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Abstract

The organic matter abundance, type and maturity have been studied along
with their generative potential in coals, carbonaceous mudstones and mud-
stones from Carboniferous-Permian in Ordos Basin, revealing that the
coal-bearing source rocks in the study area have the stronger generative po-
tential. The source rocks are typically humic gas source rocks with the main
source rock dominated by the coals. There are significant diversities in the
generative potential in different lithological source rocks. The generative po-
tential decreases in the following order: coals, carbonaceous mudstones, mud-
stones. The desmocollinite in vitrinite group shows a positive correlation with
hydrogen index (/) or 8§ + & values, indicating the desmocollinite in coal
may be the major contributor to hydrocarbon generation. On the whole, the
hydrogen index and & + & values both exhibit a good relationship with the
desmocollinite in carbonaceous mudstones or mudstones, whereas they have a
poor correlation with the pristane/phytane ratios. The hydrogen index and
S + & values in coal with the increased pristane/phytane ratios in coal both
increase at first and then decrease, whereas they both have a poor correlation
with the desmocollinite. These results show that the generative potential in
coal is mainly related with the sedimentary environment, while the hydrocar-
bon generation matter is the main factor influencing the generative potential
in carbonaceous mudstones or mudstones.
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1. Introduction

The Ordos Basin is the China’s second largest petroliferous basins, with long
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evolution time, big sedimentary thickness, lots of reservoir types and abundant
oil and gas resources, which has a broad exploration areas and good develop-
ment prospects [1] [2]. Its Upper-Paleozoic has considerable amounts of natural
gas. So far, the majority of large oil and gas fields have been successively discov-
ered in Ordos Basin, such as Yilin, Sulige, Wushenqji, and Mizhi [3] [4] [5].

It is an indisputable fact that the considerable amounts of Upper-Paleozoic
natural gas are primarily from the Upper-Paleozoic coal-measure strata [6] [7]
[8]. Many scholars have studied the development characteristics of source rocks
from different aspects or angles, and then determined the main source rock in-
terval and distribution in the study area [7] [8]. Xu et al (2009) [7] confirmed
that the coal bed from Upper-Paleozoic was the main gas source in the study
area, based on researching the hydrocarbon generation capacity of source rocks
in Hangjingi block. According to the evaluation on the organic matter abun-
dance, type, maturity and hydrocarbon generation capacity, the similar conclu-
sion was carried out by Ji et al (2013) [8]. However, the reasons why the main
source rock in the study area is coal and the coal can generate hydrocarbon are
few reported in the domestic and overseas literature.

Although the large amounts of experiments and researches on the hydrocar-
bon from coals have been made [9] [10] [11] [12], there are many arguments for
the confirmation of the main contributor to hydrocarbon derived from coal. The
abundance of fluorescing vitrinite and resinite was considered to be responsible
for that [9]. Based on the previous researches on the hydrocarbon-generating in
coal from Turpan basin, there were two different kinds of theories about the
main hydrocarbon-generating substance in coal [13] [14]. The one was that the
desmocollinite was the significant contributor to hydrocarbon from coal [10]
[12]. Another one was that the major hydrocarbon-generating substances in coal
might be the suberinite [11]. However, Huang et al (1996) [15] also proposed
that the bitumen in coal measures might also be the main contributor to hydro-
carbon generation in accordance with the studies on structural chemistry. Ac-
cording to the ultra stratigraphic organic petrology, Wang (1995) [16] and Zhao
et al (1997) [17] noted that the submicroliptinite in desmocollinite was the main
hydrocarbon generating substances in coal and considered that the cause of hy-
drogen richness in desmocollinite attributed to strong degradation and rework-
ing of bacteria to it in the biochemical stage. Alternative explanation was the
stronger degradation of phytoclasts in clastic sediments as compared to the peat
environment where woody particles were better preserved [18]. In this case,
more hydrogen-rich plant debris such as resinite, saporiniteect, could be possi-
bly preserved as macerals in coal.

However, Zhao et al (1985) [19] noted that the redox of sedimentary envi-
ronment was the “third factor” that affected the coal quality. Zhao et al (1997)
[20] considered that the hydrogen-rich component content in coal depended on
the sedimentary environment.

