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Abstract: Fine-grained organic matter (OM) particles are commonly widely dispersed in shale
deposits. However, carrying out investigations of pores hosted by OM particles and the nature of
grain interactions in OM particles and associated detrital grains using optical microscopy is difficult at
best. Scanning electron microscopy (SEM) is much better suited for characterizing the microstructure
of dispersed OM particles and has found wide application in the study of unconventional oil and gas
systems. Scanning electron microscopy was used to define the types of OM contained in marine shale
deposits of the Wufeng and Longmaxi Formations spanning the Ordovician-Silurian transition in
South China. Of particular interest was the development of OM-hosted pores and the identification
of the factors that controlled their formation. The dominant OM type contained in the studied
deposits is pyrobitumen, with subordinate graptolitic OM and sparse OM of unknown origin.
Pyrobitumen is present in four forms, including pore fillings among authigenic quartz grains, within
framboidal pyrite, and between authigenic clay grains and massive material. Diagenetic alteration
has given rise to OM pores of differing morphology, size, and time of formation. Common small,
equisized circular or oval OM pores are most developed and appear to have formed in association
with the generation of hydrocarbons. Shale deposits containing abundant pyrobitumen filling
interparticle pores among authigenic quartz crystals display robust reservoir and fracturing capacity.
A sedimentary environment appears to have been the main factor affecting the type of OM and the
nature of its association with detrital and authigenic minerals. Results of this study demonstrate that a
sedimentary environment is a primary requisite for the formation of highly prospective /high-yielding
hydrocarbon shale reservoir deposits.
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1. Introduction

With the continuous growth of the global energy demand and the increasing call for
environmental protection and sustainable development, shale gas, as a highly regarded al-
ternative energy source, has gradually become a star in the energy industry. The abundance
of organic matter (OM), the thermal maturity of OM, and the type of OM are important
parameters for evaluating the hydrocarbon generation potential and reservoir capacity
of shale [1-4]. However, the influence of the OM type on shale gas reservoir evolution
and capacity characteristics requires further detailed analysis. OM types are commonly
described in relation to the types of kerogen at present. Kerogen types can be described in
terms of the atomic ratios of C, H, and O and the results of rock pyrolysis [5-7]. Different
kerogen types reflect the dominant sources of OM [8]. For example, Type III kerogen is
derived from higher plants, mainly vitrinite and inertinite, whereas Type I kerogen is
normally sourced from lower organisms, mainly the sapropelic group. Thus, different
kerogen types contain a variety of macerals.
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OM particles in shale are widely dispersed and fine grained. Although macerals in
shale can be identified using optical microscopy, the details of OM pore development and
the nature of OM particles and detrital and authigenic minerals (e.g., quartz), reservoir rock
aspects critical of shale gas reservoir consideration, are difficult to observe [9-13]. Scanning
electron microscopy (SEM), by virtue of great magnification, clear image quality, and
three-dimensional imaging capacity, has greater research potential than optical microscopy.
SEM has been widely used in the study of OM pores, mineral types, and diagenesis in
shale deposits.

Distinguishing OM types in shale using SEM has important implications for under-
standing the evolution of pores hosted by OM. This study attempts to address problems
associated with the identification of the OM type using SEM observations by studying ma-
rine shale deposits of the Wufeng and Longmaxi Formations characterized by abnormally
high proportions of single-maceral material. The implications of our results for shale gas
exploration and development are also addressed.

2. Definition and Classification of OM Types Based on SEM

“Organic matter” is a general term that refers to any liquid or solid substance rich in
organic carbon. In fact, commonly used terms, such as “vitrinite,” “kerogen,” “asphalt,”
and “solid bitumen,” are all expressions for different types of OM [14]. Numerous SEM-
based OM classification schemes have been proposed (Table 1). However, at present, there
is still no universally accepted standard.

Table 1. Nomenclature of OM types using SEM and their corresponding description/interpretation.

Related References

OM Types Description/Interpretation [11,13,15-18]

OM locally rich and showing block (a

few or dozens of microns)

distribution, dispersed among
the matrix Zhang et al., 2015; Xi et al,,
OM and minerals alternately 2019 [13,15]
Striped OM deposited, with OM being
strip shaped

OM filling in pores between minerals,

having no definite shape

Scattered OM

Interstitial OM

The primary OM and its alteration
products, which have not migrated,
Depositional OM mainly include kerogen and its

evolved solid bitumen Loucks and Reed, 2014;

or pyrobitumen. Zhao et al., 2017 [16,17]
Bitumen or petroleum existing in

pores and migrated from other places
Migrated OM can evolve into solid bitumen or
pyrobitumen with an increase in
thermal maturity.

