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Research Institute of Petroleum Exploration and Development, Petrochina, Beijing, China

This research analyzed the composition and hydrocarbon isotope geochemical
characteristics of ultra-deep natural gas (buried deeper than 6000 m) in more than 130
wells in the Tarim Basin. Characteristics of the ultra-deep natural gas components in the
Tarim Basin are as follows: natural gas in the Kuga sandstone reservoir is developed as dry
gas, with a high methane content (an average of 95.53%) and a low ethane content (an
average of only 1.39%). The ultra-deep gas of the marine craton carbonate reservoirs in the
North Tarim-Central Tarim-East Tarim area is developed as wet gas. It is mainly composed
of methane ranging from 56.1% to 98.8%, with an average content of 76.36% and also
contains a small amount of ethane amounting to 6.74%. CO, and H,S contents of ultra-
deep condensate gas in the Central Tarim area are high, with maximum values of 24.2%
and 23.1%, respectively. Isotopic characteristics are as follows: §'°C; values of Kuga
natural gas are distributed between —36%. and —25.3%., with an average of —28.2%o,
8'3C, values are distributed between —26.2%o and —13.8%., with an average of —18.3%..
Most gas samples in Kuga area are developed with the reversal of carbon isotopic series as
5'3C, > 8'3C5, and the 8'°Cgoo values are distributed between —19.5%o and —10.3%o. The
8'3C; values of ultra-deep gas in marine craton carbonate rocks are distributed between
—54.4%0 and —33.3%o, with an average of —42.6%o. 8'°C, values are distributed between
—41.1%0 and —29.4%o., with an average of —33.8%., and 8'*Cgo, values are distributed
between —28.2%0—0.6%o.. According to the identification chart, it can be seen that the ultra-
deep gas in the sandstone reservoir of the Kuga foreland is mainly coal-derived gas in the
high over-mature stage, and the reversal of carbon isotopic series may be caused by the
mixing of natural gas of the same type and different sources. The natural gas in carbonate
reservoirs of marine craton is mainly oil-type gas with complex sources, including both
kerogen cracking gas and oil cracking gas. CO, can be formed by organic and inorganic
genesis. Inorganic CO, is most likely to be generated by the dissolution of carbonate rocks
under acid formation water.
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INTRODUCTION

In Central and Western China’s foreland areas, those strata
ranging in depth from 4,000 to 6000 m are considered to be
deep strata, while the strata with a depth of more than 6000 m are
ultra-deep strata (Dai et al., 2018a). Ultra-deep strata in China are
rich in oil and gas resources and are one of the most important
development fields for China’s petroleum industry in the future.
China’s onshore ultra-deep oil and gas resources are concentrated
in “ultra-deep carbonate rocks,” “ultra-deep clastic rocks” and
“ultra-deep volcanic rocks,” which are mainly found in the Tarim
Basin, Sichuan Basin, Ordos Basin, Bohai Bay Basin, Songliao
Basin and Junggar Basin. The Tarim Basin is underlain by ultra-
deep clastic reservoirs and carbonate reservoirs. As a result, it is
rich in ultra-deep gas resources accounting for 51% of the total
gas resources in the entire basin (Yang, et al., 2019).

The Tarim Basin is a large superimposed basin with several
Paleozoic-Cenozoic foreland areas superimposed on the margin of
the Paleozoic craton basin. Tarim Basin is primarily developed with
ultra-deep exploration fields in the foreland and marine craton areas
of Kuga region. The source rocks of the Kuga petroleum system are

Geochemical Characteristics of Tarim Gas

mainly coal and lacustrine mudstone from Triassic and Jurassic, and
the reservoirs are Jurassic-Quaternary sandstone and Paleogene
dolomite. The source rocks of marine craton area are largely
formed by mudstone and marl from Cambrian and Lower
Ordovician, and the reservoirs are Lower Paleozoic carbonate
(Liu, et al., 2020; Zhang, et al., 2021).

