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The Ordos Basin, the second largest sedimentary basin in China, contains the broad distribution of
natural gas types. So far, several giant gas fields have been discovered in the Upper and Lower Pa-
leozoic in this basin, each having over 1000x10°m ® of proven gas reserves, and several gas pools have
also been discovered in the Mesozoic. This paper collected the data of natural gases and elucidated the
geochemical characteristics of gases from different reservoirs, and then discussed their origin. For
hydrocarbons preserved in the Upper Paleozoic, the elevated §'°C values of methane, ethane and pro-
pane indicate that the gases would be mainly coal-formed gases; the singular reversal in the stable
carbon isotopes of gaseous alkanes suggests the mixed gases from humic sources with different ma-
turity. In the Lower Paleozoic, the §'°C, values are mostly similar with those in the Upper Paleozoic, but
the 6'°C, and 5'°C; values are slightly lighter, suggesting that the gases would be mixing of coal-type
gases as a main member and oil-type gases. There are multiple reversals in carbon isotopes for gase-
ous alkanes, especially abnormal reversal for methane and ethane (i.e. 5'°C,>5"C,), inferring that
gases would be mixed between high-mature coal-formed gases and oil-type gases. In the Mesozoic, the
8"C values for gaseous alkanes are enriched in '°C, indicating that the gases are mainly derived from
sapropelic sources; the carbon isotopic reversal for propane and butane in the Mesozoic is caused by
microbial oxidation and mixing of gases from sapropelic sources with different maturity. In contrast to
the Upper Paleozoic gases, the Mesozoic gases are characterized by heavier carbon isotopes of
iso-butane than normal butane, which may be caused by gases generated from different kerogen types.
Finally, according to 5"C4-R, relationship and extremely low total organic carbon contents, the Low
Paleozoic gases would not be generated from the Ordovician source as a main gas source, bycontrast,
the Upper Paleozoic source as a main gas source is contributed to the Lower Paleozoic gases.

Ordos Basin, natural gas, chemical composition, carbon isotope, genesis

The Ordos Basin, located in the middle of China, is the
second largest sedimentary basin and one of the most
tectonically stable basins in China"l. Several giant gas
fields, each containing over 1000x10°m’ (bcm) of
proven gas reserves, have been discovered in this basin,
e.g. Sulige gas field as the largest gas field in China.

The natural gas in the Ordos Basin is characterized by

widespread, various types and multiple preservation, so
that many scientists have carried on much research into
gas sources, gas types and regional distribution. But
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there are still in debate on the origin of Ordovician
weathered crust gas’® '?. Some thought the gas was de-
rived dominantly from the carbonates of Ordovician
Majiagou Formation, but others proposed that the gas
was derived mainly from the Carboniferous-Permian
coal measures. The divergence of opinions about the
origin of the Lower Paleozoic gas would bring about a
puzzle on carbonate evaluation, gas field discovery and
exploration. Moreover, less attention has been paid to
the Mesozoic gas. In order to figure out disputes and
problems, the paper collected the data of the chemical
and carbon isotopic compositions of gas from this basin
and determined gas sources.

1 Introduction

1.1 Geological background

The Ordos Basin is a multicycle craton petroliferous
basin with stable subsidence, depressional movement
and torque (Figure 1)!". The Ordos Basin as one of the
most tectonically stable basins in China is characterized
by the whole ascending, durative subsidence, aclinic line
and conformable contact!'). The gas fields occur in the
northern part of the basin, with relatively shallow Pa-
leozoic gas sources and reservoir rocks. By contrast,
several oil fields are distributed mainly in the southern
part of the basin, with much greater burial depth. The
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Map showing the oil and gas fields locations in the Ordos Basin. 1, Gas fields with Upper Paleozoic reservoirs; 2, gas fields with Lower Paleo-

zoic reservoirs; 3, oil fields; 4, vitrinite reflectance isopleths (%R,) at the base of the Carboniferous; 5, basin boundary; 6, fault.
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possible sources for the oil lie within the Mesozoic

[13]

stratal’. Due to few structural reservoirs!™”), most hy-

drocarbons are discovered in the lithologic traps’.
1.2 Introduction of gas fields

