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ABSTRACT

As shale oil occurs primarily in micro—nano pores and fractures, research about the effect of pore
structure on shale oil accumulation has great significance for shale oil exploration and development. The
effect of pore structure on shale oil accumulation in the lower third member of the Shahejie formation
(Esh), Zhanhua Sag, eastern China was investigated using gas adsorption, soxhlet extraction, nuclear
magnetic resonance (NMR) analysis, and field emission scanning electron microscope (FE-SEM) obser-
vation. The results indicated that the samples contained a larger amount of ink-bottle-shaped and slit-
shaped pores after extraction than before extraction. The pore volume and specific surface area of the
samples were approximately 2.5 times larger after extraction than before extraction. Residual hydro-
carbon occurred primarily in the free-state form in pores with diameters of 10—1000 nm, which can
provide sufficient pore volume for free hydrocarbon accumulation. Therefore, pores with diameters of 10
—1000 nm were regarded as “oil-enriched pores”, which are effective pores for shale oil exploration,
whereas pores with diameters smaller than 10 nm were regarded as “oil-ineffective pores”. Samples with
only well-developed small pores with diameters smaller than 1000 nm showed high oil saturation,
whereas samples with both small pores and also relatively large pores and micro-fractures presented low
oil saturation. As the minimum pore size allowing fluid expulsion is 1000 nm, pores with diameters
greater than 1000 nm were considered as “oil-percolated pores”. Large pores and micro-fractures are
generally interconnected and may even form a complex fracture mesh, which greatly improves the
permeability of shale reservoirs and is beneficial to fluid discharge.

© 2017 Published by Elsevier Ltd.

1. Introduction

Appalachian Basin (Curtis, 2002). Although production from shale
was limited for many decades, shale oil and gas have recently

The first commercial production of natural gas in the United become important energy sources in North America (Montgomery
States (1821) was from an organic-rich Devonian shale in the et al.,, 2005; Jarvie et al., 2007; Chalmers and Bustin, 2008; Ross and
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Bustin, 2008). The great success of shale oil and gas production in
North America has aroused widespread interest across the world. In
recent years, petroleum scientists in China have initiated research
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(C. Xu).
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gets for oil and gas exploration (Jiang et al., 2012; Guo, 2014; Wang,
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Shale oil refers essentially to the liquid hydrocarbon that is
enriched in micro—nano pores and fractures in organic-rich shale,
which occurs in the free, adsorbed, and dissolved states (Curtis,
2002; Jarvie et al., 2007; Ji et al., 2015). Before the potential of oil
production from shale was revealed by the shale-oil boom, organic-
rich shale had always been considered as source rock in the
exploration and development of conventional oil, which means
that shale oil is the left-behind hydrocarbon that could not be
expelled into adjacent conventional reservoirs (Li et al., 2015b). This
“left-behind” hydrocarbon naturally remains in micro—nano pores
and fractures of shale reservoirs, such as micropores (<2 nm),
mesopores (2—50 nm), and macropores (>50 nm) (Tang et al., 2016;
Wang et al., 2016; Li et al., 2017a). The practical exploration and
development of shale oil demonstrated that micro—nano pore
structure, such as pore size, volume, specific surface area, shape,
and connectivity, played an extremely important role in the
enrichment and percolation of shale oil (Javadpour et al., 2007;
Haroonabadi and Haghifam, 2013; Ji et al., 2014; Li et al., 2015b;
Pan et al, 2015). Li et al. (2015b) analysed the relationship be-
tween pore volume and oil content of the Qingshankou shale in the
northern Songliao Basin and stated that the oil content of shale
samples was controlled by only larger pores such as mesopores and
macropores. On the contrary, Pan et al. (2015) performed an anal-
ysis of the Upper Permian Dalong shale in the northwestern margin
of the Sichuan Basin and revealed that residual organic matter in
shale samples occurred in micropores and small mesopores.

In recent years, many advanced techniques have been used to
study the micro—nano pore structure of shale reservoirs (Chalmers
and Bustin, 2007; Ross and Bustin, 2007, 2009; Clarkson et al., 2013;
Li et al.,, 2016), and low-pressure adsorption and nuclear magnetic
resonance have become two commonly used methods. Low-
pressure adsorption can measure the pore volume, specific sur-
face area, and pore size distribution (PSD) in shale reservoirs using
CO; and N as adsorbates (Chen et al., 2011, 2016; Clarkson et al.,
2013; Mastalerz et al., 2013). Because CO5 is able to enter 0.35 nm
pores, CO, adsorption is used primarily to obtain the distribution
characteristics of micropores (Cui et al., 2010; Chalmers et al., 2012;
Tian et al., 2012). It is generally known that capillary condensation
must be used to calculate PSD with N, adsorption (De Boer and
Lippens, 1964; Rouquerol et al., 1994). Capillary condensation can
occur only when the relative pressure is greater than 0.35 (Sing
et al., 1985; Kondo et al., 2006). According to the Kelvin Equation,
the larger the pore is, the higher the relative pressure required for
capillary condensation is. When capillary condensation occurs in
large pores, the relative pressure is close to the saturated vapour
pressure, which is difficult to measure in an experiment. Therefore,
N, adsorption cannot finely characterise parts of micropores, rela-
tively large pores, and micro-fractures within shale (Li et al., 2015b;
Tang et al., 2016), which have upper and lower limits as measured
in this study of 300 nm and 2 nm, respectively.