The Tarim Basin is mainly developed with typical ultra-deep
large-scale oil and gas fields such as the Kelasu gas field in the Kuga
Depression, the Ordovician oil and gas field in Harahatang, and the
North Tarim Uplift and large-scale Ordovician condensate gas
field in Central Tarim (Figure 1). Natural gas is developed in
different phases, such as gas-reservoir gas, associated gas and
condensate gas. The sources of natural gas are complex,
including coal-formed gas and oil-type gas. Oil-type gas can be
divided into kerogen cracking gas and oil cracking gas (Huang,
etal., 2016; Chen et al., 2018; Liu et al., 2019; Zhu et al., 2019). Itis a
natural geological reservoir for studying the geochemical
characteristics of ultra-deep natural gas and identifying gas
sources. In consideration of the general diversity of composition
and hydrocarbon isotope characteristics in the ultra-deep gas of
Tarim Basin and the difficulty of gas source identification, more
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FIGURE 1 | Structural distribution map of Tarim Basin (the second map is according to Yang et al., 2019).
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than 130 natural gas samples were collected in this research,
including gas samples from the Cretaceous sandstone reservoirs
of Keshen, Zhongqiu, Wushi, Bozi and Dabei in Kuqa foreland
area, carbonate reservoirs of Harahatang, Lungu, Yingmaili and
Luntai of marine craton area, Shunnan and Gucheng in East
Tarim, and Ordovician reservoirs in Shunbei. According to the
composition and hydrocarbon isotope of natural gas, the
geochemical characteristics of sandstone gas in the foreland area
and carbonate gas in craton area of Kuqa are compared, and alkane
gas and CO, gas sources are identified. The comparison of the
geochemical characteristics of natural gas in the Kuga foreland area
and the marine craton area is not only a deeper analysis of different
oil and gas systems in Tarim, but also a deepening of the theory of
ultra-deep natural gas source identification.

EXPERIMENTAL METHODS

Natural gas component analysis was carried out on HP6890
chromatograph, using SGE-60 chromatographic column
(50 mx0.25 mmx0.25 mm), the inlet temperature was 300°C,
the carrier gas was nitrogen, the flow rate was 1 ml/min, and
the split ratio was 50:1. The temperature program was raised from
30°C to 260°C, and the heating rate was 3°C/min.

The carbon isotope determination of natural gas components
was carried out on the DeltapluxXL gas chromatography-
combustion interface-isotope mass spectrometer (GC/C/IRMS)
produced by Thermo Fisher. The chromatographic column is
30 mx320 um PLOT Q, and the carrier gas flow rate is 2 ml/min.
The temperature of the oxidation furnace is 960°C, the temperature
of the reduction furnace is 650°C, the electron bombardment jon
source, the electron energy is 120 eV, and the accelerating voltage is
3kV. The heating program was an initial temperature of 30°C,
constant temperature for 5 min, then increased to 80°C at 8°C/min,
and then increased to 260°C at 4°C/min. Carbon isotope values are
compared to the GBW 04405 reference, giving values relative to PDB
with a standard deviation of +0.3%.o.

The instrument used for hydrogen isotope detection of natural
gas components is the same MAT253 gas chromatography-
thermal interface-isotope mass spectrometer
produced by Thermo Fisher Company. The chromatographic
column is 30 mx320 um PLOT Q, and the carrier gas flow rate is
2 ml/min. The temperature of the pyrolysis furnace is 1,450°C, the
electron bombardment ion source, the electron energy is 90 eV,
and the accelerating voltage is 10 kV. The heating program was an
initial temperature of 40°C, a constant temperature of 5 min, and
then the temperature was increased to 80°C at 8°C/min, and then
increased to 260°C at 4°C/min.

conversion

RESULTS

Component Characteristics

After analyzing data from more than 130 wells, methane is
absolutely dominant in the alkane gas of ultra-deep natural gas
in Tarim Basin (Figure 2). Well Keshen 501, located in Keshen gas
field of Kuqa, has highest methane content at 99.24%. 84% of the
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FIGURE 2 | Natural gas components in deep layers of Tarim (In addition
to this article, data sources include Wang et al., 2014; Zhu, et al., 2014; Zhu,
etal., 2015; Dai, et al., 2016; Liu, et al., 2018; Zhu, et al., 2018; Ma et al., 2021;
Wei, et al., 2019; Li, et al., 2020)

gas in Kuga sandstone reservoir has a methane content of more
than 95%. Well XK9C has the lowest methane content (48.1%).
The natural gas in Well XK9C is associated gas generated from
Halahatang carbonate rocks, North Tarim. The methane content
of carbonate associated gas and condensate gas is less than 90%
except for some gases of the Lungu, Shunnan and Gucheng gas
reservoirs. The highest ethane content is 20.50% (Well HA701).
The average ethane content of associated gas in Shunbei and North
Tarim is relatively high, varying from 5.47% to 17.97%. The gas
from the gas-reservoir in the East Tarim area has the lowest ethane
content of only 0.11% (Well SN5). In addition, the ethane contents
of natural gas in Kuqa, East Tarim and North Tarim reservoirs are
relatively low. Well HA 701 has the highest propane content of
12.5%, and an average value of 2.68%. However, propane is not
measured in some wells. Butane content in 23 wells is 0.

