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A B S T R A C T
Organic-matter-hosted pores are an important aspect of pore systems in unconventional gas shale reservoirs.
Along with thermal maturity, organic maceral type critically controls the development of secondary organicmatter-hosted pores. Three New Albany Shale samples (Devonian-Mississippian, kerogen type II sequence)
having thermal maturities ranging from a vitrinite reﬂectance (Ro) of 0.55% to 1.42% were analyzed using a
reﬂected light microscope and a ﬁeld emission scanning electron microscope. Organic pores were examined in
speciﬁc organic macerals and solid bitumen at diﬀerent thermal maturities. Vitrinite and inertinite, derived from
terrestrial woody materials, occur as discrete particles in this black shale. Within the resolution limits of the
scanning electron microscope, these two macerals do not appear to display enhanced secondary pores associated
with increases in thermal maturity. Cellular pores (0.2–10 μm) in inertinite were observed throughout the entire
maturity range and were typically ﬁlled with authigenic quartz or solid bitumen. Because of thermal degradation, amorphous organic matter was not observed at maturities greater than Ro 0.80%. Alginite derived from
Tasmanites cysts matures later than amorphous organic matter and is still present at Ro 0.80%; however, it is in
the process of transforming to pre-oil bitumen and shows weak orange yellow ﬂuorescence compared to strong
greenish-yellow ﬂuorescence in lower-maturity samples. At a maturity of Ro 1.42%, alginite could no longer be
observed as a distinct phase because of its complete transformation to hydrocarbons and bitumen. Alginite began
to develop secondary pores when it was in the process of transforming to pre-oil bitumen, which indicates that
some liquid and gaseous hydrocarbons left the alginite during this part of the maturation process. Solid bitumen
developed along the original amorphous organic matter networks and now occupies interparticle space between
quartz, dolomite, K-feldspar, clay, and mica grains, as well as the cellular pores in inertinite particles. Solid
bitumen becomes smaller and more porous with thermal maturation and, thus, becomes increasingly unidentiﬁable with the optical microscope. Solid bitumen-hosted pores (20–1000 nm) are the main organic pore
type documented in the studied samples, and they are more common in shales within the gas window than those
in the oil window. Secondary nanopores in the solid bitumen network play a signiﬁcant role in hydrocarbon
storage and migration.

1. Introduction
Organic-matter-hosted porosity in tight shale reservoirs is signiﬁcant for hydrocarbon storage and migration (e.g., Wang and Reed,
2009; Slatt and O'Brien, 2011; Hao et al., 2013; Collell et al., 2015). The
oil wettability of organic matter (OM) makes organic pores preferential
sites for oil and gas storage relative to voids between water-wet mineral
grains (Wang and Reed, 2009; Passey et al., 2010). In organic-rich shale
gas systems, the gas content of shale reservoirs is positively correlated
with total organic carbon (Zuber et al., 2002; Ross and Bustin, 2009;
⁎

