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Abstract: In order to analyze the organic matter (OM) composition, this study carefully identified
the OM types of 66 samples from Well A in the Dingshan area under microscope, and made an
effort to obtain the semi-quantitative statistics contents of different bio-precursor derived OM. The
results of OM content obtained under microscope showed a strong positive relationship (R? = 0.85)
with the TOC content analyzed by carbon-sulfur analyzer. The OM contained bethic algae debris,
phytoplankton amorphous organic matter (AOM), acritarch, vitrinite-like particles, zooplankton
(including graptolite, chitinozoa and others) and solid bitumen which was secondary formation OM.
The phytoplankton AOM, graptolite and solid bitumen were the dominated OM in this interval. Solid
bitumen (8%~11%) was filled at the bottom of the Wufeng Formation, which could be one reason for
the high shale gas production in the lower part of this shale interval. N, adsorption results showed
that micropores and mesopores were predominant in this shale gas system, while pore volumes
illustrated better positive relationships with organic matter than minerals, especially AOM content.
Thus, both solid bitumen and AOM kerogen were the main sources for shale gas generation in this
shale gas system.

Keywords: bio-precursor organic matter compositions; semi-quantitative analysis; solid bitumen;
AOM kerogen; pore development characterizations; shale gas

1. Introduction

Shale gas, which is a self-generated and self-restored natural gas system [1,2], has
been one of the most important petroleum resources in recent years. The Upper Ordovi-
cian Wufeng Formation-Lower Silurian Longmaxi Formation (abbreviated as Wufeng-
Longmaxi Fm.) in Sichuan Basin is the key target for shale gas exploration in China [3-8].
Abundant research has significantly uncovered the tectonic, petrographical, geochemical
and petrophysical characteristics of this gas shale interval [9-16]. Among numerous discov-
eries, a well-known fact is that the total organic carbon (TOC) has a positive relationship
with shale gas content in shale gas systems [17-19]. Wu et al. obtained a moderate positive
relationship (R? = 0.667) between shale gas content and TOC content in the Fuling gas
field of Sichuan Basin [19]. In addition, the porosities of gas shales normally showed
positive relationships with TOC content in shale gas systems, which were found in both the
Wufeng-Longmanxi shale interval in China and gas shale intervals in America [11,17,20].
These studies confirmed that organic matter provided an important pore reservoir type in
shale gas systems [12,17,20-22]. Thus, the characteristics of pore development in organic
matter are fundamental for reservoir evaluation in shale gas systems.
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Researchers worldwide have analyzed pore structures and characteristics in shale
gas systems [17,20,22-24]. Many studies focused on the development of pores in different
organic matter types, with some researchers proposing several schemes for organic matter
type classifications of Wufeng-Longmaxi gas shale [22,25,26]. Jiao et al. classified the
pores in shale gas systems as organic matter pores, intra-pores in minerals and inter-pores
among mineral grains (mainly as dissolved pores) [22]. When it was realized that organic
matter pores were very important in shale gas systems, Chen et al. classified organic matter
into two group types [25]: (1) formed organic matter, which mainly includes graptolite;
(2) amorphous organic matter, including bitumen and micrinite. Pores were mainly found
in bitumen and graptolite. Zhang et al. (2020) classified organic matter into five groups [26]:
bitumen, graptolite, algal fragment, spherical kerogen and bacteria-like aggregate, with
little pores found in graptolite. These studies normally provided some micro-photos under
scanning electron microscope (SEM) to illustrate the characteristics of pore developments.
Organic matter (OM) compositions in shales are complicated, not only on the bio-precursor
of OM, but also on the relative quantitative composition of different OM types and their
evolution processes. In fact, the semi-quantitative analysis of different types of organic
matter under SEM are difficult international problems, let alone the pore developments
within different organic matter types. The content of pores can be calculated by point
counting within the SEM or FE-SEM images [17,27,28], with the influences of maturity on
pore developments studied through artificial maturation experiments. However, these
results could be influenced by the resolution of the equipment and the images taken by the
experimenter if the sample was without any heterogeneity.

In this study, we semi-quantitatively analyzed the different bio-precursor compositions
of organic matter with polished thin sections of whole rock. Through comparisons of the
pore characterizations among different bio-precursor derived organic matter, the study
aimed to uncover the pore development and reveal contributions of different bio-precursor
derived organic matter. This study could provide new clues and basic scientific information
for shale gas formation in Wufeng-Longmanxi gas shale intervals from Sichuan Basin, in the
southwest of China.