The non-hydrocarbon gas N, content is the highest at 26.10%
(Well YM2), the lowest content at 0.04% (well SN7), and has an
average content of 3.55%. CO, is developed with the highest content
of 32.5% (Well LG351), the lowest content of 0.06% (Well GC12),
and an average content of 4.89%. The average CO, contents in
Central and East Tarim are 6.98% and 9.11%, respectively. The
lowest CO, is developed in ultra-deep gas of Kuga sandstone
reservoir with an average of 1.2%. The H,S is developed with the
highest content of 23.1% (Well ZG6), the lowest content of 0.01%
(Well ZG5), and an average of 3.16%. The gas wells with highest H,S
content are all located in the condensate gas area of Central Tarim.

As is shown in Figure 3, gas-reservoir gas is dominated by dry
gas, with higher methane content than associated gas and
condensate gas. Gas in the Cretaceous sandstone reservoir of
the Kugqa foreland area is richer in methane than in the carbonate
reservoir of marine craton in North and Central Tarim. The CO,
and H,S contents in ultra-deep condensate gas reservoirs of
Central Tarim are high, with maximum values as high as
24.2% and 23.1%, respectively.

Characteristics of Carbon and Hydrogen
Isotopes

Carbon Isotopic Composition of Alkane Gas

As is shown in Figures 4, 5, Samples of the Cretaceous
sandstone reservoir in the Kuqa foreland area were collected
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from Keshen (21 samples), Zhonggiu (1 sample), Wushi (3
samples), Bozi (3 samples) and Dabei (4 samples). The 8¢,
values are distributed between —36%o and —25.3%o, with an
average of —28.2%o, §'°C, values are distributed between
—-26.2%0 and —13.8%o, with an average of —18.3%o. The
reversal of carbon isotopic series as 8'°C, > §'°C; occurs in
most gas samples.

Gas samples from the ultra-deep gas reservoir in marine
craton of North Tarim-Central Tarim-East Tarim include
natural gas from Shunnan and Gucheng of East Tarim,
Harahatang, Lungu, Yingmaili and Luntai of North Tarim,
Ordovician-Cambrian in Central Tarim, and gas from the
Shunbei Ordovician carbonate reservoir.

Natural gas in the Ordovician carbonate reservoirs of
Harahatang, Yingmaili and Luntai in North Tarim are
associated gas, with the §'°C; value of —53%o ~ —45.2%o, and
an average 8'3C, value of —48.3%o, with the §'°C, value of
~40.2%0~—34.3%0, and an average §'°C, value of —37.9%o.
Some gas samples are developed with the reversal of carbon
isotopic series as 8"°C, > §"°C; or §"°C; > §"°C,. Natural gas in
the Lungu area is developed from gas reservoirs, with the §'°C;
value of —35.5%o ~ —33.3%o, an average §'°C, value of —34.5%o,
with the 8°C, value of =37.5%o0 ~ —34.1%o, and an average 8¢,
value of —35.7%o. It is noteworthy that 4 of the 6 samples are
formed with the reversal of carbon isotopic series as 8'°C; >
§Y°C,.
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The ultra-deep gas of the Ordovician carbonate reservoir in
Central Tarim is condensate gas, with the §'"°C, value of —54.4%o
~ —34.8%o, an average 8"3C, value of —45%o, with the 8'°C, value
of —38.2%o ~ —29.7%o, and an average 8'°C, value of —34.5%o.
Most gas samples are formed with the reversal of carbon isotopic
series as 8'°C; > 8'°C,.

Natural gas in the Ordovician carbonate reservoirs of Shunnan
and Gucheng in East Tarim is from gas reservoirs, with the §'°C,
value of —40.2%o ~ —33.6%o, an average 8'°C; value of —36.9%o,
with the 8"°C, value of —37.6%o ~ —26.7%o, and an average 8¢,
value of —31.6%o. The gas from East Tarim is similar to that in
North Tarim, with the reversal of '°C; > §'°C, and §"°C, >
8°Cs.