Wang and Reed, 2009; Strąpoć et al., 2010; Xue et al., 2016), and up to
half of the methane can be stored in organic matter as adsorbed gas
(Fan et al., 2014).
Organic pores are normally thought to form when oil and gas are
generated and expelled (Loucks et al., 2009; Wang and Reed, 2009;
Bernard et al., 2012). To date, all observed OM-hosted nanopores
(< 1000 nm) were documented with scanning electron microscope
(SEM) or transmission electron microscope (TEM) (Loucks et al., 2009;
Ambrose et al., 2010; Schieber, 2010; Sondergeld et al., 2010; Curtis
et al., 2011; Chalmers et al., 2012; Loucks et al., 2012; Milliken et al.,
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petrography of coal and shale (Taylor et al., 1998; Hackley and Cardott,
2016). Particle-speciﬁc application of both SEM and organic petrography should, therefore, allow us to observe pores in speciﬁc OM
particles.
The New Albany Shale of the Illinois Basin is a Middle Devonian to
Lower Mississippian organic-rich formation with the main deposition in
the Late Devonian (Lineback, 1964, 1968; Cluﬀ, 1980; Beier and Hayes,
1989; Ripley et al., 1990; Lazar, 2007; Strąpoć et al., 2010). This formation is interpreted to have been deposited in an epicontinental sea
(Lineback, 1968; Cluﬀ, 1980; Beier and Hayes, 1989; Ripley et al.,
1990; Lazar, 2007). The New Albany Shale is composed of black laminated shales and greenish-gray bioturbated shales with interbedded
siltstone, sandstone, limestone, and dolostone of limited extent and
thickness (Lineback, 1964, 1968; Cluﬀ, 1980; Beier and Hayes, 1989;
Lazar, 2007). It extends from central and southern Illinois to southwestern Indiana and western Kentucky with a thickness from < 6 to
140 m and vitrinite reﬂectance (Ro) from 0.5% near the basin margin to
1.5% in the deepest part of the basin (Strąpoć et al., 2010; Mastalerz
et al., 2013). Organic matter in the New Albany Shale is classiﬁed as
type II kerogen based on pyrolysis analysis (Chou et al., 1991).
For this study, we selected three New Albany Shale samples that
cover a range of thermal maturity from Ro 0.55% to 1.42%. An early
mature sample (Ro 0.55%), an oil-window-maturity sample (Ro 0.80%),
and a gas-window-maturity sample (Ro 1.42%) were from Daviess
County, Indiana, Webster County, Kentucky, and Hicks Dome, Illinois,
respectively (Fig. 1). The early mature and oil-window-maturity samples are from drill cores, and the gas-window-maturity sample is an
outcrop sample. All samples are from the core library of the Indiana
Geological and Water Survey. Only megascopically homogeneous black
shales having a high total organic carbon (TOC) content were selected.
Other factors, such as depositional environment, mineral composition,
and rock mechanical properties were not considered. The early mature
sample is a combination of dolomitic and siliceous shale and the oilwindow- and gas-window-maturity samples are siliceous shales based
on SEM observations.
The TOC content of shale samples was measured using a Leco
analyzer (SC832DR). The method of measuring total pore volume and
porosity has been described in Mastalerz et al. (2013).
Shale samples of each maturity were crushed to rock chips of < 2
mm to make two whole-rock pellets. One pellet having a large amount
of rock chips was used for measuring vitrinite reﬂectance and organic
petrographic composition; one pellet containing only three rock chips
was used for petrographic observation under reﬂected light microscope
and SEM.
The Ro of the shale samples was measured on mechanically polished
whole-rock pellets under reﬂected white light and oil immersion with
50 measurements. We determined the quantitative organic petrographic composition of the shale samples using a point-counting
method with 500 points counted only on OM, based on the ICCP (1998,
2001) classiﬁcation and Pickel et al. (2017). The maceral groups vitrinite and inertinite were not classiﬁed into macerals because of their
scarcity. Only the major macerals including AOM (bituminite), alginite,
and liptodetrinite were considered for liptinite. Solid bitumen was included in the measurement of organic petrographic composition because of its increasing content with thermal maturity.
Organic macerals including vitrinite, inertinite, amorphous organic
matter, alginite and SB in the whole-rock pellets with three rock chips
were identiﬁed using a reﬂected light microscope (Leica DFC310 FX)
and photographed/mapped to enable the subsequent relocation of the
same OM particles under SEM. Then the whole-rock pellets were cut to
remove the lucite from the three rock chips and the surfaces examined
by organic petrography were argon-ion-milled with a Gatan 600
DuoMill using a custom-designed sample holder at a low incident angle
and 4 kV for 1 h (Schieber, 2010, 2013; Schieber et al., 2016). The ionmilled surfaces were then examined without a conductive coating using
a ﬁeld emission SEM (FEI Quanta 400 FEG) in low vacuum mode. The

2013). Other techniques, such as gas adsorption and molecular simulation, also support the presence of micropores (< 2 nm) in the macromolecular structure of OM. Rexer et al. (2014) measured the micropore volume and speciﬁc surface area of isolated kerogens of the
Posidonia Shale (Jurassic) of northern Germany using low-pressure CO2
and N2 adsorption and found that micropore volume and speciﬁc surface area of OM increase with thermal maturity. Bousige et al. (2016)
modeled the molecular structure of kerogen and derived the micropore
structure and speciﬁc surface area of kerogens; they concluded that the
speciﬁc surface area of kerogens increases with thermal maturity.
Secondary organic pores have been observed in both gas-window-maturity shales (Bernard et al., 2012; Curtis et al., 2012) and oil-windowmaturity shales (Loucks and Reed, 2014; Reed et al., 2014). Some
studies, however, suggest that organic porosity is not restricted to
thermally mature shales. Fishman et al. (2012) studied organic pores in
the Kimmeridge Clay Formation (Jurassic) of the North Sea and concluded that organic pores were not related to thermogenic hydrocarbon
generation, based on similar pore size and shape in thermally immature
and mature samples. The authors suggest that organic pores in thermally immature samples could be attributed to methanogenesis or predepositional transformational processes of OM and that secondary organic pores in clay-rich shales tend to collapse because of compaction.
Löhr et al. (2015) suggested that thermally immature OM can host
organic pores, which have an impact on the development of secondary
OM-hosted pores by providing space for pore-ﬁlling bitumen, particularly in structured organic matter.
In some high-maturity organic-rich shales, some OM particles have
very well-developed secondary porosity, whereas other OM particles in
the same sample show no porosity at SEM resolution (Loucks et al.,
2009; Curtis et al., 2012; Milliken et al., 2013). This prompted Schieber
(2010) to suggest that the structural state of OM (e.g., the degree of
polymerization) is another important control on the development of
organic porosity. Misch et al. (2016) reported that primary macerals
(vitrinite and inertinite) do not develop SEM-visible secondary pores
even at dry gas window maturity levels. Bernard et al. (2012) concluded that secondary OM nanopores exist only in pyrobitumen in gaswindow-maturity shales. In contrast, Reed et al. (2014) reported that
solid bitumen (SB) in oil-window-maturity shales can also host OM
pores. A likely cause for these contradictory ﬁndings is the fact that the
diﬀerentiation of organic macerals is diﬃcult to impossible using
electron microscopy, although under fortunate circumstances, depositional (kerogen) and migrated OM (SB) can be distinguished under
SEM, based on morphology and contact with minerals (Loucks and
Reed, 2014; Milliken et al., 2014). Hackley et al. (2017) used integrated
correlative light and electron microscopy to image sedimentary OM in
shales and diﬀerentiated nonﬂuorescent SB and ﬂuorescent amorphous
organic matter (AOM) successfully, but correlative ﬂuorescence and
electron microscopy is applicable only to samples having thermal maturities of up to about 1.0 to 1.1% Ro.
The focus of this investigation is to study the evolution of secondary
pores in speciﬁc organic macerals and SB in relation to the level of
thermal maturation. Speciﬁc objectives are: (1) to identify organic
macerals (AOM, alginite, vitrinite, inertinite) and SB in the New Albany
Shale at various thermal maturities using a reﬂected light microscope;
and (2) document via SEM the level and style of secondary pore development in the exact same OM particles.
2. Methods and materials
SEM observations of ion-milled samples allow us to image nanometer-scale pores in OM in shale reservoirs. However, organic matter
is invariably black under the SEM regardless of the electron imaging
mode. It is, therefore, very diﬃcult if not impossible to distinguish them
(Camp, 2016b; Valentine and Hackley, 2016; Hackley et al., 2017). In
contrast, identifying organic maceral using the optical microscope
under reﬂected light and oil immersion is routinely used in organic
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Fig. 1. Map showing the locations of sampling sites and the vitrinite reﬂectance contour lines of the New Albany Shale.
Modiﬁed from Mastalerz et al. (2013).