NMR analysis can obtain the characteristics of pore structure
and fluid distribution in shale reservoirs using the NMR phenom-
enon, and it has advantages in studying shale reservoirs because of
its characteristics of being rapid, non-damaging and accurate (Brai
et al., 2007; Saidian and Prasad, 2015; Xu et al., 2015; Li et al., 2016;
Mehana and El-Monier, 2016). When samples containing fluid are
in a uniform static magnetic field, hydrogen protons in the fluid are
polarised, generating a magnetic vector. At this time, the hydrogen
protons are stimulated by a frequency pulse to produce the NMR
phenomenon. After removing the frequency pulse, a signal with
amplitude that attenuates with time can be obtained. Generally, a
transverse relaxation time (T,) spectrum can be used to measure
the attenuation rate of the nuclear magnetic signal, which is uti-
lised to study shale characteristics (Coates et al., 1999; Wang, 2009;
Sun et al., 2012; Li et al., 2016). According to the basic principle of

NMR, there is a positive correlation between the T, of hydrogen
protons in the pore water and the pore size (Kleinberg et al., 1993;
Dunn et al., 2002; Yao et al., 20104, b; Sun et al., 2012; Huang et al.,
2015; Tan et al., 2015), specifically, the T, distributions reflect the
PSD: small pores have short relaxation time, whereas large pores
and micro-fractures have long relaxation time (Li et al., 2016).
Moreover, the amplitude of the T, spectrum reflects the proportion
of pores with different diameters in shale. That is, the stronger the
T, spectrum amplitude is, the more developed pores with its cor-
responding diameters are. The T, measured by NMR analysis is
normally between 0.01 and 1000 ms, corresponding to the pore
size range of 1-100,000 nm (Li et al., 2016). Therefore, NMR can
finely characterise parts of large pores and micro-fractures within
shale samples.

The ESlg member in the Zhanhua Sag is the main set of lacustrine
shale-oil producing series in eastern China. Many studies of the Es}
shale have been carried out, and these concentrate mainly on the
basic features of the shale reservoirs, such as mineral composition,
porosity, and permeability (Song et al., 2011; Liu et al., 2012; Wang
et al, 2013a; Li et al., 2015a). However, research on the pore
structure is relatively limited in the study area, and there is a
particular paucity of research about the effect of pore structure on
shale oil accumulation. Therefore, the aim of this study was to
clarify the effect of pore structure on shale oil accumulation based
on the methods of low-pressure gas adsorption, soxhlet extraction,
NMR analysis, and FE-SEM, thus providing a scientific basis for
shale oil exploration and development.

2. Geological setting and samples

The Zhanhua Sag is located in the northeastern Jiyang Depres-
sion, Bohai Bay Basin, eastern China (Fig. 1). It covers an area of
2800 km? and is located north of the Chenjiazhuang Uplift and west
of the Kendong Uplift. Its western and northern sides are bounded
by the Yidong Fault and the Chengdong Fault, respectively. The
tectonic units in the Zhanhua Sag include the Gubei Sag, Bonan Sag,
Gunan Sag, Fulin Sag, Sikou Sag, Kenxi Sag, and Gudao Uplift. Faults
are well-developed in the Zhanhua Sag and include three major
NW-trending faults, the Luoxi Fault, Guxi Fault, and Wuhaozhuang
Fault, and a series of NE- and EW-trending faults (Zhang et al.,
2005; Wang and Hu, 2014; Li et al., 2015a).

The Zhanhua Sag includes a very thick sequence of Cenozoic
strata (Fig. 2). Paleogene shale occurs principally in the Shahejie
formation (Song et al., 2015). The Esy member is a major horizon of
shale deposition and is a favourable horizon for shale oil produc-
tion. Many wells have been drilled through the shale reservoirs in
the Es member and have produced high-yielding commercial oil
flows (Liu et al., 2012; Zhao et al., 2012; Wang et al., 2013b).

Because strong movement along the major faults resulted in
crustal extension, basin subsidence, and increased water depth, the
sedimentation period of the Es} member in the Zhanhua Sag is
considered to be the main period of source rock deposition. The
lithology is predominantly grey and dark-grey shale, with a small
amount of siltstone, belonging to moderate—deep lacustrine facies
(Wang, 2015).

For this study, 18 core samples were collected from the Es}
member in the Luo-69 well within the Zhanhua Sag (Fig. 1). The
Luo-69 well is an exploratory well drilled through the Neogene
Minghuazhen and Guantao formations and the Paleogene Dongy-
ing, Shahejie, and Kongdian formations (from top to bottom)
(Fig. 2). The Es member, located at depths of 2910 m—3130 m in
the Luo-69 well, is the interval of interest in this study. It is char-
acterised by a high abundance of organic matter with total organic
carbon (TOC) contents ranging from 0.52 wt.% to 9.32 wt.% (average
of 3.00 wt.%). The kerogen in the Es} shale contains predominantly
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Fig. 1. Map of the study area in the Zhanhua Sag, Jiyang Depression, Bohai Bay Basin, eastern China.