The Sulige, Yulin, Wushengqi, Zizhou and Daniudi fields
were developed in the Upper Paleozoic and Jingbian
field was in the Lower Paleozoic in the Ordos Basin.
These gas fields’ relevant gas payzones include the Up-
per Permian Shihezi Formation (P,sh); Lower Permian
Xiashihezi (Pyx), Shanxi (Pys) and Taiyuan Formation
(P;?); Carboniferous Benxi Formation (Cb) and Lower
Ordovician Majiagou Formation (O,m). The gases in the
Sulige and Yulin fields are preserved in lithologic traps.
The gases in the Wushenqi field are trapped in
lithostructural trap, and the sourthern edge of this field is
overlapped geographically with the northwestern portion
of the Jingbian field. The Jingbian field consists of five
gas pools, all in lithologic traps. The top gas pool is
sealed by Carboniferous bauxitic mudstones and coal
measure, whereas the others are capped by argillaceous
dolomite and marlstone.

In the Mesozoic, the Lower Jurassic Yan’an Forma-
tion and the Upper Triassic Yanchang Formation are
widely explored. Up to now, a few gas pools have been
discovered, such as Zhiluo, Majiatan, Lizhuangzi, etc.
The gas in Mesozoic reservoirs is widely distributed
from the Upper Triassic Yanchang Formation (Changl0,
Chang8, Chang4+5, Chang3, Chang2, Changl) to the
Lower Jurassic Yan’an Formation (Yan10, Yan9, Y8+7,
Yan 5), as well as the Middle Jurassic Zhiluo Forma-
tion''.

1.3 Source rocks

The dual sedimentary sequences are present in the Pa-
leozoic strata of the Ordos Basin: an Upper Paleozoic
sequence containing terrestrial clastics and coals, as well
as alternate marine terrigenous sediments in the lower
section; Lower Paleozoic containing marine carbonates
and gypsum-salt sediments''.

Two sedimentary sequences in the Upper Paleozoic
have been considered as likely gas sources, including the
Carboniferous-Permian coal measures and carbonates.
The coal measures are the primary sources and distrib-
uted in the whole basin. The cumulative thickness of
coal seams ranges from 10 tol5 m over large area, with
maximum of 40 m in some place and average TOC con-
tent is 60%"". The thickness of dark mudstones is

[13]

mostly between 70— 130 m, but occasionally up to 200
m. Exception for carbargilite, the C-P dark mudstones
contain TOC content of 2%—4% as 111 kerogen!'*. The
Carboniferous-Permian carbonates are the secondary
source in the Upper Paleozoic and mainly distributed in
the middle and east of the Basin. The TOC contents range
from 0.3% to 5%, with average of 1.42%. The kerogen
type of carbonates is humic-sapropelic type''?. Addition-
ally, the thermal maturity of organic matter in C-P is high
stage (R, ranges from 1.2% to 2.2% in the gas field areas
of the basin and the maximum value is 2.8% in the south-
ern part)’ and the large total gas production and expul-
sion in the C-P is observed!"”), which are the support for
the giant gas fields in the Ordos Basin.

The geochemical characteristics of the Lower Paleo-
zoic Ordovician carbonates are as follows: accumulative
thickness of 400—500 m, TOC contents ranging from
0.08% to 0.64% with average of 0.22%!"%), the sapro-
pelic kerogan type, and R, values between 2.07% —
2.68%"4. Although the Lower Paleozoic sources are of
huge thickness and high maturity, there is no consensus
on the Ordovician carbonates as a main source for the
giant gas accumulations in the Lower Paleozoic because
of the low TOC contents and dispersive hydrocarbon
generation.

The dark mudstones with deep and semideep laustrine
facies in the Triassic Yanchang Formation are sources in
the Mesozoic, containing two types of keogen: humic
kerogen including strata beyond Chang3 Formation in
the top and sapropelic type kerogen from Chang8 For-
mation to Chang4+5 Formation in the middle!", espe-

cially Chang7 Formation as the main source rock in

the Mesozoic %,

2 Component characteristics of natural
gas in the Ordos Basin

Based on the gas components of 125 gas samples from
the Upper Paleozoic reservoirs, 66 gas samples from the
Lower Paleozoic reservoirs and 47 gas samples from the
Mesozoic reservoirs (some are listed in Table 1), the
frequency charts are shown in Figures 2 and 3.

