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A B S T R A C T

Organic matter (OM)-rich shale in the Yanchang Formation is recognized as a promising hybrid shale oil/shale
gas system in lacustrine strata in China. Being mainly in the oil window, both the type and distribution of the
pores in the shale have been affected by several factors, including petroleum expulsion and retention, mineral
and organic composition, and compaction. To obtain a better understanding of the factors controlling OM pore
development, 10 core samples were selected with various OM content from the Chang 7 and Chang 9 members of
the Yanchang Formation for pore characterization. The investigation combined microscopic observation, both of
thin sections and ion milled surfaces of samples with low-pressure carbon dioxide and nitrogen adsorption and
bulk porosity measurements, with the main emphasis being on OM-associated pores.

The selected samples generally have relatively low total porosity, with the pores being poorly connected.
Most pore types found in marine shales were present. The size of porous OM is usually small, mostly measuring
several hundreds of nanometers to a few micrometers, which suggest a general compaction effect on pore de-
velopment. The pore development is related to different petroleum expulsion processes. Shale with very porous
OM was a very important feature. The OM coexisting with fluorescent lipitinites was present in a cross-linked
nanofiber structure, possibly related to altered extracellular polymeric substances (EPS) by compaction and
maturation. Various OM types that varied in both size and shape did not contain any visible pores (e.g. woody
relics, migrated solid bitumen and OM laminae in close association with clay minerals). Unusually low meso- and
macropore volume in the sample with the highest total organic carbon (TOC) content was confirmed by the
predominance of OM laminae without visible pores; however, abundant micropores were indicated by CO2

adsorption analysis. Meso- and macropores in this sample had probably not developed due to a significant
compaction effect. Due to the small numbers of studied samples, these OM pore characteristics need to be viewed
with caution.

1. Introduction

Pores in shale not only provide the space for petroleum storage, but
also form the flow-path network for liquids and gases. Therefore, the
porosity and distribution characteristics of pores (e.g., their size, type
and connectivity) are important for resource potential evaluation and
development of unconventional shale reservoirs (Bustin et al., 2008;
Loucks et al., 2009; Ross and Bustin, 2009; Schieber, 2010; Sondergeld
et al., 2010; Wang and Reed, 2009). Most of the investigated shale
units, ranging in age from the Late Proterozoic to the Paleogene, were
deposited in marine environments (Chalmers et al., 2012; Fishman

et al., 2012; Klaver et al., 2015; Löhr et al., 2015; Loucks et al., 2009,
2012; Lu et al., 2015; Mastalerz et al., 2013; Milliken et al., 2013;
Pommer and Milliken, 2015; Ross and Bustin, 2007, 2009; Slatt and
O'Brien, 2011; Zeng et al., 2016). However, lacustrine shales have
contributed a large proportion of conventional petroleum production in
several parts of the world, including China, Africa, Brazil, etc. (Katz,
1990; Katz and Lin, 2014). They may, therefore, have unconventional
resource potential. Lacustrine shales differ largely from marine shales
due to their limited geographical distributions, their sensitivity to very
frequent changes in climate, and the large number of interbedded sand
and mud layers (Fang et al., 2016; Katz and Lin, 2014; Ko et al., 2017;
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Lei et al., 2015; Wang et al., 2016). Organic matter (OM)-rich shales in
the lacustrine Yanchang Formation are the major sources of oil in the
Ordos Basin with proved reserves of about 30.75× 108 t until 2012
(Yang et al., 2013), which is one of the most productive petroliferous
basins in China. The Chang 7 Member of the Yanchang Formation
(abbreviated to Chang 7 shale here) has recently been demonstrated as
one of the most promising hybrid shale oil/shale gas systems in lacus-
trine strata in China (Loucks et al., 2017; Wang et al., 2014, 2016; Yang
et al., 2013, 2016; Zhang et al., 2015a,b). The total porosity in this
member has mainly been controlled by its clay mineral content (Fu
et al., 2015; Jiang et al., 2016; Wang et al., 2015), which is consistent
with the predominance of intraparticle pores in clay platelets and a
relatively high clay mineral content (Loucks et al., 2017; Wang et al.,
2016). The Chang 7 shale probably lacked early cementation during
diagenesis, and thus the lithification was less developed, but the com-
paction effect was more extensive (Ko et al., 2017). In general, the
average size of OM pores was found to be much smaller in the Chang 7
shale than in Eagle Ford marine shale (Ko et al., 2017); in addition, the
sizes and types of interparticle pores show significant differences be-
tween the silty laminae and clayey laminae of the Chang 7 shale (Lei
et al., 2015), which is related both to silt grain-size and sorting degree
(Ko et al., 2017). Besides the Chang 7 Member of the Yanchang For-
mation, a few samples have also been investigated for the Chang 9
Member (Ko et al., 2017; Loucks et al., 2017), abbreviated to Chang 9
shale here, which is also rich in OM (Guo et al., 2014a; Zhang et al.,
2007).

Shale within the oil window was affected by compaction, ce-
mentation and self-source oil infilling, which has greatly lowered the
size and number of primary interparticle pores (Ko et al., 2016; Loucks
and Reed, 2014; Löhr et al., 2015; Mastalerz et al., 2013; Pommer and
Milliken, 2015). However, secondary pores within OM begin to develop
during petroleum generation and subsequent expulsion as a combined
result of hydrocarbon loss, volume change of residual organic solids,
and exsolution of gases (Guo et al., 2017; Jarvie et al., 2007; Loucks
et al., 2009, 2012; Löhr et al., 2015; Valenza et al., 2013). Most of the
Chang 7 and Chang 9 shales from the southeastern Ordos Basin are in
the oil window, as suggested by the range of vitrinite reflectance (VRo)
values between 0.7% and 1.2% (Fu et al., 2015; Guo et al., 2014a; Jiang
et al., 2016; Tang et al., 2014). Pores in the OM in Chang 7 shale have
been commonly observed to be less developed than the intraparticle
pores within clay and mica aggregates (Loucks et al., 2017; Wang et al.,
2016); however, OM pores dominated the pore systems of many of the
samples investigated (Ko et al., 2017). The major factors influencing the
development of OM pores in the Chang 7 shale have not so far been
elucidated in detail. Residual OM in the Chang 7 shale from the
southeastern Ordos Basin is mainly solid bitumen (about 95% by vo-
lume of the total OM) and minor vitrinite, inertinite, alginite and waxy
terrestrial liptinite (Hackley et al., 2017). Palynofacies analysis of the
Chang 7 and Chang 9 shales from the central, southern and south-
eastern parts of the Ordos Basin has provided evidence that the shales
are rich in Botryococcus algae, acritarchs and amorphous organic matter
(AOM), with minor amounts of vitrinite and inertinite also present (Ji
et al., 2006, 2009, Ji and Xu, 2007; Zhang et al., 2015a). The re-
lationship between OM maceral type and OM porosity is not clear.
Scanning electron microscopy (SEM) observations have been combined
with low-pressure gas adsorption measurements in recent studies to
gain an insight into the pore characteristics of the Chang 7 shale (Ko
et al., 2017; Loucks et al., 2017; Wang et al., 2015). Nonetheless,
possible linkages are yet to be established between the results of FE-
SEM observation and those of low pressure gas adsorption for the OM
pores in the shale.

In this study, the characteristics of pores, especially those in OM,
were mainly described using SEM images of ion-milled surfaces of shale
samples from both the Chang 7 and Chang 9 members. To gain an in-
sight into the distributions of pores smaller than the SEM detection
limits, and to quantitatively evaluate their characteristics, low-pressure

CO2 and N2 adsorption methods were used in pore-distribution analysis,
along with mercury intrusion and helium pycnometry. Through the
combined investigations, this study has tried to elucidate the relation-
ships between OM maceral type and OM porosity and between FE-SEM
observed pore characteristics and measured pore distributions by low-
pressure gas adsorption, and finally to determine the main factors
controlling OM pore development in the studied sample set.