2. Geological Setting and Samples

The Sichuan Basin (a superimposed basin) was developed on the Upper Yangtze Cra-
ton in the southwest of China (Figure 1) [6]. The basin is surrounded by the Micangshan—
Dabashan fold belt (north), the Hunan-Guizhou-Hubei fold belt (east), Emenshan-Liangshan
fold belt (south) and the Longmenshan fold belt (west). The Sichuan Basin was com-
pressed by its periphery uplift tectonic activities during Wufeng-Longmaxi shale being
deposited [25,29]. Wufeng-Longmaxi shale developed with an anoxic sedimentary envi-
ronment and is distributed widely in the Sichuan Basin [29,30].

Shale gas in the Dingshan area, sited in the southwest of Sichuan Basin, was deeper
than Fuling gas field. The depths of Wufeng-Longmaxi in studied Well A of the Dingshan
area ranged from 3596.7-3731 m. Wufeng-Longmaxi gas shale is typically enriched in
graptolite, with the shale interval divided into several layers according to detailed bios-
tratigraphy studies by Chen et al. [25]. From bottom to top, Wufeng Formation was divided
into four layers (WF1-WF4), while Longmaxi Formation was divided into three sections
(Long 1~Long 3), including nine layers. Long 1, Long 2 and Long 3 sections included
O—-® layers, ©- layers and (®—(©) layers, respectively. Long 1 section was the lower gas
shale reservoir, while Long 2-3 belonged to the upper gas shale reservoir. Shale gas was
obtained mainly from Wufeng Formation and Long 1 section reservoir.
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Figure 1. The location of Sichuan Basin (a), the Dingshan area (DSA) (b), and the geological column
of Sichuan Basin (c) (modified from Wang et al. [14]).

3. Analytical Methods

The 66 core samples from Well A in the Dingshan area for geochemical analysis
were washed and then dried before powdering in an agate mortar. Polished conventional
petrographic pellets and polished thin sections (perpendicular to bedding) were prepared
for organic petrology; fresh fracture surfaces (perpendicular to bedding) were selected for
SEM observation for organic matter; and samples polished by argon ion were checked by
SEM for pore development analysis. All analyses were carried out in the Sinopec Wuxi
Institute of Petroleum Geology, Wuxi, China.

All samples were collected for TOC and S analysis. Core samples (200 mg) were
powdered into 200 mesh size, then prepared with 10% HCl at 60 °C to remove carbon-
ate and washed with distilled water to a pH of 5. The washed samples were dried and
analyzed using a Leco CS-200 carbon—sulfur analyzer produced by LECO Corporation,
St. Joseph, MI, USA, with an accuracy of 0.5% according to the Chinese national stan-
dard GB/T 19145-2003.

Inorganic petrographical and inner structure of organic matter were analyzed on
the polished thin sections for general bio-precursor identification under white reflected
light, transmitted polarized light and orthogonal light. Semi-quantitative analysis of
organic matter was measured with the organic petrology method. Petrographical organic
compositions were observed under white reflected and transmitted light on the polished
thin sections with a Leica DM4500P microscope manufactured by Leica company in Wetzlar,
German. The petrographic composition was evaluated quantitatively by point counting
(500 counts per pellet).

Maturities were evaluated by the solid bitumen and graptolite reflectance on con-
ventional petrographic pellets. Standard samples with reflectances of 1.721 and 3.16%
reflectance were used for measurement. The analysis was performed under a x50 oil
immersion objective of the Leica DM4500P microscope connected with a J&M micro-
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photometer. The mean random reflectance (%Rb) of solid bitumen was calculated as an
average of more than 50 points per sample.

A small piece of rock sample with a fresh surface perpendicular to bedding and
samples polished by argon ion were air dried first, then coated in a Polaron E5000 sputter
coater (Quorum Technologies, East Sussex, UK) at 1.2 kV with platinum/palladium for
2 min. The prepared sample was observed in a FEI-Philips-ESEM-FEG Quanta 200F (Field
Electron and Ion Company, Hillsboro, OR, USA) scanning electron microscope and the
voltage was stabilized at 20 kV.