Hence, the main aim of this paper is to discuss the organic matter abundance,
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type and maturity in coal-measure source rocks with the emphasis on the diver-
sity in coal-measure source rock generative potential and their main controlling
factor on the basis of previous studies about the coal-generated hydrocarbons,
which provides the theoretical foundation for the hydrocarbon generation me-

chanism in coal.

2. Geological Setting

The Ordos basin, located in western North China Platform, is the second largest
sedimentary basin in China, covering an area of about 250,000 km? (Figure 1). It
is surrounded by the Yanshan Mountains in the north, the Qinling Mountains in
the south, the Liupanshan Mountains in the west and the Luliangshan Moun-
tains in the east. The basin can be divided into six structural units: the Yimeng
uplift, Weibei uplift, Western edge thrusting belt, Tianhuan depression, Shanbei
slope, and the Jinxi flexural fold belt (Figure 1) [2].
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Figure 1. Map showing the location of samples and structural units of the Ordos Basin.

Since the Middle Paleozoic, the Ordos Basin has experienced five discernable

stages, including a Middle-Late paleozoic aulacogen basin, an Early Paleozoic
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marginal basin, a Late Paleozoic intracration basin, a Mesozoic renamentcraton-
ic basin and a Cenozoic rift basin [1]. From the present study, the existence of
the marine transgressive events has been recognized as important and typical
representative events during the Carboniferou-Permian periods [1] [2]. During
the Carboniferous period, the Ordos Basin was featured by lagoon and tidal-flat
facies, whereas it was dominated by the marine-continental trasitional facies and
fluvial-lacustrine faces in Perimian period [21]. The Carboniferous-Permian
strata, from bottom to top, consist of the Upper Carboniferous Benxi formation,
Lower Permian Taiyuan formation and Shanxi formation, Upper Permian Low-

er Shihezi formation, Upper Shihezi formation, and Shigianfeng formation.

3. Samples and Methods
3.1. Samples

A total of 119 samples from Carboniferous-Permian coal-bearing source rocks
were collected from the Pingling, Wuda, Baode, Liulin, Hancheng, Chengcheng
outcrop profiles and dill cuttings of Shuang 1, Yu 20 and Su 27 wells (Figure 1).
Analysis of the contents of total organic carbon and Rock-Eval pyrolysis were
applied to all samples (Table 1). Twenty-seven coal-measure source rock sam-
ples were selected for maceral analysis (Table 2 and Figures 2-4). Forty-nine

samples were also selected for bitumen extractions (Table 1).

Table 1. Total organic carbon, rock-eval pyrolysis, and Chloroform bitumen “A” Results
for coal-measure source rocks from carboniferous-permian in Ordos Basin.

Lithology TOC % S+ &/(mgg") ki/(mgg') Chloroform bitumen “A” (%)
0.11 -5.91 0.04 - 9.25 3-143 0.004 - 0.088
Mudstone
2.13 (67) 0.85 (67) 29.12 (67) 0.024 (17)
2.61-27.90 0.25 - 34.70 1-224 0.004 - 0.234
Carbonaceous*
12.08 (22) 6.93 (22) 51.82 (22) 0.072 (12)
33.05-77.61 0.13 - 389.89 1-562 0.013 -1.143
Coal
53.06 (30) 73.09 (30) 148.69 (30) 0.371 (20)

Note: Carbonaceous* = Carbonaceous mudstone.

Table 2. The analysis results of maceral composition, R, and #nax on coal-bearing source
rocks from carboniferous-permian in Ordos Basin.