Ultra-deep natural gas in the Shunbei Ordovician reservoir is
developed as associated gas, with the §'*C, value of —50.7%o ~
—44.7%o, an average 8'3C, value of —47.6%o, the 8'°C, value of
~39.7%o ~ —33.3%o and an average §'°C, value of —35.4%o. Most

gas samples are formed with the positive carbon isotope series as
8"3C, < 8°C, < 8°C; < 8C,.

In summary, the carbon isotope values of methane and ethane
in the ultra-deep gas of the Kuqa sandstone reservoir are higher
than those in the carbonate reservoir. Compared with gas-
reservoir gas, the carbon isotope values of methane and ethane
in associated gas and condensate gas are low.

Hydrogen Isotope Characteristics of Alkane Gas

Natural gas in the sandstone reservoir of Keshen, Kuqa is
developed with the §"°D; value of ~155%0 ~ —149%o, and the
8D, value of =105%0 ~ —92%o. The 8'°D, values in the three gas
samples of Shunnan carbonate gas reservoir in East Tarim are
—134%o, —129%o0 and —122%o, respectively. Condensate gas in
Central Tarim is developed with the §°D; value of —-206%o ~
—162%o and the §'°D, value of —145%0 ~ —103%o. The associated
gas in North Tarim is developed with the §'°D, value of —262%o ~
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FIGURE 6 | 5'3C;-6D; of deep natural gas in different states and in different reservoirs of Tarim Basin.

—153%o, and the 8'°D, value of —190%o ~ —143%o. It can be seen
from Figure 6 that the distribution of hydrogen isotope values for
methane is rather concentrated in the gas reservoirs of Keshen,
Kuga and Shunnan, East Tarim, whereas the distribution of
hydrogen isotope values for other carbonate associated gas and
condensate gas range widely.

Carbon Isotopic Composition of CO,

It can be seen from Table 1 and other data from referces that the
83 Ceo, values of deep natural gas in Tarim Basin are distributed
in —30.2%0-0.6%o range, while those in China as a whole range
between —39%o and 7%o. As a result, the §'>Cq, values of Tarim
deep natural gas vary largely. The gas-reservoir gas in the
sandstone reservoir of Keshen, Kuqa contains 8PCeo, values
of —=19.5%o ~ —10.3%o, and an average value of —14.3%o, showing
a centralized distribution, while the gas in carbonate reservoir has
a wide distribution of 8'*Ccq, values, such as the condensate gas
in Central Tarim with the §'*Ccq, values from —30.2%o to 0.6%o,
showing the largest span in all regions.

DISCUSSION

Alkane Gas Generation

Putting the data of Table 1 and other data from referces into the
genetic identification chart of natural gas, it can be seen that the
gas samples from the sandstone gas reservoir in the Kuqa foreland
area are coal-derived gas, while the ultra-deep natural gas samples
in the marine craton area of Central Tarim-East Tarim-North
Tarim are oil-type gas zone (Figure 7). Natural gas in each zone
will now be discussed separately.

Gas-reservoir gas in the sandstone reservoir of the Kuqa
foreland area is mainly developed in Keshen-Dabei area. The
gas fields and gas reservoirs in Keshen and Dabei are all located
in the Kelasu structural belt of Kuqa, which belong to the Kelasu
gas field. The gas reservoirs are developed as high pressure and
ultra-high pressure reservoirs, with high formation temperature
and pressure, while the pressure coefficient is between 1.60 and
1.86. The gas reservoirs belong to normal-temperature gas
reservoirs with the temperature in the middle part of
146-188°C (Yang, et al, 2019; Li, et al, 2020). The carbon
isotopes of methane and ethane show the natural gas belongs to
coal-derived gas in the highover mature stage, and some of the gas
is developed with the reversal as 8'°C, > 8" Cs. The possible
reasons for the reversal of carbon isotope series are: @ isotope
fractionation effect during the process of natural gas migration; @
oxidation of alkane gas component by bacteria; ® mixing of
organic gas and inorganic gas; @ mixing of coal-derived gas
and oil-type gas; ® mixing of natural gas of the same type and
different sources, or gas of the same source and different periods;
® reversal of alkane gas under high temperature and high pressure
(Yu, et al, 2013; Dai, et al,, 2016; Liu, et al, 2018). The Kuqa
foreland area mainly develops thick coal-bearing source rocks and
high-quality mudstone source rocks. A small amount of oil was
generated in the early stage at a shallow depth, while a large
amount of oil was generated in the late stage at a greater depth
(Wei, et al., 2019; Wang, et al., 2021). As a result, the influence of
®~®@ can be eliminated. The most likely reason for reversal can be
the mixing of natural gases of the same type (coal-derived gas) but
from different sources. In addition, source rocks of the Keshen and
Dabei gas fields have reached the over-mature stage. The gas
reservoirs are under high pressure and high temperature, which
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TABLE 1 | Geochemical data of natural gas deeper than 6000 m in the Tarim Basin.