working distance was about 10 mm, and the accelerating voltage was
15 kV. A large-ﬁeld detector was used for detecting secondary electrons
in low vacuum mode. The morphology and pore development of OM
particles were documented at each thermal maturity. All SEM pictures
were taken under secondary electron imaging mode. Schematic diagrams of a typical SEM and a reﬂected light microscope can be found at
Sutton et al. (2007) and Ganser and Weiss (2008), respectively. Correlative microscopy was conducted on two sets of samples in this study
to take into account limitations imposed by the heterogeneity of shales
(e.g., rareness of vitrinite, diﬀerent generations of SB, etc.).

Table 1
Vitrinite reﬂectance (Ro), total organic carbon (TOC) content, maturity stage, and organic
petrographic composition of shale samples (modiﬁed from Mastalerz et al., 2013).
Sample

3. Results

Ro (%)

TOC
(wt
%)

Dav

0.55

10.77

Web

0.80

4.26

IL-3

1.42

2.58

Maturity
stage

Early
mature
Middle
mature
Post
mature

Organic petrographic composition (volume %,
on mineral-matter-free basis)
AOM

AL

LPD

SB

I

V

64.87

18.96

4.65

3.35

7.43

0.74

16.54

2.33

68.09

12.45

0.58

97.17

2.26

0.57

AOM = amorphous organic matter; AL = alginite; LPD = liptodetrinite; SB = solid bitumen; I = inertinite; V = vitrinite.

3.1. Organic petrology and porosity
The TOC content decreases from 10.77 wt% in the early mature
sample (Ro 0.55%) to 4.26 wt% in the oil-window-maturity sample (Ro
0.80%) and 2.58 wt% in the gas-window-maturity sample (Ro 1.42%,
Table 1), which to some degree parallels the loss of organic matter
when oil-prone kerogens are transformed to hydrocarbons. However,
the diﬀerence between the TOC contents of these samples may not
actually reﬂect the loss of organic carbon during thermal maturation,
because the original TOC contents of oil-window-maturity and gaswindow-maturity samples are unknown.
Amorphous organic matter (bituminite) is the dominant organic
component in the early mature sample (Ro 0.55%), accounting for
64.87% of total OM (Table 1; Fig. 2). Alginite (18.96%) is second to
AOM. Only 3.35% of the OM is SB at this maturity, which might be a
result of early transformation of labile kerogen. In the oil-windowmaturity sample (Ro 0.80%), SB becomes the dominant OM, accounting
for 68.09% of total OM. The proportion of alginite (16.54%) does not
change signiﬁcantly. Amorphous organic matter was not observed at
this maturity, suggesting that it has undergone complete degradation to

hydrocarbons and bitumen at this point in thermal evolution. Solid
bitumen (97.17%) is the dominant OM in the gas-window-maturity
sample (Ro 1.42%), because oil-prone kerogens (AOM and alginite)
have been transformed to hydrocarbons and bitumen. Vitrinite and
inertinite derived from terrestrial higher plants are present in minor
amounts in all samples (Table 1; Fig. 2).
The grain density of the shale samples increases with increasing
thermal maturity (Table 2), which may result from the loss of OM with
the thermal evolution of OM. There is a slight increase in total porosity
of the studied samples with increasing thermal maturity, especially
from the oil-window-maturity to gas-window-maturity sample
(Table 2). A potential explanation for this is that secondary organic
pores develop during thermal maturation, although other factors such
as mineralogical composition and diagenesis (e.g., carbonate dissolution) also inﬂuence porosity.
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Fig. 2. Pie charts illustrating the organic petrographic compositions of shale samples. (A) Early mature sample (Ro 0.55%); (B) Oil-window-maturity sample (Ro 0.80%); (C) Gas-windowmaturity sample (Ro 1.42%).