Types I and Il organic matter, presenting an incline to Type I and II;.
The Es} shale is currently in the oil window and has vitrinite
reflectance (Ro) values ranging from 0.70% to 0.91% (Li et al., 2017a,
b). Therefore, the Es} shale contains good materials for oil genera-
tion, and previous studies have proven that the Es shale has indeed
generated a certain amount of hydrocarbons in its geological his-
tory (Liu et al., 2012; Wang et al., 2013b; Song et al., 2015).

3. Experimental methods
3.1. Gas adsorption and soxhlet extraction

Low-temperature low-pressure (7715 K at 1013 kPa) N
adsorption is a common method for characterising pore structure
(Rouquerol et al., 1994). The specific surface area was obtained
using the Brunauere—Emmette—Teller method (Brunauer et al.,
1938). The PSD and pore volume were calculated using the Bar-
rette—Joyner—Halenda theory (Brunauer et al., 1938; Barrett et al.,

2014). Eight samples of shale were measured using a four-type
automatic surface area and porosity physical adsorption instru-
ment (Table 1). Each sample (approximately 1-2 g) was crushed
into grains of 60—80 mesh size (180,000—250,000 nm) and auto-
matically degassed at 383.15 K under vacuum for 14 h to remove
adsorbed moisture and volatile matter before analysing with N».

CO, adsorption is more suitable for characterising the pore
structure of micropores (Cui et al., 2010; Chalmers et al., 2012; Tian
et al,, 2012). Thus, the eight samples were used for CO; adsorption
after the Ny adsorption. Before the test, each sample was placed
into a vacuum drying oven for 2 h for vacuumisation. The specific
surface area was obtained using the CO, isothermal adsorption
method at 273.15 K, whereas the PSD and pore volume were
calculated using the Density Functional Theory model. Each sample
was measured using a NOVA4200e specific surface area and pore-
size distribution analyser.

Soxhlet extraction is a common method for extracting soluble
organic matter from shale based on the theory of similarity and
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Fig. 2. Comprehensive stratigraphic column of the Jiyang Depression.

intermiscibility (Pan et al., 2015; Liu et al., 2016a, b; Xiong et al.,
2016; Ji et al., 2017). After the N, and CO, adsorption, the eight
shale samples were used for soxhlet extraction. Each sample was
extracted for 24 h using a mixed solution (250 mL CH;Cl; and 5 mL
CH30H; boiling temperature of 348.15 K). Finally, after the soxhlet
extraction, each sample was tested again by N, and CO, adsorption.

3.2. NMR analysis

NMR analysis is an advanced method that can be used to analyse
shale pore structure and fluid distribution characteristics by using
the NMR phenomenon (Brai et al., 2007; Saidian and Prasad, 2015;
Xu et al,, 2015; Li et al.,, 2016; Mehana and El-Monier, 2016). Ten
bulk samples were saturated with water (mineralisation degree of
20,000 ppm) for 8 h at 25 MPa (Table 2). Then, the pore structure
characteristics of the shale were obtained by NMR measurements
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Table 1
Samples parameters of gas adsorption and soxhlet extraction.

Sample ID Depth (m) Chloroform Bitumen A (%)
L1 2947 0.29
L2 2962 0.27
L3 3025 1.32
L4 3055 1.13
L5 3060 0.77
L6 3105 0.92
L7 3110 0.42
L8 3120 0.62

Note: The data of chloroform bitumen A are obtained from soxhlet extraction.

Table 2
Samples parameters of NMR at water-saturated and manganese-saturated
conditions.

Sample ID Depth (m) Porosity (%) Permeability (uD) So

L2 2962 4.88 17.37 59.00
L9 3020 3.31 0.13 7041
L3 3025 4.15 7.35 77.56
L10 3030 441 19.77 70.87
L11 3040 3.37 0.54 17.48
L12 3045 3.68 0.51 17.07
L13 3050 4.24 1.47 17.34
L4 3055 4.29 6.09 15.26
L14 3080 2.61 0.23 19.63
L7 3110 413 1.28 16.98

of the water-saturated bulk samples using a nuclear magnetic
resonance analyser. The 10 bulk samples were next soaked with
manganese chloride aqueous solution (mass fraction of 50%) for
one week. The distribution characteristics of the residual hydro-
carbon were determined by NMR measurements of the
manganese-saturated bulk samples because manganese ions
diffuse into the samples and eliminate the NMR signals of hydrogen
ions in water.

Three columnar samples with a diameter of 2.5 cm were satu-
rated with kerosene for 24 h at 25 MPa (Table 3). The distribution
characteristics of all of the fluids were obtained by NMR mea-
surements in the kerosene-saturated columnar samples. Moreover,
the distribution characteristics of movable fluid in the kerosene-
saturated columnar samples were then obtained by centrifuge
treatment at a speed of 8000 rpm for 4 h.

A columnar sample from the depth of 3042 m was first saturated
with kerosene for 24 h at 25 MPa, then the kerosene-saturated
columnar sample was displaced with heavy water (no NMR
signal). Three pressure points were set up in the process of
displacement, 1 MPa, 5 MPa, and 7 MPa, respectively. T, spectrums
and NMR images were obtained every 15 min at each pressure
point. Switching to the next pressure point was then required until
there was no obvious difference between the two spectrums. The
percolation characteristics of fluid in the process of displacement
could be acquired based on the T spectrums and NMR images.

