A \

v
A4

HeoO606

http://pubs.acs.org/journal/acsodf

Characteristics and the Model of Thermal Evolution and Gas
Generation of Late Paleozoic Coal in the Qinshui Basin, Based on

Hydrous Pyrolysis
Ruilin Hao, Wenhui Huang,* and Bo Jiu

Cite This: ACS Omega 2021, 6, 17660-17673

I: I Read Online

ACCESS |

[l Metrics & More

| Article Recommendations

ABSTRACT: The Qinshui basin is an important coal-accumulat-
ing basin in China, and its Late Paleozoic coal is an important
source rock of coalbed methane in the basin. Its thermal evolution
and gas generation characteristics determined the grade of coalbed
methane resources, especially the coal measure free gas resources
in the basin. Late Paleozoic coal samples were collected for organic
geochemical analysis, a high-volatile bituminous coal was used for
hydrous pyrolysis, to propose the thermal evolution characteristics,
gas generation characteristics, thermal evolution, and free gas
accumulation model, and the Ordos Basin is compared. The results
show that the variation trends of various geochemical parameters
are different with the increase in R,. Hydrous pyrolysis shows that
the gas production potential of coal is excellent. The gases
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produced consist mainly of CH,, C,_, CO,, and H,. C,_ is produced only before the simulated temperature of 550 °C, and oil is
produced only before the temperature of 500 °C. The thermal evolution stages can be divided into the immature stage, symbiosis
stage, wet gas stage, and dry gas stage, and the symbiosis stage can be divided into the preliminary stage and mainly gas stage. R,
Tpaw (243)MP/(1+9)MP, saturated-+arene, Vg,; and H/C can be used as indicators of the thermal evolution stages. On the plane,
the distribution of thermal evolution stages of the Shanxi Formation and the Taiyuan Formation is very alike. The gas generating
strength of the Taiyuan Formation is higher than that of the Shanxi Formation. The gas generating strength in the north of the
Taiyuan Formation is higher, while that in the south of the Shanxi Formation is higher. The second gas generation stage has a good
spatio-temporal configuration relationship with accumulation factors, and the gas production is large, which is beneficial to the
enrichment of the coal measure free gas resources. Relatively, the Ordos Basin has better prospects for exploration and development.

1. INTRODUCTION

With the increasing demand for energy in the world, the research
on unconventional oil and gas resources has been paid more and
more attention globally, and their exploration and development
process has also made great progress in the United States,"”
China,®> Canada,™ and other places.(”7 In China, unconven-
tional oil and gas resources such as coalbed methane, shale gas,
and tight gas have been studied and developed for decades, and
breakthroughs have been made in the Qinshui Basin,*'° Ordos
Basin,'"'* Sichuan Basin,'*'* and other places.ls_17 The
Qinshui Basin is one of the important coal-accumulating basins
in China. The coal seams in the basin are widely distributed with
large thicknesses, and the coal reserves are abundant.’® In the
coal measure strata, there are many dark mudstone or shale
distributions and carbonate strata rich in organic matter,'”*°
providing excellent source rock conditions for coalbed methane,
tight gas, and shale gas in the basin. Also, because of the maturity
and wide application of hydraulic fracturing technology, the
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unconventional oil and gas resources in the Qinshui Basin have a
good prospect of exploration and development.”"**

In the Qinshui Basin, coalbed methane is the most important
unconventional gas resource. It has a wide distribution, a large
number of resources, and a high resource abundance,”>** and
the dominant strata are the coal-bearing strata of the Late
Paleozoic Carboniferous Taiyuan Formation and Permian
Shanxi Formation.”® Therefore, the thermal evolution character-
istics, hydrocarbon generation characteristics of coal, and their
relationship can be well-studied through the data of the Qinshui
Basin. However, the coal-bearing strata in the Late Paleozoic
underwent a complex temperature and pressure evolution,” and
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Figure 1. Location map and stratigraphic subdivision of the Qinshui Basin: (a) location map; (b) stratigraphic subdivision (modified from ref 42).

Reprinted (Adapted or Reprinted in part) from ref 42.

the coal metamorphism was generally high, so it was difficult to
intuitively study the thermal evolution characteristics and
hydrocarbon generation characteristics of coal. Targeted at the
thermal evolution characteristics of the basin, predecessors used
the apatite fission track method and the advanced Schlumberger
PetroMod software, to provide detailed information about
variations in the geothermal field and some geochemical
characteristics of the coal, and proposed the tectono-thermal
evolution model.”>*” Targeted at the gas generation character-
istics, predecessors used the results of pyrolysis of peat or coal to
determine the lumped kinetics parameters™® and the advanced
Schlumberger PetroMod software, to propose the gas

17661

generation history.z‘,”29 Also, the accumulation model of coalbed
methane was pointed out.”’