Area Gas field
Kuga Keshen
Dabei
Tabei Halahatang
Lungu
Tazhong Tazhong

Well

KS101
KS201
KS203
KS3-1
KS501
KS505
KS8
KS802
KS8-10
KS8-8
KS9

KS2

KS5
KS2-1-1
KS2-1-6
KS2-2-4
DB2
DB102
DB201

XK4
XK902
XKoC
XK7C
HA11
HA12
HAGO1
HA7
HA701
HAQ
HA11
HA702
HAB01-2
HAB01-6
HA702C
LG351C
LG32
LG34
LG39
LG351
LG100-11

TZ45
TZ86
TZ451
TZ622
ZG11
ZG13
7G26
7G111
7G162-1H
Z81
ZS1
ZS1

Strata

(e cNeoNeoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNe]

o0o0po0000

O|II
O

€1X

ea

Reservior

Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone

Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate

Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate

Depth/m

6945-7160
6505-6700
6600-6685
6805-6930
6370-6520
6660-6885
6860-6903
7222-7354
6968-7060
6800-6920
7445-7552
6573-6697
6703-6742
6636-6785
6593-6710
6250-6708
5541-5594
5425-5479
932-6112

6850.0
6880.2
7011.7
6956-7018
6748.0
6625.8
6637.6
6633.8
6588.0
6696.5
6658-6748
6534.61-6688
6556.08-6664.72
6582-6671
6594.06-6660
6448.5-6486.5
6185.48
6609.13
5690-5715
6539
5402.6-5483.0

6020-6150
6273-6320
6090.5-6297
4,913.62-4,925
6165-6631.1
6458-6550.31
6085.5-6295
6008-6250
6094.83-6780
6597.53-6835.0
6439
6458

Style

Qil-gas
Oil-gas
Qil-gas
Qil-gas
Qil-gas
Qil-gas
Qil-gas
Qil-gas
Qil-gas
Oil-gas
Qil-gas
Qil-gas
Qil-gas
Qil-gas
Qil-gas

Condensate
Condensate
Condensate
Condensate
Condensate
Condensate
Condensate
Condensate
Condensate
Condensate
Condensate
Condensate

Gas component/%

8'3C (%0),VPDB

CH,

99.23
98.05
98.31
93.21
99.24
99.00
99.03
98.16
99.13
83.90
98.73
97.50
97.40
97.000
97.500
97.000
95.30
95.30
95.80

69.70
67.20
48.10
7222
77.30
73.30
65.80
62.40
53.70
58.50
67.17
60.10
63.45
78.59
60.02
93.75
94.30
96.00

64.70
91.50

85.63
81.90
84.12
91.39
88.07
72.98
556.39
87.80
84.62
78.30
68.60
78.30

CoHg

0.43
0.54
0.55
0.21
0.32
0.30
0.65
0.68
0.82
1.20
1.01
0.51
0.27
0.530
0.550
0.540
2.26
222
1.90

12.20
11.90
10.40
5.75
8.53
12.00
16.10
18.90
20.50
16.30
10.44
14.31
14.71
9.08
156.96
0.76
0.56
0.97

0.56
211

4.44
3.27
6.34
117
3.57
10.03
13.90
4.35
4.05
0.50
10.90
0.47

C3Hs

0.04
0.04
0.04
0.01
0.02
0.02
0.02
0.03
0.04
0.12
0.14
0.04
0.01
0.040
0.040
0.040
0.42
0.28
0.27

6.39
8.1
0.01
3.37
419
3.26
6.45
6.07
12.50
4.35
714
6.57
9.27
4.21
9.84
0.21
0.12
0.14

0.15
0.81

1.24
1.52
2.41
0.41
1.35
5.05
8.97
1.68
1.58
0.14
5.79
0.14

iC4H1o

0.01

0.03
0.01
0.02
0.008
0.009
0.018
0.13
0.25
0.18

1.21
1.74
0.00
0.96
0.77
0.64
0.75
0.71
1.54
0.37
1.88
1.23
1.71
0.79
1.64
0.08
0.08
0.03