2.1 Gaseous alkane components

Statistically, all of the gases from the Upper and Lower
Paleozoic reservoirs are dominated by hydrocarbon gases,
with high content of methane (Table 1, Figure 2).
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Table 1 Main components and carbon isotopic compositions of gases from the Upper Paleozoic, the Lower Paleozoic and the Mesozoic reservoirs, the
Ordos Basin (Part)

Gas main components (%) &"C (PDB, %o)
Gas field Well Strata Dryness
CH, GCH¢ CHg i-C; n-Cs CO, N, sBc, 6", 8Cy SViCs 8"nCy
Sul Pys 91.57 452 089 019 0.16 078 0.71 0941 -3437 -22.13 -21.77 -21.53 -21.63

Su6 P 8881 583 126 020 022 264 080 0922 -3354 —2402 2472 2278 -23.23
Suld  Pix 9637 166 040 013 009 125 000 0977 -32.54 —23.17 —23.77

g SWIIS P 9160 426 091 025 029 087 143 0941 3231 -2523 2379 2220 -23.08

fold  Su36-13 P 8949 541 116 022 025 076 093 0927 -33.40 —2470 —24.40 2210 -23.10

Taos P 9175 511 092 012 014 077 105 0936 -33.05 —23.57 —2372 —-21.62 -22.46

Tao6 P 9340 276 036 004 046 057 227 0963 -29.00 -25.00 -27.00 -23.90 -25.70

Shanl4l Py 9412 340 050 006 007 114 061 095 -337 —263 —2430 —23.10 -23.10

Upper Shan143  Pis 9347 390 063 009 010 117 035 0952 —33.57 —2598 —24.42 24,99

Paleozoic yulin Yu28-12 Pis 9425 325 047 006 007 108 0.65 0961 -3240 —27.00 —24.80 -23.60 -23.80

gasfield yu3s5-8  Pis 9532 267 034 007 006 145 003 0968 -32.55 —2487 -23.69 —21.17 -22.53

Yud3-10 P 9439 273 041 0.08 180 052 0967 —-31.90 —2640 —23.00 -23.69 -24.06

Yudd-7  Pis 9565 265 032 004 004 057 069 0969 —32.80 2550 —23.80 —-23.80 -24.10

Shan215  Pix 9360 379 055 008 008 076 046 0945 3200 —2600 —24.00 -21.60 -22.90

CShan241 P 9270 3.99 068 011 011 049 173 0950 -32.60 -24.10 2420 -2210 -23.30

W“SI?nlgl Shan243 Px  90.85 546 103 018 0.17 054 155 0930 -35.00 —24.00 -23.60 -22.00 —-22.90