and occurs now as clumps of OM (Fig. 5G–H). Under the optical microscope, alginite is dark in reﬂected light (Fig. 5G) and shows weak
orange yellow ﬂuorescence (Fig. 5H). The newly formed pre-oil bitumen is totally black (Fig. 5I) and shows no ﬂuorescence (Fig. 5J),
which indicates that the former alginite has undergone complete
transformation to pre-oil bitumen. Alginite in places shows ﬂow characteristics (Fig. 5K–L) and secondary pores development at this maturity (Fig. 5M–N). The porous area in alginite appears to be associated
with minerals, which may be explained by the catalytic reaction of
minerals in the thermal degradation process of OM.
The occurrence of SB is the same as that in the early mature sample,
which occupies interparticle space (Fig. 6A–F) and cavity space
(Fig. 6G–H). Large pieces of SB (> 50 μm) are connected with small
particles of SB (< 1 μm) (Fig. 6A–B). Solid bitumen is the dominant OM
at this maturity and forms an organic network in the studied samples.
Secondary organic pores were observed in small particles of SB
(Fig. 6D–F). The shape of pores in SB can be round or irregular. Interestingly, large pieces of SB do not show organic pores (Fig. 6B). Small
particles of SB with secondary nanopores (< 1000 nm) are at the limit
of resolution of reﬂected light microscopy (Fig. 6C–E). Solid bitumen
ﬁlling cellular pores in inertinite is generally porous (Fig. 6H).

Table 2
Porosity of shale samples based on helium porosimetry.
Sample

Ro (%)

Grain density
(g/cm3)

Bulk density
(g/cm3)

Total pore
volume (cm3/
g)

Total
porosity (%)

Dav
Web
IL-3

0.55
0.80
1.42

2.14
2.22
2.43

2.06
2.13
2.30

0.0181
0.0190
0.0233

3.74
4.05
5.35

3.2. Early mature sample
Vitrinite and inertinite (derived from terrestrial vegetation) occur as
discrete particles in the mineral matrix (Fig. 3A–F). Because they were
transported to the marine environment from the continent, they likely
experienced some sorting and rounding in the process. No pores were
observed in vitrinite and in most inertinite (Fig. 3B, D) at SEM resolution. Cellular pores were observed in inertinite (Fig. 3F). In this
study, cellular pores in inertinite range from 0.2 to 10 μm (Fig. 3F) and
are typically ﬁlled with authigenic quartz (Fig. 3F).
Alginite is represented by elongated algal bodies (compacted
Tasmanites cysts) admixed with AOM (Fig. 3G–J). Alginite at this maturity shows strong greenish-yellow ﬂuorescence (Fig. 3H) and is frequently associated with authigenic minerals such as pyrite (Fig. 3I). No
SEM-visible pores were observed in alginite (Fig. 3J).
Amorphous organic matter occurs as organic streaks parallel to the
bedding plane (Fig. 3E, I, K). These organic streaks commonly touch
each other and form an organic network in black shale of this maturity.
No pores were observed in AOM (Fig. 3L) at SEM resolution.
Solid bitumen occupies interparticle space (Figs. 3I–J, 4A–B) and
cavity space (Fig. 4C–D). The transition from AOM to SB (Fig. 4E–F)
that is observed in places indicates that an SB network had started to
replace the original AOM network. It also demonstrates that SEM
cannot distinguish OM type (Fig. 4E–F). The size of SB areas is commonly larger than 50 μm at this maturity (Fig. 4A–B).

3.4. Gas-window-maturity sample
Similar to previous samples, vitrinite and inertinite are present as
discrete particles in the mineral matrix (Fig. 7A–F). Vitrinite and inertinite do not show secondary pores (Fig. 7B, D). Cellular pores in
inertinite are still very common and they are typically ﬁlled with authigenic quartz (Fig. 7F). Detrital particles (e.g., clay-sized minerals or
organic debris) can ﬁll cellular pores as well (Fig. 7F).
Solid bitumen is the dominant OM at the maturity of Ro 1.42%.
Solid bitumen occupies interparticle space (Fig. 8A–H) and cavity space
(Fig. 8I–J). Large pieces of SB (> 50 μm), such as those present in the
lower-maturity samples, were not observed, and most SB particles
are < 20 μm in size. Similar to the oil-window-maturity sample, SB
with well-developed secondary nanopores was almost unidentiﬁable at
the resolution of an optical microscope (Fig. 8A–D).
More secondary nanopores were observed in SB at this maturity
than in the oil-window-maturity sample (Fig. 8B, D–F) based on visual
estimate. Solid bitumen-hosted nanopores can be round or irregular in
shape, which is very similar to the SB-hosted pores in the oil-windowmaturity sample. The size of secondary pores in SB ranges from 20 to
1000 nm (Fig. 8B, D–F). However, there are cases where pore-ﬁlling SB
that occurs adjacent to porous SB does not show secondary pore development (Fig. 8H). Solid bitumen that ﬁlls cellular pores in inertinite