Originating as particulate detritus

Detrital OM present at the time of deposition

Secondary OM OM generated as a diagenetic Milliken et al., 2014 [11]
econdary product during burial

Unknown OM OM of uncertain origin

OM with a special structure or an
Structured OM obvious boundary with
surrounding minerals
Corresponding to structural OM, it
Amorphous OM lacks any definite form and often
surrounds minerals.
Void-filling OM OM filled in pores as cement

Camp, 2019 [18]
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The general standards used in the classification of OM types using an optical micro-
scope, such as the Chinese Oil and Gas Industry Standard “Methods of transmission light-
fluorescence kerogen maceral identification and classification (SY/T5125)” and “Maceral
identification and statistical method of whole rock optical slice (SY/T6414)” and National
Standards “Maceral classification of bituminous coal (GB/T15588)” and the TSOP /ICCP
classification of dispersed OM in sedimentary rocks [19].

This study adopts the OM type classification scheme presented in Figure 1. Specifically,
OM is first classified as primary OM or secondary OM. Optical characteristics are used to
classify primary OM into sapropelic, liptinite, vitrinite, and inertinite groups or zooclasts.
Secondary OM is classified as solid bitumen or pyrobitumen. Solid bitumen has been
considered secondary OM generated in the oil window. It has also been referred to as
pre-oil solid bitumen by some authors [20,21], whereas pyrobitumen has been regarded as
secondary OM produced during the generation of gas. Pyrobitumen has been referred to as
post-oil solid bitumen by some scholars [20,21]. The surge in scientific interest in and the
study of shale gas have forced researchers to rethink the nomenclature and classification of
OM [22]. Thus, it is important to achieve some degree of uniformity in OM nomenclature in
order to reduce confusion when describing the OM type [22-24]. Because the nomenclature
and classification of OM types based on optical microscopy have been widely adopted,
the classification scheme and nomenclature of OM types based on SEM should also be the
same (Figure 1).

Organic
Petrology

Macerals (sapropelinite, liptinite, vitrinite, intertinite)  Solid bitumen

Organic zooclasts (e.g. graptolite) Pyrobitumen

Primary organic matter Secondary organic matter
(from depositional setting) (from transformation of primary organic matter)

Figure 1. Basic nomenclature of OM used in this study (modified after [14]).

3. Samples and Methods

Organic-rich strata of the Wufeng and Longmaxi Formations were deposited in late
Ordovician and Early Silurian times on the upper Yangtze Platform of south China [3,25].
Core samples obtained from the southeastern edge of the Sichuan Basin in northwestern
Hunan were selected as the focus for the investigation (Figure 2a). These deposits were
selected for study for the following reasons: (i) They are rich in OM and have been commer-
cially developed, and relevant geological research has been carried out at a sufficient level
of detail [26-30], and (ii) according to the color, transparency, size, shape, protrusion, and
fluorescence of OM, the OM type can be well distinguished under an optical microscope.
However, it is difficult to study the OM type using SEM, as the low atomic weight of carbon
makes all the OM appear dark black. The OM of the Wufeng and Longmaxi Formations is
mainly sourced from lower organisms (Type I kerogen), and vitrinite reflectance equivalent
values of greater than 2.0% suggest over-mature thermal maturity. Thus, most OM types of
these deposits are therefore pyrobitumen [31-34]. Therefore, it can be considered that the
OM observed using SEM is basically pyrobitumen. Based on this, the petrological charac-
teristics of pyrobitumen can be analyzed, which provides a good guiding significance for
distinguishing the OM types and the development of OM pores using SEM.

Shale samples were selected from core material recovered from well X3 in northwestern
Hunan (Figure 2b). Shale samples were analyzed using SEM, as described in papers
published by our team [35,36].