Organic maceral volume fraction /%

. Type Index .
thology Vitrinite Intertinite Exinite + m ol o
Sapropelic
65.45 - 100 0-16.67 0-33.33 0.66-1.59 423 -568
Mudstone -1.25--43.9
86.07 (9) 7.86 (9) 5.46 (9) 1.00 (17) 501 (67)
55.86 - 99.08 0-35.29 0-7.84 0.70-1.58 431 -562
Carbonaceous* -16.1 - —=36.2
86.67 (5) 10.70 (5) 2.62 (5) 1.17 (6) 494 (22)
63.73 - 98.70 0-25.49 0-14.29 0.72-1.31 432-554
Coal —-1.63 - —66.65
86.57 (13)  10.14(13)  3.29 (13) 1.00 (7) 474 (30)
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Figure 2. Ternary diagram showing the relative content of dedmocolli-
nite and telocollinite, telinite, and vitrodetrinite in vitrinite of coal-measure
source rocks from carboniferous-permian in Ordos Basin.
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Figure 3. Cross-plot of the desmocollinite vs. hydrogen index of the
coal-bearing source rocks from carboniferous-permian in Ordos Basin.
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Figure 4. Cross-plot of the desmocollinite vs. S + & values of the
coal-bearing source rocks from carboniferous-permian in Ordos Basin.
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3.2. Analytical Methods

For microscopic investigations, the samples were crushed to a maximum size of
1-mm. Maceral analysis was performed by a single-scan method [22] with a Lei-
ca DMRX microscope using reflected white and fluorescent light. And the mea-
surement of reflectance was made on polished resin-embedded whole rock
blocks with a Leica MPV-SP photomicroscope. At least 30 points were counted
and the results are given in Table 2. Vitrinite macerals were classified according
to the nomenclature by Sykorova et al (2005) [23]. Maceral percentages were
used to calculate kerogen type indicators. The type index (/) is useful organic
matter type indicator and were calculated for the Ordos Basin samples according

to the following formulas:

T = (sapropelic x100 + exinite x 50 + vitrinite x (—75) + inertinite x (—100))/100

All samples were crushed into fine power and analyzed for their contents of
total organic carbon and Rock Eval pyrolysis. The total carbon content was de-
termined on a LECO CS-2000 induction furnace. The organic content was
measured with the same instrument on samples pretreated with concentrated
hydrochloric acid. Pyrolysis was carried out on the collected samples using a
Delsi Rock Eval instrument Version REVI. As a pyrolysis maturation indicator,
the temperature of maximum hydrocarbon generation (#..x) was measured.

Bitumen extractions were preformed on 49 samples using a Soxhlet apparatus
for 72 h with a dichloromethane/methanol mixture (93:7 v/v). The results are
given in Table 1. Then, the extracted bitumens were fractionated into saturated,
aromatic hydrocarbons, NSOs (nitrogen, sulfur and oxygen) and asphaltenes
using open column chromatography. Only the saturated fractions were analyzed
in this study. Saturated hydrocarbons were analyzed using gas chromatogra-
phy-mass spectrometry (GC-MS) in full scan mode. GC-MS was carried out
with a HP-5Ms fused silica capillary column (30 m x 0.25 mm i.d., film thick-
nesses 0.25 um). The GC temperature was programmed to start at 50°C for 1
min, increase to 100°C at a rate of 20°C, and from 100°C to 310°C at a rate of
3°C/min with a final fold of 18 min. Helium was used as the carrier gas with a
rate of 1.0 ml/min and the ionization source operated at 70 eV. For the analysis
of the effects of sedimentary environment on the generative potential, the pris-
tane and phytane were identified in their diagnostic ion chromatograms on the

basis of relative retention times.

4. Results and Discussion

4.1. Bulk Compositions and Properties

4.1.1. Organic Matter Abundance

It can be observed that the coals of Carboniferous-Permian in Ordos Basin have
the highest 7OC (total organic carbon) values in Table 1, ranging from 33.05%
to 77.61%, with an average of 53.06%. While the carbonaceous mudstones dis-

play the lower TOC values, varying in range of 2.61% - 27.90%, averaging
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12.08%. The TOC values of mudstones are the lowest, varying between 0.11%
and 5.91%, with an average of 2.13%. The variation in their S + &, values is con-
sistent with that of 7OC values. The § + S values of most coal samples are
greater than 60 mg/g. While the & + &, values carbonaceous mudstones and
mudstones range from 0.25 to 34.70 mg/g and 0.04 to 9.25 mg/g, with an average
of 6.93 mg/g and 0.85 mg/g, respectively. Interestingly, the chloroform extract
yields of coal-measure source rocks exhibit the similar variation. According to
the evaluation criteria of coal-measure source rocks raised by Liu et al (1987)
[24], the coal bed in the study area are fair to good source rocks, whereas the

carbonaceous mudstones and mudstones belong to the worse source rocks.