2. Samples and experimental analysis

2.1. Geological backgrounds and samples

The geological backgrounds of a relatively large sample set from
which the samples were selected in this study were introduced in Guo
et al. (2014a). Briefly, the Ordos Basin is located in the western part of
the North China Craton. The Ordos Basin is subdivided into six struc-
tural units: the Tianhuan Depression and Western Edge Thrust Belt in
the west, the Jinxi Fold Belt in the east, the Yimeng Uplift in the north,
the Weibei Uplift in the south and the Yishan Slope in the middle
(Fig. 1). Continental deposition was initiated as a result of the In-
dosinian movement in the Late Triassic. The Yanchang Formation re-
presents the whole lacustrine basin evolution and is separated into 10
members (Chang 10 to Chang 1 in ascending order, Fig. 2). The Chang
10 Member was developed early in lake formation, and is mainly
composed of sandstone and sandy mudstone which were deposited in a
fluvial environment. With continuous subsidence, the lake area became
larger, and mudstones are present in the Chang 9 Member in the deep
lake facies. The Chang 8 Member was also deposited during an ex-
pansion of the lacustrine basin. The Chang 7 Member was deposited
during the peak stage of basin development when the water was dee-
pest and the lake area was the largest. Thick black shales/mudstones

Fig. 1. Simplified map of the Ordos Basin showing major structural units and the dis-
tribution of oil and gas fields (modified after Guo et al., 2014a).
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were widely developed in the deep lacustrine facies. During the de-
position of the Chang 6 Member, the basin began to contract as sedi-
mentation rate exceeded the subsidence rate. After that, the lake basin
continued to grow smaller during the depositional stages of the Chang
5, 4 and 3 members. Tectonic uplift of the basin then caused the la-
custrine area to contract significantly during the deposition of the
Chang 2 Member. The Chang 2 and Chang 1 members were mainly
deposited in a deltaic environment. Therefore, shales/mudstones are
widely distributed in the semi-deep to deep lacustrine facies of the
Chang 7 and Chang 9 members.

The study area was located in the southeastern Yishan slope, where
the Chang 7 Member is about 50–110m thick and the Chang 9 Member
is 6–30m thick (Wang et al., 2014). Samples from seven core wells used
in the present study were selected from a relatively large sample set in
this area (Guo et al., 2014a). Based on the mineral composition and
organic geochemistry data of the large sample set reported in previous
work, five samples were selected from each of the two members to
investigate their pore characteristics (Table 1). The selected samples
covered a total organic carbon (TOC) range of 2–10wt%. Major mi-
nerals in the samples included quartz (26–44%), feldspars (8–29%) and
clay minerals (27–52%), which were made up of illite/smectite mixed
layers, illite, kaolinite, and chlorite, with illite/smectite being the major
component (Guo et al., 2014a). The ten samples were organic-rich ar-
gillaceous mudstones, based on lithology classification schemes sug-
gested by Ruppel et al. (2017) and Loucks et al. (2017) for the Yan-
chang shale. The OM in these samples was mainly type II (Fig. 3a). The
Tmax value of selected samples varied from 429 °C to 465 °C. The

amount of free hydrocarbons normalized to TOC content (the S1/TOC
ratio, calculated based on Rock-Eval analysis) in the large sample set of
Guo et al. (2014a) roughly showed a maximum value at the Tmax of
440 °C (Fig. 3b), which may indicate the peak of the oil window.
Therefore, selected samples in this study varied in maturity from the
early stage of the oil window, through the peak and late stage of the oil
window, to the early wet gas stage.

2.2. Organic petrology

Maceral identification was performed on thin sections using a Leica
MPV microscope in reflected and transmitted white light and fluor-
escent blue light. Some of the ion-milled areas in sample slabs were also
observed in reflected white light and fluorescent blue light using a Leica
MPV microscope.

2.3. Field emission-scanning electron microscopy (FE-SEM)

All the samples were investigated using a Hitachi S8010 SEM system
equipped with secondary electron (SE) and backscattered electron
(BSE) detectors. The areas of interest in each sample slab were sec-
tioned and polished in a direction normal to the bedding by an Ar-ion
milling instrument (Hitachi IM4000) to produce flat surfaces with
minor topographical variation. Milling was conducted at accelerating
voltages of 6 kV for 1.5 h and 4 kV for 0.5 h. Working distances during
the FE-SEM observation ranged between 2.5 mm and 8mm at a voltage
of 1.5 kV. The detection limit was 5 nm. The size of pores and OM was
measured using JMicroVision software. In most cases, the pore shape
was irregular. The pore diameter was the equivalent circular diameter.

2.4. Low-pressure CO2 and N2 gas adsorption

Core samples were crushed to pass an 80-mesh sieve and dried in a
vacuum oven at 110 °C for 24 h. The adsorption measurement was
preceded by de-gassing the sample powder for 12–24 h to remove gases
and moisture. CO2 adsorption was performed on a Quantachrome
NOVA 4200e analyzer at 0 °C and relative pressures (P/P0) from 0.0005
to 0.03 to measure the micropore volume. Micropore volume (< 2 nm)
and pore volume distribution with respect to pore diameter were de-
termined using the density functional theory (DFT) model included in
the software of the instrument. N2 adsorption was carried out using a
Micromeritics ASAP 2020 instrument at −196 °C for P/P0= 0.005 to
0.995 to measure the mesopores (2–50 nm) and some of the macropores
(50–300 nm). Pore volume and distribution for pore diameters from 1.7
to 300 nm were derived using the Barrett-Joyner-Halenda (BJH) model
(Barret et al., 1951).

2.5. Mercury intrusion analysis and bulk porosity determination

Sample cylinders ranging in diameter from 1 to 2 cm was used for
the mercury intrusion analysis. Before the analysis, the samples were
de-gassed and de-watered in a vacuum oven at 110 °C for 24 h. The
mercury intrusion was conducted on a Micromeritics AutoPore 9510
mercury porosimeter. A contact angle of 130° (Gan et al., 1972) and a
surface tension of 485mN/m (Gregg and Sing, 1982) were adopted for
the measurements. Applied pressures varied from 0.01 to 413MPa,
covering a pore-throat size range of 3 nm–120 μm. The pore-volume
distribution with respect to the throat sizes was determined using the
Washburn equation (Washburn, 1921). The bulk porosity of the shale
was calculated from the difference between the bulk density (ρbulk) and
the skeletal density (ρskeletal, the density of a solid material calculated
by excluding the pore and void volume) using the formula [porosity =
(1–ρbulk/ρskeletal) × 100] (Tian et al., 2013). Mercury immersion mea-
surement allows both the bulk density and skeletal density to be de-
termined. The skeletal density was also determined by helium pycno-
metry at pressures less than 1.4MPa on a Temco UltraPore-300

Fig. 2. Stratigraphic column in the study area. This Figure was modified after Guo et al.
(2014a).
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instrument (Core Lab, USA).

3. Results

3.1. Organic petrology

Solid bitumen was the most common OM type in the selected
samples, over a large range of both TOC content and maturity (Fig. 4).
Type III kerogen, vitrinite, was a minor OM component in the studied
samples. Inertinites were also observed. Fluorescent liptinite, such as
alginite, were generally observed in most of the high-TOC samples.
Recent studies of the organic petrology of North American marine
shales and the Yanchang lacustrine shale have shown that solid bitumen
dominated the OM of shales in the oil window (Hackley and Cardott,
2016; Hackley et al., 2017). Maceral observations performed in the
present study are consistent with their conclusion. Moreover, the dis-
tribution of liptinites in any given shale sample was very hetero-
geneous.