Total organic carbon (TOC) contents of the Wufeng Formation and the lower Longmaxi
Formation in the study area are similar (Table 2) and average 1.47% and 1.36%, respectively.
The TOC content of the upper Longmaxi Formation is relatively low and averages 0.32%.
Analyzed samples of the Wufeng Formation and the lower Longmaxi Formation are
dominated by quartz (Table 2; average = 50.1%), followed in abundance by clay minerals,
feldspar, pyrite, and carbonate minerals (Table 2). Clay minerals are dominant in samples
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of the upper Longmaxi Formation (average = 50.0%), with lesser abundances of quartz and
feldspar. Pyrite and carbonate minerals are present but at low concentrations.
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Figure 2. (a) The location of sampling well X3 in northwestern Hunan. (b) A comprehensive
stratigraphic column for well X3 (modified after [35]).
Table 2. TOC content and mineral compositions of analyzed Wufeng-Longmaxi samples of well X3.
i %) , 10C 0 lay (% ite (% ite (%) K-Feldspar (% ite (%) Pyrite (% Clay Types (%)
Formation =~ TOC (%) Average (%) Quartz (%) Clay (%)  Calcite (%) Dolomite (%) K-Feldspar (%)  Albite (%) Pyrite (%) lite Us
0.15 42.6 47.6 / / 0.9 8.9 / 97 3
0.18 39.2 50.4 / / 1 9.4 / 94 6
0.16 38 53.2 / / / 8.8 / 90 10
0.24 38.4 48.4 / / / 9.4 1.2 93 7
Ubper 0.65 36.1 52.1 / / / 9.2 0.7 90 10
Lo 016 032 387 497 / / / 9.6 0.4 80 20
8 0.22 35.3 53 / / 0.9 8.9 0.4 89 11
0.30 37.6 50.2 / / / 9.9 0.4 83 17
0.14 37 51.2 / / 1.1 9.2 0.2 82 18
0.17 394 49.2 / / / 9.8 0.2 96 4
117 37.3 445 / / 3 9.3 1.9 96 4
1.42 39.2 45.8 / / / 10.7 3.9 96 4
1.75 32 35.7 / 12.1 37 8.2 54 95 5
1.68 43.1 30.6 2.3 9.9 4 10.1 / 85 15
1.44 441 26 23 10.2 28 9.7 3.1 91 9
Lower 1.04 1.36 38.6 36.4 25 11.4 2.2 8.9 0 92 8
Longmaxi 1.19 ) 422 28.5 22 11.2 1.9 109 1.6 90 10
1.02 41.3 274 2.1 10.8 53 9.9 19 82 18
1.52 35.2 334 / 10.9 24 10.8 5.5 94 6
1.30 37.1 25 9.9 7.2 4.8 13 1.6 97 3
1.29 421 31.3 / 7.1 39 12.3 1.8 88 12
0.96 45.6 234 7.6 53 44 11.6 0.9 87 13
1.28 45.6 243 / 9.1 2.7 126 3.9 95 5
1.25 426 227 75 8.3 35 129 12 89 11
0.73 442 342 / 8.9 3.8 7.2 0.8 93 7
1.36 56.7 22.6 / 13.4 1.3 4.8 04 95 5
1.57 58.9 30.7 / / 1.8 6.6 0.7 95 5
Wufeng 1.29 1.47 64.7 26.3 / / 17 5.8 05 85 15
2.19 86.4 8.7 2.8 / 0.8 13 / 88 12
1.59 79.7 152 12 / 0.9 3 / 96 4
2.28 49.2 34.7 / 6 2 5.8 0.9 96 4
1.38 70.4 18.1 1.9 42 1 3.1 0.6 97 3
1.86 63.1 245 2.7 3.1 14 5.2 / 9% 4

Note: I/S = illite/smectite mixed layer; / = not detected.
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4. Results and Discussion
4.1. OM Assemblages

Optical microscopy suggested that the OM of the studied samples is dominated
by variably shaped pyrobitumen (Figure 3a,b). Graptolites (zooclasts) were observed
occasionally in some samples (Figure 3c,d).

Figure 3. OM of the Wufeng-Longmanxi shale samples: (a,b) kerogen concentrates (dark material)

under transmitted light. The observed OM is mainly pyrobitumen that lacks an obvious shape and
structure. (c) One graptolite particle under reflected light using an oil immersion; (d) core sample
containing abundant graptolites.