0.03
0.37

0.46
0.51
0.32
0.41
1.03
1.68
0.46
0.39
0.05
0.80
0.06

nC4H,o

0.01

0.05
0.02
0.97
0.005
0.005
0.009
0.11
1.29
1.42

1.69
2.51
0.00
1.64
1.08
0.92
1.65
1.56
3.46
0.83
3.16
2.53
2.96
1.12
3.26
0.08
0.06
0.05

0.09
0.21

0.88
0.81
2.72
0.72
2.32
2.87
0.73
0.65
0.07
1.68
0.07

N

0.54
0.72
6.58

017
0.30
0.33

1.10
1.36
1.68
117
1.48
1.16
0.71
0.44

5.31
5.05
3.95
2.34
4.63
5.41
7.72
5.52
5.84
3.79
3.71
5.41
3.34
3.62
3.59
1.21
4.24
1.91

0.95
2.16

4.78
4.07
5.07
3.57
1.86
1.16
11.63
1.64
4.59
2.55
0.80
2.55

CO,

0.30
0.83
0.30

0.41
0.51

0.81

14.91

0.83

0.43

0.92
1.95
1.51
10.74
2.81
3.91
0.71
4.10
0.44
15.60
2.79
3.70
1.87
1.49
2.40
2.89
0.58
0.85

32.50
1.99

3.20
4.94
0.17

1.67
4.02
3.23
2.36
3.22
14.40
10.90
14.40

H.S

-26.5

-30.7
-30.9

1.33

-41.8

3.90

CH,

-27.3
-26.9
-27.7
-26.6
—24.4
-256.3
-27.5
-26.5
-26.9
-26.4
-27.5
-28.3
-17.8

-22.3
-22.1

-48.6
-51.5
-46.8
-46.7
-46.9
-48.5
-48.7
-50.7
-50.9
-53.0
-45.8
-50.5
-42.6
-47.5
-47.4
-33.3
-35.0
-34.9
-34.0
-34.3
-356.5

-54.4
-46.0
-50.6
-35.3
-47.5
-49.9
-49.0
-46.7
-47.3
-42.1
-44.7
-40.6

CoHg

-16.3
-17.4
-16.3
-156.1
-19
-16.9
-16.1
-14.6
-16.5
-156.8
-14.9
-17.7
-19.7

-21.5
-21.9

-38.2
-40.7
-37.4
-38.0
-36.1
-37.7
-40.1
-40.0
-40.2
-41.1
-35.5
-40.2
-37.8
-37.2
-38.0
-35.8
-37.5
-34.7
-35.0
-36.9
-34.1

-38.2
-33.7
-35.9
-32.2
-35.6
-37.0
-37.0
-33.0
-36.4
-35.0
-35.5

C3Hs

-19.9

-16.7

-36.1

-33.1
-33.8
-34.0
-35.5
-37.8
-36.0
-36.7
-36.6
-32.2
-35.0
-34.4
-34.2
-34.4
-33.4

-32.9

-31.4

-32.0
-30.2
-30.6

-28.5
-32.0
-32.5
-29.6
-30.8
-31.9
-33.9

iC4Hqo

nC4H,o

-15.8

-31.2

=311
-32.2
-34.2
-33.8
-33.5
-34.8

-33.1
-32.3

-29.1

-27.6

-30.9
-28.4
-30.1

CO,

-4.6
-4.8
-9.7
-7.9
-20.7
-8.4
-11.7
-2.6

-19.7

-19.6
-4.4
-4.8
-4.3
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FIGURE 7 | §'°C;-6"%C,-6'°C5 value of deep natural gas in Tarim.

may also cause the reversal of the ethane and propane carbon
isotope series.

The deep natural gas in the marine craton of Central Tarim-
East Tarim-North Tarim is developed as oil-type gas. Natural gas
in marine craton is mainly composed of gas-reservoir gas,
associated gas and condensate gas with diverse characteristics
of components and hydrocarbon isotopes and complex sources.
The Cambrian-Ordovician carbonate rocks in the marine craton
can be divided vertically into upper, middle and lower oil and gas
systems. The hydrocarbon-bearing layers in the upper oil and gas
system are weathering crusts of the Lianglitage, Yijianfang, and
Yingshan Formations of the Ordovician. The hydrocarbon-
bearing layers in the middle oil and gas system are a deep
Ordovician reservoir and Penglaiba Formation. And the
hydrocarbon-bearing layers in the lower oil and gas system are
Cambrian Xiaoerbulake Formation. At present, the upper system
is highly explored and the main focus of this study (Yang, et al,
2019).