3.3. FE-SEM

FE-SEM is a common method for directly observing the size,

Table 3
Samples parameters of NMR at kerosene-saturated and centrifugation conditions.

Sample ID Depth (m) Porosity (%) Permeability (uD) Tacutofr (MS)  Sm (%)

L15 2977 3.75 1.63 1035 4.88
L16 3035 3.69 4.43 10.00 15.47
L17 3065 3.92 3.74 11.00 8.98

shape, and distribution of micro-nano pores and fractures (Jiao
et al,, 2012; Loucks et al., 2012; Wang et al., 2016). Ar-ion polish-
ing was necessary to reduce the surface roughness of the shale
samples. Four samples were polished using a Leica EM TIC 3X Ion
Beam Milling System, yielding an approximate polished area of
5 mm x 5 mm. The polished samples were then coated with Au to
prevent electrostatic charging. FE-SEM was conducted using sec-
ondary electron imagery at an operating current of 10 kV. Each
sample was observed using field emission scanning electron mi-
croscopy in combination with an energy dispersive X-ray
spectrometer.

4. Results and discussion
4.1. N, adsorption and desorption isotherms

A comparison of the N adsorption isotherms of the samples
before and after extraction at liquid nitrogen temperature (77.15 K)
is illustrated in Fig. 3. The adsorption amounts of the samples are
far larger after extraction than before extraction, indicating that
large pore volumes developed in the samples after extraction. The
N, adsorption isotherms of the samples before and after extraction
both show a hysteresis pattern (P/Pg > 0.5) with an absence of a
plateau at high relative pressure (P/Pp > 0.95). According to the
classification of the International Union of Pure and Applied
Chemistry, the N5 isotherm shapes belong to Type H2 and H3 iso-
therms (isotherms with a hysteresis loop) (Fig. 4), indicating the
existence of ink-bottle-shaped and slit-shaped pores (Sing et al.,
1985). Such N, isotherm shapes indicate that these materials
contain both mesopores, which result in the hysteresis, and mac-
ropores, which lead to the absence of a plateau (Kuila et al., 2014).
The hysteresis of the samples is more prominent after extraction
than before extraction, indicating that more mesopores existed in
the samples after extraction than before extraction. The adsorption
amounts of the samples after extraction are much greater than
those before extraction at the saturated vapour pressure (Fig. 3),
indicating that the samples contained more macropores after
extraction than before extraction. Additionally, compared with the
samples before extraction, almost all the isotherms of the samples
after extraction show obvious adsorption at very low relative
pressure (P/Py < 0.01), indicating the existence of micropores.

4.2. Pore structure from CO, and N, adsorption

Pore structure refers primarily to the pore volume, specific
surface area, and PSD, and these parameters as obtained from CO,
and N, adsorption are presented in Table 4 and Figs. 5 and 6. The
samples exhibit larger pore volume and specific surface area after
extraction than before extraction. The pore volume of the samples
after extraction varies from 0.0035 to 0.0159 mL/g, with a mean
value of 0.0101 mL/g, which is approximately 2.5 times greater than
that of the samples before extraction ranging from 0.0021 to
0.0076 mL/g with a mean value of 0.0040 mL/g (Table 4). The
specific surface area of the samples after extraction ranges from
3.17 to 8.68 m?/g, with an average value of 5.82 m?/g, which is also
approximately 2.5 times greater than that of the samples before
extraction ranging from 1.35 to 4.07 m?/g with an average value of
2.47 m?|g.

The PSD can be displayed as incremental distribution histo-
grams with respect to pore volume or specific surface area
(Clarkson et al., 2013; Tian et al., 2013). As illustrated in Figs. 5 and
6, the different PSD histograms of all the samples before and after
extraction are well comparable and display a similar variation
trend. The pore volume shows a distinct peak at diameters greater
than 10 nm, whereas the specific surface area possesses an obvious
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Table 4

Pore structure parameters of the shale samples from gas adsorption and soxhlet extraction.