4.1.2. Organic Matter Type

Macerals are recognizable constituents of kerogen that can be differentiated as to
type of organic matter by their morphology [25]. The Carboniferous-Permian
coal-bearing source rocks in Ordos basin studied have higher amounts of vitri-
nite (Table 2), ranging from 55.86% - 100% with an average of 86.42%. The sim-
ilar maceral composition distribution in mudstones, carbonaceous mudstones
and coals can be observed. Most samples have a characteristic of the vitrinite
content more than 70% and dominated by desmocollinite. While the coal-bearing
source rocks display the lower and variable intertinite, exinite and sapropelic
content. The inertinite content of coal-bearing source rocks ranging from 0% -
32.59% with an average of 9.49%, while the exinite and sapropelic content of most
samples are abnormally low, varying in rang of 0% - 33.33%, averaging 3.95%.
These phenomena may indicate that the Carboniferous-Permian coal-bearing
source rocks in Ordos Basin are typically humic [26]. A type index 7; between
(—66.66) - (—1.25) lower than zero is estimated for coal-bearing source rocks
based on the contribution of the macreal composition to hydrocarbon, indicative

of the kerogen of source rocks belonging to the humic-rich type [27].

4.1.3. Organic Matter Maturity

The level of thermal maturation can be estimated from vitrinite reflectance (R,)
and maximum temperature of S, (fmex) [28]. The similar thermal evolution of the
mudstones, carbonaceous mudstones and coals in Ordos Basin can be observed
in Table 2. The vitrinite reflectance of mudstones ranges from 0.72% to 1.31%
with an average of 1.00%, while their #... values are between 423°C and 568°C,
having an average of 501°C, indicating that the mudstones are mainly at ma-
ture-highly mature stage. The carbonaceous mudstones have a feature of the vi-
trinite reflectance and .« at a rang of 1.05% - 1.58% and 431°C - 562°C, aver-
aging 1.17% and 494°C, respectively, indicative of the mature-highly mature or-
ganic matter. While the coals are characterized by vitrinite reflectance and #nax
varying between 0.66% - 1.63% and 432°C - 554°C, with an average of 1.00% and
474°C, respectively, reflecting that the coals are significantly mature-highly ma-
ture. Although their R, values and #n.x values both vary widely, they all reveal

that the organic matters in the study area are at mature-highly mature stage.
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4.2. The Main Factors of the Generative Potential for Coal-Bearing
Source Rocks

4.2.1. The Generative Potential Distribution in Different Lithology
Source Rocks

The Rock-Eval hydrogen index (/) values or S + &, values can reflect changes in
hydrocarbon generative potential [28] [29]. There is a big difference between the
S + & values for the coal-bearing source rocks described above. Their § + S
values decrease in the following order: coals, carbonaceous mudstones, mud-
stones. It is interesting that the similar change in hydrocarbon index exists in
coal-bearing source rocks (Table 1). The coals as well as carbonaceous mud-
stones exhibit variable hydrogen indexes, mostly obviously higher than mud-
stones. Most coal samples have a hydrogen index more than 150 mg/g with an
average of 148.69 mg/g. The hydrogen indexes of carbonaceous mudstones are
between 1 and 224 mg/g, having an average of 51.82 mg/g. The mudstones dis-
play the lower hydrogen indexes, mostly less than 50 mg/g, with an average of
29.12 mg/g. According to the distribution of S + &, values and hydrogen index,
we can ascertain that the generative potential of coal-bearing source rock de-

creases in the following order: coals, carbonaceous mudstones, mudstones.