3.3. Oil-window-maturity sample
As in the early mature sample, vitrinite and inertinite are present as
discrete particles (Fig. 5A–F). Vitrinite and inertinite do not show secondary pores under SEM (Fig. 5B, D). Cellular pores in inertinite could
still be observed, and they are typically ﬁlled with authigenic quartz
(Fig. 5F).
Alginite, in contrast, is no longer present simply as ﬂattened
Tasmanites cysts. Most of the alginite experienced thermal degradation
60
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Fig. 3. Photomicrographs of primary organic matter under reﬂected light and oil immersion (A, C, E, G, I, K), blue ﬂuorescent light (H), and their correlative SEM images (B, D, F, J, L,
secondary electron images) in the early mature sample, Ro 0.55%. (A) Vitrinite; (B) SEM image of vitrinite in A; (C) Inertinite without cellular pores; (D) SEM image of inertinite in C; (E)
Inertinite with cellular pores; (F) SEM image of inertinite in E. The cellular pores are ﬁlled with authigenic quartz; (G) Alginite derived from Tasmanites cysts; (H) Alginite in G under blue
ﬂuorescent light; (I) Alginite ﬁlled with authigenic pyrite; (J) SEM image of alignite in I; (K) Amorphous organic matter; (L) SEM image of the red dotted framed area in K. V = vitrinite;
I = inertinite; AOM = amorphous organic matter; AL = alginite; SB = solid bitumen; Qtz = quartz; Py = pyrite.

61

International Journal of Coal Geology 184 (2017) 57–72

B. Liu et al.

Fig. 3. (continued)

Cardott, 2016). Solid bitumen can be diﬀerentiated from pyrobitumen
under SEM based on the existence of devolatilization cracks (Loucks
and Reed, 2014). In this study, SB refers to secondary organic matter
that includes pre-oil bitumen, post-oil bitumen, and pyrobitumen used
in other studies (Curiale, 1986; Bernard et al., 2012; Loucks and Reed,
2014).
Amorphous organic matter (type II kerogen in the New Albany
Shale) could not be identiﬁed under an optical microscope (reﬂected
white light and oil immersion) at a maturity of Ro 0.80%, and alginite
derived from Tasmanites cysts could not be identiﬁed at Ro 1.42%.
Other studies suggest that the transformation ratio (TR) of type II
kerogen approaches up to 50% at a maturity of Ro 0.80%, but the TR of
type I kerogen is < 10% at this maturity level (Waples and Marzi,
1998), which could explain the absence of AOM and transformation of

is commonly porous (Fig. 8J).

4. Discussion
4.1. Transformation of organic macerals during thermal maturation
Amorphous organic matter, alginite, vitrinite and inertinite are
primary OM (kerogen) that was deposited at the same time as the mineral matrix, whereas SB is secondary OM formed through thermal
degradation of oil-prone kerogens (Curiale, 1986; Jacob, 1989). The
term “solid bitumen” used by organic petrographers diﬀers from what
organic geochemists call bitumen. The organic geochemical deﬁnition
of bitumen is the organic component that can be removed by typical
organic solvents (Vandenbroucke and Largeau, 2007; Hackley and
62
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Fig. 4. Photomicrographs of solid bitumen (SB) under reﬂected light and oil immersion (A, C, E), and their correlative SEM images (B, D, F, secondary electron images) in the early mature
sample, Ro 0.55%. (A) Solid bitumen; (B) SEM image of SB in A; (C) SB ﬁlling cellular pores in inertinite; (D) SEM image of inertinite and SB in C. (E) SB associated with AOM; (F) SEM
image of SB and AOM in E. I = inertinite; AOM = amorphous organic matter; SB = solid bitumen.

alginite to pre-oil bitumen at this maturity. Vigran et al. (2008) reported that alginite derived from Tasmanites cysts (type I kerogen) requires a higher temperature to generate hydrocarbons than type II
kerogen in the Middle Triassic source rocks of Svalbard and the Barents
Shelf. At a maturity of Ro 1.42%, the TR of both AOM and alginite
exceeds 90% (Waples and Marzi, 1998), which could explain the absence of alginite at this maturity. Because at Ro 0.80%, alginite

represented by Tasmanites cysts was already markedly transformed, it
likely achieved its complete transformation to hydrocarbons and bitumen well before Ro 1.42%. Hackley and Cardott (2016) suggested
that SB is the dominant organic matter in black shales at the peak oil
window maturity (Ro ~ 0.9–1.1%) because oil-prone kerogen type I/II
is converted to hydrocarbons.
In comparison to alginite and AOM, vitrinite and inertinite (kerogen
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Fig. 5. Photomicrographs of primary organic matter under reﬂected light and oil immersion (A, C, E, G, I, K), blue ﬂuorescent light (H, J), and their correlative SEM images (B, D, F, L–N,
secondary electron images) in the oil-window-maturity sample, Ro 0.80%. (A) Vitrinite; (B) SEM image of vitrinite in A; (C) Inertinite without cellular pores; (D) SEM image of inertinite in
C; (E) Inertinite with cellular pores; (F) SEM image of inertinite in E. The cellular pores are ﬁlled with authigenic quartz; (G) Alginite; (H) Alginite in G under blue ﬂuorescent light; (I) Preoil bitumen transformed from alginite; (J) Pre-oil bitumen in I under blue ﬂuorescent light; (K) Alginite; (L) SEM image of alginite in K; (M) SEM image of the red dotted framed area in L;
(N) SEM image of the red dotted framed area in M. Secondary pores in bitumen converted from alginite. V = vitrinite; I = inertinite; AL = alginite; Qtz = quartz; Dol = dolomite.

4.2. Occurrence of solid bitumen

type III and IV) derived from terrestrial woody materials do not have a
high hydrocarbon generation potential, so they do not show signiﬁcant
change in morphology with increasing thermal maturity. Vitrinite and
inertinite are present as distinct particles across the entire maturity
range (Figs. 3A–F, 5A–F, 7A–F).