Mineral composition analysis was conducted with Cu radiation (40 kV, 100 mA) using a
Bruker D8S Advance X-ray Diffractometer (XRD) instrument (Bruker Corporation, Billerica,
MA, USA). Porosities were determined by WTC binder pyconometry with helium. Pore
characterization was measured by N, adsorption using a QuadraSorb Station 3 apparatus
(Anton Paar Company, Graz, Austria). The detailed procedure of N, adsorption followed
Wang et al. [14].

4. Results
4.1. TOC and S Contents and Mineral Compositions

The TOC content of the 63 core samples from Wufeng—Longmaxi Fm. ranged from
0.51% to 5.52%, with an average value of 1.90% (Figure 2). The TOC content decreased
from the bottom to the top in the Wufeng-Longmaxi Fm. The samples with TOC > 2% were
mainly from Wufeng Fm. and the lower part of Long 1 layer, and the depth of TOC > 2%
was 27 m, including 10 m for TOC > 4% at the bottom. The TOC of samples from the middle
and upper parts of Long 1 layer were between 1% and 2%, while the TOC of samples
from Long 2 and Long 3 layers were mainly lower than 1%. Sulfur content ranged from
0.64~6.62%, and showed a similar trend with TOC content along the depth, while the
variations were not obvious compared to TOC content (Figure 2).
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Figure 2. The geological column, TOC and sulfur contents, and main mineral compositions of samples
from Well A in the Dingshan area, Sichuan Basin.

The results from XRD analysis showed that mineral compositions were dominated
by clay, quartz and carbonate, with the total of these minerals ranging from 85.1~94.1%
(Figure 2). Clay minerals ranged from 28.7~68.5%, averaging 47.4%, and showed an
increasing trend from the bottom of Wufeng Fm. to Long 1 layer, and stabilized in Long
2 to 3 layers. Quartz contents were from 14.9% to 60.1%, with an average value of 35.6%,
and showed an opposite trend along depths compared to clay mineral compositions. The
carbonate contents were almost below 20% (2.7-23.4%), with the contents lower and higher
than 10% from the bottom of Wufeng Fm. to Long 1 layer and Long 2-3 layers, respectively.
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4.2. Petrographical Observations and Morphologies of Organic Matter

The organic matter compositions have been observed under microscope. The organic
matter, except graptolite, has been degraded and most organisms were amorphous organic
matter (AOM) in the Wufeng and Longmaxi shales. Graptolite, a type of zooplankton,
widely distributes in the shale interval (Figure 3). Graptolite normally developed along the
bedding, with the outer layer of graptolite showing silicification chalcedony (Figure 4e h).
The inside of the graptolite is pure carbon under reflect light (Figure 4f,i).

Graptolite p

2 i
b -
J—
g

-

\

-
Graptolite

Figure 3. The micro-photos of graptolite. (a) Graptolite along the bedding (arrows), transmitted polar-
ized light, x50. (b,c) Graptolite along the bedding (arrows), showing the silica content surrounding
the graptolite under transmitted polarized light (b) and orthogonal light (c), x100. (d—i) Grapto-
lite showing the silica content surrounding the graptolite under transmitted polarized light (d,g),
orthogonal light (e,h) and reflect light (£,i), oil immersion, x500.

The algae structure which could be identified was the debris of benthic algae
(Figure 4a—d) and some acritarch in the rocks (Figure 4e). More acritarchs (Figure 4f-h),
benthic algae (Figure 4i,j) and some chitinozoa (Figure 4k) were observed in the isolated
kerogen. Benthic algae were identified according to the multicellular algal structure. They
were difficult for classifying because of bad preserved structural algae, but were found
with some debris (mainly thallus fragments).

Acritarchs were unicellular organisms with polyphyletic groups, mainly found in
marine sedimentary systems [17,26]. The morphology of acritarchs showed strong resistant
organic membranes, and the majority are likely the cysts of extinct eukaryote algae [17,31].
Therefore, the acritarchs were classified as the planktonic algae type in this study. Acritarchs,
including species Multiplicisphaeridium sp (f), Goniosphaeridium sp (g) and Buedingiisphaerid-
ium sp (h), were found mainly in Wufeng Formation, while no acritarchs were detected in
both rocks and isolated kerogen fractions.