Previous studies argued that there are two types of gas sources
in the marine craton area, one is the mature/high-mature wet gas
from the Ordovician gas source, and the other is the over-mature
dry gas from the Cambrian gas source. The high over-mature dry
gas can be divided into kerogen cracking gas and oil cracking gas
(Liu, et al,, 2017; Dai et al., 2018b; Ni, et al., 2019; Ding, et al.,
2020; Zhu, et al., 2020; Yan, et al., 2021; Zhao, et al., 2022). Now
the natural gas will be discussed in each zone.

Central Tarim Area

Han et al. (2021) divided the condensate gas reservoirs in the
Central Tarim Uplift of the Tarim Basin into primary gas and
secondary gas reservoirs and believed that the primary
condensate gas reservoirs in ultra-deep Lower Cambrian were
mixed with kerogen cracking gas and oil cracking gas, which were
mainly distributed across the eastern buried hill with few paleo-
oil reservoirs, while the secondary Ordovician condensate gas
reservoirs were mainly formed by the late-stage gas invasion and
gas washing of paleo-oil reservoirs. Chen et al. (2018) believed
that the Cambrian natural gas in Central Tarim was less affected

X Tazhong

O Shunbei A Tadong O Tabei

Open System

8"C,-8"C,/(%0,VPDB)

FIGURE 8 | C»/C3-(8'%C»-8"%Cy) of deep natural gas in Tarim. (base
map according to Lorant et al., 1998)
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FIGURE 9 | Ln (C4/Cy)-Ln (Co/Cs) of deep natural gas in Tarim. (oase
map according to Li, et al., 2017)

by the late-stage filling of kerogen cracking gas, and was mainly
composed of the early-stage oil cracking gas. According to
Figures 8, 9, the Ordovician condensate gas in Central Tarim
is distributed in the areas of kerogen cracking gas, oil cracking gas
and the mixing zone, indicating the complex gas source, while the
Cambrian condensate gas is mainly in the secondary cracking
area of crude oil.

North Tarim Area

The methane content of Ordovician natural gas in the Halahatang
area of North Tarim is fairly low among all the marine craton
natural gas. The carbon isotope of methane is —53%o ~ —45.2%.o,
and the carbon isotope of ethane is —41.1%o ~ —34.3%o, which are
also relatively low. Wu et al. (2016) and Zhu et al. (2019) believed
that the Halahatang and Yingmai Ordovician natural gas in
North Tarim is composed of both kerogen cracking gas and
oil cracking gas, and comes mainly from Middle and Upper
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Ordovician source rocks in the Aman transition zone in the south
of Harahatang. Figures 8, 9 show that the points of associated gas
samples in North Tarim mainly fall into the area of kerogen
cracking gas, and some samples fall into the area between kerogen
cracking gas and oil cracking gas. The methane content of
Ordovician natural gas in the Lungu gas field of North Tarim
is basically higher than 90%, and the isotopes of methane and
ethane are about —34%o and —35%o, respectively, which are
different from that in Harahatang gas. Previous studies
believed that the Lungu oil and gas reservoir could be
characterized as “dry gas and heavy oil” and developed as a
modified oil and gas reservoir by gas invasion (Wu, et al., 2016).
Figure 9 shows that the gas samples in the North Tarim gas
reservoir are mainly located on the trend line of oil cracking gas,
and the natural gas in the Lungu area is developed with the
reversal of carbon isotope series as 8'3C, > 6"C,, which may be
caused by the fractionation of carbon isotopes of methane and
ethane during the interaction with crude oil during the gas
invasion. This also shows that the source of natural gas in the
Tarim marine craton is very complex, and the gas source analysis
needs not only data on natural gas composition and isotopes, but
also the actual geological conditions.