However, these studies mainly focus on the tectono-thermal
evolution, but the characteristics and indexes of coal thermal
evolution stages are not clearly understood. Also, these studies
have not proposed the gas generation rate at different vitrinite
reflectance (R,), the gas generating strength, and its plane
distribution characteristics and have not gotten the relationship
between the accumulation events of the coal measure free gas.
Therefore, a large number of geochemical experiments were
carried out on the Late Paleozoic coals with different degrees of
thermal evolution in the Qinshui Basin, and hydrous pyrolysis
was carried out on the high-volatile bituminous coal’’ in the
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Figure 2. Natural thermal evolution profile of the Late Paleozoic coal in the Qinshui Basin.

Qinshui Basin to analyze the yield and geochemical character- classification indexes, and the plane distribution characteristics
istics of the products in each stage. According to the change are pointed out. Combining the gas production in hydrous
characteristics of geochemical parameters and the characteristics pyrolysis and the previous research results, the gas generation
of hydrous pyrolysis products, the thermal evolution stages of rate at different R, is obtained, the gas generating strength is
coal are divided, and the characteristics of each stage, the calculated, and the characteristics of gas generating strength in
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the plane are pointed out. Combining the results, tectonic and
sedimentary events of the basin, the thermal evolution, and the
free gas accumulation model in the basin are pointed out.
Finally, the similarities and differences between the Qinshui
Basin and the Ordos Basin are compared based on the previous
research results, which is beneficial to guide further exploration
and development.

2. GEOLOGICAL SETTING

The Qinshui Basin is located in the southeast of the Shanxi
Province, covering an area of about 26,000 km* (Figure 1). It is
rich in coal and coalbed methane resources, and it is the only
large basin in China to develop coalbed methane on an industrial
scale.**™** Structurally, it is located in the central part of the
North China Craton and is generally a large-scale complex
syncline with axial NNE—SSW.*>*® After a series of tectonic
influence, especially during the Yanshanian and the Himalayan
period, the Qinshui basin formed a complex structural
setting.37_41

After a series of tectonics and discontinuous deposition, the
Qinshui Basin became a residual structural basin with a thickness
0f200—3000 m of coal-bearing strata,”® and under the influence
of intermittent uplift and subsidence, multiple periods of
transgression occurred in the early and late Carboniferous and
early Permian, resulting in obvious regional cycles of coal seams,
carbonate rocks, mudstones, and sandstone in the sedimentary
strata from the Taiyuan Formation to the Shanxi Forma-
tion”*~*” (Figure 1). Due to the large scope of the basin, the
names of coal seams and main marker beds in different areas of
the basin are different. The boundaries of the Benxi and the
Taiyuan Formation, the Taiyuan and the Shanxi Formation, the
Shanxi and the Xiashihezi Formation are Jinci Sandstone (K;)
and Bangou Limestone (L;), Beichagou Sandstone (K;) and
Shangou Limestone (L), and Luotuobozi Sandstone (K,) and
Upper coal measures (C,), respectively."” There are two main
coal measures, the Lower coal measures (including the no. 15
coal) in the Taiyuan Formation and the Upper coal measures
(including the no. 3 coal) in the Shanxi Formation. The no. 15
and no. 3 coals are regionally stable and mainly minerable.*” The
thickness of no. 15 coal is 0.21—9.87 m, and the average is 3.26
m.** The maximum vitrinite reflectance (R, max) 0f n0.15 coal is
2.13—4.25%,and the average is 3.14%.** The thickness of no. 3
coal is 2.75—7.10 m, and the R, ., is 3.25—4.05%."°

The source rocks of the Late Paleozoic coal measure free gas
reservoirs are mainly coal and dark mudstone of the Taiyuan
Formation and the Shanxi Formation. The kerogen type of coal
is mainly type III, while the dark mudstone or shale is mainly
type III, and part of it is Type IL.'”** The hydrocarbon
generation capacity of coal is much greater than those of dark
muds4t90nge1 and shale, which is the most important source
rock.”

3. RESULTS

3.1. Natural Thermal Evolution Characteristics. From
the characteristics of natural thermal evolution (Figure 2), it can
be seen that the parameter curves of the Taiyuan Formation and
the Shanxi Formation are not very consistent, and the R, of coal
samples from the Taiyuan Formation is basically greater than
1.0. However, in terms of the overall change trend, the Taiyuan
Formation and the Shanxi Formation are relatively similar.

