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Abstract The continental shales from the Middle
Jurassic Shimengou Formation of the northern Qaidam
Basin, northwestern China, have been investigated in
recent years because of their shale gas potential. In this
study, a total of twenty-two shale samples were collected
from the YQ-1 borehole in the Yuqia Coalfield, northern
Qaidam Basin. The total organic carbon (TOC) contents,
pore structure parameters, and fractal characteristics of the
samples were investigated using TOC analysis, low-
temperature nitrogen adsorption experiments, and fractal
analysis. The results show that the average pore size of the
Shimengou shales varied from 8.149 nm to 20.635 nm
with a mean value of 10.74 nm, which is considered
mesopore-sized. The pores of the shales are mainly
inkbottle- and slit-shaped. The sedimentary environment
plays an essential role in controlling the TOC contents of
the low maturity shales, with the TOC values of shales
from deep to semi-deep lake facies (mean: 5.23%) being
notably higher than those of the shore-shallow lake facies
(mean: 0.65%). The fractal dimensions range from 2.4639
to 2.6857 with a mean of 2.6122, higher than those of
marine shales, which indicates that the pore surface was
rougher and the pore structure more complex in these
continental shales. The fractal dimensions increase with
increasing total pore volume and total specific surface area,
and with decreasing average pore size. With increasing
TOC contents in shales, the fractal dimensions increase
first and then decrease, with the highest value occurring at
2% of TOC content, which is in accordance with the trends
between the TOC and both total specific surface area and
total pore volume. The pore structure complexity and pore
surface roughness of these low-maturity shales would be
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controlled by the combined effects of both sedimentary
environments and the TOC contents.
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1 Introduction

It is well known that shale gas is a clean and efficient
unconventional natural gas. Ever since a breakthrough
development in shale gas was achieved in the United
States, many countries and regions with abundant shale gas
resources have performed their own shale gas exploration
and development (Zhang et al., 2004; Fildani et al., 2005;
Montgomery et al., 2005; Bowker, 2007; Bernard et al.,
2012; Wang et al.,. 2014). In 2011, the study “Shale gas
resource evaluation and selection of favorable areas in
China” was conducted by the Ministry of Land and
Resources, and the total shale gas geological resources and
recoverable resources in the continental basins of China
were evaluated to be 134.42x10"> m? and 25.08x 10'> m?,
respectively (Zhang et al., 2012). The shale gas potential in
the Qaidam Basin was also investigated, and the shale gas
geological resources and recoverable resources in this
basin were determined to be 2.72x 10" m® and 0.56 x 10"2
m’ respectively, which demonstrate a promising future for
shale gas exploration and development in this region.
There are several sets of shales in the northern Qaidam
Basin, including the Upper Carboniferous Hurleg Forma-
tion and the Middle Jurassic Shimengou and Damengou
Formations. Several studies on the shale resources and
pore structures in this region have been performed (Shao
et al., 2014, 2016; Li et al., 2015; Liu et al., 2015a).

The pore characteristics of shales are always hard
to describe quantitatively because shale reservoirs are
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complex and heterogeneous like coals. Fractal theory has
become a useful tool for the description and quantitative
evaluation of the pore structure (Pfeifer and Avnir, 1983;
Pyun and Rhee, 2004). It is generally acknowledged that
the value of the fractal dimension ranges from 2 to 3, with
the value 2 representing a very smooth pore surface and
homogeneous pore structure, and the value 3 signifying a
very rough pore surface and complex pore structure (Xie,
1996; Pyun and Rhee, 2004). Based on experimental
studies of low-temperature nitrogen adsorption, different
methods for calculating the fractal dimension have been
proposed, including the Frenkel-Halsey-Hill (FHH) model,
the Brunauer-Emmtt-Teller (BET) model and the thermo-
dynamic model (Nakagawa et al., 2000; Gauden et al.,
2001; Li et al., 2016). Among these models, the fractal
FHH method has proven to be useful and effective for
porous materials (Xiao et al., 2013; Yang et al., 2014;
Liang et al., 2015; Liu et al., 2015b; Tang et al., 2015).
Yang et al. (2014), Liang et al. (2015) and Li et al. (2016)
analyzed the fractal characteristics of marine shales with
high maturity from the Upper Ordovician Wufeng
Formation and the Lower Cambrian Niutitang and
Qiongzhusi Formations of the Sichuan Basin, and
discussed the relationships between the fractal dimension
and both permeability and adsorption capacity. Liu et al.
(2015b) investigated the pore structure and fractal
characteristics of organic-rich continental shales with
moderate-to-high maturity from the Upper Triassic

Yanchang Formation in the Ordos Basin. Wang et al.
(2015) analyzed the correlations between the pore structure
parameters and the fractal dimensions of lacustrine shales
from the Upper Cretaceous Qingshankou Formation in the
Songliao Basin. Although a number of related topics have
been discussed, few reports have been made about the
fractal characteristics of the continental organic-rich shales
with low thermal maturity in northwestern China.