Results of some SEM-based studies suggest that although pyrobitumen is the domi-
nant OM type in the Wufeng-Longmaxi Formations, subordinate OM similar to inertinite,
vitrinite, and degraded algae was also present in the studied samples. The Wufeng and
Longmaxi Formations were deposited during the Ordovician-Silurian transition, a time
during which higher plants were not well developed, negating the presence of inerti-
nite and vitrinite in the sample set. It is noteworthy that carbon chips (Figure 4a,b) or
micrinite ([32]; see their Figure 8) are commonly interpreted as inertinite and vitrinite. The
occasional carbon chips observed in the studied samples may reflect the contribution of
frequent volcanic eruptions known to have occurred contemporaneous with the deposition
of the Wufeng and Longmaxi Formations [37,38]. Carbon chips commonly display smooth,
flat surfaces and shell or stepped fractures and have obvious boundaries with surrounding
minerals. It is noteworthy, though, that carbon chips lack pores. Micrinite is a relatively
heavy product of hydrocarbon generation that is found within secondary OM (e.g., pyrobi-
tumen) ([32]; see their Figure 8). Given that the studied deposits reached the over-mature
stage, it is likely that essentially all algae would have been transformed hydrocarbons,
though some refractory algal residues appear to have been preserved (Figure 4c,d).
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(a)

Figure 4. Unknown OM in Wufeng-Longmaxi shale samples viewed using SEM: (a,b) may show
carbon chips perhaps introduced to the sediment by volcanic eruptions; (c,d) inferred residual algae.
The outer wall of algae is difficult to degrade. The cavity is filled with clay minerals.

Carbon chips and degraded algae are generally rare, and their origin needs to be
further studied. Therefore, these two types of OM are not discussed further in this study.
In summary, the deposits of the Wufeng and Longmaxi samples are dominated by pyrobi-
tumen, with lesser graptolite.

4.1.1. Organic Zooclasts

Organic zooclasts mainly include scolecodonts, graptolites, chitinozoa, and foraminifera
in shales. Graptolites flourished during the Ordovician—Silurian transition, thus explaining
their great abundance in the studied deposits. Graptolites in the well X3 core display
random orientation (Figure 4d). Graptolites viewed using SEM are often striped and can
be as long as several to dozens of microns (Figure 5a—c). Graptolite surfaces are generally
smooth and flat. The central canal is filled with framboidal pyrite (Figure 5c), with the
graptolite sometimes replaced by carbonates (Figure 5a). The theca and sicula of some
graptolites have been observed (Figure 5d).

4.1.2. Pyrobitumen

As pointed out in the discussion, with the exception of graptolites, almost all OM in
the studied samples is pyrobitumen. Pyrobitumen observed in Wufeng and Longmaxi
samples occurs in several forms: (i) Pyrobitumen fills the interparticle pores of authigenic
quartz (Figure 6a,b). This type of pyrobitumen is most common in samples enriched in
TOC and quartz. Quartz in these samples is mainly authigenic and may comprise more
than 50% of the sample [39]. Authigenic quartz crystals are generally 1-5 microns and well
formed (Figure 6a,b). The shape of this form of pyrobitumen reflects the shapes of the filled
pores suggesting that the pyrobitumen formed after precipitation of the authigenic quartz.
(i) Some pyrobitumen fills the interparticle pores within pyrite framboids (Figure 6c¢). This
type of pyrobitumen is most common to samples enriched in TOC and pyrite. Observed
pyrite framboids are generally less than 10 microns, with the 5-8 micron being the most
populated. The form of the pyrobitumen is controlled by the shapes of filled pores. Thus,
the pyrobitumen likely formed after the framboids formed. (iii) Pyrobitumen is observed
to have filled the interparticle pores of authigenic clay minerals (Figure 6d). This type
of pyrobitumen has been observed in all samples. Clay minerals are mainly fibrous or
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plate-like authigenic illite associated with OM. (iv) The final occurrence of pyrobitumen is
as massive OM dispersed throughout the clay matrix (Figure 7). Much of this pyrobitumen,
which was present in all analyzed samples, is wrapped by detrital clay minerals. Grains of
this type of pyrobitumen can reach several microns to more than ten microns in size.