East Tarim Area

There are different views on the source of Ordovician natural gas
in the Shunnan-Gucheng area of East Tarim. Wang et al. (2014)
believed that the natural gas comes from Cambrian, Yun and Cao
(2014) believed that the natural gas is mainly composed of
kerogen cracking gas, while Zhou et al. (2019) believed that
the natural gas is oil cracking gas. Based on the content of
adamantane and thioadamantane, Ma et al. (2021) and Ma
et al, 2021 believed that the Ordovician natural gas in the
Shunnan-Gucheng area is oil cracking gas, and the cracking
degree of oil can be 98%. Figures 8, 9 show that most gas
samples in East Tarim are located in the area of oil cracking
gas, indicating that the natural gas is mainly generated by oil
cracking.

Shunbei Area

Wang et al., 2021 believed that the Ordovician natural gas in the
Shunbei area is mainly kerogen cracking gas and is partly mixed
with natural gas in the early stage of oil cracking. The gas-oil ratio
of the Ordovician oil and gas reservoir in the Shunbei area is low,
and the natural gas in this area is oil-associated gas. The oil has
low content of methyladamantane, with a low cracking degree.
The natural gas has similar maturity with oil, showing the same
source from Cambrian source rocks. It is also mixed with a small
amount of early-stage oil cracking gas. Figures 8, 9 show that the
associated gas samples in Shunbei area mainly fall into the area of
kerogen cracking gas area, and some fall into the middle part of
kerogen and oil cracking gas, indicating the contribution of oil
cracking gas.

Origin of CO,

CO, origin identification is presented by effective index 83Ceop.
Dai et al., 2018a found that the §'>Ccq, value of organic CO, is
less than —10%o, while the §"*Ccq, value of inorganic CO, is
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FIGURE 10 | CO, -6"®Cgo, of deep natural gas in Tarim. (base map
according to Dai et al., 2018b).

greater than —8%o. The carbon isotope value of inorganic CO,
generated from metamorphic carbonate rocks is close to the
8"Cco, value of carbonate rocks, showing a difference of 0 +
3%o. The 8"Cco, values of inorganic CO, generated from
volcanic magma and mantle sources are mostly distributed in
—6%o * 2%o range. Based on the identification chart, it can be seen
that two Kuqa sandstone gas and Central Cambrian gas samples
show the characteristics of organic CO,, and most of the
Ordovician natural gas in Halahatang, Shunbei and Central
Tarim show the characteristics of inorganic CO, (Figure 10).
The He isotope content of Tarim deep gas is low and shows no
characteristics of mantle-derived gas. The ground temperature of
Halahatang is lower than 160°C and that of Shunbei area is lower
than 180°C. As a result, it is difficult to decompose carbonate
rocks. The CO, is widely generated in deep gas of Tarim marine
craton, and the CO, content in Central Tarim is up to 24.2%. The
dissolution of CO, in water will make the formation water acidic,
resulting in the dissolution of carbonate reservoirs and the
production of CO, with high 8"%Cco, value. Therefore,
inorganic CO, is most likely to be generated from the
dissolution of carbonate rocks under the acidic formation water.

CONCLUSION

Natural gas in the foreland ultra-deep reservoirs and marine
craton carbonate reservoirs in Kuqa, of the Tarim Basin, have
distinct geochemical properties. Natural gas in the Kuga foreland
area is coal-derived gas, generated from the Triassic and Jurassic.
Oil and gas vertically migrated and accumulated into Cretaceous
reservoirs along the fault network; the natural gas in the marine
craton area is oil-type gas with complex sources. There is a need
to combine the geochemical identification charts of natural gas in
North Tarim, Central Tarim and East Tarim with the actual
geological conditions to identify gas sources. Even in the same
structural belt, the sources of gas-reservoir gas, associated gas and
condensate gas may be different. Natural gas includes kerogen
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cracking gas, oil cracking gas and a mixture of the two. By
comparing the different geochemical characteristics of the
ultra-deep natural gas in the two oil-bearing systems, and
combining the geochemical data with the actual geological
conditions, we have a more comprehensive understanding of
the ultra-deep natural gas in the Tarim in three-dimensional
space, and also provide guidance for the further development of
the Tarim Basin. Compared with other basins in China, natural
gas and even crude oil have been continuously found in reservoirs
deeper than 6000 m in the Tarim Basin due to the shallow burial
in the early stage, rapid deep burial in the late stage and a low
geothermal gradient. These allow the deep-buried source rocks in
the Tarim Basin to continue to generate different kinds of
hydrocarbons. Meanwhile, the structural evolution of the
Tarim Basin is phased, resulting in a multi-stage evolution of
source rocks and multi-stage oil cracking in craton marine area,
leading to the complex origin of gas sources.
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