For this study, the fractal dimensions of shales of the
Yugia Coalfield in the northern Qaidam Basin were
calculated based on low-temperature nitrogen adsorption
data with the fractal FHH method, and the relationships
between total organic carbon (TOC) contents, pore
structure parameters, and the fractal dimensions were
investigated in detail. It is hoped that these data and results
can contribute to a deeper understanding of the pore
structure system of continental shales with low thermal
maturity.

2 Geological setting

The Yugia Coalfield is located in the central belt of the
northern Qaidam Basin, northwestern China (Fig. 1). The
Middle Jurassic succession in this basin is up to 1 km in
thickness and includes the Dameigou Formation and the
overlying Shimengou Formation. The Shimengou Forma-
tion, composed of continental coarse to fine-grained
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Fig. 1 The location of the studied site and tectonic position of the Yugqia Coalfield, northern Qaidam Basin.
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siliciclastic rocks, mudstone/shale, oil shale, and thin coal
seams, is the main horizon for shale gas exploration
(Fig. 2). This formation has been subdivided into two
members: the Lower Member and the Upper Member. The
Lower Member includes over 10m thick fine-grained
sandstones and siltstones at its base, thick gray sandstone-
mudstone intercalations in the middle section, and gray
black mudstone in the upper part, whereas the Upper
Member contains white medium- to coarse-grained
sandstones at its base, gray fine sandstone and siltstone
in the middle, and thick, black mudstone and oil shale in
the upper part. Among these units, the shale and mudstones
of the upper part of the Upper Member and middle-to-
upper part of the Lower Member are the main shale
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horizons.

According to a previous study (Li et al., 2014), the
Shimengou Formation was deposited in the lower delta
plain and lacustrine sedimentary environments. The
middle-to-upper section of the Lower Member was
deposited in a shoreline-shallow lake setting, whereas the
upper part of the Upper Member formed in a deep to semi-
deep lake environment (Fig. 2).

3 Samples and experimental methods

A total of 22 shale samples were collected from the YQ-1
borehole in the Yugia Coalfield, including 13 samples from
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Fig. 2 The lithology and sedimentary environments of the Shimengou Formation, as well as the sampled positions of the YQ-1 borehole.
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the Upper Member and 9 samples from the Lower Member
(Fig. 2). All the samples were analyzed for TOC content,
vitrinite reflectance, and low-temperature nitrogen adsorp-
tion.

The TOC contents were determined by the LECO
CS230 carbon/sulfur analyzer. The samples, treated by
hydrochloric acid solution, were crushed to grains less than
100 mesh size, then 0.1-1 g samples were pyrolyzed up to
540°C for 2 hours following the Chinese National
standards GB/T 19145-2003 and GB/T 18602-2001.

Vitrinite reflectance was measured with oil immersion
reflected light optics using a Leitz MPV-3 photometer
microscope in accordance with the Chinese National
Standards GB/T 6948-1998. For each sample, approxi-
mately 40 different vitrinite observation points were
selected for measurement, and the averaged data of these
measurements were used.

The low-temperature nitrogen adsorption experiment is
generally used to test specific surface area, pore volume,
and pore structure distribution of shale samples following
the China Petroleum Industry Standard SY/T6154-1995.
We conducted this experiment with a Micromeritic TriStar
I1 3020 surface area and pore size analyzer. All the samples
were sieved to a size range of 0.28 mm to 0.42 mm, each
weighing up 10 g for the experiment. For each sample, the
nitrogen adsorption-desorption isotherm can be derived
under relative pressure ranging from 0.01 to 0.99 at 77 K.
Based on the adsorption data of all samples, the total
specific surface area was calculated using the BET
equation under the relative pressure ranging from 0.05-
0.35 (Brunauer et al., 1938; Gregg and Sing, 1982), and
pore size distribution (PSD) was determined with the BJH
(Barrett-Joyner-Halenda) method (Barret et al., 1951). The
average pore size can be calculated based on the relation-
ship between total specific surface area and total pore
volume combined with a pore model. According to the
BJH pore volume and cylindrical pore model, the
incremental pore volume and incremental surface area of
some relative pressure range can be calculated with the
following equations as follows (Micromeritics Instrument
Corporation, 2012):