Sample ID Type Pore volume (mL/g) Proportion (%) Specific surface area (m?/g) Proportion (%)
<10 nm >10 nm Total <10 nm >10 nm <10 nm >10 nm Total <10 nm >10 nm
L1 Before extraction 0.0017 0.0025 0.0042 40.17 59.83 3.87 0.20 4.07 95.02 4.98
After extraction 0.0038 0.0044 0.0082 46.81 53.19 8.21 0.47 8.68 94.60 5.40
Increment 0.0022 0.0019 0.0040 53.68 46.32 4.34 0.27 4.61 94.22 5.78
L2 Before extraction 0.0011 0.0011 0.0021 50.30 49.70 2.61 0.09 2.70 96.76 3.24
After extraction 0.0020 0.0015 0.0035 57.57 42.43 5.40 0.11 5.51 97.96 2.04
Increment 0.0009 0.0004 0.0013 69.32 30.68 2.79 0.02 2.81 99.12 0.88
L3 Before extraction 0.0006 0.0020 0.0026 23.21 76.79 1.41 0.17 1.58 89.40 10.60
After extraction 0.0026 0.0132 0.0159 16.52 83.48 493 1.25 6.18 79.82 20.18
Increment 0.0020 0.0112 0.0132 15.19 84.81 3.52 1.08 4.60 76.53 23.47
L4 Before extraction 0.0012 0.0016 0.0028 43.27 56.73 293 0.13 3.06 95.74 4.26
After extraction 0.0016 0.0055 0.0071 22.68 77.32 3.96 0.36 4.32 91.64 8.36
Increment 0.0004 0.0039 0.0043 9.43 90.57 1.03 0.23 1.26 81.67 18.33
L5 Before extraction 0.0012 0.0029 0.0040 28.98 71.02 2.59 0.23 2.82 91.82 8.18
After extraction 0.0021 0.0073 0.0094 22.42 77.58 4.21 0.54 475 88.58 11.42
Increment 0.0009 0.0044 0.0054 17.49 82.51 1.62 0.31 1.93 83.85 16.15
L6 Before extraction 0.0006 0.0040 0.0047 13.67 86.33 1.46 0.25 1.71 85.54 14.46
After extraction 0.0030 0.0108 0.0139 21.90 78.10 535 1.00 6.35 84.22 15.78
Increment 0.0024 0.0068 0.0092 26.09 7391 3.89 0.76 4.64 83.73 16.27
L7 Before extraction 0.0005 0.0031 0.0036 14.49 85.51 1.12 0.23 135 83.22 16.78
After extraction 0.0017 0.0059 0.0075 22.15 77.85 2.65 0.52 3.17 83.53 1647
Increment 0.0011 0.0028 0.0039 29.24 70.76 1.53 0.30 1.83 83.77 16.23
L8 Before extraction 0.0011 0.0065 0.0076 14.41 85.59 1.97 0.51 2.48 79.46 20.54
After extraction 0.0043 0.0110 0.0152 27.95 72.05 6.49 1.11 7.61 85.35 14.65
Increment 0.0032 0.0045 0.0076 41.52 58.48 4,52 0.60 5.13 88.20 11.80
Average increment 0.0007 0.0027 0.0033 32.74 67.26 2.23 1.00 3.23 86.39 13.61

peak at diameters of 0.3—0.9 nm. However, the peak value of the
samples is markedly higher after extraction than before extraction.

Moreover, the different PSD histograms with respect to in-
crements of pore volume and specific surface area of the samples
before and after extraction also show a similar variation trend
(Figs. 5 and 6). Similarly, the volumes of pores with diameters
greater than 10 nm increase significantly after the removal of re-
sidual hydrocarbon. In contrast, the specific surface area presents a
marked increase at diameters of 0.3—0.9 nm. As shown in Table 4,
the volume increment of pores with a diameter larger than 10 nm
before and after extraction ranges from 0.0004 to 0.0112 mL/g, with

an average value of 0.0045 mL/g, which is approximately three
times greater than that of pores with a diameter smaller than
10 nm, ranging from 0.0004 to 0.0032 mL/g with an average value
of 0.0016 mL/g. Conversely, the specific surface area increment of
pores with diameters less than 10 nm before and after extraction
ranges from 1.03 to 4.52 m?/g, with an average of 2.91 m?/g, which
is approximately 6.5 times greater than that of pores with di-
ameters greater than 10 nm, ranging from 0.02 to 1.08 m?/g with an
average of 0.45 m?/g. This result means that pores with diameters
greater than 10 nm provide the main pore volume increment, ac-
counting for 67.26% of the pore volume on average. Conversely, the
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Fig. 5. Comparison of the PSD with respect to pore volume of the shale samples before and after extraction. The data of pores with diameters smaller than 2 nm diameter were
obtained from CO, adsorption, and the data of pores with diameters larger than 2 nm diameter were obtained from N, adsorption.
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specific surface area increment is contributed mainly by pores with
diameters smaller than 10 nm, especially those at 0.3—0.9 nm, ac-
counting for 86.39% of the specific surface area on average. This
result can be explained by the fact that a large pore can provide a
pore volume equal to that of many small pores, whereas a small
pore can offer a specific surface area equal to that of many large
pores. In addition, oil existing in shale is primarily in the two states
of free and adsorbed hydrocarbon. Thus, it is concluded that large
pores could provide enough pore volume for free hydrocarbon
accumulation and that small pores offer sufficient specific surface
area for adsorbed hydrocarbon accumulation.