Gasfield (207 P 9297 427 076 011 011 074 087 0947 —32.60 2370 2420 2120 —22.70

Yul9-5 Py 9279 390 0.64 0.0 009 050 177 0951 -3450 2370 -2470 -2140 -23.50

Yu24-5 P 9277 421 063 009 009 064 143 0948 —3220 —23.50 —24.90 -21.80 -23.60

Sulige

Shan6 Oms'™ 9260 032 003 000 000 485 222 099 -33.87 —34.05 —24.39
Shan12 Oms™ 9679 078 0.10 001 001 1.65 0.63 0991 -3421 -25.46 -26.37 -20.67
Shanl5 Oms'™ 9637 024 0.01 1.96 142 0997 -33.19 -33.31 -25.87
Shan20 Oms™ 93.10 030 0.16 001 0.02 055 1.02 0995 -3458 -30.96 -27.50 -22.10
Shan21 Oms' 9592 133 017 0.02 0.03 236 011 0984 -35.01 —24.59 -26.11 2427
Shan26 Ooms™ 91.07 0.15 3.04 553 0.998 -3827 —34.13 -21.56 -25.17
Shan30 Oms* 86.07 077 0.10 0.00 0.00 041 1201 0990 -33.06 —33.58 —-26.46
P;‘e’(‘fze;ic Shan34 Oums* 9790 082 0.06 0.02 001 069 047 0991 -33.99 —24.51 -22.42
Shan41 Oms'™” 98.14 151 020 0.07 0.04 0.982 -38.87 —28.67 —22.62 —20.40
Shan79 Oms 9655 0.08 045 279 0999 -37.25 -31.81
Shan84 Oums 9240 081 0.12 001 001 509 099 0990 -31.77 —28.49 —24.24
Shan106 Oms' 9829 022 0.03 037 1.06 0.998 -30.66 —37.53 —29.95
El Oms 9070 7.05 1.50 047 0.17 0.908 -40.50 —31.40 —-24.83
E5 Oms 9345 5.71 072  0.09 0942 -41.74 -28.76
Futan| Oms  91.59 039  0.06 559 238 0.995 -33.74 -37.49 -18.20
Lin2 Om 9425 131 019 0.02 002 151 262 0984 -3555 -25.57 -25.03
Liul31-12 Ty 60.15 1336 1669 186 533 0.12 0.606 —-36.67 —-35.25 3241 -3426 -31.62
Liul33-10 Ty 5864 1196 1552 1.83 575 044 253 0610 -4230 -37.48 -33.51 -3536 -32.37
Liu94-35 Ty 5681 1297 1781 198 520 0.05 286 0.589 -43.65 —37.16 -33.48 -34.60 -32.64
Ding31-7 Iy 5111  6.00 9.13 3.78 640 1.07 1597 0.669 -41.50 —35.00 -32.10 -31.50 -31.40
Sail Ty 4646 819 1234 244 387 0.64 2403 0.634 -52.57 —33.77 -32.38 -32.81
Sai34 Ty 8004 7.64 557 061 145 0.17 328 0.840 -49.46 —37.58 -33.65 -32.91
Quan36 Iy 92.50 234 032 0.5 0.05 0.10 449 0970 -59.69 -30.31 -25.57 -31.88
Mesozoic Ma254 Ty 98.08 0.34 036 122 0997 -48.00
Ma9-1 Ty 9547 086 0.60 024 044 012 163 0978 -4720 -33.70 —28.80 -31.40 -30.40
Hu401 Ty 9153 155 060 1.59 112 0.84 240 0950 -4820 -30.78 -30.16 -31.26
Hu43-10 Ty 5751 388 601 233 186 032 2038 0.803 -45.10 -35.60 -33.20 -32.80 -32.70
Cheng9-28 Ty 6521 1275 1028 134 224 143 585 0710 -47.46 -3629 -32.70 —-31.64
Luo35-34 Ty 3814 10.76 1556 337 10.18 0.18 10.80 0.489 —48.00 —38.50 —33.70 -32.40
Geng20 Iy 60.08 13.75 1634 183 396 173 0.616 -44.45 —37.65 -34.54 3451 -33.71
Xi34-42 Ty 53.85 1292 1083 203 493 065 986 0637 -49.60 -39.80 -34.5 -33.00
Zhuang22-21 Ty 5621 12.85 1130 342 263 021 418 0.651 -49.40 -38.40 -33.80 -34.00 -33.20
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Figure 2 Histograms showing the distribution of gas components: (a) the Upper Paleozoic; (b) the Lower Paleozoic and (c) the Mesozoic.
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Figure 3 Histograms showing the distribution of the ratios of C;/C;. and
C,/C; of natural gas in the Ordos Basin.

In the Upper Paleozoic, methane is in range of
82.34%—97.91%, with the dominant range of 92%—
96% and average of 92.97%; the average concentration
of heavy hydrocarbon is 4.61% and the dominant range
is 3%—6%; and the dry coefficients (C,/C;-s) range
from 0.847 to 0.992, with average of 0.952, indicating
coexistence of dry gas and wet gas.

The methane concentration in the Lower Paleozoic
gas is more than that in the Upper Paleozoic. Methane
accounts for 90.63%—98.29%, with the dominant range
of 93%—98% and average of 94.79%; the average con-
centration of heavy hydrocarbon is 0.93% and the
dominant range is 0— 1%; the average value of dry co-
efficient is 0.990, indicating dry gas.

By contrast, the methane concentration in the Meso-
zoic is the lowest. Methane concentration ranges from
26.37% to 98.08%, with the dominant range of 50%—
60% and average of 59.68%; the average concentration
of heavy hydrocarbon is 28.43% and dominant range is
20% —40%; the dry coefficients are in range of 0.380—
0.996 with average of 0.671, indicating wet gas.
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2.2 Nonhydrocarbon gas contents

The nonhydrocarbon gases in the Ordos Basin are mainly
CO; and N, and their contents are very low. The average
values of CO, in the Upper, Lower Paleozoic and the
Mesozoic are 1.07%, 2.60% and 0.76%, respectively. The
average values of N, in the Upper and Lower Paleozoic
are 1.33% and 1.70%, while the N, concentration in the
Mesozoic is slightly higher, with an average of 7.38%.