1. The contents of S;, (S;+S,), HI, bitumen “A”, and total
hydrocarbons increase first and then decrease with the

increase in R,. These five parameters reach their
maximum value when R, is 0.7—1.3%. Subsequently, the
parameters gradually decrease. After R, > 1.0%, (S;+S,),
HI, bitumen “A”, and total hydrocarbons decrease. After
R, > 1.3%, S, decreases rapidly and approaches zero.

2. Thao (243) methylphenanthrene/(1+9) methylphenan-
threne ((2+3)MP/(1+9)MP), and saturated+arene in-
crease with the increase in R, while Vy, and the
hydrogen-to-carbon ratio (H/C) decrease with the
increase in R,. The monotony of these parameters
remains unchanged with the increase in R,.

3. The range of 5"*C is about —25.8 to —22.9%o. It reaches a
minimum at R, = 1.4% and then becomes heavier
gradually.

4. When R, is greater than 1.3%, saturated/arene begins to
decrease, and when R, is greater than 1.7%, it basically
ranges from 0.1 to 0.2.

5. Odd—even predominance (OEP), phytane/n-octadecane
(Ph/nCg), the normal alkane ratio (£C,; /ZC,,"), and
1460/1600, are abnormally elevated when R, is between
1.6 and 2.0%. £C,, /ZC,," is the most obvious.

6. Pristane/phytane (Pr/Ph) suddenly decreases when R, is
greater than 1.7%.

7. Before R, is greater than 1.8%, 1700/1600 decreases
continuously and remains unchanged after R, is greater
than 1.8%.

8. 17a-22,29,30-Trinorhopane/18a-22,29,30-trinorhopane
(Tm/Ts) decreases rapidly when R, is greater than 0.7%
and is extremely low when R, is greater than 1.1%.

3.2. Hydrous Pyrolysis Characteristics. Hydrous pyrol-
ysis of high-volatile bituminous coal’' was conducted on Shanxi

Formation gas coal in the Xiatuanbo Coal Mine, Huoxian,
Qinshui Basin (Table 1).

Table 1. Vitrinite Reflectance and the Maceral Content of the
Sample”
maceral content (%)
sample R, (%) TOC (%) v I E M
XTB-1 0.86 62.61 46.0 10.5 31.3 11.8

“V, vitrinite; I, inertinite; E, exinite; M, mineral.

The gas generated in the experiment includes CH,, H,, CO,,
and C,_. With the increase in experimental temperature, the gas
yields of total gas, CH,, H,, and CO, all show an increasing
trend. The variation trend of total gas and CH, gas yield is
similar. The gas yield increases significantly after the simulated
temperature is higher than 400 °C and reaches the first peak at
about 450 °C and the second peak at about 550 °C. H, gas yield
was significantly increased after 600 °C. The gas yield of CO,
increases slowly with the increase in temperature, but the change
is not obvious. However, C,_ is only produced before the
temperature of 550 °C, and the yield is low, reaching the peak
gas yield at about 450 °C (Figure 3a). However, the CH, yield at
600 °C obtained from the experiment was slightly lower than
that of 550 °C, which may result from experimental error.
Therefore, according to the increasing trend of CH, yield
proposed by other reseachers”>” and the trend between 450
and 500 °C in our experiment, we revised the total gas and CH,,
yield at 600 °C. The R, value obtained from the residue after the
reaction is larger than the corresponding value in nature.
Therefore, in order to facilitate the comparison with the
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Figure 3. Gas generation characteristics in hydrous pyrolysis and
isotopic characteristics: (a) gas generation characteristics (CH, yield at
600 °C was revised); (b) isotopic characteristics.

characteristics of natural thermal evolution, the corrected R, was
obtained according to the formula proposed by Zhang and Li.>*

The result showed that 6"*C, < 6"*C, < §"*C, and a tendency
of gradually becoming heavier as the temperature increased, but
5"C, and 6"3C, suddenly became lighter and then heavier after
the temperature is higher than 550 °C (Figure 3b).

In previous research,””’ the gas generation characteristics
and the isotopic characteristics are similar to the results obtained
in this paper. Methane production begins at 400 °C and slows
down at 450—500 or 500—600 °C. C,_ mainly has significant
output between 350 and 550 °C. H, and CO, will increase with
the increase in temperature, and the rate of H, increases more
obviously than that of CO,.