Solid bitumen in relatively low-TOC samples generally appeared to
have a string-like shape, or to a lesser extent an irregular shape
(6–40 μm in size, Fig. 4a and b). In samples with relatively high TOC
content, solid bitumen was larger (up to 500 μm in length) and more
abundant (Fig. 4c, d, g–i), and has string, stripe or band-like and irre-
gular shapes (Fig. 4c, d, h, i). These may suggest that they were gen-
erated and migrated out of kerogen, and infilled the pores or cracks
between minerals. Sample C9-32 is characterized by very abundant
solid bitumen laminae which are mostly interconnected. This was most

evident in fluorescent light (Fig. 4j).
Elliptical or granular alginite, although rarely observed, show

yellow or orange colors in fluorescent blue light (Fig. 4b, j), with a
diameter of 15–70 μm. They could not be differentiated from the mi-
neral matrix under reflected light but were evident in fluorescent blue
light (Fig. 4c, d, i, j). Relatively small yellow liptinite particles
(2–15 μm), normally having irregular shapes, were tentatively thought
to be alginite fragments (Fig. 4d, f, j). In addition, some greenish-yellow
liptinites of undetermined type and dark brown mineral bituminous
groundmass can also be observed. Sample C9-37 is notable for rela-
tively wide but heterogeneous distributions of liptinite (mostly yellow
alginite, Fig. 4e and f). A large amount of macro-algae lamina remnants
more than 600 μm long and 10–100 μm wide were present (Fig. 4e),
along with isolated, irregularly shaped alginites (30–80 μm long,
Fig. 4f) and very small alginite fragments.

Vitrinite and inertinite mostly have straight edges (Fig. 4a, g, i):
vitrinite commonly had irregular shapes; in contrast, inertinite with
bogen structure (arc-shaped fragments of preserved cell walls) were
usually observed (Fig. 4a). However, inertinite with cell lumens was not
found in this work. Vitrinite ranged from 10 μm to 35 μm in length and
from 4 μm to 10 μm in width; inertinite particles were slightly smaller.

3.2. Pores developed within OM

Pores within OM are subdivided into four subtypes, depending on
the degree of pore development. They are non-developed, poorly de-
veloped, well developed, and excellently developed respectively. An

Table 1
Geochemical parameters, pore volume, density and porosity of selected Chang 7 and Chang 9 Member samples.

Sample a Well Depth TOC S1 S2 Tmax Pore volume (cm3/100 g) Bulk
density

Hg-skeletal
density

He-skeletal
density

He-Hg
porosity

Hg-porosity

(m) (%) (mg/g) (mg/g) (°C) < 2 nm 2-50 nm 50-300 nm (g/cm3) (g/cm3) (g/cm3) (%) (%)

C7-6 X-6 1736.36 7.2 9.62 23.44 441 0.02 1.38 0.97 2.341 2.409 2.461 4.88 2.82
C7-11 X-11 1315.1 5.74 4.56 14.71 442 0.12 0.98 0.97 2.393 2.43 2.458 2.65 1.53
C7-12 X-12 1140.03 3.7 3.55 8.02 436 0.11 1.06 0.82 2.652 2.656 2.671 0.72 0.14
C7-13 X-12 1149.74 4.25 4.77 11.63 434 0.11 0.89 0.89 2.422 2.486 2.512 3.57 2.55
C7-25 X-15 1846.62 7.68 3.88 15.16 448 0.22 1.08 0.78 2.361 2.432 2.445 3.42 2.9
C9-27 X-2 1124.28 2.02 0.42 1.92 465 0.21 1.39 1.1 2.541 2.624 2.675 5.01 3.18
C9-30 X-19 1179.89 2.06 1.78 4.68 429 0.01 0.96 1.27 2.511 2.531 2.538 1.08 0.79
C9-32 X-18 1402.33 9.74 1.96 15.35 458 0.7 b 0.25 0.44 2.335 2.396 2.435 4.11 2.56
C9-35 X-12 1306.34 8.39 3.71 13.26 456 0.22 0.75 0.65 2.39 2.444 2.438 1.99 2.22
C9-37 X-12 1308.11 4.65 3.12 8.19 449 0.02 1.49 1.18 2.401 2.481 2.572 6.67 3.26

a C7, C9 abbr. Chang 7 and Chang 9. Geochemical parameters, i.e. TOC, S1, S2 and Tmax, have been reported by Guo et al. (2014a).
b Micropore volume of sample C9-32 after Guo et al. (2014b).

Fig. 3. (a) Tmax vs. HI showing the OM type and thermal
maturity levels of selected samples. (b) S1/TOC vs. Tmax
(filled circles and triangles stand for samples chosen in this
paper). Data plotted in this Figure from Guo et al. (2014a).
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attempt was made to study the pore development in specific OM
macerals. This is a very difficult task because SEM images of ion-milled
surfaces reliably distinguish OM from minerals, but do not easily permit
the characterization of the OM. Previous studies (Loucks and Reed,
2014; Loucks et al., 2012; Lu et al., 2015; Milliken et al., 2013) have
suggested several criteria for recognizing woody material (deposited

OM) and solid bitumen (migrated OM), mainly based on the relation-
ship between OM and minerals and the shape and edge characteristics
of OM in shale. However, maceral types such as liptinites, vitrinite and
inertinite can only be recognized with low confidence. Although the
characteristics of macerals introduced in section 3.1 can help in judging
the maceral types in SEM images, many uncertainties still exist: for

Fig. 4. Thin-section photomicrographs in reflected light (a,
c, g–i) and fluorescent light (b, d, e, f, j). Panels (d) and (j)
are areas (c) and (i), respectively, also photographed in
fluorescent light. AF= alginite fragments; SB = Solid bi-
tumen.
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example, liptinites and solid bitumen display relatively large variations
in shape (stripe-like, irregular with sharp boundaries, etc.). In addition,
the shapes of relatively small macerals (< 10 μm) are poorly defined in
light microscopy, but they can be clearly seen in SEM images of ion-
milled surfaces. More importantly, when different types of organic
maceral cohere (e.g. the solid bitumen and alginite in Fig. 4d, f, j) they
appear as a single, undifferentiated piece of OM in SEM images. This
may be common in shales with medium to high TOC content.

3.2.1. No visible pores within OM from various sources
Woody OM derived from higher plants was tentatively identified in

the studied samples (Fig. 5a–c), mainly on the basis of particle shape
(e.g., arcuate), sharp boundaries and subtle curvature along their edges
(Loucks and Reed, 2014; Loucks et al., 2012; Lu et al., 2015; Milliken
et al., 2013); Fig. 5a shows one typical example that is probably in-
ertinite, based on light microscopic observation. These particles vary
greatly in both size and shape. Some are irregular polygons measuring
∼3 μm (Fig. 5c), while others are seen as irregular band- or belt-like
shapes 10–20 μm long and 3–5 μm wide (Fig. 5a and b).