Figure 5. Graptolites hosted by Wufeng-Longmaxi shale samples viewed using SEM: (a) graptolites
are striped. Black arrows point to the graptolites that have been replaced by carbonates. (b) Striped
graptolite surrounded by clay minerals. The black arrow points to pores hosted by the graptolite.
(c) Central canal of a graptolite filled with framboidal pyrite. The black arrow points to pores that
formed between the graptolite and minerals. The content in the red box is shown in Figure 6c.
(d) The black arrow points to the inferred theca and sicula of a graptolite.
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Figure 6. Pyrobitumen of the Wufeng-Longmaxi shale samples viewed using SEM: (a) pyrobitumen
has filled interparticle pores among authigenic quartz crystals; (b) pyrobitumen contains OM pores
filling interparticle pores of authigenic quartz; (c) pyrobitumen has filled interparticle pores of pyrite
framboids. The yellow arrows indicate small, equal-sized, circular or oval-shaped OM pores. The
green arrow points to pores between pyrite crystals and OM. The red arrows indicate large pores
similar to a single crystal of framboidal pyrite. (d) Pyrobitumen has filled interparticle pores in
authigenic clay minerals.
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Figure 7. Pyrobitumen in Wufeng-Longmaxi shale samples viewed using SEM: (a,b) pyrobitumen
of a large particle size hosting abundant OM pores. The blue box indicates a small pyrobitumen
particle in which most pores are filled with minerals. The green arrow highlights a large irregularly
shaped pore that may have formed by dissolution. The yellow arrow indicates pores at contacts of
pyrobitumen and surrounding minerals. (c,d) Pyrobitumen containing abundant OM pores wrapping
minerals. The red arrows point to pores at the contacts of OM and wrapped minerals. The green
arrows indicate large irregular pores. The yellow arrows point to small, equidimensional, round and
oval pores. (e f) Large pyrobitumen particles hosting abundant pores, some filled with minerals. The
green arrow indicates large OM pores that have been partially filled with minerals. The yellow arrow
shows small, equal-sized, round or oval-shaped OM pores.

Pyrobitumen is a viscous fluid product of catagenesis that can migrate through the
source rock [14,40]. The first three types of pyrobitumen show evidence of migration.
Wood et al. (2018) posited that the massive pyrobitumen containing clay minerals is an
internal flow structure related to the entrainment of clay minerals by migrating highly
viscous fluid produced by the thermal maturation of OM [41]. However, clay minerals
contained in this kind of pyrobitumen of the studied samples do not display preferred
orientations, appearing, instead, more like the aggregates of clay grains and OM (Figure 6d).
Aggregates of OM and clay minerals are formed by the adsorption of OM onto clay grains
during deposition. Increasing thermal maturity would convert the OM into a highly viscous
hydrocarbon fluid. It is important to point out that compaction can impart a clay grain
texture similar to that expected to form as a result of flow [18]. In summary, then, the
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fourth type of pyrobitumen documented in the studied Wufeng-Longmaxi samples lacks
evidence of migration.

4.2. OM Pores
4.2.1. Pores Hosted by Organic Zooclasts

As graptolites have a specific morphology and structure, they can be readily identified
using SEM. We observed two types of pores hosted by graptolites: (i) a series of irregu-
lar pores that may have been formed in association with the compaction of graptolites
(Figure 5b) and (ii) a second type of pore including those voids at contacts of minerals and
graptolites (Figure 5c). These pores may have been formed by shrinkage in association
with thermal stress. These two pore types are rarely observed in the studied samples
(Figure 5a,d). Graptolites are geochemically similar to Type III kerogen, which contains
abundant oxygen-bearing functional and aromatic groups [42]. Therefore, graptolites are
characterized by poor hydrocarbon generation ability and contain almost no pores. Some
researchers have observed copious pores in fusellar layers of graptolites. The directional
arrangement of these pores is controlled by the primary structure of the graptolite. We
did not observe such pores in our samples, and such pores are mentioned in other studies,
perhaps an indication that these pores are less well developed in general.

4.2.2. Pores Hosted by Pyrobitumen

As described before, four types of pyrobitumen have been recognized in samples of
the Wufeng and Longmaxi Formations. Each of these contains OM pores, though the pores
differ in terms of morphology, size, and distribution (Figures 6-8). Pyrobitumen filling
the interparticle pores of authigenic quartz contains abundant pores that display similar
circular or elliptical shapes and sizes, generally at a nanometer level within a range of
5-20 nm (Figures 6a,b and 8a,b).

Figure 8. OM pores hosted by pyrobitumen: (a,b) pyrobitumen filling the interparticle pores among
authigenic quartz hosting abundant pores. Black arrows in Figure 8b point to the euhedral termination
of authigenic quartz. (c¢,d) Abundant pores hosted by massive pyrobitumen. Some pores are filled
with authigenic minerals, including pyrite and apatite.
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Pyrobitumen filling the interparticle pores within pyrite framboids hosts abundant
pores of three types (Figure 6c). The first type is similar to pores hosted by pyrobitumen
filling the interstitial spaces between authigenic quartz grains. The morphology and size
of pores of the second type are those of single crystals of framboidal pyrite. It is possible
that some of these pores were produced by the plucking of pyrite crystals during sample
preparation. These pores, some of which may be artificial, have been referred to as “moldic
pores” by some researchers [43]. The third type of OM pores is crescent-shaped voids at
some contacts of pyrite crystals.