Before the temperature of 500 °C, there was oil production
(Figure 4a). At 350 °C, the yield was the highest and then
gradually decreased.

The 6"3C of oil tends to become heavier as the temperature
rises (Figure 4b). The §C of different components are
different, showing that 513C(satmted hydrocarbon) < 513C(arene) <
élsc(non-hydrocarbon) < 613C(bitumen) (Figure 5)

The organic geochemical analysis of soluble and insoluble
organic matter collected from the reaction residue shows that its
various characteristics with simulated temperature are similar to
those of natural thermal evolution (Figure 6). The variation
trend of S,, HI, bitumen “A”, H/C, §3C, (2+3)MP/(1+9)MP,
saturated/arene, saturated+arene, OEP, Pr/Ph, Ph/nC,
2C,,7/ZC,,", 1400/1600, and 1400/760 is basically consistent
with the natural thermal evolution. However, the variation trend
of T,,.. and 1700/1600 is different from that of natural thermal
evolution. T, has a mutation at the simulated temperature of
400—450 °C. 1700/1600 gradually increased, and the trend was
contrary to the natural thermal evolution.

4 < Oilyield(kg/t)
(a)
3 —
2 o
1 =
T T T T T T T T
300 400 500 600  T(°C)
T T Ll Ll L T
1.0 15 2.0 2.53.0 Ry(%)
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Figure 4. Oil generation characteristics in hydrous pyrolysis and
isotopic characteristics: (a) oil generation characteristics; (b) isotopic
characteristics.
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-24.5 - -_
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Figure S. Carbon isotopic characteristics of oil components.

4. DISCUSSION

4.1. Thermal Evolution Characteristics. 4.1.1. Thermal
Evolution Stages and Characteristics. According to natural
thermal evolution (Figure 2), results of hydrous pyrolysis
(Figures 3a, 4a, and 6), and references,”>> a more appropriate
classification scheme of thermal evolution stages can be
proposed, and the characteristics of each stage can be pointed
out.

The thermal evolution stages of Late Paleozoic coal in the
Qinshui Basin can be divided into the immature stage, symbiosis
stage, wet gas stage, and dry gas stage, wherein the symbiosis
stage can be divided into the preliminary stage and mainly gas
stage (Table 2):

Immature Stage (R, < 0.5%): All the parameters of organic
geochemistry are relatively low, and some of them have an
upward trend. This stage is when the most of kerogen has not yet
begun cracking, and the hydrocarbon generation capacity of coal
is extremely low.>*°

Preliminary Stage (0.5% < R, < 0.7%): Some parameters such
as S;, Si+S, HI, T,., bitumen “A”, total hydrocarbons,
(2+3)MP/(1+9)MP, and saturated+arene keep rising. Vi,
H/C, and 63C have a declining trend. At this stage, the cracking
rate of kerogen is accelerated, the yield of hydrocarbons is
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Figure 6. Geochemical characteristics of the soluble and insoluble organic matter from the reaction residue.
increased, and a small amount of oil and gas should be rapidly and approaches 0. There is no change in the trend of

52,55
generated.

Toaw (2+3)MP/(1+9)MP, saturated+arene, Vy,; and H/C. The

Mainly Gas Stage (0.7% < R, < 1.3%): S;, $;+S,, HI, bitumen 61C,, 6°C,, 63C;, and 513C(0ﬂ) all have a decreasing trend. The
“A”, and total hydrocarbons reached the peak and began to gaseous hydrocarbons, including CH, and C,_, are generated
decline. 1700/1600 gradually decreases. Tm/Ts decreases with oil simultaneously. Also, the gaseous hydrocarbon yield
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Table 2. Thermal Evolution Stages and Their Indexes of Organic Geochemical Parameters

stage R, (%) Toax (°C) (2+3)MP/(1+9)MP saturated-+arene (%) Vi (%) H/C
immature <0.5 <430 <1 <18 >40 >0.8
symbiosis

preliminary 0.5-0.7 430—440 <1 15-20 35—40 0.78—0.8
mainly gas 0.7-1.3 440—467 1-1.7 20-25 25-35 0.64—0.78
wet gas 1.3-2.0 467-510 1.7-3.5 25-35 1225 0.54—0.64
dry gas >2.0 >510 >3.5 >35 <12 <0.54
(a) (b)
Mainly Gas Mainly Gas
- Stage - Stage

Wet Gas
Stage

- Dry Gas
Stage

Wet Gas
Stage

- Dry Gas

Stage

Figure 7. Plane distribution characteristics of thermal evolution stages in the Qinshui Basin: (a) Shanxi Formation; (b) Taiyuan Formation.

increases obviously, and the oil yield decreases. At this stage, the
cracking rate of kerogen decreases. This stage is mainly heavier
hydrocarbons cracking into the oil and gaseous hydrocarbons.