Some OM that has infilled pre-existing interparticle pores or mi-
crofractures was found to be non-porous (Fig. 5d–g). Most occurred in
elongated or irregular polygon-like shapes, depending on the bound-
aries of the surrounding minerals (Fig. 5d). The OM varied greatly in
size ranging from tens of nanometers to about 100 μm with most of
them in tens of micrometer scale. Their shape and relationship with
minerals suggest that this OM was solid bitumen that had migrated into
interparticle pores or microfractures (Fig. 5d and e), adopting the cri-
teria suggested by Loucks and Reed (2014). The relatively long solid
bitumen in sample C9-37 (Fig. 5e) is notable for the shape of the left-
hand end and the middle part. The shape of this OM suggests that it
may be a liptinite, such as an algal spore (Milliken et al., 2017).
However, the multiple-laminate structure in the middle part was grey in
reflected light (Fig. 5h), which supports its classification as solid bi-
tumen.

Well-developed OM laminae were observed in the highest-TOC
sample (C9-32, Fig. 5f), consistent with abundant solid bitumen imaged
using light microscopy (Fig. 4i and j). The OM laminae were inter-
layered, mostly with clay minerals and less frequently with rigid

Fig. 5. OM without visible pores in the Chang 7 and Chang
9 shales. (For more information about samples, please refer
to Table 1). Panel h was taken in reflectance white light
using light microscopy.
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minerals such as euhedral quartz or pyrite crystals; these appeared
throughout the ion-milled region (> 100 μm). Close contact between
solid bitumen and fluorescent liptinite was normal in this sample
(Fig. 4i and j), which suggests that these liptinites were also non-
porous.

3.2.2. Poor development of pores within OM
The surface porosity, defined as the ratio of pore area to OM area,

was measured using JMicroVision software. The values ranged between
0.9% and 10.5% (Fig. 6). Pores with sizes of 10–100 nm were roughly
round or elliptical in shape. Most of the pores were aligned along the
OM rim or parallel to the rim (Fig. 6a–c), while others were randomly
clustered within small zones close to the rim (Fig. 6 d–f). These pores
were sometimes linked, especially the former, forming a microfracture
similar to that in Fig. 6a, and usually less than 0.5 μm long. Fig. 6a
shows a very small, quasi-polygonal OM with slit-shaped, rough-edged
pores about 1 μm long. Similar pores were reported in a sample of solid
bitumen in a Cretaceous shale (VRo=0.78%), and explained as de-
volatilization cracks, which might not exist in situ (Loucks and Reed,
2014). This type of OM was generally small in size with most of them
less than 5 μm. Most of this type of OM was recognized as solid bitumen
filling interparticle pores between minerals (Fig. 6b–c, e); others with
sharp boundaries may be remnants of woody OM and thus deposition-
related, as discussed above (Fig. 6a, d).

3.2.3. Good-to-excellent development of pores within OM
The surface porosity for the OM with good pore development was

between 9.5% and 36.9% (Fig. 7). Well-developed pores within OM are
described by the pore classifications suggested by Milliken et al. (2013):
isolated and discrete, sponge-like and complex pores. Most isolated

sponge-like pores (Fig. 7a–g) were roughly round, elliptical or elon-
gated, varying in size around a few tens of nanometers (mostly smaller
than 50 nm). Discrete sponge-like pores (Fig. 7a–e) were generally ir-
regular or elongated in shape, and usually between 30 and 80 nm in
size, but exceeding 100 nm in some cases. Some discrete pores may
have formed when isolated pores have combined. Relatively large
complex pores were also identified in OM macerals in which sponge-
like pores were also evident (Fig. 7e–h). These pores were either con-
nected or isolated, and were roughly round, elliptical (Fig. 7e, h) or
irregular (Fig. 7g). The pores lay mainly within the size range of
400 nm, but were as large as ∼700 nm. Small pores have previously
been reported within pores larger than 200 nm (Milliken et al., 2013),
and were clearly seen in the present study (Fig. 7g and h). Complex
pores were common in two medium-TOC samples (C7-6 and C9-37) but
were only occasionally seen in other samples.

Significant OM pore development was observed in sample C9-37
(Fig. 8). The clearly visible sponge-like structure (Fig. 8b) indicates
intense pore development. Overall, this type of OM was characterized
by cross-linked network of organic fibers or bridges. This type of OM
was smaller than 10 μm, with pores varying greatly in size, mostly
between 10 and 120 nm, and occasionally up to 250 nm. Relatively
small pores with diameters of 20–50 nm were generally elliptical or
irregular in shape; medium-sized pores (50–120 nm, commonly ob-
served in the sample) were mostly elliptical. The irregular shape of
pores larger than 120 nm might have resulted from the breakage of
nanofibers separating smaller pores. The nanofibers separating pores
varied from 7 to 34 nm in width, with a main width range of 10–20 nm.
The surface porosity of sponge-like OM was calculated to be as high as
40% (Fig. 8a) based on pore identification and statistical data.

Fig. 6. Poor development of pores within OM.
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3.2.4. Microfractures associated with OM
Different types of microfractures were identified within the OM

(Fig. 9), some of which also appear above in Fig. 6a. Microfractures in
OM without visible pores usually had smooth walls, either straight or
curved, and from one to a few micrometers long (Fig. 9c and d). The
OM was solid bitumen infill between minerals (Fig. 9c and d) and ap-
peared as irregular strips. The microfractures generally cut across the
OM and have developed either along the OM-mineral boundary or
perpendicular to it (Fig. 9c and d).

Microfractures were also observed in OM with significant develop-
ment of spongy and complex pores (Fig. 9a and b), some with rough
rims within the OM (Figs. 6a and 9a–b). Most of these fractures were
less than 2 μm long, and seem to have formed by the coalescing of
small, isolated pores.

A third type of microfracture in the Yanchang shale was typically
parallel or sub-parallel to the bedding (Fig. 9e and f), some with mi-
grated bitumen infill (Fig. 9e). Such fractures were typically more than

tens of micrometers long. In sample C9-32, with virtually no visible OM
pores, fractures from 4 μm to 80 μm long were seen (Fig. 9f).

Microfractures in shale may be generated by various processes,
possibly due to the drying of clay minerals and consequent shrinkage,
either during the lifting of cores or in sample preparation (Loucks and
Reed, 2016, Fig. 9d–f). Microfractures in the OM might result from the
devolatilization of solid bitumen and pyrobitumen, the rims of which
may be either smooth or rough (Fig. 9c and d; Ko et al., 2017; Loucks
and Reed, 2014, 2016; Loucks et al., 2017). Such microfractures might
not exist in situ, however, as they are generated by devolatilization
which occurs when the sample is released from the high subsurface
pressure and temperature. High pressures could be created by the
generation of oil and gas in shale. This occurs because the volume of the
hydrocarbons exceeds that of the kerogen, generating elevated pressure
during the maturation process. Sufficiently high pressure causes the
shale to fracture, facilitating the flow of bitumen. This may explain the
observation that some fractures are filled with solid bitumen parallel to

Fig. 7. Well-developed pores within OM. White arrows in-
dicate isolated spongy pores; black arrows indicate discrete
spongy pores.

H. Guo et al. Marine and Petroleum Geology 91 (2018) 279–296

286



the bedding planes (Fig. 9e). Other factors (e.g., tectonic stress) could
also lead to fracturing in the shale.

3.2.5. Pores in residual bitumen in shale
Pores with round, elliptical and irregular shapes in the residual bi-

tumen were formed by oil evaporation/expulsion or modified mineral
pores (Fig. 10). Most of the round and elliptical pores were a few
hundreds of nanometers across (Fig. 10); irregularly shaped pores
varied in size from one to a few micrometers. Macropores in the re-
sidual bitumen all had smooth rims that readily distinguished them
from other types of OM pores. Moreover, the minerals submerged under
the bitumen were clearly coated by an oil film. Similar pores in solid
bitumen measuring a few hundreds of nanometers have been reported
in mature shale (VRo= 0.78%, Loucks and Reed, 2014), which they
interpreted as being associated with two-phase fluid inclusions — the
two phases possibly being heavy oil/light oil, or oil/water, or oil/gas.