Pyrobitumen filling the interparticle pores at contacts of clay grains contains abundant
pores of differing morphology, size, and distribution (Figure 6d). Some pores exhibit an
obvious directional arrangement, some are circular or elliptical, some are flat, some pores
appear to be restricted to the middle of the OM, and some are concentrated along the
contacts between OM and clay minerals.

Massive pyrobitumen contains abundant pores that can be categorized into three types
(Figures 7 and 8c,d). The first type of pores hosted by massive pyrobitumen is similar to
pores contained by pyrobitumen filling the interstitial spaces between authigenic quartz
grains. These pores are equal sized and circular or elliptical (Figures 7b and 8d). The second
type of pores is large and irregular in shape and partially filled with authigenic minerals,
mainly pyrite and apatite. The third type of pores is formed at the contacts of minerals and
OM particles (Figure 7a,d).

4.3. Implications for Diagenetic History

Deposits of the Wufeng and Longmaxi Formations contain abundant authigenic quartz
(Figures 6a, 8b and 9), especially the former [36]. Previous studies have pointed out that
the silica of this kind of quartz, largely derived by the dissolution of siliceous organisms,
such as radiolaria, forms early in the diagenetic burial history of the sediment [44,45].
Pyrobitumen, however, is generally produced in the middle and late diagenetic stages.
Early formed authigenic quartz occupies most of the primary porosity as cement. However,
its high rigidity shields and preserves some depositional porosity, thus providing space for
the subsequent migration of pyrobitumen. Similarly, framboidal pyrite generally forms in
the early diagenetic stage, earlier than the time of formation of pyrobitumen. Therefore,
the morphology of pyrobitumen reflects the shapes of the pores it has filled.

The pore-filling sequence for authigenic clay minerals and pyrobitumen remains
elusive. We observed that authigenic clay minerals filled pores in some samples with a
high TOC content that lack pyrobitumen (Figure 9a,b). Thus, we infer that authigenic
clay minerals preferentially filled pores and created pores of a small throat size so that the
driving force of pyrobitumen migration was not enough to overcome the resistance caused
by the small pore throat dimensions. Little pyrobitumen has filled small interparticle pores
formed at contacts of authigenic quartz (Figure 9c). In contrast, some large interparticle
pores preserved by authigenic quartz are often filled with pyrobitumen (Figures 6a and 8a).
These observations provide some support for the inference that pyrobitumen was unable
to migrate through small pores and throats. It is worth pointing out that some researchers
have suggested that authigenic clay minerals may form earlier than the migration of OM
and that the dimensions of pore throats are altered by the formation of authigenic clay
minerals [46,47].

Pores formed in OM in association with thermal maturation are important to the
storage volume of a shale gas reservoir [48,49]. However, the characteristics of OM-hosted
pores in the various types of pyrobitumen display notable differences. Small, equal-sized
pores of circular or oval shape are the most common type of OM pores in the studied
samples (Figures 6b, 7b and 8b). Clay minerals comprise an especially plastic component
of shale deposits. The mechanical compaction of clay-rich deposits causes existing pores
to close. Fishman et al. (2012) pointed out that although the Upper Jurassic Kimmeridge
Clay Formation shale has a high OM content, the large amount of clay minerals present has
negated the reservoir potential of these rocks [50]. Pores hosted in OM that formed as a
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(a)’

result of thermal maturation are poorly preserved and difficult to discern even using SEM.
However, there is a greater chance for the preservation of OM pores in deposits containing
abundant authigenic quartz and pyrite because of the strong rigidity of these minerals.
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Figure 9. Authigenic quartz of Wufeng-Longmaxi Formation samples: (a) authigenic quartz widely
distributed throughout the clay matrix. Red circles indicate where clay minerals have filled the
interparticle pores among authigenic quartz. (b) Authigenic quartz is widely distributed throughout
the clay matrix. Red circles indicate interparticle pores of authigenic quartz that lack OM and other
minerals. (c¢) Authigenic quartz widely distributed throughout the clay matrix. Interparticle pores
among authigenic quartz lack OM and mineral fillings. (d) Cathodoluminescence image of the same
field of view as (c). Note that the authigenic quartz displays no more than weak cathodoluminescence.