4.2.2. The Effects of Maceral Composition on the Generative Potential

As well known, the vitrinite, including the telinite, desmocollinite, telocollinite
and vitrodetrinite, is the primary maceral component in terrestrial source rocks.
It is also the most abundant organic maceral component in coal-meaasure
source rocks. The vitrinite ternary diagram (Figure 2) shows that most samples
have the higher percentage of desmocollinite and telocollinite and the lower vi-
trodetrinite. The desmocollinite and telocollinite content of most coal samples
are greater than 60% with the maxmiun reaching about 84.92%. The carbona-
ceous mudstones are characterized by desmocollinite and telocollinite at the
range of 46.46% - 69%. While the mudstones have a feature of the desmocolli-
nite and telocollinite content less than 60%, ranging from 20% to 60%. Mean-
while, the distribution of desmocollinite and telocollinite is similar with the ge-
nerative potential in coal-measure source rocks, indicating that the desmocolli-
nite or telocollinite in coal-measures may be the major hydrocarbon generation
substances.

However, the questions that the desmocollinite or telocollinite in coal-measure
source rocks can generate hydrocarbon in Ordos Basin are few reported. These
questions will be discussed in this paper through the relationships between the
desmocollinite and & + S, values or hydrogen index (/i) in coal-measure source
rocks (Figure 3, Figure 4). Figure 3 illustrates the relationship of the desmocol-
linite content and hydrogen index. Apart from two coal samples having the
higher hydrogen index with lower desmocollinite content, the desmocollinite
content of all other samples shows a good linear correlation with the hydrogen
index. Figure 4 shows the relationship of the desmocollinite content and S + 5,

values. An excellent correlation between the desmocollinite content and $; + $
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values can also be observed in this diagram. In addition, the relative content of
telocollinite in coals, carbonaceous mudstones and mudstones are generally
lower than 0.1%. The S + & values in coals are higher than that of carbonaceous
mudstones and mudstone described above. The generative potential of coals is
respectively 18.13 times and 119.30 times that of carbonaceous mudstones and
mudstones. Meanwhile, the coals have the higher desmocollinite content than
carbonaceous mudstones and mudstones. It reveals that the desmocollinite in
coal-measures is the major contributor to hydrocarbon generation. The hydro-
gen-rich property of desmocollinite from coal-measures in the study area is
more likely to be concerned with the microbial action. It was thought that the
desmocollinite in coal was formed by the fermentation of anaerobic metabolism
in a strongly reduced environment [19]. Zhao et al (1994) [30] also considered
that the hydrogen-rich property of desmocollinite in coal was related to the de-
gradation and modification of bacteria and other microorganisms.

The desmocollnite in carbonaceous mudstones respectively exhibits a positive
correlation with hydrocarbon index and & + & values, while the correlation
coefficients are respectively 0.903 and 0.987 (Figure 3 and Figure 4). It suggests
that the generative potential in carbonaceous mudstones that is mainly affected
by the generating hydrocarbon matters. As shown in Figure 3 and Figure 4, al-
though the hydrogen index and & + &, values in mudstones are lower, respec-
tively ranging from 5 to 107 mg/g and 0.10 to 3.51 mg/g, they both have a rela-
tively general correlation with the desmocollinite contents, corresponding to the
r? values of 0.410 and 0.382, respectively. It indicates that the sedimentary envi-
ronment other than the generating hydrocarbon matter may also account for the
generative potential in mudstones. The poor correlations of the hydrogen index
and 8 + & values with desmocollinite contents in coals are illustrated in Figure
3 and Figure 4, corresponding to the r* values of 0.125 and 0.114, respectively.
Zhao et al. (1985; 1992; 1994) noted that the redox of sedimentary environment
was the “third factor” that affected the coal quality [19] [26] [31]. Zhao et al
(1997) considered that the hydrogen-rich component content in coal depended
on the sedimentary environment [32]. Hence, the generative potential in coals

may be mainly related to sedimentary environment.