Wet Gas Stage (1.3% < R, < 2.0%): S, S;+S,, HI, bitumen
“A”, and total hydrocarbons gradually decrease and approach 0.
Toaw (2 + 3)MP/(1 + 9)MP, saturated+arene, Vy,, and H/C
maintain the previous trend. §"°C begins to increase, and
saturated/arene begins to decrease. OEP, Ph/nC5 XC,,7/
2C,,*, and 1460/1600 are abnormally elevated. 6*C, and §*C,
become heavier faster. Almost no oil has been generated. The
gaseous hydrocarbon yield increases rapidly, and the C,_ yield
reaches the maximum. At this stage, kerogen cracking is basically
completed. This stage is mainly oil and heavier gaseous
hydrocarbons cracking into lighter gaseous hydrocarbons.

Dry Gas Stage (R, > 2.0%): Most of the parameters still
maintain the trend of the last stage. The 5"*C, would be lighter
for a while then heavier again. The CH, yield increases
continuously with the increase in temperature, and there is no oil
and C,_ generation. At this stage, liquid hydrocarbon cracking is
basically completed. This stage is mainly heavier gaseous
hydrocarbons cracking into methane.

Except for R, some parameters such as T, (2+3)MP/
(1+9)MP, saturated+arene, Vg, and H/C remain monotonous
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with the increase of maturity, which can better indicate the
boundary of the thermal evolution stage (Table 2).

4.1.2. Plane Distribution Characteristics of Thermal
Evolution Stages. Based on the indexes of thermal evolution
stages, the plane distribution characteristics of thermal evolution
stages in the Qinshui Basin can be studied (Figure 7). The plane
distribution characteristics of thermal evolution stages of the
Shanxi Formation and Taiyuan Formation are very alike. Most
of the areas have entered the dry gas stage. The dry gas stage is
mainly distributed in the Yangquan area in the north of the basin,
the Yuci-Qinyuan area in the middle of the basin, and the Linfen-
Yangcheng area in the south. The Lingshi-Huoxian area in the
west of the basin has a relatively low thermal evolution stage,
which is the oil—gas stage of the symbiosis stage. The rest of the
basin is basically in the wet gas stage.

4.2. Gas Generation Characteristics. 4.2.1. Gas Gen-
eration Rate. The R, of high-volatile bituminous coal used in
hydrous pyrolysis is 0.86%. Therefore, according to the results of
hydrous pyrolysis, refer to the previous studies,”>****” the gas
generation rate (Figure 8) at different R, of the Late Paleozoic
coal in the Qinshui Basin was sorted out. The gas generation rate
can be used to calculate the gas generation strength and further
calculate the number of resources. It can be found that coal
begins to produce gas relatively early, but when the meta-
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morphism degree of coal is equal to or lower than that of fat coal
(R, < 1.2%), the gas generation rate is low and increases slowly,
and then, the gas generation rate increases rapidly. When the
coal rank reaches anthracite (R, > 2.5%), the gas generation rate
of Late Paleozoic coal has reached 350 m3/t.

4.2.2. Plane Distribution Characteristics of Gas Generating
Strength. Using the formula Q. = M.S.D.g. X 107 the gas
generating strength of the Late Paleozoic coal in the Qinshui
Basin was calculated.

Q. is the gas generating strength of coal (10® m®/km).

M. is the thickness of coal (m).

S, is the area of coal (km?).

D, is the specific gravity of coal (t/m?).

g. is the gas generation rate of coal (m®/t).

The thickness and R, of coal involved in the calculation are
mainly from the measured value, and some of them are inferred
by referring to the previous study”® and the isopachs of coals and
the contour map of R, (Figure 9). The specific gravity of
bituminous coal is 1.4 t/m?, and that of anthracite is 1.6 t/m°.

The contour map shows that the gas generating strength of
the Taiyuan Formation is higher than that in the Shanxi
Formation (Figure 10). Also, the characteristics of the two
Formation are different. In the Shanxi Formation, the
Yangcheng area in the southern part of the basin has the highest
gas generating strength, which basically exceeds 50 X 10° m®/
km?. Meanwhile, in the Taiyuan Formation, the northern part of
the basin has a relatively high gas generating strength, and the
Yangquan area is the gas generation center of the Taiyuan
Formation, whose gas generating strength basically exceeds 80 X
10* m*/km”.