3.3. Pores associated with minerals

Pores associated with minerals were classified into three sub-types
in the present study: intraparticle pores associated with clay minerals;
interparticle pores; and intraparticle pores related to the dissolution
process. The clay mineral content is relatively high in the Chang 7 and
Chang 9 shales (mostly between 30% and 50%: Guo et al., 2014a).
Well-developed pores in the aggregated clay platelets generally ap-
peared as elongated, slit-like shapes parallel to the clay sheet (Fig. 11a
and b). Most of the pores measured from hundreds of nanometers to
several micrometers long, and up to 200 nm wide. Oil infill in clay
aggregates is common in shales with high hydrocarbon generation
potential (Fig. 11b).

Interparticle pores (Fig. 11c and d) between ductile clay minerals
and rigid minerals (quartz, feldspar) were common, and were mainly
associated with the compaction-resistant effect of the rigid minerals.
These pores appeared as regular polygons with straight rims, or irre-
gular shapes with straight and/or arcuate edges, depending on the

Fig. 8. Dense development of pores in OM showing a na-
nofiber structure in sample C9-37 (TOC content 4.65 wt%).
The yellow, red and blue outlines show pores 10–50 nm,
50–120 nm and 120–250 nm long, respectively. White ar-
rows indicate broken nanofibers or bridges separating
pores. Small yellow arrows indicate nanofibers separating
pores. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of
this article.)
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surrounding minerals. Such pores were relatively large — mainly be-
tween 100 nm and more than 1 μm.

Intraparticle pores are associated with dissolution; Fig. 11e shows a
typical pore of this type, where the edges of the rectangular mineral
particle (4× 3 μm) have almost been dissolved, and the particle walls
thus displayed saw-tooth rims. The particle in Fig. 11e was unconnected
to OM. Significant dissolution had taken place at its corners, producing
well-developed intraparticle pores. Dissolution also occurred when the
mineral particle was surrounded by solid bitumen as shown in Fig. 11f,
but in this case the pore development was limited to only a few parts of
the mineral in contact with the bitumen. It is also notable that the solid
bitumen was very porous. The size of the dissolution-related pores in
the mineral particle ranged from 20 to 150 nm, although most were
mesopores (Fig. 11f). It could also be observed that the K-feldspar has

been partly displaced by albite (Fig. 11e and f). Dissolution is usually
related to fluids resulting from the decarboxylation of kerogen, pro-
ducing carboxylic and phenolic acid, which has taken place prior to oil
generation (Schieber, 2010).

3.4. Pore characteristics revealed by low-pressure gas adsorption

3.4.1. CO2 adsorption
The CO2 adsorption isotherms for the shale samples of Chang 7 and

Chang 9 members (Fig. 12) were type I, implying microporous solids
with a relatively small external surface area (Sing, 1985). Most of the
samples in this study had a relatively low CO2 adsorption capacity
(0.18–0.60 cm3/g at relative pressure P/P0= 0.03); however, sample
C9-32, with the highest TOC content (9.74 wt%), had a much greater

Fig. 9. Microfractures in OM. The fractures in panels e, f
are some tens of micrometers long. Solid-line ellipses in-
dicate fractures with bitumen infill; dotted-line ellipses in-
dicate open fractures.

Fig. 10. Large pores within the residual bitumen filling
interparticle spaces.
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adsorption capacity than the other samples (up to 2.0 cm3/g, Fig. 12b).
No clear correlation was found between CO2 adsorption capacity and
TOC content in the 10 samples investigated. In addition, samples C7-6
and C9-37 showed excellent growth of visible OM pores, but both had a
very low CO2 adsorption capacity (Fig. 7f–h, 12).

3.4.2. N2 adsorption
The N2 adsorption isotherms for all selected samples (Fig. 13) were

type IV. Variation in adsorption capacity was much greater for the
Chang 9 shale than for the Chang 7 shale. It is again notable that sample
C9-32, with the largest TOC content and CO2 adsorption capacity

(Fig. 12b), had the lowest N2 adsorption capacity (Fig. 13b), indicating
limited development of pores in the 2–300 nm range; this is consistent
with the fact that almost no pores were visible (Fig. 5f). Sample C9-35
(TOC=8.39 wt%) had a higher N2 adsorption capacity than sample
C9-32, despite the fact that C9-35 was slightly less enriched in OM
(Fig. 13b).

The pore-volume distribution of Chang 7 samples was unimodal
within the diameter range of 1.7–300 nm, with a broad maxima be-
tween 10 and 100 nm. Pore volumes for different size ranges were
generally similar for samples with distinctly different TOC contents
(Fig. 14a; Table 1); however, sample C7-6, with the relatively higher

Fig. 11. Pores associated with minerals: (a, b) intraparticle
pores associated with clay minerals or muscovite; (c, d)
interparticle pores related to various minerals; (e, f) in-
traparticle dissolution pores in carbonate and feldspar. In
panel b, the dashed outlines highlight unfilled pores be-
tween clay minerals, and the solid outlines are pores filled
with OM.

Fig. 12. CO2 adsorption isotherms for (a) Chang 7 and (b) Chang 9 shales. (Isotherms for samples C7-13 and C9-32 after Guo et al., 2014a).
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TOC content of 7.2 wt%, showed a much greater pore volume than the
other Chang 7 samples, between 10 and 60 nm, with a maxima at
30 nm. By contrast, all five Chang 9 samples showed considerable
variation in their pore-volume profiles, although a broad maxima be-
tween 10 and 100 nm was also present (Fig. 14b). Samples C9-27 and
C9-35 showed an additional peak maxima 3 nm, possibly related to the
presence of clay minerals (Kuila and Prasad, 2013), and suggests that
the mesopores between the clay aggregates were not fully filled by OM
(Kuila et al., 2014). Three of the five Chang 9 samples with relatively
lower TOC contents (C9-27, C9-30 and C9-37) had a much larger peak
in the 10–100 nm range, implying greater volumes of both meso- and
macropores than the other two high-TOC samples (C9-32 and C9-35;
Table 1).

An interesting finding was that the pore volume in the 2–300 nm
range displayed an approximately non-linear decreasing trend with
increasing TOC content, with two exceptions (Fig. 14c). In detail, the
two samples with TOC content of about 2 wt% had a pore volume of
2.23–2.49 cm3/g in the 2–300 nm range. The pore volume was gen-
erally similar (1.78–1.95 cm3/g) over the TOC range of 3.7–7.68 wt%,
which is lower than that of the two lowest TOC samples. With increases
in TOC content up to 9.74 wt%, the pore volume of samples C9-35 and
C9-32 significantly decreased. The two exceptions were C9-37 and C7-
6, which were observed to contain an abundance of relatively large OM
pores (Fig. 7).

3.5. Pore-throat distribution and total porosity

The mercury intrusion technique measures the pore throat dis-
tribution of the samples. As Fig. 15 shows, the pore throats of both
Chang 7 and Chang 9 samples were very small (most are smaller than
10 nm). The artificial intergranular porosity created during analysis
preparation (e.g., shrinkage cracks in clay minerals or OM) may have
contributed to the number of pores between 10 and 100 μm (e.g., the
fractures in sample C9-32). The pore volume and pore size shown by
SEM and N2 adsorption are larger than those determined by mercury
intrusion measurement, indicating that the connectivity of pores in the
Yanchang shale, and therefore its permeability, is relatively poor. It has
been noted previously that the Yanchang shale has an overall low
permeability (Loucks et al., 2017).