Massive pyrobitumen hosts pores that are similar to those contained by pyrobi-
tumen filling the interstitial spaces among authigenic quartz grains (Figure 7b). Still,
meager large, unevenly shaped pores have also been observed in massive pyrobitumen
(Figures 7d,f and 8c). Some of the large and unevenly shaped OM pores are filled with authi-
genic minerals, with the morphology of the pore-filling minerals reflecting the morphology
of the pores. Therefore, these OM pores appear to have formed prior to the authigenic
minerals. However, further study is required to make certain that these OM pores are
actually unfilled or moldic pores formed during sample preparation. Our investigation
indicates that such pores in massive pyrobitumen are obviously different from moldic
pores. The latter are closed at one end (Figure 6¢), whereas the pores hosted by the massive
pyrobitumen of the studied samples appear to be connected (Figures 7f and 8c).

Differences in OM pores can be observed in adjacent grains of massive pyrobitumen
(Figure 7a). One grain displays abundant equal-sized pores that are not filled with minerals.
The other grain contains pores that are filled with minerals. This observation may indicate
that the two types of OM pores formed at different times. The large OM pores may have
formed earlier than authigenic minerals, and authigenic minerals may have precipitated
earlier than smaller OM pores forming. Small OM pores are thought to form in large
numbers in association with the gas generation stage, whereas the time of formation of
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large OM pores can be roughly judged by the timing of filling with authigenic minerals
(mostly pyrite).

We can provide a tentative speculative explanation for the features described earlier.
The relatively large pores hosted by OM may be depositional. A number of studies have
made the case that immature OM, including amorphous OM and OM displaying special
structures (e.g., algae and animal debris), will host many pores [11,51]. Our observations
of the Wufeng and Longmaxi samples indicate that large OM pores filled with authigenic
minerals are present only in the massive pyrobitumen; they are not present in pyrobitumen
types displaying evidence of migration. The primary pores may have been severely
deformed or closed after significant mechanical compaction (depth of burial). Indeed,
the abundance of OM pores may have diminished with increasing burial depth because
of the ductile nature of OM. OM pores may survive burial as a result of their infilling
with authigenic minerals or solid bitumen, which is associated with high levels of thermal
maturity [51]. This mechanism may explain why some OM pores have been filled with
minerals and others have not been filled. It may offer an explanation for the strong
heterogeneity of OM pore development in adjacent OM particles.

Generally speaking, the type of OM is an endogenous factor that may be a determinant
in the development of OM pores, whereas diagenesis is an exogenous factor affecting the
preservation of OM pores. The combinations of these endogenous and exogenous factors
govern the distribution of OM and the heterogeneity of OM pore development in shale.

4.4. Implications for Shale Gas Exploration

Although organic-rich shale deposits have been documented from marine, lacustrine,
and marine—continental transitional facies (coal measures), marine shale deposits have been
most successfully exploited for commercial purposes in China. The abundance of OM is
the basis of shale gas enrichment and is an important basis for optimizing shale successions.
In addition to the abundance of OM, the OM type and the nature of the association of OM
with minerals should be taken into account when assessing reservoir rock quality.

The Ordovician-Silurian Wufeng-Longmaxi Formations and the Lower Cambrian
Niutitang Formation of the Sichuan Basin and surrounding areas, southern China, of-
fer great potential for hydrocarbon exploration and production. These formations host
prospective types of OM and promising mineralogy and grain arrangements [25,30,52].
Pyrobitumen is the dominant type of OM and mainly occurs as fillings of interparticle pores
among authigenic quartz (Figure 10). The early formed authigenic quartz has shielded the
pores from the effects of mechanical compaction, ensuring that a large number of pores
hosted by OM are preserved. This has provided sufficient reservoir storage space for shale
gas. In addition, the abundant authigenic quartz has made the shale brittle and more
susceptible to fracturing [35,53].

Coal measure shale deposits commonly have a high thermal maturity and abundance
of OM. Good examples of coal measures in China include the Carboniferous—Permian
Taiyuan-Shanxi Formations of the Ordos and Qinshui Basins and the Permian Longtan
Formation of the Sichuan Basin [54-56]. However, coal measure shale is characterized by a
high clay mineral content and lack rigid minerals, both of which diminish the preservation
potential of OM pores (Figure 10). Moreover, the fact that much of the OM in coal measure
shales comes from higher plants (vitrinite and inertinite) diminishes the hydrocarbon
generation potential of these deposits (Gai et al., 2018) as well as the potential of the
development of OM pores [57]. Thus, the development prospects for these shales are much
lower than those of marine shale.