4.3. Thermal Evolution and the Free Gas Accumu-
lation Model. The studies show that the cumulative quantity of
gas generated from coal is 6—10 times larger than its saturated
adsorption capacity,””*”°" so much gas can migrate out of the
coal seam and be accumulated in other strata in the basin to form
the coal measure free gas reservoirs,”*>”***? and the coal
measure free gas reservoirs are more similar to conventional
natural gas reservoirs, which have higher requirements for the
gas generation, reservoir, cap rock, trap, migration, and
preservation, as well as their spatio-temporal configuration
relations.

According to the geothermal graclient,26 the measured R,
values, local tectonic events,6l thermal evolution stages, gas
generation rates at different R, (Figure 8), and other data,””*”%’
thermal evolution and the free gas accumulation model can be
pointed out (Figure 11).

The model shows that the highest temperature of the source
rocks in the Shanxi Formation and the Taiyuan Formation can
reach 240 °C. Source rocks first experienced initial burial and

warming after deposition. In the Early Triassic, the thermal
evolution stage entered the preliminary stage of the symbiosis
stage, and in the Late Triassic, the thermal evolution stage
entered the mainly gas stage. Subsequently, due to the small-
scale uplift and erosion, the temperature fluctuated, and the
thermal evolution was slow from the Late Triassic to the Middle-
Late Jurassic. In the Middle-Late Jurassic, the temperature
increased rapidly to the maximum value, and the thermal
evolution stage entered the wet gas stage and then quickly
entered and stayed at the dry gas stage in the Late Jurassic.

The main source rock, reservoir, and cap rock of free gas
began to form in the Late Carboniferous, and the source rock
and reservoir were basically formed in the Middle-Late Permian,
while the formation time of the cap rock lasted until the end of
Permian. From the Middle Triassic to the Late Triassic, the first
gas generation occurred, but the formation of the traps in the
basin began in the Jurassic and lasted until the Neogene-
Quaternary under the influence of tectonism. The second gas
generation period lasted from the Late Jurassic to the Early
Cretaceous. From the beginning of the first gas generation
period, the Middle Triassic, the migration and accumulation of
gases began. Also, under the influence of tectonism, the gas
reservoir was continuously altered, and gas migration and
accumulation continued until the Neogene-Quaternary.

Therefore, the spatio-temporal configuration relation of the
first gas generation stage is very poor, and the trap in the basin
has not been formed during the gas generation and migration, so
it is difficult to form the free gas reservoir. The second gas
generation stage is more important because it not only generated
a large amount of gas but also had a good spatio-temporal
configuration relation, which is conducive to the formation of a
large number of free gas reservoirs.

4.4, Contrast with the Ordos Basin. The Ordos Basin,
located on the west side of the Qinshui Basin, is one of the hot
research areas in recent years. Many gas reservoirs with
Paleozoic coal-bearing strata as source rocks have been
found.""®> The two basins are similar in terms of tectonic
evolution and the sedimentary environment.*”“* Therefore, the
comparison of hydrocarbon generation and accumulation
characteristics of source rocks between the two basins is
conducive to in-depth study and long-term evaluation of coalbed
methane resources in the Qinshui Basin.

The Late Paleozoic coal seams are the important hydrocarbon
source rocks of the two basins.”* The gas generation capacity of
the coal from the Shanxi Formation in the Ordos Basin is
stronger, and the oil generation capacity is much stronger (Table
3). Previous research shows that the CH,, yield can reach 153.68
mg/groc) (equal to 234.63 mL/g(1oc) because p(cuqy = 0.655
g/Lat101.325kPaand 25 °C) and 139.09 mL/g(..), and the oil
yield can reach 171.65 mg/ g(TOC)GZ (Table 3). However, in the
Qinshui Basin, the CH, yield can only reach 171.69 mL/g(roc)
and 129.81 mL/g(,q1), and the oil yield can only reach 45.94 mg/
g(coal)53 (Table 3)

Different from the Qinshui Basin, the Ordos Basin may have a
weaker tectonic influence. Under such a condition, there may be
only one gas generation stage of the coal and coal measure
mudstone or shale (because of the same tectonic activities and
formation, the coal may have much similar gas generation stages
to the coal measure mudstone or shale) from the Shanxi and the
Taiyuan Formation®®” (Figure 12a), or the interval between
two gas generation stages is much shorter and the generation
times are longer than that in the Qinshui Basin®*®’ (Figure 12b).
According to Figure 12a, the gas generation stage lasted for
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Figure 9. Isopachs of coals and the contours of R, of the Taiyuan and the Shanxi Formations of the Qinshui Basin: (a) isopachs of coals of the Shanxi
Formation; (b) isopachs of coals of the Taiyuan Formation; (c) contours of R, of the Shanxi Formation; (d) contours of R, of the Taiyuan Formation.