The skeletal density was determined by both He pycnometry and
mercury intrusion; the bulk density was determined by mercury in-
trusion. These produced two kinds of total porosity. The skeletal density
and bulk density in Fig. 16a and b are similar, both decreasing as TOC
increased. Fig. 16c and Table 1 show that the He-Hg porosity was ap-
parently greater than Hg porosity, for the reason that helium molecules
enter pore throats as small as 0.26 nm, whereas the smallest pore that
mercury enters is in the order of 3 nm. The relatively small throat size of

pores in the Chang 7 and Chang 9 shales affected mercury porosity
measurements (Fig. 15). Nevertheless, the covariation between the two
sets of porosity values (Fig. 16c) is generally below 5%.

4. Discussion

Much greater pore volume of the two lowest-TOC samples and
smaller pore volume of the two highest-TOC samples (Fig. 14c), as re-
vealed by the N2 adsorption measurements, suggest that mineral-asso-
ciated pores dominated the pore systems of the samples in this study.
This is related to the commonly observed presence of non-porous OM of
various types with a large TOC range in the Yanchang shale (Fig. 5), as
was also noted by Loucks et al. (2017). Also, clay minerals with well-
developed intraparticle pores were identified in samples with a variety
of TOC contents (Fig. 11a and b). These clay minerals seem to be poorly
connected with the flow network in the shale since they were not in-
filled with solid bitumen (Fig. 11a), or only partially infilled to a small
extent (Fig. 11b). It has been demonstrated by quantitative analysis of
SEM images (Loucks et al., 2017; Wang et al., 2016) that intraparticle
pores in clay platelets are the most important pore type in the Chang 7
and Chang 9 shales from the study area. The effects related to the pore
development in the studied samples are discussed in detail below.

4.1. Preservation of primary pores within kerogen maceral

Round to oval pores have been identified in immature or mature
woody fragments from the Tuscaloosa shale and Kimmeridge mud-
stones (Fishman et al., 2012; Lu et al., 2015), and they may be a result
of the original cell structure. Löhr et al. (2015) suggested that the
limited oil potential of woody OM may facilitate the preservation of
primary pores in oil-mature woody OM in the Kimmeridge mudstones,
because the primary migration of oil (could infill primary pores) may be
a local process. However, this could not explain the more common
occurrences of non-porous woody OM or type III kerogen in shales
(Klaver et al., 2015; Löhr et al., 2015; Loucks et al., 2012, 2017;
Pommer and Milliken, 2015), as shown in this study (Fig. 5). It was
speculated that primary pores within woody OM could have been de-
stroyed, since most of identified vitrinite and inertinite particles in this
study are relatively small indicating a broken structure of original
woody material. Moreover, the compaction effect on pore preservation
could be plausible, as band-like woody OM extending more than
200 μm has been found in the Chang 7 shale (Loucks et al., 2017).

Most of the OM in sample C9-37 (medium TOC content: 4.65%,
Table 1) was porous. Some OM in particular with a crosslinked nano-
fiber structure was observed to possess the best pore development in all
types of OM in the studied samples (Fig. 8). Kerogen in the Barnett
shale, Texas, with a porosity of 41% (VRo=1.6%), has a sponge-like

Fig. 13. N2 adsorption isotherms for (a) Chang 7 and (b) Chang 9 shales. (Isotherms for sample C9-32 after Guo et al., 2014b).
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appearance at relatively low magnification (Loucks et al., 2012); when
observed at high magnification, however, the pores are generally iso-
lated or discrete, and tend to be equant (Loucks et al., 2012; Sondergeld
et al., 2010). This differs totally from the appearance of the pores seen
in sample C9-37 of the present study. Earlier, Loucks et al. (2009) had
shown a high-porosity kerogen in the Barnett shale that indicated an
obvious alignment of the pores, suggesting a primary internal structure.
Klaver et al. (2015) presented a particle of solid bitumen containing
abundant, relatively large pores of roughly round shape, indicating the

Fig. 14. (a), (b) Pore volume distribution vs. pore diameter derived from N2 adsorption
branches using the BJH model; (c) variation of TOC content vs. pore volume in the size
range 2–300 nm, as measured by N2 adsorption branches. In the legend, the TOC content
and Tmax value are listed after sample name.

Fig. 15. Pore throat volume distribution of Chang 7 and Chang 9 shales, as determined by
mercury intrusion.

Fig. 16. Correlation between TOC and (a) skeletal density, and (b) bulk density; (c) re-
lationship between porosity by Hg intrusion and He-Hg methods.
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nucleation of gas or oil bubbles. One recent study reported the nano-
fiber structure in the Utica/Point Pleasant shales, Ohio (Alcantar-lopez,
2016), one of whose most notable features was the cross-linked network
of organic fibers or bridges (Fig. 8a) that determine the size and shape
of the pores; also the numerous pores within them were poorly aligned.

Alcantar-lopez (2016) demonstrated the progressive changes from
sub-spherical units with increasing maturity to form a crosslinked
network of OM for kerogen structures. Such changes, when associated
with oil generation/swelling and subsequent oil expulsion/shrinkage,
provide the routes for pore development during maturation. Alcantar-
lopez (2016) further observed that a gel-like crosslinked kerogen
structure forms as early as peak oil (VRo=0.88%) and is clearly evi-
dent in shale with VRo > 1.1%. Tmax of sample C9-37 is ∼450 °C and
is located after the peak of the oil window in the crossplot of Tmax vs.
S1/TOC ratio (Fig. 3b), which corresponds to the maturity range of
samples with crosslinked organic nanofiber structure shown by
Alcantar-lopez (2016). His study also pointed out that the OM was still
characterized by the isolated, discrete spongy pores and complex pores
when the samples were imaged on ion-milled surfaces using SEM. This
is obviously different from the very porous OM in sample C9-37 (Fig. 8).

The very porous OM in sample C9-37 is probably derived from ex-
tracellular polymeric substances (EPS) composed of polysaccharides
secreted by bacteria and microalgae (De Vuyst and Degeest, 1999), as
shown by the SEM images of the fresh cleavage sample in Fig. 17. EPS
have been observed to progressively form an alveolar network upon
increasing bacterial stretching constraints in modern environments, and
fossil alveolar networks have been preserved in subsequent lithification
during diagenesis, producing a porous EPS (Pacton et al., 2007). In the
photomicrograph of the ion-milled surface in which the possible EPS
fossil was identified, abundant liptinites (colored yellow in fluorescent
light, probably most are alginites or alginite fragments) were found
(Fig. 17b). Unfortunately, it is still unclear whether any direct re-
lationship existed between the possible EPS and the alginites because
the EPS in the samples was too small to be identified with confidence
using light microscopy. Abundant pores have been observed in fossil
EPS in black shale and in bituminous laminae dating from the Cretac-
eous to the Miocene (Pacton et al., 2006, 2007, 2009; Ţabără et al.,
2015). Porous EPS has also been found in modern lake sediments de-
posited in an alkaline hypersaline environment (Dupraz et al., 2004).