2.3 Ratio characteristics of some components of
gaseous alkane (e.g. C;/Cy+ and C,/C3)

To some extent, the component contents and their ratios
can indicate the origin of natural gas. Some useful ratio
indexes are listed in Table 2'"). As shown in Table 1, the
5"C, values of gas in the Upper and Lower Paleozoic
range dominantly from —40%o to —30%o, indicating with-
out biogenic gas''® ",

As shown in Tables 1, 2 and Figures 2, 3, the majority
of the ratios of C,/C; in the Upper Paleozoic are over 3,
and only few below 3. It could be concluded that the
Upper Paleozoic gases are derived mainly from humic
cracking gases if Table 2 standards are referred here. In
addition, methane concentration in the Upper Paleozoic
is mainly over 90%; the ratios of C/C;+ >0.95 account
for near 60%, and the rest of C,/C,+ are between 0.9—
0.95, indicating mixing of humic cracking gas and hu-
mic pyrolytic gas in the Upper Paleozoic reservoirs.

In the Lower Paleozoic, the majority of methane con-
centration and dry coefficients are over 95% and 0.95,
respectively. The ratio of C,/Cj is also more than 3. Ac-
cording to these characteristics, the Lower Paleozoic
gases are also mainly humic cracking gas.

The Mesozoic gases are mainly associated gas, with
the low methane contents. The dominant ranges for
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Table 2 Standard of component parameters "

Genetic type of natural gas Methane concentration (%) C/Ci—5 C,/Cs
Biogenic gas >95 095—1 >2
Oil-associated gas >50 0.5—0.9 09—35
Sapropelic pyrolytic gas
Condensate gas >60 0.6—0.9 0.9—3.0
Humic pyrolytic gas >80 0.70—0.95 0.8—3.0
Sapropel type cracking gas >95 095—1 1—3
Humic cracking gas >95 095—1 1.5—7
methane and dry coefficients are 50%—60% and 0.55— 1007 4
. . . ] Upper Paleozoic
0.7, respectively; the ratios of C,/C; are less than 3, in- 80 & Lower Paleozoic
dicating the Mesozoic gases would be different from the —~ ] & Mesozoic
Upper and Lower Paleozoic gases, and be derived E’z 60
mainly from sapropelic source as oil-type gas. § 40_'
g
3 Stable carbon isotopic compositions © 20- §
of natural gas in the Ordos Basin M = ,\\%\\\ﬁ ]
. - 60 -56 -52 48 44 40 -36 -32 -28
The chemical compositions of natural gas are usually 55C, (%)
affected by temperature, pressure, migration, occurrence, 1007 (b) 1007 ()
biodegradation and so on. When the origin of gas is only 1
determined by chemical composition, the result would 80 _ 807
be right but sometimes be wrong?". The stable carbon % 60__ Bf, 60-
isotope has been widely and commonly used for identi- g g
fying the gas origin. % 401 £ ;E—, 40
3.1 Carbon isotopes of gaseous alkane . 20-p3 1 20-
The carbon isotopes of 192 gas samples (85 gas samples 0_% § ‘

from the Upper Paleozoic reservoirs, 59 gas samples from
the Lower Paleozoic and 48 gas samples from the Meso-
zoic) were collected in this paper (Table 1, Figure 4).

The 6"C, values of the Upper Paleozoic gases are
—38.47%0 to —29.00%0, with average of —33.45%o. In
the Lower Paleozoic, the & 13C1 values are in range of
—41.74%o to —30.66%o with average of —34.18%o, which
is 0.731%o less than that in the Upper Paleozoic. As
shown in Figure 4(a), the 53¢, values of gases from
the Upper and Lower Paleozoic reservoirs are enriched

13C, and the dominant distribution is similar, from
—36%o to —32%o. Contrarily, the 5"°C, values of the
Mesozoic gases are enriched in '*C, ranging from
—59.69%o0 to —36.67%o, within dominant range of —50%o
to —42%o and average of —48.70%o. Dail'®!
the 6'°C, values of oil-associated gas should be
—55%0——45%0 and the heaviest 513C1 value could be
—40%o; the 513C1 values of condensate oil and gas
should be —45%0—

considered

—37%o. Thus, the Mesozoic gases

017 T
-40 -36 -32 -28 -24
& BC; (%e)

—40 -36 —32 —28 —24
8 13C, (%ee)
Figure 4 Histograms showing the distribution of & By, 8BC, and 5°C,

values of the gases from the Upper Paleozoic, Lower Paleozoic and
Mesozoic reservoirs in the Ordos Basin.

are mainly oil-associated gas, mixed with a slight of
condensate gas.