Solid bitumen, which was observed to fill in the pores (Figure 5a-d) and micro-
fractures (Figure 5e,f), was widely developed in the shales, which suggested oil charges in
the geological history.
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Figure 4. Micro-photos of bio-precursor organic matter. (a-d) Debris of multicellular benthic algae,
showing multicellular structure of algae. (e-h) Acritarch, with (e) showing the acritarch in the rocks,
while (f-h) were acritarchs in the isolated kerogen, including species Multiplicisphaeridium sp (f),
Goniosphaeridium sp (g) and Buedingiisphaeridium sp (h). (i,j) Multicellular benthic algae debris in the
isolated kerogen. (k) Chitinozoa in the isolated kerogen. Transmitted polarized light, x500. Scale
bar= 50 um (a—e), =10 pm (f-k).

..

. Solid Bitumen
LA B <

Figure 5. Micro-photos of solid bitumen (arrows). (a-d) Solid bitumen filled in the intergranular
pore. (e,f) Solid bitumen filled in the micro-fractures along the bedding. (a,c,e) were micro-photos
under transmitted polarized light; (b,d,f) were micro-photos under reflected light. Oil immersion,
x500. Scale bar = 50 um.

4.3. Helium Porosity and Low Pressure N, Adsorption

Pore development is one of the key factors for shale gas resources. The helium
porosities of the Wufeng-Longmaxi shales were from 2.19% to 7.13% (average porosity
4.26%) increasing with depth (Figure 6a). Pore developments in this shale gas system have
been studied by many researchers [3,4,29,32-36]. The pores detected were OM-hosted
pore, intergranular pore and intragranular pore, among which OM-hosted pores were
predominant in this shale gas system [35]. The porosities of samples from Well A showed
a strong positive relationship with TOC content (R? = 0.78) (Figure 6b), suggesting that
organic pores were an important part of the gas shale reservoir in Well A.
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Figure 6. The plots of porosity vs. depth (a) and porosity vs. TOC (b) of core samples from Well A in
Sichuan Basin, with both showing positive relationships.

The results from low-pressure N, adsorption—desorption isotherms illustrated similar
type in all studied samples, and adsorbed volume decreased with TOC content (Figure 7).
Compared to the results from Wufeng-Longmaxi intervals from Well YY1 in Guizhou
province [3], the quantity adsorbed volumes were much less in the study samples than
those in Well YY1. The specific surface area ranged from 8.20 to 30.16 m?/ g, with an average
value of 14.75 m?/g. The total pore volumes (including micropores < 2 nm, mesopores
2~50 nm and macropores > 50 nm) were 0.010~0.033 mL/g, averaging 0.017 mL/g. The
relative amounts of these pores showed that mesopores were predominant (50.3—-62.2%),
followed by micropores with a percentage of 31.2-44.2%.
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Figure 7. Nitrogen adsorption-desorption isotherms for samples from Well A in the Dingshan area of
Sichuan Basin, showing similar type and the volume adsorbed decreased with TOC content.
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5. Discussion
5.1. The Quantitative Organic Matter Compositions

The statistic evaluation of organic matter composition by the organic petrology method
provided the semi-quantitative values. According to the statistical analysis results of
bio-precursor organic matter, the organic matter in the Wufeng-Longmaxi shales was
predominantly amorphous organic matter (AOM), graptolite and solid bitumen. The
relative contents of these organic matters comprised more than 90% (Figure 8a). AOM
mainly derived from the degradation products of cyanobacteria, unicellular planktonic
algae and other microbes [37-39].
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Figure 8. The relative (a) and quantitative (b) bio-precursor organic matter composition.