4.2. Pore development related to petroleum expulsion

Pores showing different degrees of development may have resulted
from different petroleum expulsion processes (Loucks et al., 2009).
Pores concentrated near the interface of OM and mineral grains (Fig. 6)
may be related to the nucleation of gas bubbles on the surface of
phyllosilicate minerals (Milliken et al., 2013; Pommer and Milliken,
2015). Experimental observation has shown that clay minerals pre-
ferentially catalyze the formation of gaseous hydrocarbons over other
kinds (Tannenbaum and Kaplan, 1985), facilitating the nucleation and
subsequent escape of gas bubbles on the mineral surfaces (Milliken
et al., 2013). Although such pores were only found in small zones in the
OM, they tended to interact when devolatilization or gas nucleation
were significant (Fig. 6b and c). Shale samples in the Chang 7 and
Chang 9 members were rich in clay minerals, most being mixed layered
illite/smectite (Guo et al., 2014a). Clay minerals are recognized in shale
by their straight or curved sheet-like shape. The OM in contact with
clay minerals was porous (Fig. 6d and e); however, it was noticed that
some OM in contact with clay minerals was non-porous, and some OM
had pores in only small areas (Figs. 6d and e and 7b). This may occur
when OM of different types remained close to each other, as was oc-
casionally observed using light microscopy (Fig. 4i and j).

Isolated sponge-like pores (Fig. 7) might be related to the homo-
geneous nucleation of gas bubbles (Milliken et al., 2013); however, the
relatively large discrete and complex pores showing some connectivity
had been formed from the residual OM following oil expulsion, or by
the interconnection of pores left by gas expulsion. Spongy and complex
pores have been frequently found in the Yanchang shale (Fu et al.,
2015; Ko et al., 2017; Lei et al., 2015; Loucks et al., 2017; Wang et al.,
2015, 2016). Large bubble-shaped pores, generally several hundred
nanometers in size (Fig. 10), may have been formed by the thermal
cracking of bitumen into gas or oil, or by the release of entrapped water
or petroleum in bitumen (Ko et al., 2017; Loucks et al., 2017). However,
such pores observed in the studied samples could also have been formed
during sample uploading and preparation, leading to the release of
volatiles (Alcantar-lopez, 2016). Hence, whether these pores existed in
situ is not yet clear. This explanation might also apply to the develop-
ment of relatively large pores (300–400 nm, subrounded) coexisting
with spongy pores (Fig. 7h).

Fig. 17. (a, c, d) SEM images of fresh cleavage surface of
sample C9-37 (TOC content 4.65 wt%) showing nanofiber
structure pores in OM; (b) photomicrographs of the ion
milled surface used for FE-SEM observation, took in fluor-
escent light using light microscopy.
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4.3. Effect of residual bitumen on the pore development

A relatively large amount of bitumen (OM soluble in organic sol-
vents) was left in the Chang 7 and Chang 9 shales (Fig. 3b, Table 1)
after the generation and expulsion of petroleum. Migrating residual
bitumen influenced the porosity by at least two processes: infilling
mineral-associated interparticle pores, and also by blocking OM pores;
this is one of the major reasons for significantly lowered shale porosity,
based on the evidence from studies of both naturally occurred and
thermally simulated samples (Guo et al., 2017; Löhr et al., 2015; Loucks
et al., 2009, Loucks and Reed, 2014; Mastalerz et al., 2013; Pommer
and Milliken, 2015). Several recent studies comparing low-pressure gas
adsorption before and after the solvent extraction of shales within the
oil window have shown significant enlargement of pore volume after
solvent extraction (Valenza et al., 2013; Wei et al., 2014; Zargari et al.,
2015). Similar work has also been reported for the Chang 7 and Chang
9 shales from the Ordos Basin (Guo et al., 2014a,b; Li et al., 2016; Liu
et al., 2016; Xiong et al., 2016). These studies have shown that the
surface area and N2 adsorption capacity of samples increased after
solvent extraction. The increment is more significant for samples with
higher TOC content, and good positive correlation between surface area
and TOC content could be established for extracted samples (Liu et al.,
2016). However, for un-extracted samples, there is a negative re-
lationship between surface area and TOC content. Therefore, increased
pore surface area could be related to the mineral and OM associated
pores. SEM imaging has shown that pores in OM which were invisible
before extraction re-emerged after extraction (Löhr et al., 2015). Mi-
neral pores that had been vacant before oil generation were occupied
by migrating residual bitumen along the mineral margin, leaving open
pores in the center at the oil generation stage (Ko et al., 2016). Mineral-
associated pores were most clearly observed in sample C9-27 (Fig. 10),
demonstrating that mineral pores could be occupied by residual bi-
tumen during thermal maturation. In most cases, mineral pores and
fractures were completely occupied by solid bitumen (which may have
been the solid residue after secondary cracking of soluble bitumen,
Fig. 5d and e).

Besides infilling, occupation of the surface of solid OM by soluble
bitumen prevents the adsorption of gases on the pores, reducing the
amount of adsorbed gas in low-pressure gas adsorption analysis. In
addition, adsorption of soluble bitumen by solid OM such as kerogen
would result in the swelling of solid OM and appearing to behave like
organic macromolecules (Ertas et al., 2006; Kelemen et al., 2006;
Pepper and Corvi, 1995; Ritter, 2003; Sandvik et al., 1992). It has been
suggested that the adsorption of residual bitumen and resultant swel-
ling of structural units of solid OM in shale is one of the important
factors in reducing the OM porosity related to the space within a con-
nected OM framework (Alcantar-lopez, 2016). One such typical solid
OM coated with a fluid organic film through the open pore inside solid
bitumen was observed in an SEM image of a Chang 7 shale sample
(Fig. 18). This is very similar to the solid OM illustrated for the Eagle
Ford shale (Fig. 10 in Alcantar-lopez, 2016). He also showed the na-
noparticle structure and cross-linked network of nanofibers of solid OM

(possibly kerogen or solid bitumen) after CO2-toluene cleaning of shale
samples within the oil window.

Both Chang 7 and Chang 9 shales generally contain more soluble
bitumen with higher TOC content (Guo et al., 2014a). Therefore, the
influence of residual bitumen on the shale porosity was more intense in
samples with relatively high content (Liu et al., 2016), which is possibly
responsible for the relatively lower pore volume of the two samples
with relatively high TOC content (Fig. 14c). However, sample C9-32,
with the highest TOC content, showed little increase of pore volume
after solvent extraction (2–300 nm, measured by N2 adsorption iso-
therms, Guo et al., 2014b). By contrast, micropore volume determined
by CO2 adsorption analysis showed a large increment following solvent
extraction. Therefore, it is evident that bitumen infilling and adsorption
are not the key factors resulting in both low meso–macro pore volume
(2–300 nm, Guo et al., 2014b) and the complete lack of visible pores in
SEM images (greater than 5 nm, Fig. 5f), but bitumen infilling and
adsorption greatly lowered the micropore volume in sample C9-32.

4.4. Effect of compaction on pore development

Compaction is one of the main causes of reduction in shale porosity
during diagenesis and catagenesis (Ko et al., 2017; Loucks and Reed,
2014; Mastalerz et al., 2013; Pommer and Milliken, 2015). The increase
in the porosity of shales has been shown to peak and even decrease with
increasing TOC content beyond a certain level (Milliken et al., 2013;
Zeng et al., 2016). This is probably related to the greater influence of
compaction on the porosity of shale with more abundant OM due to the
more ductile framework in the shale. As stated in section 4.3, the very
low pore volume of pores with diameters of 2–300 nm and lack of
visible pores in sample C9-32 with the highest TOC content (Figs. 5f and
14b, c) was not related to the bitumen infilling and adsorption effect,
but is attributable to the effect of high compaction on pore develop-
ment. This implies that relatively large pores of both primary and
secondary origin have been destroyed and/or altered into micropores,
since the CO2 adsorption analysis of this sample has shown more than
three times the micropore volume in the other samples in Fig. 12 and
Table 1. Löhr et al. (2015) reported that no pores were visible in
amorphous OM in immature Woodford shale (Oklahoma), particularly
when aggregated with clay minerals. Therefore, the effect of high
compaction could be related to the laminar structure of OM–mineral
aggregates (e.g., clays with other minor minerals: Fig. 5f) in addition to
the relatively high TOC content. Such laminar structures are particu-
larly susceptible to the effects of compaction, which would then reduce
the number of intraparticle pores within the minerals (Fishman et al.,
2012).