It is clear from Figure 4(b) that 5"°C, values of the
Upper Paleozoic gases are obviously heavier than those
in the Lower Paleozoic. The 6'"°C; values of the Upper
Paleozoic gases dominantly range from —28%o to —22%o
with average of —25.20%o, while 513C2 values in the
Lower Paleozoic dominantly range from —34%o to
—26%o with average of —30.09%o. The 5'°C, values of
the Mesozoic gases are less than those in the Upper and
Lower Paleozoic, with the dominant range of —40%o to
—34%0 and average of —36.70%0. Many scientists have
defined the standards of 513C2 values between coal-
formed gas and oil-type gas. For example, Zhang,
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Zhang™ and Dai'"**"! proposed that the standard of
st C, value is —28%o0, —29%0 and —28.8%o, respectively.
Accordingly, the gases in the Upper Paleozoic and
Mesozoic reservoirs are typically coal-formed gases and
oil-type gases, respectively. But natural gas with iso-
topically lighter ethane and heavier methane in the
Lower Paleozoic can hardly determine the gas origin.

As shown in Figure 4(c), the 5"°C; values of the Up-
per Paleozoic gases are a little heavier than those of the
Lower Paleozoic, and the & 13’C3 values of the Mesozoic
gases are the lightest among the three strata. The domi-
nant ranges of §"°Cs values of gases from the Upper,
Lower Paleozoic and Mesozoic reservoirs are —26%o —
—24%0, —28%0— —24%0 and —34%0—-32%o, respectively,
and their average values are —24.42%o, —25.75%0 and
—32.94%o, respectively. Zhang (1986) proposed that
5C5 values of coal-formed gas would range from
—26%o0 to —18%o and those of oil-type gas from —32%o to
—28%o. Dai!'”**! defined that §"°C; values of oil-type
gas would be less than —25.5%o. Thus, it is clear from
the 6"°C; values that gases from the Upper Paleozoic
and the Mesozoic are mainly coal-formed gas and
oil-type gas, respectively, consistent with the result
based on the standards of " C,and o 13 C, values. But,
the type of the Lower Paleozoic gas cannot be deter-
mined because the 5" C; values are distributed between
the standards of coal-formed gas and oil-type gas.

3.2 Difference of the §°C values of gases from dif-
ferent gas fields in the Upper Paleozoic

Based on the elevated 8'°C values, the Upper Paleozoic
gases are dominated by coal-formed gas. But it should
be noted that there is a little difference of the §"°C val-
ues among different gas fields in the Upper Paleozoic.
As shown in Figure 5, among three main gas fields in
the Upper Paleozoic, the 5"°C, values of gases from the
Yulin gas field are the lightest. It could be well ex-
plained that a few oil-type gases produced from the C-P
carbonates would be mixed in the Yulin gas field, be-
cause the C-P carbonates are mainly distributed in the
middle and east of the Basin and the Yulin gas field is
just located in the east of the Basin.

3.3 Discussion on the 513C2 and 613C3 values of the
Lower Paleozoic gas

As shown in Figure 6, the carbon isotope compositions
of gases from the Upper Paleozoic, Lower Paleozoic and

the Mesozoic are different in the Ordos Basin, suggest-
ing the different types of natural gases. Based on the
above, the Mesozoic gases are of oil-type gas, different
from the gases in the Upper and Lower Paleozoic reser-
voirs, but it is hard to well differentiate the genesis types
between the Upper and Lower Paleozoic gas.
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Figure 5 Chart showing the distribution of 53C, and 8%C; values of
gases from different gas fields in the Upper Paleozoic.
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Figure 6 Chart showing the distribution of §"°C;- §"°C,- 5"°C; of the

gases from the Upper Paleozoic, the Lower Paleozoic and the Mesozoic
reservoirs in the Ordos Basin.