about 150 Ma. According to Figure 12b, the first gas generation
stage lasted for about 40 Ma, the second gas generation stage
lasted for about 30 Ma, and the interval lasted for about only 15
Ma. However, in the Qinshui Basin, according to Figure 11, the
first gas generation stage lasted for about only 20 Ma, the second
gas generation stage lasted for about only 30 Ma, and the interval
lasted for about 65 Ma.

Therefore, the coal in the Ordos Basin has better hydrocarbon
generation capacity and longer and more continuous gas

generation time than the Qinshui Basin. This indicates that
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the Ordos Basin may have better prospects for exploration and
development.

5. CONCLUSIONS

The characteristics of natural thermal evolution show that the
variation trends of various geochemical parameters are different
with the increase in R,. Hydrous pyrolysis shows that the gas
production potential of coal is excellent, but the oil production
potential is poor. The gases produced consist mainly of CH,,
C,_, CO,, and H,. C,_ is produced only before the simulated
temperature of 550 °C, and oil is produced only before the
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temperature of S00 °C. The result shows that §'°C, < §"°C, <
6'%C;, and 6C becomes heavier with the increase in
temperature, but 6"°C; and 5"°C, would be lighter after the
temperature of 550 °C then heavier again. The 5"C of oil
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becomes heavier as the temperature increases, and the result
13 13
shows that & C(saturated hydrocarbon) < 6 C(arene) <
13 13
6 C(non-hydroca.rbon) < C(bitu.men)'
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Table 3. Hydrocarbon Generation Capacity of the Upper Paleozoic Coal in the Ordos Basin and the Qinshui Basin

basin area formation CH,
Ordos®* Shenfu Shanxi  153.68 (mg/g(toc); 20 °C/h; 600 °C)
Ordos® Eastern edge 139.09 (mL/g(ml); 20 °C/h; 610 °C)
Qinshui®*  Liyazhuang Shanxi 17169 (mL/gzoc); 20 °C/h; 600 °C)
Qinshui®®  Huoxian Shanxi  95.11 (mL/g(ceq; 600 °C)
130.30 (mL/g(cou; 650 °C)
Qinshui Xiatuanbo Shanxi  129.81 (mL/gc; 600 °C)

169.23 (mL/g(cpupy; 630 °C)

C,
36.18 (mg/g(rocy 20 °C/h; 482 °C)
10.90 (mL/g(coup; 20 °C/h; 455 °C)
17.83 (mL/groc); 20 °C/h; 490 °C)
35.56 (mL/g(coqy; 400 °C)

18.78 (mL/g(coun); 450 °C)

52,53,62,65
oil

171.65 (mg/g(roc); 20 °C/h; 417 °C)

45.94 (mg/g(comry; 350 °C)

3.77 (mg/g(coal); 350 OC)
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Figure 12. Gas generation and accumulation patterns of the Ordos Basin: (a) only one oil and gas generation stage (modified from ref 67); (b) two
stages but the time is longer and the interval is shorter (modified from ref 69). Reprinted (Adapted or Reprinted in part) with permission from ref 67.
Copyright 2005 Elsevier. Reprinted (Adapted or Reprinted in part) with permission from ref 69. Copyright 2020 Elsevier.

The thermal evolution stages can be divided into four stages:
the immature stage, symbiosis stage, wet gas stage, and dry gas
stage, wherein the symbiosis stage can be divided into the
preliminary stage and mainly gas stage. Tp., (2+3)MP/
(1+9)MP, saturated+arene, Vg,; and H/C can better indicate
the boundary of the thermal evolution stage. In the plane, the
northern, central, and southern parts of the basin are mainly in
the dry gas stage, the western part is in the mainly gas stage, and
the other parts are in the wet gas stage.

The gas generating strength of the Taiyuan Formation is
higher than that in the Shanxi Formation. Also, the gas
generation center of the Shanxi Formation is the Yangcheng
area in the southern part of the basin. Meanwhile, in the Taiyuan
Formation, the gas generation center is the Yangquan area in the
northern part of the basin.