2
Vor = 107 '°8(Lypy) [—‘;&] : (1)

SApr = 10" "28(Lpy) (Dayg, ) )

where, Vp;is the incremental pore volume (cm?-g™"); SAp;
is the incremental surface area (m?-g'); Lpis the
incremental length of pores (cm-g'); and D, is the
incremental average pore diameter (A). Therefore, the
volumes and surface areas in specified pore size ranges can
be obtained. For this study, pores were subdivided into
micropores ( <5 nm), mesopores (5 nm to 50 nm), and
macropores (>50 nm) (Luo et al.,, 2014; Shao et al.,
2016). Therefore, the cumulative pore volume and

cumulative surface area of pore size smaller than 5 nm
represents the micropore volume and micropore specific
area, respectively.

4 Results
4.1 The maturity and TOC of shales

From Table 1, we observe that R, values of the shale
samples are between 0.36% and 0.66% with an average
value of 0.47%, and thus, fall into the low thermal maturity
stage. TOC contents range from 0.27% to 9.35%, with an
average of 3.36%, indicating that the Shimengou shales are
rich in organic matter. Furthermore, the TOC contents
generally decrease with increasing R, values (Table 1),
which suggests that the shales with higher R, values and
lower TOC contents have less adsorbed gas (Chalmers and
Bustin, 2008).

4.2 The pore structure of shale samples based on the
nitrogen adsorption-desorption isotherms

The nitrogen adsorption-desorption isotherms of typical
shale samples in this study are shown in Fig. 3. According
to the classification of the International Union of Pure and
Applied Chemistry (IUPAC), the nitrogen adsorption-
desorption isotherms of shale samples belong to type IV
(Sing, 1982). Based on the shape of adsorption-desorption
isotherms, the samples typically showed hysteresis loops,
and two types were subdivided according to the morphol-
ogy of the hysteresis loops: type A (e.g., YQ-1-8) and type
B (e.g., YQ-1-19). For type A, when relative pressure is
low, the adsorption branch is coincident with the
desorption branch. However, when relative pressure
increases, the adsorption and desorption branches separate,
which leads to a distinct hysteresis loop. The hysteresis
loop of type B does not show the plateau at the high
relative pressure compared with type A. Therefore, the
shale samples of type A are mainly characterized by
inkbottle-shaped pores and the samples of type B by slit-
shaped pores.

4.3 Specific surface area, pore volume, and average pore
size

The specific surface area, pore volume, and average
pore size of the Shimengou shales are shown in Table 1.
The specific surface area ranges from 2.2662 m?-g™' to
20.2712 m*-g ', with a mean value of 11.55 m?-g !, about
12 times more than that of a conventional sandstone
reservoir (Donaldson et al., 1975). The total pore volume
is found to be between 12.469 x 107 ¢m?- g and 38.307
x107 em?-g™', with an average of 27.57x107 cm®- g™
The average pore size is in the range from 8.149 nm to
20.635 nm with a mean value of 10.74 nm, which is
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Table 1 TOC contents, vitrinite reflectance, and pore parameters of the shale samples determined with the nitrogen adsorption experiment.