The plots of TOC and organic matter content (OMC) measured under microscope
showed a strong positive relationship (R? = 0.8786, Figure 9a), suggesting that the statistical
analysis of organic matter content was effective. Based on the results of organic matter
content, quantitative organic matter composition (QC) can be calculated by the relative
composition percentage multiplied by the OMC values. The calculated QC results are
shown in Figure 8b. The quantitative AOM, graptolite and solid bitumen were enriched
in the Wufeng Fm. and Long 1 of Longmaxi Fm, with the quantitative content decreasing
upwards gradually. The results were not inconsistent with the study by Zhang et al.
(2020) [24], and it was because they focused on the well-preserved organic matter, while
we analyzed all organic matter compositions. In addition, they obtained the organic matter
composition by statistical analysis from isolated kerogen, with the solid bitumen being
hard to identify from other organic matter. The three sections can be divided according to
quantitative organic matter composition (Figure 8b): (1) Section 1 included Wufeng Fm.
(3725-3731 m) and lower Long 1 part (3700-3725 m). The organic matter content was highest
compared to the other two sections, and the quantitative AOM and graptolite decreased
upwards, while the solid bitumen content remained stable in this section. (2) Section 2
included middle and upper Long 1 part (3640-3700 m). The organic matter content fell
in between that in Sections 1 and 3, while the graptolite content in this section was much
lower than in Section 1. The quantitative AOM and solid bitumen showed no obvious
variation, with the content of solid bitumen higher than the AOM content. (3) Section 3
included Long 2 to Long 3 layers. The organic matter contents were lowest among these
three sections, with graptolite low in this section. The AOM content was marginally higher



Minerals 2022, 12,1176

9 of 14

than the solid bitumen or graptolite content at the bottom of Section 1, and the content of
solid bitumen was predominant in other sections (Figure 9b), suggesting that the shale gas
was mainly from oil cracking.
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Figure 9. (a) The plots of TOC and organic matter content measured under microscope. (b) Quantita-
tive organic matter composition varied with depth. Note: Quantitative composition = organic matter
content x relative percentage of organic matter.

5.2. The Evidence and Amounts of Migrated Solid Bitumen at the Bottom of Wufeng Fm

Solid bitumen was widely developed in Wufeng-Longmaxi Fm. [10,14,25], though it
was difficult to identify whether the solid bitumen was in-situ bitumen or migrated solid
bitumen from other sources. According to the plots of TOC and S contents, the S content of
most samples in this study showed a positive relationship with TOC content (R? = 0.7564,
Figure 8a). However, there was one sample (A-36, 3697.1 m) with a high S content and low
TOC content, because of pyrite aggregate enrichment in this sample (Figure 10b,c). Four
samples at the bottom of Wufeng Fm. showed abnormally low S content and high TOC
content, with abundant solid bitumen observed under microscope (Figure 10d,e). If the
sedimentary system was stable, the relationship of TOC-S could well be positive, and the
native TOC (TOCy) content can be obtained from the positive relationship formula:

S = 0.5437 x TOC, + 0.3424 1)
TOC, = (S — 0.3424)/0.5437 @)
e (a)
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° 0 2 4 6
TOC %

Figure 10. (a) The plots of TOC and S contents. (b,c) The micro-photos of A-36 (3697.1 m), showing
pyrite agglomerate developed in this sample, reflect light. (d,e) The micro-photos of A-4 (3727.5),
showing much solid bitumen filled (red oval in Figure 10a, and arrows) in the micropore surrounding
the mineral particles.

Through the assumption that the densities of solid bitumen (pgq) and rock (p;ock) Were

1.2 and prock = 2.6 gem 3, respectively, the percentage volume of migrated solid bitumen
can be calculated as:

Vg, (cm~3) = (TOC — TOCg)/1.2 3)
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Vrock(cmig) =1/2.6=0.38 cm 3 4)
PV, (%) = Vg (em™3) x 100/ Ve (cm—3) = Vg, (em %) x 100/0.38 (5)

(Vep and Vo represent the volume of migrated solid bitumen and volume of rock in
a 1 g rock sample, respectively; PV, represents the volume percentage of migrated solid
bitumen in 1g rock sample.)

The calculated results shown in Table 1 suggest that 8.04-11.24% volumes of migrated
solid bitumen in shales had been preserved at the bottom layers of Wufeng Fm. Such
high amounts of migrated solid bitumen, which were obviously found at the lower part
of the Wufeng-Longmaxi formation, could be formed from much higher amounts of oil.
This could be one important reason for shale gas being enriched in the lower part of this
shale interval.

Table 1. The calculation of filled solid bitumen at the bottom of Wufeng Fm.

No. Depth (m) TOC % $% TOC, (%) ATOC Vb (em3) Vg (cm3) PVy, %
A-3 3730.1 5.52 1.3 1.76 3.76 0.03 0.38 8.14
A4 3727.5 6.3 1.12 1.43 4.87 0.04 0.38 10.55
A-5 3726.3 6.03 0.80 0.84 5.19 0.04 0.38 11.24
A-6 3725.1 4.94 1.01 1.23 3.71 0.03 0.38 8.04

Note: The density of solid bitumen (pgq) and rock (p;ock) Were set as pgg = 1.2 and prock = 2.6 g cm ™3, respectively.
ATOC = TOC — TOCy; Vg, and Vi represent the volume of migrated solid bitumen and volume of rockinalg
rock sample, respectively; PV, represents the volume percentage of migrated solid bitumen in one rock sample.