The significant differences between the samples before and after
extraction based on the experimental data of gas adsorption are
primarily attributable to the re-exposure of additional pores during
the extraction, which means that substantial soluble organic matter
remained in the shale samples (Ritter, 2003; Kelemen et al., 2006;
Loucks et al., 2009; Curtis et al., 2012; Furmann et al., 2013; Valenza
etal., 2013; Guo et al., 2014; Lin et al., 2014; Wei et al., 2014; Ji et al.,
2017). As the organic matter in the Es} shale is in the early stage of
oil generation, with Ro ranging from 0.70% to 0.91%, the amount of
hydrocarbons generated is insufficient to generate enough pressure
to promote efficient expulsion of hydrocarbons from the shale. As a
result, a portion of hydrocarbons generated remain in the shale.
Soluble organic matter in the shale samples occupies a certain
amount of pore space (Luo and He, 2014). During the extraction, the
hydrocarbon molecules in the shale were dissolved by the organic
solvent and carried out of pores, resulting in the change of pore
structure, especially the significant growth of pore volume and
specific surface area (Pan et al,, 2015; Ji et al,, 2017). In the N,
adsorption, because soluble organic matter has the characteristic of
being in the solid state at the temperature of 77.15 K, the pore
volume occupied by nitrogen molecules was significantly lower in
the shale samples before extraction. As a result, the pore volume of
the shale samples after extraction obviously increased at diameters
greater than 10 nm, indicating that free residual hydrocarbon pri-
marily exists in such pores. In the CO, adsorption, most of soluble
organic matter was in the liquid state at 273.15 K, and this liquid
could dissolve a small amount of carbon dioxide (Pan et al., 2015).
However, because of the low relative pressure, the dissolved gas
content is so small that it can be disregarded (Zhou et al., 2013).
There are two explanations for the increase of specific surface area
in the shale samples after extraction. One is that because soluble
organic matter in small pores blocks channels for gas diffusion, it is
difficult for nitrogen and carbon dioxide molecules under low
relative pressure to access these blocked small pores. The other is
that soluble organic matter directly attaches to the surface of
porous kerogen due to the lipophilicity of kerogen. After removing
soluble organic matter, substantial irregular surfaces are directly
exposed. Therefore, the removal of soluble organic matter causes
substantial small pores to be exposed, especially pores with di-
ameters of 0.3—0.9 nm, so the specific surface area measured by
CO, adsorption increases significantly, implying that adsorbed re-
sidual hydrocarbon occurs primarily in such pores.

Fig. 7 shows the relationship between residual hydrocarbon
content and pore structure increments of different grades of pores
before and after extraction. The figure shows that no correlation
exists between residual hydrocarbon content and pore structure
increments of pores with diameters smaller than 10 nm (Fig. 7a and
b), whereas residual hydrocarbon content is positively correlated
with pore structure increments of pores with diameters greater
than 10 nm (Fig. 7c and d), supporting the fact that the residual
hydrocarbon content of the samples is primarily controlled by
pores with diameters greater than 10 nm. Although the correlation
coefficients of residual hydrocarbon content with the pore struc-
ture increments of pores with diameters greater than 10 nm are

similar, pore volume increment has a more significant control on
residual hydrocarbon content, because the linear slope of the pore
volume increment is 127 times larger than that of the specific
surface area increment (Fig. 7c and d), similarly indicating that
most of the residual hydrocarbon occurs in pores with diameters
greater than 10 nm in the form of free hydrocarbon.

Admittedly, because it is difficult to extract hydrocarbon within
extremely small pores, the accuracy of our experiments may have
been influenced by the diameter of the pores. However, extracting
oil from extremely small pores is not an easy task for shale oil
production, which supports the fact that only free hydrocarbons in
large pores with diameters greater than 10 nm are effective re-
sources for shale oil exploration. Therefore, we decided to define
pores with diameters smaller than 10 nm as “oil-ineffective pores”
and pores with diameters greater than 10 nm as “oil-enriched
pores”. Although the statistics of different basins may not be exactly
identical because of different geological conditions, it can be
concluded that exploring sweet spots with larger pores makes
sense for shale oil production.

4.3. Pore structure from NMR at water-saturated and manganese-
saturated conditions

Pore types, porosity, permeability and pore structure parame-
ters were analysed based on NMR transverse relaxation time dis-
tributions (Kleinberg et al., 1993; Dunn et al., 2002; Yao et al., 2010a,
b; Sun et al.,, 2012; Yu, 2013; Huang et al., 2015; Tan et al., 2015; Xu
etal., 2015). NMR measurements were performed to obtain the PSD
spectrums at water-saturated and manganese-saturated condi-
tions. Results showed that the PSD spectrums of the shale samples
at the water-saturated condition could be divided into two types:
unimodal and multimodal PSD spectrums (Fig. 8). The unimodal
PSD spectrum has an isolated peak at small pore size, which nor-
mally ranges from 1 to 1000 nm (Fig. 8a—d), reflecting well-
developed small pores in the samples with diameters smaller
than 1000 nm. In contrast, the multimodal PSD spectrum has two
or three peaks, and the amplitude of the leftmost peak is much
greater than that of the other peaks (Fig. 8e—j), which suggests that
not only small pores but also relatively large pores and micro-
fractures are well-developed in these samples.