Sample No. Depth/m TOC/% Ro/% AJm>-gy V10 73em®-g Synm A /(m*g ) V(10 3em®-g )
YQ-1-1 475.5-476.5 8.43 - 3.0094 17.756 20.635 1217 0.883
YQ-1-2 479.5-480.5 6.88 - 43426 21.978 17.559 2.167 1.526
YQ-1-3 483.5-484.5 2.98 0.64 2.2662 12.469 18.738 1.209 0.842
YQ-1-4 491.5-492.5 9.35 - 12.3751 31.527 11.284 6.337 4.840
YQ-1-5 495.5-496.5 5.92 0.44 12.5456 31.327 11.238 6.433 4.895
YQ-1-6 499.5-500.5 6.12 - 9.1602 25.06 11.09 5.145 4.046
YQ-1-7 503.5-504.5 3.75 0.39 17.7593 34.247 8.611 10.145 7.669
YQ-1-8 507.5-508.5 8.11 - 5.8828 19.086 11.66 3.301 2.521
YQ-1-9 511.5-512.5 3.23 0.37 12.7104 32.48 10.235 7.476 5.875
YQ-1-10 515.5-516.5 2.83 - 143149 35.006 9.901 8.493 6.700
YQ-1-11 519.5-520.5 1.81 0.40 18.3285 38.307 8.483 11.419 9.051
YQ-1-12 523.5-524.5 4.76 - 12.9194 30.924 8.946 7.824 6.058
YQ-1-13 527.5-528.5 3.83 0.36 14.0817 32.749 8.662 8.842 6.833
YQ-1-14 584.5-585.5 0.32 - 8.3136 18.621 8.993 5.255 4.140
YQ-1-15 588.5-589.5 0.64 0.66 12.9595 25.971 8.61 7.597 5.760
YQ-1-16 592.5-593.5 0.55 - 13.9949 29.267 8.59 8.628 6.848
YQ-1-17 615.5-616.5 0.41 - 12.7884 25.421 8.149 7.954 6.341
YQ-1-18 620.5-621.5 1.24 0.65 202712 36.244 7.794 12.138 9.136
YQ-1-19 624.5-625.5 0.27 - 11.7147 27.412 9.197 7211 5.630
YQ-1-20 628.5-629.5 0.44 - 12.3261 27.758 9.029 7.405 5.854
YQ-1-21 635.5-636.5 1.12 0.48 13.0032 30.258 9.078 7.969 6216
YQ-1-22 641.5-642.5 0.86 - 9.1144 22727 9.705 5.483 4260

—, no data. R,,, vitrinite average reflectance; A, total specific surface area; V,, total pore volume; S,, average pore size; 4 e, the specific surface area of micropores; Vipic,

the pore volume of micropores.

considered to be mesopore sized. Furthermore, the
micropore surface area and micropore volume range
from 1.209 m?-g' to 12.138 m?-g™' (with an average
of 6.802 m*-g™') and from 0.842 x107 cm*-g™' t0 9.136
x107 cm?-g™' (with an average of 5.269x 107 cm?-g ),
respectively.

4.4 Fractal dimension from the nitrogen adsorption
isotherms

According to the fractal FHH model, the equation for
calculating fractal dimensions of shales can be described as
follows (Pyun and Rhee, 2004; Yao et al., 2008):

In (%) = constant+4 [ln <ln <%> > } , 3)

where V' is the adsorbed gas volume at the equilibrium
pressure P; V, is the monolayer volume of adsorbed gas;
P, is the saturation gas pressure; and 4 is the slope between

o oen( )

The double logarithmic curves between the adsorption

volume and the P./P of typical shale samples exhibit a
straight line at the relative pressure stage (Fig. 4). Based on
this method, the linear fitting coefficients of determination
(R?) for all samples can be obtained (Table 2), which are
greater than 0.96, suggesting that these shale samples do
have fractal characteristics. It is worth noting that there are
two separate fractal characteristics under the different
relative pressure ranges (Yao et al., 2008; Wang et al.,
2015; Li et al., 2016), and for this study, a single fractal
dimension for each sample would be appropriate due to the
fitting degree of obtained double logarithmic curves (Yang
et al., 2014; Liang et al., 2015). Furthermore, there are two
formulas used to calculate the fractal dimensions using the
linear slopes (4) (Qi et al., 2002; Pyun and Rhee, 2004;
Rigby, 2005), that is ‘D=3+4" and ‘D=3 +34’,
respectively. As shown in Table 2, the fractal dimensions
calculated by the equation ‘D=3 + A4’ are between 2 and
3, whereas most of the fractal dimensions calculated with
the other equation ‘D =3 + 34’ are less than 2, which stray
from the definition of the fractal dimensions (Pfeifer and
Avnir, 1983; Xie, 1996). Therefore, the fractal dimensions
calculated with the expression of ‘D=3 + 4’ were used for
this study because of these more realistic values. Mean-
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Fig. 4 Double logarithmic curves between adsorption volume and P,/P for typical shale samples.

while, a higher fractal dimension is characterized by more
complex pore structure and rougher pore surface. The
fractal dimensions used here range from 2.4639 to 2.6857
with an average of 2.6122, which are higher than those of
marine shales of the Upper Ordovician Wufeng Formation
in southeastern China (Liang et al., 2015), indicating a
relatively rough pore surface and complex pore structure
for the Shimengou shales.