5.3. Pore Development in Different Organic Matter and Minerals

As the strong positive relationship between porosities and TOC content (R? = 0.78)
in Well A (Figure 6b) suggests, organic pores were one key reservoir pore space for the
shale gas system [11,18,31,35,36,40—-42]. Abundant nanometer to several micrometer OM-
hosted pores were observed in the study (Figure 11). Pores in shales can be divided into
three types: micropores with diameters lower than 2 nm, mesopores with diameters from
2 nm to 50 nm, and macropores with diameters higher than 50 nm [27]. Some OM-hosted
pores (A type) were irregular and small (Figure 11a—e), while some OM-hosted pores
(B type) were elliptical and near circular under SEM (Figure 11f-i), suggesting different
organic matter types [17,27]. Type A were original kerogen organic matter residues, with
a clearly reticular cell structure of algae (Figure 11a,al). Many original AOM kerogen
can be difficult to confirm because of no obvious structures inside in AOM. The B type
were mainly found in the migrated solid bitumen which filled in the holes among mineral
particles, micro-fractures along bedding or interlayer fractures in clay minerals (e.g., illite,
Figure 11f).

Quantitative pore characterizations, including the compositions of micropores, meso-
pores and macropores, can be measured by low pressure gas adsorption [14,32-34]. The
results from total pore volume measured by N, adsorption were very close to the pore
volume calculated by porosity (Figure 12), suggesting the pore volume measured by Nj
adsorption could represent the whole pore volume in the rocks. The porosity showed a pos-
itive relationship both with original organic matter (OM) and solid bitumen (Figure 13a),
illustrating that both solid bitumen and original kerogen OM contributed to the shale
reservoir. The volumes of mesopores and micropores were predominant in the shales,
showing a positive relationship with TOC (Figure 13b). However, the volumes of macrop-
ores were very low and showed no variations with organic matter and minerals (Figure 13).
Mesopores were predominant in AOM (Figure 13c), graptolite (Figure 13d) and solid bitu-
men (Figure 13e), which is consistent with the results from Wang et al. that “Mesopores
contribute 58% of the total pore volume” [14]. The pore volumes showed different trends
with mineral compositions (Figure 13f). They showed a negative relationship with clay
content (Figure 13g), while they exhibited complicated relationships with quartz (decreased
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below 30% and increased afterwards, Figure 13h) and carbonate content (increased above
10% and decreased afterwards, Figure 13i). Compared to the relationships between organic
matter and minerals with characteristics of pore volumes, organic matter illustrated high
positive relationships with pore volumes, especially AOM content. To this extent, AOM
could be the main gas shale reservoir in the Wufeng-Longmaxi shale gas system.

Figure 11. Microphotos under scanning electron microscope (SEM), showing abundant pores with
nanometers to micrometers developed in organic matter. (a—e): Pores in original kerogen organic
matter residues (A type), (al) showing that pores were irregular and small. (f-i): Pores (B type,
elliptical and near circular) in the migrated solid bitumen which filled in the holes among mineral
particles, micro-fractures along bedding or interlayer fractures in clay minerals (e.g., illite, Figure 11f).

0.035
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Figure 12. The plots of total pore volume from N; adsorption and pore volume calculated by porosity.
Total pore volume = Micropores + Mesopores + Macropores; Calculated pore volume = (1/p0ck)
x Porosity.