Conversely, all of the PSD spectrums of the shale samples at the
manganese-saturated condition present an isolated peak at small
pores with diameters of 1-1000 nm, indicating that oil exists pri-
marily in pores with diameters smaller than 1000 nm. Despite this,
the PSD spectrums of the shale samples at the manganese-
saturated condition also divided into two types. One is a PSD
spectrum with a high peak amplitude, corresponding to the
unimodal PSD spectrum at the water-saturated condition
(Fig. 8a—d). The other is a PSD spectrum with a low peak amplitude,
corresponding to the multimodal PSD spectrum at the water-
saturated condition (Fig. 8e—j). Although the cumulative ampli-
tudes of the PSD spectrums of all of the shale samples at the water-
saturated condition are similar, the cumulative amplitudes of the
PSD spectrums at the manganese-saturated condition are markedly
different. The samples with the unimodal PSD spectrum at the
water-saturated condition show a high cumulative amplitude of
PSD spectrum at the manganese-saturated condition, whereas the
samples with the multimodal PSD spectrum at the water-saturated
condition present a low cumulative amplitude of PSD spectrum at
the manganese-saturated condition. In other words, the shale
samples with well-developed small pores have high oil saturation
(So), ranging from 59.00% to 77.56% with an average of 69.46%,
whereas the shale samples with well-developed small pores, and
relatively large pores and micro-fractures have low oil saturation,
varying from 15.56% to 19.63% with an average of 17.29% (Table 2).
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Fig. 7. The relation between residual hydrocarbon content and pore structure increment before and after extraction. a—b: pores with diameters smaller than 10 nm; c—d: pores

with diameters larger than 10 nm.

Thus, it can be concluded that the residual hydrocarbon is distrib-
uted primarily in pores with diameters smaller than 1000 nm.
Pores with diameters smaller than 1000 nm are favourable for
hydrocarbon enrichment, whereas pores with diameters greater
than 1000 nm are unfavourable for hydrocarbon enrichment. Based
on these results, we modify the definition of “oil-enriched pores”
stated in the foregoing paragraph to pores with diameters of
10—1000 nm.

4.4. Movable fluid distribution from NMR at kerosene-saturated
and centrifugation conditions

NMR measurements were performed at kerosene-saturated and
centrifugation conditions, and their corresponding PSD spectrums
are illustrated in Fig. 9. The PSD spectrums at the kerosene-
saturated condition present a multimodal feature, indicating that
small pores, relatively large pores and micro-fractures in the shale
samples are all saturated with fluid. However, the peaks of the PSD
spectrums are markedly reduced or even vanished after centrifu-
gation. The difference in cumulative amplitude between the PSD
spectrums at kerosene-saturated and centrifugation conditions is
much greater for large pores than for small pores. The reason for
this difference is that fluid in some small closed pores cannot be
expelled by centrifugation, whereas fluid in some large pores and

micro-fractures with great connectivity can be expelled, which
results in the decay of the signal strength and the cumulative
amplitude of the PSD spectrum.

We also calculated the NMR transverse relaxation time cutoff
value (Tacuroff) according to the T, spectrums before and after
centrifugation. Tocytoff iS a relaxation time boundary that divides
fluid into two parts, bound fluid and movable fluid, in the T,
spectrum at the kerosene-saturated condition. Shale samples with
a higher bound fluid content must have a greater Tycytwofr. The
calculated NMR Tycytoff Values of the samples are shown in Table 3,
and these range from 10.00 to 11.00 ms with an average of 10.45 ms,
confirming the results of Wang et al. (2001) that indicated that the
Tacutoff Of a low-permeability reservoir has a wide distribution
range with a mean value of 12.85 ms. Therefore, this research
reasonably defines the Tycyioff Of the shale samples from the study
area as 10 ms. Based on the Tycytoff, the calculated movable fluid
saturation (Sp,) of the samples ranges from 4.88% to 15.47%, with an
average of 9.78%, and the minimum pore size allowing fluid
expulsion under the action of centrifugal force was calculated as
1000 nm. Although large pores with diameters greater than
1000 nm account for only a rather small portion of the total pores,
all of the movable fluid exists in such pores and all of the fluid
occurring in such pores is movable. Therefore, we herein define
pores with a diameter greater than 1000 nm as “oil-percolated
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Fig. 9. PSD spectrums of the shale samples from NMR measurements at kerosene-saturated and centrifugation conditions.

pores”, which possess great connectivity and are the predominant
pathways for hydrocarbon migration and discharge. This is an
excellent explanation of why the multimodal PSD spectrums at the
water-saturated condition presented a lower peak amplitude at the
manganese-saturated condition (Fig. 8). Most of the hydrocarbons
that are generated are effectively expelled and cannot accumulate
easily, resulting in a low residual hydrocarbon content in the shale
samples with well-developed oil-percolated pores. Conversely,
pores with a diameter smaller than 1000 nm have poor connec-
tivity and are the primary space for hydrocarbon enrichment. Most
of the hydrocarbons generated in these pores cannot be expelled
effectively and accumulate easily, resulting in a high residual hy-
drocarbon content in the shale samples with poorly developed oil-
percolated pores.

4.5. Percolation characteristics from NMR at kerosene-saturated
and displacement conditions

The percolation characteristics of kerosene in the process of
displacement can be acquired based on NMR spectrums and im-
ages. As shown by Fig. 10a, the PSD spectrum of the shale sample at
the kerosene-saturated condition presents a multimodal feature,
reflecting well-developed oil-enriched pores and oil-percolated
pores. At the initial kerosene-saturated condition, kerosene is
distributed primarily in the oil-enriched pores of the shale sample.
With the increase of displacement pressure and time, the spectrum
peak of the oil-enriched pores decreases gradually and stabilises to
7 MPa (Fig. 10b—d). However, the spectrum peak of the oil-
percolated pores in the process of displacement is apparently
higher than that in the initial kerosene-saturated condition, and is

characterised by a rightward deviation. Its corresponding
displacement process can be observed visually by magnetic reso-
nance imaging, as shown in Fig. 10e—h, in which the colour change
from red to blue represents the variation of kerosene content from
high to low. At the initial kerosene-saturated condition, kerosene is
extensively distributed throughout the shale sample, as shown in
Fig. 10e. Subsequently, the kerosene in the shale sample is gradually
discharged and eventually presents a localised distribution in the
shale sample after displacement, with the final kerosene content
accounting for 70% of the initial kerosene content. It can be
concluded that with the increase of displacement pressure and
time, the heavy water continuously enters the kerosene-saturated
shale sample, resulting in kerosene flows from oil-enriched pores
to oil-percolated pores and eventually discharges from the shale
sample.

