x+2.31
R2 = 0.8822

20 30 40 50 60 70 80 90
Pore content (<25 nm) (%)

2.4

2.5

2.6

2.7

2.8

2.9

D
2

(d)

40 5035 453025201510

y = 0.0118 × x+3.0372
R2 = 0.878

2.4

2.5

2.6

2.7

2.8

2.9

D
2

Pore content (25~100 nm) (%)

(e)

0 5 353025201510

y = 0.0118 × lnx+3.2056
R2 = 0.6712

2.4

2.5

2.6

2.7

2.8

2.9

D
2

Pore content (>100 nm) (%)

(f)

Figure 10: Relationships between D2 and pore structure parameters.
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negative relationships with carbonate minerals (as illustrated
in Figures 11(c) and 11(f)). This is because shales with a
higher carbonate mineral content generally produce larger
pores due to dissolution.

When the TOC content is larger than 3%, the fractal
dimensions eventually increase as the TOC content increases.
The results may be that as a typical plastic substance, the
higher the organic matter content is, the weaker the compres-
sive resistance of shale, thus producing more complex
smaller pores. Fractal dimensions (D1 and D2) were posi-
tively correlated with clay mineral content (Figures 11(b)
and 11(e)). Clay minerals increase the SSA of shale due to
their layer and flocculent structure (Figure 4), thus producing
smaller pores and enhancing the complexity of the pore

structure and surface. Hence, a higher clay mineral content
leads to the higher fractal dimensions.

4.3. Oil Contents Controlled by Pore Structure and Fractal
Dimensions. S1 is the remaining hydrocarbon content in
shale, which is generally used to characterize the shale oil
content [3]. The OSI (oil saturation index, S1/TOC × 100
mg/g) is widely used to characterize the mobility of shale
oil [39]. In this paper, the relationships between these two
parameters and pore structure and fractal dimensions were
investigated (as shown in Figure 12). There are apparent
negative relationships between SSA and S1 and OSI,
suggesting that shale samples with larger SSAs contain less
free oil. The S1 and OSI of the studied shales show an
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Figure 11: Relationships between fractal dimensions and TOC and mineralogical compositions.
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apparently negative correlation with their fractal dimen-
sions (both D1 and D2) (Figures 12(b), 12(c), 12(e), and
12(f)). Shale with higher levels of free oil generally has
lower values of SSA and fractal dimensions. This phenom-
enon is inconsistent with gas shale. Gas shale with a larger
SSA can provide more adsorption sites for gas molecules.
Moreover, gas shale with higher fractal dimensions has a
more irregular surface and complex pore structure, which
are conducive to gas adsorption. Therefore, the gas adsorp-
tion capacity of gas shale increases as the SSA and fractal
dimensions increase. Conversely, free oil mainly occurs in
large pores; thus, lacustrine shale with a higher free oil con-
tent is commonly characterized by lower values of SSA and
dimensions. Therefore, considering the influence of TOC

on fractal dimensions and the correlations between fractal
dimensions and S1 and OSI, lacustrine shale in the oil win-
dow with a TOC content of 2%-4% is regarded as the opti-
mal shale oil exploration target in the Shahejie Formation,
Dongying Sag. This conclusion is consistent with that
obtained from the Qingshankou Formation, Songliao Basin,
so it can be concluded that lacustrine shale in the oil win-
dow with TOC contents of approximately 3% is probably
the preferred shale oil exploration target.

5. Conclusions

In this paper, the following conclusions were reached.
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Figure 12: Relationships between oil content (S1 and OSI) and pore structure and fractal dimensions.
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(1) Lacustrine shales have different adsorption and frac-
tal characteristics at relative pressures of 0-0.5 and
0.5-1. Two fractal dimensions (D1 and D2) were cal-
culated by the FHH model based on the nitrogen
adsorption branches. D1 ranges from 2.4292 to
2.6109, with a mean value of 2.5245, while D2 is
between 2.4680 and 2.8535, with an average of 2.6889

(2) The average pore diameter has an apparent negative
relationship with the specific surface area (SSA) but
an apparent correlation with the pore volume. There
is a positive correlation between pore volume and the
SSA except for shales with many larger dissolution
pores. The SSA and pore volume have no apparent
relationship with the TOC content but a slightly pos-
itive correlation with the clay mineral content. Car-
bonate minerals show a slightly negative
relationship with SSA but no apparent correlation
with pore volume

(3) The fractal dimensions (both D1 and D2) of shales
increase with increasing SSAs but with decreasing
average pore diameters and have no correlation with
pore volume. The relationships between fractal
dimensions and TOC content are characterized by
U-shaped curves, with a yielding point at 3% TOC
content when the fractal dimensions are minimal.
Moreover, both D1 and D2 were positively correlated
with clay minerals but negatively correlated with car-
bonate minerals

(4) S1 and OSI of shales rapidly decrease as the SSAs and
fractal dimensions increase, so lacustrine shales with
higher contents of free oil are generally characterized
by lower SSA and fractal dimensions. The lacustrine
shales in the oil window with TOC contents of 2%-
4% are regarded as the preferred shale oil exploration
target in the Shahejie Formation, Dongying Sag, and
Bohai Bay Basin.
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