Oil-prone kerogen is ﬁrst transformed to pre-oil bitumen and then to
oil, gas, and post-oil bitumen or pyrobitumen during thermal maturation (Jarvie et al., 2007; Loucks and Reed, 2014; Camp, 2016a). In the
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Fig. 5. (continued)
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(caption on next page)
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Fig. 6. Photomicrographs of solid bitumen (SB) under reﬂected light and oil immersion (A, C, G), and their correlative SEM images (B, D–F, H, secondary electron images) in the oilwindow-maturity sample, Ro 0.80%. (A) A large piece of SB interconnected with small particles of SB; (B) SEM image of SB in A; (C) Small particles of SB ﬁlling pore space between
mineral grains; (D–F) SEM images of small particles of SB with secondary nanopores; (G) SB ﬁlling cellular pores in inertinite; (H) SEM image of inertinite and SB in G. This SB shows
secondary nanopores. V = vitrinite; I = inertinite; AL = alginite; SB = solid bitumen; Qtz = quartz.

Fig. 7. Photomicrographs of primary organic matter under reﬂected light and oil immersion (A, C, E), and their correlative SEM images (B, D, F, secondary electron images) in the gaswindow-maturity sample, Ro 1.42%. (A) Vitrinite; (B) SEM image of vitrinite in A; (C) Inertinite without cellular pores; (D) SEM image of inertinite in C. (E) Inertinite with cellular pores;
(F) SEM image of inertinite in E. The cellular pores are ﬁlled with clay-sized detrital particles, authigenic quartz and inertodetrinite. V = vitrinite; I = inertinite; Id = inertodetrinite;
SB = solid bitumen; Qtz = quartz.
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Fig. 8. Photomicrographs of solid bitumen (SB) under reﬂected
light and oil immersion (A, C, G, I), and their correlative SEM
images (B, D–F, H, J, secondary electron images) in the gaswindow-maturity sample, Ro 1.42%. (A, C, G) SB ﬁlling pore
space between mineral grains (quartz, dolomite, and K-feldspar); (B) SEM image of the red dotted framed area in A. This SB
with secondary nanopores is almost unidentiﬁable in A; (D–F)
SEM images of SB with well-developed secondary nanopores.
The smallest visible pore size is 20 nm in diameter (white arrow
in E); (H) SEM image of the red dotted framed area in G. This SB
shows no SEM-visible pores; (I) SB ﬁlling cellular pores in inertinite; (J) SEM image of inertinite and SB in cellular pores.
This SB shows secondary nanopores. I = inertinite; SB = solid
bitumen; Qtz = quartz; Dol = dolomite; Ksp = K-feldspar.
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Schieber et al., 2000; Schieber and Baird, 2001). Schieber (2013) and
Löhr et al. (2015) reported that Tasmanites cysts are non-porous under
SEM in the early mature New Albany Shale and immature Woodford
Shale, respectively. However, alginite can develop secondary organic
pores during the process of thermal degradation to pre-oil bitumen. The
pores in alginite and ﬂow characteristics indicate that some liquid and
gaseous hydrocarbons exited the alginite during the degradation process.
Solid-bitumen-hosted pores were not observed in the early mature
sample (Ro 0.55%). Hackley et al. (2017) reported that SB does not host
organic pores in the immature Green River Shale. Secondary organic
pores (20–1000 nm) were observed in SB at the maturity of Ro 0.80%
and Ro 1.42% (Figs. 6D–F, 8B, D–F). The nanopores (< 1000 nm) in SB
are formed by the generation and expulsion of liquid and gaseous hydrocarbons. In our study, pores in SB are very rare in the oil-windowmaturity sample and exist only in small particles of SB, whereas SB that
hosts organic pores is very common in the gas-window-maturity
sample. Loucks et al. (2017) studied pore types in the lacustrine shale in
the Late Triassic Yanchang Formation and concluded that most OMhosted pores are in migrated SB. Reed et al. (2014) studied organic
pores in the oil-window-maturity Barnett Shale (Mississippian) of Texas
and suggested that small particles of OM that host pores could be SB.
Löhr et al. (2015) reported that smaller OM domains are more porous
than large ones in the gas-window-maturity Woodford Shale. The
reason for small particles of SB being more porous than large pieces
could be that small particles of SB are earlier generations of SB (migrabitumen) that ﬁll small pore spaces between mineral grains, whereas
large pieces of SB are newly generated SB from oil-prone kerogen
particles and have not experienced advanced thermal maturation. An
alternative explanation could be due to the large speciﬁc surface area in
contact with pore water and surrounding minerals that could catalyze
the thermal degradation of OM (Goldstein, 1983; Huizinga et al., 1987;
Seewald, 2003). Lu et al. (2015) also reported that OM pores commonly
occur along OM-mineral contacts.
Solid bitumen that ﬁlls cavities in inertinite appears to be more
porous than SB that occupies interparticle space at the same maturity
(Figs. 6H, 8J). The SB ﬁlling cellular pores might be an earlier generation of SB, because otherwise authigenic mineral cement (e.g.,
quartz, pyrite or calcite) would ﬁll the cellular pores during diagenesis.
Milliken et al. (2014) interpreted homogenous OM that ﬁlls a foraminifera test in the Eagle Ford Formation to be secondary OM (SB) at a
maturity of Ro 0.5%. Mastalerz and Glikson (2000) reported that SB in
inertinite cells is more aromatic (post-gas generation bitumen), and SB
occurring in veins and cleats is more aliphatic (pre-gas generation bitumen).
The SB network hosts secondary nanopores formed by thermal degradation and cracking. Cardott et al. (2015) recognized nanopores in
post-oil SB networks in the Woodford Shale. Because SB makes up the
organic network above the maturity of Ro 0.80% and develops secondary nanopores during thermal maturation, it plays a signiﬁcant role
in hydrocarbon storage and migration. Very rare structured kerogen
particles are not transformed to bitumen during thermal maturation
and can host organic pores in both oil-window- and gas-window-maturity black shales (e.g., Loucks et al., 2012, Fig. 11A–B; Reed et al.,
2014, Fig. 1B), but because of their scarcity, their role in hydrocarbon
storage and migration is less important than SB.
We emphasize that the discussion of organic pores in this study
relates to pores larger than 20 nm. As such, our observations are limited
to larger mesopores and macropores (> 50 nm). Numerous studies
using diﬀerent techniques, such as gas adsorption, neutron scattering,
molecular simulation and TEM documented pores smaller than 20 nm
in OM (Loucks et al., 2009; Curtis et al., 2011; Mastalerz et al., 2012;
Rexer et al., 2014; Bousige et al., 2016). For example, Curtis et al.
(2011) reported 3 nm pores in the sponge-like structure of OM in the
Barnett Shale using the scanning transmission electron microscopy
technique. Mastalerz et al. (2012) studied the pore structure of coal and