4.6. Evidence for the existence of oil-enriched pores and oil-
percolated pores from reservoir parameters and FE-SEM

Previous studies have indicated that porosity can be estimated
accurately irrespective of mineralogy based on NMR measurements
because of the relaxation signal from the hydrogen-containing fluid
rather than the matrix in rock (Straley et al., 1997; Coates et al.,
1999; Yao et al., 2010a, b). The signal strength of T, spectrums at
the water-saturated or kerosene-saturated condition can be con-
verted into NMR porosity of shale. The NMR porosity (¢) of the
shale samples in this study is within the range of 2.61%—4.88%, with
an average of 3.88% (Tables 2 and 3). As a tight reservoir, a shale
reservoir is characterised by low permeability. Thus, estimating
shale permeability is another important function of the NMR
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experiment (Arnold et al., 2006; Shao et al., 2009; Tian, 2010; Ding
et al., 2014). The Coates model is a basic model for calculating
permeability based on NMR measurements. On the basis of the
Timur formula, Coates established the Coates permeability model
through a large number of experiments in 1991. See Coates et al.
(1991) for detailed information about the calculation. The NMR
permeability (k) of the shale samples in this study is in the range of
0.13—19.77 uD, with an average of 4.97 uD. As is well known, the
permeability of small pores has a good relationship with porosity.
The greater the porosity is, the greater the permeability is.
Conversely, for extremely large pores, especially micro-fractures,
there is no good positive correlation between permeability and
porosity. A small difference in porosity may be associated with
large variation of permeability. In this study, permeability showed a
good positive correlation with porosity in four groups of unimodal
shale samples (Fig. 11a), indicating that the reservoir space in this
type of sample is dominated by small pores (oil-enriched pores)
rather than by relatively large pores and micro-fractures.
Conversely, permeability showed no apparent relationship with
porosity in nine groups of multimodal shale samples (Fig. 11b),
indicating that relatively large pores and micro-fractures with great
connectivity (oil-percolated pores) are well-developed in this type
of samples.

It was also adequately confirmed by FE-SEM observation that
spherical and elliptical oil-enriched pores are well-developed in the
shale samples (Fig. 12a—f), which is favourable for residual hydro-
carbon enrichment. Moreover, slit-shaped oil-percolated pores
were observed in the multimodal shale samples (Fig. 12g—1). Large
pores and micro-fractures are generally interconnected and may
even form a complex fracture mesh, greatly improving the
permeability of shale reservoirs and benefitting fluid percolation
(Liu et al., 2001; Deng and Liang, 2012; Li et al., 2017b).

5. Conclusions

The effect of pore structure on shale oil accumulation was
investigated using both gas adsorption and nuclear magnetic
resonance analysis. The findings revealed important information
about the effect of pore structure on shale oil accumulation. The
conclusions of this study follows.

(1) A large number of ink-bottle-shaped and slit-shaped pores
were well-developed in the Es} shale samples. The samples
possessed many more micro—nano pores after extraction
than before extraction, especially mesopores and macro-
pores. Moreover, after extraction, the samples exhibited
larger pore volume and specific surface area, approximately
2.5 times larger than before extraction.

(2) Pores with diameters larger than 10 nm can provide enough
pore volume for free hydrocarbon accumulation, whereas
pores with diameters smaller than 10 nm, especially pores
with diameters of 0.3—0.9 nm, offer sufficient surface area for
adsorbed hydrocarbon accumulation.

(3) Samples with unimodal PSD spectrums at the water-
saturated condition, which contained well-developed small
pores with diameters smaller than 1000 nm, showed high oil
saturation. Conversely, samples with multimodal PSD spec-
trums at the water-saturated condition, possessing both
small pores and also relatively large pores and micro-
fractures, showed low oil saturation.

(4) Pores with diameters smaller than 10 nm are considered as
“oil-ineffective pores”, whereas pores with diameters of
10—1000 nm are regarded as “oil-enriched pores”. As the
minimum pore size allowing fluid expulsion is 1000 nm,

pores with diameters larger than 1000 nm are considered as
“oil-percolated pores”.

(5) Most of residual hydrocarbon occurs in the form of free hy-
drocarbon in spherical and elliptical oil-enriched pores and is
expelled from shale reservoirs through silt-shaped oil-
percolated pores. Large pores and micro-fractures are inter-
connected and may even form a complex fracture mesh,
which greatly improves the permeability of shale reservoirs
and is beneficial to fluid percolation.
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