4.2.3. The Effects of Sedimentary Environment on the Generative
Potential

As for the coal bed, its generative potential has not been reflected by the organic
matter abundance, whereas the nature of coal is more likely to reflect the differ-
ence of hydrocarbon generation properties. The main factors influencing coal
quality are generally the maceral composition and the metamorphic degree of
coal. However, a lot of researches show that considerable amounts of coals hav-
ing the similar maceral compositions exhibited the variable generative potential.
Hence, Zhao et al. (1985; 1992; 1994) noted that the redox of sedimentary envi-
ronment was the “third factor” that affected the coal quality [19] [26] [32].
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According to Dikyk et al (1978) [33], pristane/phytane ratios below 1.0 indi-
cate anaerobic conditions during early diagenesis, and values between 1.0 and
3.0 were interpreted as reflecting dysaerobic environments. The pristane/phytane
ratio (Pr/Ph) for the investigated coal-measure samples ranges from 0.27 to 5.29
(Figure 5). Almost all of the values are between 1.0 and 3.0, indicating relatively
dysaerobic depositional conditions for the majority of the coal-measures. It can
be observed that the linear correlations between the pristane/phytane ratios and
S + & values or hydrogen index (/) in carbonaceous mudstones or mudstones
are relatively poor, while the S, + S; values and the hydrogen index (/) values in
coals increase at first and then decrease with the elevated pristaine/phytane ra-
tios (Figure 5). The S + & values and hydrogen indexes (/i) reach the maxi-
mum at the pristane/phytane ratio about 2.07. In addition, the coals are typically
humic in the study area described above. Therefore, the generative potential in
liptobiolith deposited in different sedimentary environment is diverse, attaining
the maximum at the weak-reduced environment. The abundance of hydrofluo-
roscopicvitrinite in different depositional environment can be responsible for
that (Zhao et al, 1992) [32]. While the generative potential of carbonaceous
mudstones and mudstones are not affected by sedimentary environment. It may
suggest that the generative potential of carbonaceous mudstones and mudstones

are mainly related to hydrocarbon generation substances.
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Figure 5. Plot of pristine/phytane vs. & and & values and hy-
drogen index (/1) of the coal-bearing source rocks from Carbo-
niferous-Permian in Ordos basin.
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In conclusion, the content of desmocollinite in carbonaceous mudstones and
mudstones in the study area both exhibit a better linear correlation with hydro-
gen index or S + & values than that of coals. It is interesting that the §; + S, val-
ues and the hydrogen index (/i) values in coals increase at first and then de-
crease with the increasing reduced environment, while the S, + §; values and the
hydrogen index (/i) values in carbonaceous mudstones or mudstones show a
relatively poor relationship with the pristane/phytane ratios. It suggests that the
generative potential in carbonaceous mudstones or mudstones is more likely re-
lated to the desmocollinite, which may be associated with the degradation and
modification of bacteria and other microorganisms. While the sedimentary en-

vironment accounts for the generative potential in coals.

5. Conclusion

The coal-bearing source rocks of Carboniferous-Permian in Ordos Basin are
evaluated based on conventional geochemical methods, such as the organic
matter abundance, type and maturity. The source rocks in the study area are
typically humic gas source rocks with the main source rocks dominated by the
coals. The generative potential in coals, carbonaceous mudstones and mudstones
are distinctly different. The generative potential decreases in the following order:
coals, carbonaceous mudstones, mudstones. A good linear correlation exists be-
tween the desmocollinite in coal-bearing source rocks and the hydrogen index
(f4) or S + & values. The hydrocarbon generation substance of coal-measures in
the study area is the desmocollinite. Its hydrogen-rich property is related with
the degradation and modification of bacteria and other microorganisms. Over-
all, the desmocollinite content of carbonaceous mudstones and mudstones re-
spectively exhibits a excellent and general correlation with the hydrogen index
and S + & values, while the poor correlations exist between the desmocollinite
content in coals and hydrogen index or 8 + S, values. Meanwhile, the generative
potential of coal in the study area is mainly affected by the redox environment,
increasing at first and then decreasing with the elevated reductibility. While the
generative potential of carbonaceous mudstones and mudstones are not affected
by sedimentary environment. It suggests that the generative potential in coals is
mainly related with the sedimentary environment, while the generative potential
in carbonaceous mudstones or mudstones is more likely to be associated with

hydrocarbon generation substances.
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