studied samples, SB was observed from early maturity to gas-window
maturity. The transition from AOM to SB (Fig. 4E–F) at a maturity of Ro
0.55% indicates that an SB network followed the original AOM network. Cardott et al. (2015) suggested that a post-oil SB network could
have developed along the AOM network. Solid bitumen becomes
smaller and more porous during thermal maturation. Porous SB is almost unidentiﬁable using an optical microscope under reﬂected light
and oil immersion because incident light is mostly absorbed by the
pores in SB and is not reﬂected. Sanei et al. (2015) reported that SB
with nanopores could result in a lower reﬂectance measurement than
its true value.
Solid bitumen ﬁlls the pore space in shale reservoirs in a similar
manner as mineral cement. Camp (2016a) identiﬁed bitumen and
pyrobitumen “cement” as a void-ﬁlling material within matrix pores,
microfossil internal voids, and microfractures in the lower Eagle Ford
Formation (Late Cretaceous) of south Texas. Cardott et al. (2015)
identiﬁed speckled, wispy, and connected post-oil SB in the Woodford
Shale (Late Devonian-Early Mississippian) of Oklahoma. Mastalerz and
Glikson (2000) identiﬁed cleat and vein bitumen and cell-ﬁlling bitumen in coal. In our study, SB mainly occupies interparticle space
(space between quartz, dolomite, K-feldspar, clay, and mica grains) and
cavity space (cellular pores in inertinite). Large pieces of SB that occupy
interparticle space (~ 50 μm, Figs. 3I, 4A, E, 6A) might be converted
from former oil-prone kerogen particles (AOM or alginite), because
pores of that size and shape should have been destroyed by compaction
and cementation before the onset of hydrocarbon generation.
Solid bitumen (migrabitumen) that ﬁlls pore space between mineral
grains is plausibly interconnected three-dimensionally and forms an
organic network in tight shale reservoirs. Porosity can be reduced by
the ﬁlling of pores with bitumen when oil-prone type I/II kerogen is
transformed to liquid hydrocarbons (Mastalerz et al., 2013). Wei et al.
(2014) studied the pore structure of thermally mature organic-rich
shales before and after bitumen extraction and concluded that partial
ﬁlling of pores with bitumen and oil caused the decrease of microporosity (< 2 nm) and mesoporosity (2–50 nm) of shales at thermal
maturities greater than Ro 0.55%.
4.3. Pore development in organic matter during thermal maturation
Cellular pores (0.2–10 μm) in inertinite were observed in each
sample. They are typically ﬁlled with authigenic quartz (Figs. 3E–F,
5E–F, 7E–F) or SB (Figs. 4C–D, 6G–H, 8I–J). Cellular pores are primary
organic pores (Mukhopadhyay, 2015) and are also described as intraparticle OM pores in plant fragments (Canter et al., 2016). Inertinite,
oxidized or burned woody materials, has a very low H/C ratio and no
potential for hydrocarbon generation and secondary pore development.
Loucks et al. (2017) reported that type III kerogen (woody materials)
does not develop OM pores during thermal maturation. Since inertinite
is discrete OM in the shale matrix, cellular pores in it do not contribute
eﬀectively to hydrocarbon migration through a continuous pore network in black shales.
No pores were observed in vitrinite in the New Albany Shale
throughout the entire maturity range (Figs. 3B, 5B, 7B). However, welldeveloped secondary pores in vitrinite that are formed by the expulsion
of gaseous hydrocarbons were observed in coal under SEM at a maturity
of Ro 0.65 to 0.9% (Zhang et al., 2003). A potential explanation for this
diﬀerence is that the vitrinite in black shales does not have much hydrocarbon-generating potential because precursor wood fragments experienced some degree of oxidization during transport to the depositional sites. Wei et al. (2016) studied the functional group abundances
in various organic macerals in the New Albany Shale using micro-FTIR
and concluded that aliphatic functional groups in vitrinite were partially oxidized during transport to the place of deposition.
Alginite does not host organic pores in the early mature sample. The
cavity of Tasmanites algae is either compacted (Fig. 3E, G) or ﬁlled with
authigenic minerals such as pyrite (Fig. 3I) or quartz (Schieber, 1996;
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Mississippian New Albany Shale (kerogen type II sequence) samples
leads to the following conclusions:
1) Organic pores in organic-rich shales can be primary or secondary.
Primary organic pores are original cellular pores in terrestrial plant
fragments. Secondary organic pores are mainly solid-bitumenhosted and controlled by thermal maturity as well as organic maceral type.
2) Cellular pores (0.2–10 μm) in inertinite are typically ﬁlled with
authigenic quartz or solid bitumen, and they were observed from
early mature to gas-window-maturity samples. Vitrinite and inertinite do not develop secondary organic pores that can be resolved
by SEM during thermal maturation. Alginite developed secondary
organic pores during the process of transforming to pre-oil bitumen,
which indicates that some liquid and gaseous hydrocarbons left the
alginite during the degradation process. Pores in organic matter 20
to 1000 nm in diameter are mainly solid-bitumen-hosted in the
studied shales, and they are more common in the gas-window-maturity shale than in the oil-window-maturity shale. The solid bitumen network that hosts secondary organic nanopores plays a
signiﬁcant role in hydrocarbon storage and migration.
3) Solid bitumen exists in early mature (Ro 0.55%) to gas-windowmaturity (Ro 1.42%) samples and occupies interparticle space (space
between quartz, dolomite, K-feldspar, clay, and mica grains) and
cavity space (cellular pores in inertinite). A solid bitumen network
developed along the original AOM network in these organic-rich
shales. Solid bitumen becomes smaller and more porous during
thermal maturation, and particles having well-developed secondary
nanopores are almost unidentiﬁable under an optical microscope.
4) Alginite derived from Tasmanites cysts matures later than amorphous organic matter. At a maturity of Ro 0.80%, AOM has undergone complete degradation to hydrocarbons and bitumen, whereas
alginite was in the process of transforming to pre-oil bitumen.
Alginite at Ro 0.80% shows weak orange yellow ﬂuorescence compared to strong greenish-yellow ﬂuorescence in the early mature
samples. Solid bitumen became the dominant organic matter when
oil-prone kerogens (AOM and alginite) were transformed to hydrocarbons and bitumen, and secondary organic nanopores developed
in solid bitumen when oil and gas were generated and expelled.
Vitrinite and inertinite derived from terrestrial woody materials do
not have high hydrocarbon generation potential and are present as
discrete particles across the entire maturity range.