5 Discussion

5.1  Controls of sedimentary environments on TOC contents
and fractal dimensions

As shown in Fig. 5, the TOC contents of the shales
decrease markedly with increasing depth. The main factor
controlling this relationship is actually the sedimentary
environment. Specifically, the shale samples from the
Upper Member of the Shimengou Formation were
deposited in deep to semi-deep lake environments,
whereas the Lower Member was deposited in shore-
shallow lake environments (Fig. 2). As deep to semi-deep
lake deposits are characterized by more stable hydro-
dynamic conditions and finer-grained deposits than those
of shore-shallow lake deposits (Zhu, 2008; Li et al., 2014),

the TOC contents of the shale samples from the Upper
Member are higher than those from the Lower Member.
Furthermore, the average value of the fractal dimension of
the shales from the Upper Member is 2.59, whereas the
average value for the Lower Member is 2.65 (Table 2).
Therefore, the pore structure is more complex and the pore
surface is rougher in the shale formed in the shore-shallow
lake environments.

5.2 Relationships between the specific surface area, pore
volume, and average pore size

The relationships between the specific surface area, pore
volume, and the average pore size are shown in Fig. 6.
There is a positive correlation between the total specific
surface area and the total pore volume; the linear fitting
coefficient (R?) is 0.8497 (Fig. 6(a)). This positive
relationship becomes more apparent between the specific
surface area and the volume of the micropores (R* = 0.9972
in Fig. 6(b)). There are negative relationships between the
average pore size and both the total specific surface area
and the total pore volume, with the linear fitting
coefficients (R?) of 0.6719 and 0.4356, respectively
(Figs. 6(c) and 6(d)). These relationships are in accordance
with previous studies for the shales (Chalmers et al., 2012;
Yang et al., 2014; Liu et al., 2015b; Li et al., 2016), and for
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Table 2 Fractal dimensions of the shale samples of the Yuqia Coalfield calculated with the fractal FHH equation

Sample No. A D=3+44 D=3+34 R?

YQ-1-1 -0.5361 2.4639 13917 0.9968
YQ-1-2 -0.5126 2.4874 1.4622 0.9975
YQ-1-3 -0.5291 2.4709 1.4127 0.9946
YQ-1-4 -0.3763 2.6237 1.8711 0.9971
YQ-1-5 -0.3685 2.6315 1.8945 0.9964
YQ-1-6 -0.3925 2.6075 1.8225 0.9960
YQ-1-7 -0.3361 2.6639 1.9917 0.9875
YQ-1-8 -0.4372 2.5628 1.6884 0.9880
YQ-1-9 -0.3802 2.6198 1.8594 0.9920
YQ-1-10 -0.3718 2.6282 1.8846 0.9915
YQ-1-11 -0.3444 2.6556 1.9668 0.9809
YQ-1-12 -0.3953 2.6047 1.8141 0.9784
YQ-1-13 -0.3758 2.6242 1.8726 0.9697
YQ-1-14 -0.3533 2.6467 1.9401 0.9842
YQ-1-15 -0.3401 2.6599 1.9797 0.9831
YQ-1-16 -0.3475 2.6525 1.9575 0.9859
YQ-1-17 -0.3387 2.6613 1.9839 0.9785
YQ-1-18 -0.3143 2.6857 2.0571 0.9680
YQ-1-19 -0.3669 2.6331 1.8993 0.9857
YQ-1-20 -0.3601 2.6399 1.9197 0.9831
YQ-1-21 -0.3683 2.6317 1.8951 0.9805
YQ-1-22 -0.3848 2.6152 1.8456 0.9903

A, the slope of the straight line; R, the linear fitting coefficient.
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Fig. 5 Relationship between the TOC contents of shales and
burial depth based on the sedimentary environments in the Yugia
Coalfield of the northern Qaidam Basin.

coals (Yao et al., 2008) from other areas. Furthermore, we
can also observe that the average pore size is negatively
correlated with both the micropore specific surface area
and the micropore volume (Figs. 6(e) and 6(f)); their linear
fitting coefficients (R?) are 0.7182 and 0.7327, respec-
tively. These relationships indicate that shales with smaller
average pore sizes have higher micropore volumes and

micropore specific surface areas, resulting in greater
adsorption capacities (Yang et al., 2014).