There are two gas generation periods in the Qinshui basin.
The first period started at the Late Triassic, basically
corresponding to the mainly gas stage. The second period
started at the Middle-Late Jurassic, basically corresponding to
the wet gas and dry gas stage. Also, the gas production in the
second period is larger, and the spatio-temporal configuration
relationship is better.

Compared with the Ordos Basin, the hydrocarbon generation
capacity of the Late Paleozoic coal in the Qinshui Basin is
relatively poor, especially the oil generation capacity, and the gas
generation time of coal and coal measure mudstone or shale in
the Ordos Basin is longer and more continuous. Therefore, the
exploration and development prospect of the Ordos Basin is
better.

6. METHODS

6.1. Organic Geochemistry Analysis. Under the guidance
of the Chinese Oil and Gas Industry Standard and the protocols
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of the International Committee for Coal and Organic Petrology
(ICCP), R, was measured using an AXIO Imager Mlm
microphotometer.70 Also, to minimize error, 100 points were
measured for each sample. Dry-ash-free volatiles (V) were
determined by conventional industrial analysis.

Using a Leco CS-230 analyzer to measure the total organic
carbon (TOC) content, about 100 mg of coal samples was
selected and crushed into particles with a diameter of less than
0.2 mm. Inorganic carbon was removed by adding boiling
hydrochloric acid, and then, hydrochloric acid was drained.
Next, the sample residue was burned, and the TOC content was
calculated.””

We cut off a cube with a side length of 2 cm from each sample
and treated it with two-component epoxy resin. The treated
sample is polished and then viewed under a Zeiss Axioplan
microscope 500 times larger. The maceral groups were divided
into vitrinite, inertinite, exinite, and mineral by making 500
counts on every treated sample.48 Elements (C, H, N, and S)
were determined using a Carlo Erba EA 1108 apparatus and
using sulfanilamide as a standard.”* Organic matter (saturated
hydrocarbon, arene hydrocarbon, non-hydrocarbon, and bitu-
men) extraction was carried out by conventional organic
geochemical methods. Components were extracted by conven-
tional organic geochemistry.

Stable carbon isotope (6'3C) analysis was performed using an
MAT?271 spectrometer. Also, the analysis was carried out under
the condition where the electron energy is 68 eV, the mass
resolution rate is 200, the vacuum degree is less than 2 X 107 Pa,
and the emission current is 0.800 mA.

Parameters such as the soluble hydrocarbon content (S,),
pyrolysis hydrocarbon content (S,), hydrogen index (HI), and
maximum pyrolysis temperature (T,,,,) were analyzed using a
ROCK-EVALSG rock pyrolysis analyzer. S; needs to be measured
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at an oven temperature of 300 °C, while S, needs to rise to 550
°C at a rate of 25 °C per minute.”””*

Using an Agilent 7890 gas chromatograph with 5975C mass
spectrometers to analyze the molecular composition, the
temperature for analysis was 60 °C first. After 2 min, the
temperature increased to 300 °C with a speed of 2 °C/min and
kept at 300 °C for 30 min.”” Samples were determined using a
Vertex 70 infrared spectrometer. First, the coal sample was
mixed with 100 mg of potassium bromide in the ratio of 1:100
then ground and then put into the mold. Using a tablet press, we
applied vacuum pressure to 90,000 N-cm ™~ for 1 min, and then,
an infrared spectrometer was used to scan the measurement
background, and then, the pressed sheet was put into the
infrared spectrometer for testing, a total of 16 times of scanning.

6.2. Hydrous Pyrolysis. The experimental samples of
hydrous pyrolysis were crushed into fragments of about 1 mm
and screened to remove fine particles and ensure their complete
homogeneity. About 10 g of samples was added to 15 mL of
distilled water, and the coal particles were soaked in water.
Before heating, we checked whether there was air leakage in the
container and rinsed air inside the container with helium at a
pressure of S MPa and finally kept the air pressure inside the
container at about S MPa. Then, the samples were heated for a
short time and kept at a constant temperature for 24 h. The
lowest simulated temperature was 300 °C, and every 50 °C is an
experimental point, a total of eight experimental points. After
cooling to room temperature, gaseous hydrocarbons were
collected with water displacement. The liquid hydrocarbon
discharged also includes the part adsorbed on the sample surface
and the container wall, which is cleaned with dichloromethane
and filtered with filter paper at least three times. The
compositions and carbon isotopes of the collected gaseous
and liquid hydrocarbons were analyzed. After the reaction, the
soluble and insoluble organic matter collected from the reaction
residue was analyzed the same as coal samples.””~"”
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