Fig. 9. Relationship between BET speciﬁc surface area of extracted organic matter from
black shales and vitrinite reﬂectance (Ro).
*Ro of the samples in Cao et al. (2015) was calculated according to the relationship between Tmax and Ro from Jarvie et al. (2001): Ro = 0.018 × Tmax − 7.16.

shale using low-pressure N2 and CO2 adsorption and concluded that OM
is the main contributor to the micropore network in coal and shale; such
small pores are beyond the resolution of SEM.
Organic matter contributes signiﬁcantly to the methane sorption
capacity of gas shales, especially in thermally mature shale gas systems
(Zhang et al., 2013). The BET (Brunauer-Emmett-Teller) SSA (speciﬁc
surface area) of OM in gas shales increases with thermal maturity
(Fig. 9; Rexer et al., 2014; Cao et al., 2015; Bousige et al., 2016). The
increase of SSA of OM during thermal maturation results from both the
increase of microporosity caused by the evolution of macromolecular
structure of OM (Bousige et al., 2016) and the development of mesoand macroporosity caused by the generation and expulsion of hydrocarbons (Loucks et al., 2009; Wang and Reed, 2009; Bernard et al.,
2012). It has been well documented that micropores in OM macromolecular structure contribute signiﬁcantly to the sorptive capacity of
coal and shale reservoirs (Ambrose et al., 2010; Passey et al., 2012), but
larger pores in three-dimensionally interconnected SB are more important in hydrocarbon storage and migration (especially methane
storage and migration).
In the USA, the New Albany Shale of the Illinois Basin is timeequivalent with the Ohio Shale of the Appalachian Basin, the Antrim
Shale of the Michigan Basin, the Chattanooga Shale of the Black
Warrior Basin and the Bakken Shale of the Williston Basin (Schieber,
1998; Strąpoć et al., 2010). The inﬁll of void space by SB that is
transformed from oil-prone kerogens can reduce both porosity and
permeability of shale reservoirs at peak-oil-window maturity (Mastalerz
et al., 2013). However, secondary organic pores developed during
thermal maturation can provide space and pathways for oil and gas
storage and migration (Wang and Reed, 2009; Passey et al., 2012). To
better characterize unconventional reservoirs in shale oil/gas systems,
we must understand the contribution of organic pores to porosity, pore
size distribution, speciﬁc surface area, permeability, and the sorptive
capacity of organic-rich shales at diﬀerent thermal maturities and with
varying TOC contents under geological temperature and pressure conditions.
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