The OM in the photomicrographs and SEM images varied in size
from a few micrometers to hundreds of micrometers (Figs. 5–8). Al-
though the pores in porous OM differed greatly in size and shape, they
generally appeared within small OM grains (Figs. 7 and 8). Such OM
was from a few hundreds of nanometers to several micrometers long,
which possibly prevented pores within the OM from being greatly in-
fluenced by compaction. Chang 7 shale was reported to be greatly

Fig. 18. (a) Solid bitumen showing relatively large open
pores in sample C7-6. The pores may be a result of oil ex-
pulsion during sample uploading and preparation. (b) Film
of organic fluid coating solid OM observed in the pores
shown in panel a.
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affected by compaction due to a lack of early cementation, which re-
sulted in relatively small spongy pores in the shale (Ko et al., 2017).
Very abundant pores within the probable EPS fossils observed in sample
C9-37 (Fig. 8) ranged from 10 to 250 nm in size; however, previously
reported images of rock surfaces indicate that the pores in typical fossil
EPS (Pacton et al., 2006, 2007, 2009; Țabără et al., 2015) generally
varied from 100 nm to several micrometers. These rocks are mostly
immature, as suggested by their very low Tmax (Pacton et al., 2009).
Therefore, organic pores in sample C9-37 may have been greatly altered
and had thus become relatively small, although a thermal alteration
effect on the pores cannot be fully excluded.

4.5. Pore development with thermal maturity

The pore evolution with progressive thermal maturity has been
among the most widely discussed topics in the petroleum industry over
the past ten years (Jarvie et al., 2007; Mastalerz et al., 2013; Pommer
and Milliken, 2015; Curtis et al., 2012). It had earlier been supposed
that pore development is a result of carbon loss, and that volume
changes arose as a result of petroleum generation and expulsion from
kerogen (Jarvie et al., 2007). Shortly afterwards, SEM observations
combined with ion beam milling showed that nanometer-scale pores
are often visible in relatively highly matured shale samples, which
demonstrated the relationship between OM maturation and pore de-
velopment (Loucks et al., 2009; Wang and Reed, 2009). Solid bitumen
in shale, formed by the secondary cracking of bitumen that had either
migrated or that was coexisting (by adsorption or solution) with re-
sidual kerogen, is one of the most common OM types in which spongy
and complex pores have been observed (Bernard et al., 2012). This also
supported the suggestion that pore development was facilitated by OM
transformation. Key factors and processes controlling pore evolution
during the whole maturation process have been proposed, based either
on studies of relatively large natural sample sets (Loucks and Reed,
2014; Löhr et al., 2015; Mastalerz et al., 2013; Pommer and Milliken,
2015), or on thermal simulation of a single sample (Chen and Xiao,
2014; Guo et al., 2017; Ko et al., 2016; Sun et al., 2015; Tang et al.,
2015). These studies elucidated the complicated evolutionary trends of
pore development relating to the maturity of shale, since pore devel-
opment is not only related to OM transformation but also to compaction
and mineral composition. In addition, OM transformation takes place as
a result of several types of chemical and physical processes, each of
which is influenced by the abundance, type and composition of the OM.
Therefore, progressive incremental shale porosity may not be evident
with elevated maturities, even in the same shale unit (Curtis et al.,
2012; Milliken et al., 2013).

The relationship between maturity and pore volume has been
shown for the Chang 7 shale from the southeastern Ordos Basin (Fu
et al., 2015; Jiang et al., 2016); however, this was not supported in a
more recent study (Ko et al., 2017). The sample selection in the present
study carefully considered the variation in maturity, as shown by Rock-

Eval analytical results in Fig. 3. The 10 samples showed no clear trend
for pore volume (0.35–300 nm) or bulk porosity with increasing Tmax
(Fig. 19). The relatively small sample set could be one factor influen-
cing determination of the maturity trend of the porosity. For pore vo-
lumes ranging from 0.35 to 300 nm, the two samples with the highest
TOC content (C9-32 and C9-35) deviated significantly from the other
eight samples (Fig. 19a). If these two samples were excluded from the
statistics, a weak positive correlation of pore volume and total porosity
with Tmax is observed (Fig. 19). In sections 4.3 and 4.4, the very low
level of pore development in sample C9-32 is demonstrated to be
mainly related to compaction rather than bitumen infilling or adsorp-
tion. These results thus suggest that although maturity has affected pore
development in shale to some extent, compaction has possibly had
greater impact on pore development in the studied samples. Mineral-
associated pores were the dominant pore type in most of the studied
samples (Fig. 14c); however, samples C9-37 and C7-6 were exceptions,
since both samples contained relatively abundant porous OM (Figs. 7
and 8). Different pore types may exhibit different evolutionary trends
with increasing maturity, and could also be affected by compaction at
distinct levels. Therefore, determining the relationship between shale
porosity and maturity should be performed on the basis of a careful
evaluation of other important factors such as pore type, compaction
effect, etc.

5. Conclusion

SEM observation, combined with low-pressure gas adsorption and
mercury intrusion, was used to study the distribution and controlling
factors of pores in the lacustrine Yanchang shale within the oil window.
The results support current views on the pore characteristics of the
shale:

(1) The shale in the Chang 7 and Chang 9 members generally had re-
latively low total porosities and poor connectivity between pores.

(2) Abundant OM displaying spongy and complex pore texture was
observed in some of studied samples. This was supported by pore-
volume distribution measurements by N2 adsorption analysis.

(3) Most of the pore types reported for marine shale also appeared in
the lacustrine Chang 7 and Chang 9 shales; for example: OM pores
lining OM-mineral boundaries as a result of gas nucleation; devo-
latilization microfractures within the OM; superior pore develop-
ment in OM possessing a nanofiber network; intraparticle pores
related to mineral dissolution; and relatively large intraparticle
pores in clay platelets.

This study has also provided some pointers to improve the under-
standing of pore development in lacustrine shale, however, caution
should be taken when extrapolating the results across the basin con-
sidering that only ten samples were investigated.

Fig. 19. Relationships between Tmax and (a) total pore
volume (0.3–300 nm); and (b) total He–Hg porosity. Dashed
lines show linear regression results of all studied samples
except two samples (C9-32 and C9-35). Filled cycles and
blank triangles indicate Chang 7 shale and Chang 9 shale,
respectively.
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(1) Pores were better developed in OM of several hundreds of nan-
ometers to several micrometers in size, which is mainly related to
different petroleum expulsion processes and compaction effect.
Among the porous OM types are probably EPS having an alveolar
structure, which have been affected by compaction and maturation,
leading to a substantial reduction in pore size. Abundant alginites
were commonly identified in shale with this type of OM.

(2) The ultra-low volume of pores larger than 2 nm in the highest TOC-
content sample, as indicated by N2 adsorption, was attributed to the
dominance of organic laminae without visible pores; however, CO2

adsorption indicated that the sample possessed a much greater
micropore volume than others. Meso- and macropores in the sam-
ples were not noticeably affected by bitumen infilling, but probably
did not develop due to a significant compaction effect on primary
and/or secondary OM pores.

(3) No visible pores were present in a variety of OM types (woody re-
lics, migrated solid bitumen, and OM laminae interbedded with
clay minerals). The OM varied greatly in both size and shape.

(4) Small microfractures, generally shorter than 2 μm, were possibly
formed by the connection of massive spongy pores developed
within OM.
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