Organic-rich lacustrine shale deposits include the Triassic Yanchang Formation of the
Ordos Basin and the Upper Cretaceous Qingshankou Formation of the Songliao Basin [58,59].
The dominant OM of lacustrine shale is derived from lower organisms. The thermal
maturity of these deposits in China is typically low, generally no greater than the oil
window stage. The OM contained in these deposits is mainly solid bitumen that occupies
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residual porosity (Figure 10). OM pores are not especially well developed in solid bitumen
because of low thermal maturity.

Marine shale Coal measure shale Lacustrine shale
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Figure 10. Sketch of grain assemblages (mainly quartz and OM types) and diagenesis of marine shale,
coal measure shale, and lacustrine shale (modified after [35]). Note that marine shale refers to shale
with geological characteristics similar to those of the Wufeng-Longmaxi Formations, deposited on
the upper Yangtze Platform. Coal measure shale refers to shale with geological characteristics similar
to those of the Carboniferous—Permian Taiyuan and Shanxi Formations that were deposited in the
Qinshui or Ordos Basins. Lacustrine shale refers to shale with geological characteristics similar to
those of the Triassic Yanchang Formation that accumulated in the Ordos Basin. Refer to the text for
further discussion.

The type of OM in marine shale and its mode of grain-to-grain relationships with
minerals are mainly controlled by the sedimentary environment. For example, the most
favorable interval of the Wufeng—Longmaxi succession in the study area encompasses
Katian and Rhuddanian shales [60,61]. These deposits appear to have accumulated in
deep water under reducing conditions beneath highly productive surface water [61]. These
characteristics are conducive to the enrichment of sediment with OM and siliceous tests,
the requisites for the formation of organic-rich siliceous shale (Figure 11a,b). Aeronian
shale accumulated under more oxygenated and shallow conditions beneath surface water
that was not productive (Figure 11c). The change in the sedimentary environment is
manifested by the transformation from Katian and Rhuddanian organic- and silica-rich
shale to Aeronian shales enriched in clay and depleted of OM (Figure 11). The changing
depositional conditions gave rise to different types of OM and modes of occurrence of
OM with mineral assemblages. This in turn affected the quality of the present shale gas
reservoir. A suitable sedimentary environment is therefore a prerequisite for the formation
of high-quality shale for hydrocarbon generation (viz., the abundance of OM, type of OM,
and its combination with minerals).
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Figure 11. Sedimentary model of the Katian—Aeronian stages of basin evolution (modified after [34]):
(a) Katian stage, (b) Rhuddanian stage, and (c) Aeronian stage. The data of redox conditions,
paleoproductivity, and detrital flux for well X3 located in the study area are from [34].

5. Conclusions

The type of OM contained in marine shale of the studied Wufeng and Longmaxi
Formations is mainly pyrobitumen, with lesser amounts of graptolite and OM of unknown
origin. SEM analysis indicates that the pyrobitumen of the investigated samples exists in
four forms: massive material, the filling of interparticle pores at contacts of quartz grains,
the filling of interparticle pores within pyrite framboids, and the filling of interparticle
pores at contacts of authigenic clay mineral.

The development of OM pores in deposits of the Wufeng-Longmaxi succession was
affected by the type of OM and degree of diagenesis. The morphology, size, and time of
formation of OM pores appear to be a function of OM type. The most common OM pores
hosted by pyrobitumen are small, equal-sized, circular or oval pores. These pores represent
the main storage volume of the studied deposits.

The type of OM and its mode of co-occurrence with minerals affect the quality of the
shale gas reservoir. Pyrobitumen of the studied Wufeng and Longmaxi samples, especially
the former, filled the interparticle pores among authigenic quartz. These deposits are char-
acterized by robust reservoir capacity and fracturing capacity. The type of OM and mode
of its grain-to-grain association with minerals are mainly controlled by the sedimentary
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environment. An appropriate sedimentary environment is therefore a prerequisite for the
formation of high-quality shale for hydrocarbon generation and storage.

Shale is rich in organic matter, but its types are diverse. It is necessary to strengthen
the research on basic geological data and find OM type evaluation methods that are
more suitable for geological characteristics in order to lead the healthy and sustainable
development of the shale gas industry.
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