Minerals 2022, 12,1176

12 of 14

7 0.025 0.02
xTo.c . (a) XMicropores (b) ’ XMicropores (C)
6 ASolid bitumen X O — OMesopores _—
OOriginal OM - X g 0.02 AMacropores o g 0.02 OMesopores o
° =0.0019x + 0.0053
X5 .. E Y Do0as . E AMacropores ¥ = 0.0028x + 0.0064
= X o ” o R =0.81g,
£, © o E 0015 @08 o E 0015 @ O -
g 3 BT oX x 2 0 e
° 6 S e
o X o _. K
o3 o > 001 % X x > 01 ogn g ) ix x x
= Xx "™ A o RIS [P . o Q@ GO ¥ = 0.0024x + 0.0042
& A 5 ﬂ y = 0.0016x + 0.0033 5 *.,°~-~’? R? = 0.8986
D2 A a R?=0.9624 o | Skl
S X a0 0,005 0.005
! 2 & 8 5 “ AL A
AgthadnA S0 a A,
o 88 8% o 3 N LY UV VAPV 0 e AL HAA 8
2 4 6 8 0 2 4 6 8 0 1 2 3 4
Porosity % TOC % AOM %
0.025 80 cl
0.025 XMicropores (d) XMicropores (e) OClay (f)
—_ M — OMesopores 270 Aluarts
o OMesopores o y=00053x+00082 | & 0o ° . F XCarbonate °
= 002 AMacropores A = AMacropores y = 0.0027x + 0.0058 c
£ =00 E R=04732 ..~ |.Q60 ° a
o o 2 o (°) A
£ 0015 80 . £ 0015 §so o 0D §° "
S o0 T e e 32
g > X S - X 24x + 00037 g e g os
e y = 0.0042x + 0.006 0.01 . X+ A
p 001 R:=0.4335 o g PoLO; R? = 0.5527 S A 2lrp m &L °
S % S o, D% g aAb a
S o Ry e Q A
0.005 0.005 | x; xxx £20 X
.. s X X
X
0 [ VY V-V NN I & A/t puls (0000 g0 a 10 ¥ x}f‘x x x*
0.0 05 10 15 20 25 0 1 B 3 4 5 0 .
ite % Solid bi % 2 4 © 8
Grapotalite % olid bitumen% Porosity %
0.025 0.025 0.025 i
XMicropores (g) XMicropores (h) XMicropores (I)
a OMesopores B OMesopores ‘a OMesopores
= 002 AMacropores = 0.02 ‘AMacropores = 002 AMacropores
E E E
£ ®0 g o o £ 0015 o o 8
0.015 0.015 )
E © xog 5 0,0 ® E X 8° o
o °o o o % o o 2 ,°
4 X§ o ° > O > % x
xX ° )0 o X x 0.01 x© °
@ 001 x :&oo ® @ 001 00 3’be ° x o 0% *&o «
o o o % o0 0
o o o x x o x @ of o x
e x 0.005 Xx 0.005 x X x
0.005 koK X * x £ «F x
a A oAl & HA LA A a
AN A A A LA AN XANAL
, & ama 0 . 0
20 30 40 50 60 70 80 10 20 30 40 50 60 70 0 5 10 15 20 25
Clay % Quartz % Carbonate %

Figure 13. The plots of pores characterizations and minerals. (a) Porosity vs. Organic matter
composition; (b) Pore volume vs. TOC; (c) Pore volume vs. AOM; (d) Pore volume vs. Graptolite;
(e) Pore volume vs. Solid bitumen; (f) Mineral composition vs. Porosity; (g) Pore volume vs. Clay;
(h) Pore volume vs. Quartz; (i) Pore volume vs. Carbonate.

6. Conclusions

The semi-quantitative composition of different bio-precursor derived organic matter
was analyzed in the Wufeng-Longmaxi shales, and the results showed that organic matter
was predominantly composed of amorphous organic matter (AOM), graptolite and solid
bitumen. The characteristics of pore development is one of the key factors for shale gas
formation. The results from total pore volume measured by N, adsorption were very
similar to the pore volume calculated by porosity, suggesting the pore volume measured
by Ny adsorption could represent the whole pore volume in the rocks. The volumes of
mesopores and micropores were dominant in the shales, and both were dominant in AOM,
graptolite and solid bitumen. The pore volumes showed a strong positive relationship with
organic matter, especially AOM content, suggesting AOM kerogen provided an important
gas generation clue for Wufeng-Longmaxi formation in China. Based on the positive
relationship of TOC and S content (S = 0.5437 x TOCy + 0.3424, R? =0.7564), there could be
8.04-11.24% volume of migrated solid bitumen in shales that had been preserved. Shale
gas has been mainly explored at the bottom of the interval, suggesting the migrated solid
bitumen could be a fundamental factor for shale gas enrichment in the Wufeng— Longmaxi
Formation from Sichuan Basin in the southwest of China.
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