5.3 Relationships between fractal dimensions and the
specific surface areas, pore volumes, and average pore sizes

As shown in Fig. 7(a) and Fig. 7(b), the fractal dimension
correlates positively with the total specific surface area and
the total pore volume; the linear fit coefficients (R*) are
0.7641 and 0.4952, respectively. These relationships
indicate that the shales with higher fractal dimensions
may have greater total specific surface areas and higher
total pore volumes. In addition, we have found that the
fractal dimension has a negative relationship with the
average pore size of shale samples (Fig. 7(c)), suggesting
that the shales with complex pore structure or rough pore
surfaces (high fractal dimensions) have relatively small
average pore sizes. Furthermore, significant positive
relationships exist between the micropore specific surface
areas, the micropore volumes, and the fractal dimensions
(Fig. 7(d) and 7(e)), with linear fitting coefficients (R?) of
0.7728 and 0.7806, respectively. Therefore, the micropore
proportions of the Shimengou shales may have significant
impacts on their fractal dimensions.
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Fig. 6 Relationships between the specific surface areas, pore volumes, and average pore sizes of the shale samples from the Yugia

Coalfield, northern Qaidam Basin.

5.4 Relationship between the fractal dimensions and TOC
contents of the shales

Previous studies have reported that the fractal dimensions
of shales increase with increasing TOC content (Yang et
al., 2014; Liu et al., 2015b; Li et al., 2016), or that the
relationship between the two parameters follows a U-
shaped curve (Wang et al., 2015). However, for the
Shimengou shales in the northern Qaidam Basin, the
fractal dimension first increases and then decreases with
increasing TOC contents, and the highest fractal dimension
value is reached at 2% of the TOC content (Fig. 8). During
the low maturity stage of lacustrine shales, nano-scale
pores (mainly in micropores) of organic matter are rare,

and they are generally less in quantity than the mineral
matrix pores (Dow, 1977; Loucks et al., 2012; Cao et al.,
2015). Therefore, changes in organic micropores would
play an important role in changing the pore structure and
fractal characteristics (Figs. 7(d) and 7(e)). Meanwhile,
supporting effects of shales developed in deep to semi-
deep lake environment (relatively fine-grained deposits)
are weaker than those deposited in shore-shallow lake
settings (relatively coarse-grained deposits). When TOC
content is less than 2%, micropore contents increase with
increasing TOC (Wu et al., 2014), which can also be
preserved under a stronger supporting force, thus, this
positive effect results in higher total specific surface area
and total pore volume (Figs. 9(a) and 9(b)). When the TOC
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Fig. 7 Relationships between the specific surface areas, pore volumes, the average pore sizes, and the fractal dimensions of the shale

samples from the Yuqia Coalfield, northern Qaidam Basin.

content is higher than 2%, the contents of the mineral
matrix would decrease and some existing nano-scaled
pores would be filled with excessive TOC under a
relatively weaker supporting force, thus, the negative
effects would become dominant and result in lower total
specific surface area and total pore volume (Milliken et al.,
2013). Therefore, in conjunction with the positive correla-
tions of the fractal dimension with total specific surface
area and total pore volume (Figs. 7(a) and 7(b)), the
relationship between the fractal dimension and TOC
content is characterized by an inverted U-shaped curve
(Fig. 8). The combined effects of both sedimentary
environment and TOC content thus control the pore

structure complexity and pore surface roughness of low-
maturity shales. Based on these relationships, we conclude
that pore structure becomes more complex with increasing
of TOC contents when the shales are from shore-shallow
lake settings, whereas pore structure becomes more
homogeneous with increasing TOC for shales deposited
in deep to semi-deep lake environments.

6 Conclusions

(1) The average pore size of the Shimengou shales is
within the range of 8.149-20.635 nm with a mean value of
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Basin.

10.74 nm, which is considered as mesopore sized. These
pores are mainly characterized by inkbottle and slit shapes.

(2) The TOC contents of the shales range from 0.27% to
9.35% with an average value of 3.36%, indicating that the
Shimengou shales are rich in organic matter. The
sedimentary environment plays a decisive role in deter-
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mining the TOC contents, and the TOC contents of shales
from deep-semideep lake environments are higher than
those from shore-shallow lake settings.

(3) The fractal dimensions range from 2.4639 to 2.6857
with an average of 2.6122, higher than the typical values
for marine shales, which indicates that the Shimengou
shales have relatively rough pore surfaces and complex
pore structures.

(4) The fractal dimensions increase with the increasing
total pore volume and total specific surface area, and with
decreasing average pore size. The fractal dimension first
increases and then decreases with increasing TOC contents
in the shales. The maximum fractal dimension value is
reached at 2% of the TOC value, which is in accordance
with the trends between the TOC contents and both the
total specific surface areas and the total pore volumes. The
combined effects of both sedimentary environment and
TOC content thus control the complexity of the pore
structure and roughness of the pore surface for low-
maturity shales.
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