As shown in Figure 6, there are two main differences
of the 6"°C, values between the Upper and Lower Pa-
leozoic gas: (DThe ranges of §"°C, values of the Lower
Paleozoic gases are wider than those of the Upper Pa-
leozoic, indicating that gas source would be single one
in the Upper Paleozoic but complex in the Lower Pa-
1eozoic[24]; @) The 5" C,and 0 13C3 values of the Lower
Paleozoic gases are much less than those in the Upper
Paleozoic. If & 13C2 = —29%o is considered as standard to

differentiate coal-formed and oil-type gas, the Upper
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Paleozoic gases are considered as coal-formed gas with
5"C;>-29%o0; but the Lower Paleozoic gases with both
st C>-29%0 and & 13C2<—29%0 are observed, thus, it is
hard to determine which type is dominant in the Lower
Paleozoic. Some scientists considered that the Lower
Paleozoic gases with §°C, <-29%. are of oil-type
gases' |, but that using 6"°C, values to determine gas
origin is only available for single source gas and not
available for multiple source gas. The complex carbon
isotopic characteristics of the Lower Paleozoic gases
suggest that the gases would be from multiple sources.
In combination with the previous achievement, the main
question will be discussed as follows.

Firstly, when the mixed gases are dominated by
coal-formed gas with a slight of sapropelic gases, the
5"C, values would become less than —29%o. This opin-
ion has been discussed, for example, Xial®! calculated
the changes of §'°C, values when the gases mixed with
different proportions, and proposed that §"°C, values
would show the characteristic of oil-type gas when the
mixing ratio of coal-formed gas and oil-type gas is less
than 8. Dai'''** considered that coal-formed gas con-
tained more methane and less ethane than oil-type gas,
so when they are mixed, the concentration of oil-type
ethane would be more than that of coal-formed ethane
and the 8" C, values of mixture would be similar to the
oil-type gas.

Secondly, fractionation including component frac-
tionation and isotope fractionation during migration
would lead to the change of carbon isotope®® ). Xjal*!
proved its existence that fractionation of mixed gases
(mixing of coal-formed gas and oil-type gas) would lead
5"C, values to be lighter and even show the character-
istics of oil-type gas.

Based on the above explanation, if the gases in the
Lower Paleozoic were mixed gases dominated by
coal-formed gases with a slight of oil-type gases and
mainly derived from the source rocks of the Upper Pa-
leozoic, it would be well understood why §"°C; values
of the Lower Paleozoic gases are similar with those of
the Upper Paleozoic but §'°C, values are much lighter.

That 513C3 values in the Lower Paleozoic less than
those in the Upper Paleozoic is also explained as similar
law above. But, the difference of 5'"°C; values between
the Upper and Lower Paleozoic is less than that of & Be,
values (8" Cavpper— "> Carower=4.783%o0, but 8" Csppper—

513C3Lower:1-241%0)a because the difference of 513C,,
values between coal-formed gas and oil-type gas from
different types of kerogen with similar maturity would
become less with the increase of carbon number'®!,

3.4 Discussion on the source rocks maturity and gas
origin

The 5'"°C;-R, (vitrinite reflectance) relationship could be
used to distinguish the humic and sapropelic methane,
and their regression equations are as follows:
57C1=14.121 gR,—34.39 (humic); §°Ci=15.801 gR,—
42.20 (sapropelic)**=!. Statistically, §'°C; values rang-
ing from —35.55%o to —30.66%o in the Lower Paleozoic
account for 86.44%. As shown in Figure 7, if these
86.44% gas samples are of oil-type gases, it could be
concluded that the R, values should be within range of
A"—B", more than 2.65%, and most more than 3%. But
the previous results indicated that R, values of the
Lower Paleozoic source rocks were in range of 2.07% —
2.68%, whereas the R, values of the Upper Paleozoic
source rocks are less. Thus, the oil-type gas should not
be the main type in the Lower Paleozoic. When methane
generated from humic source is assumed as a main
component, the R, values of gases with 51C, values
between —35.55%0—-30.66%o are in range of 0.83%—
1.84%, almost consistent with the R, values of the Car-
boniferous-Permian coal. Thus, methane in the Lower
Paleozoic should be derived mainly from C-P coal
measures. The &'°C; values of the rest gas samples in
the Lower Paleozoic are in range of —41.74%0—
—36.67%0. As shown in Figure 7, the R, values of the
rest gases calculated from the regression equation of
oil-type methane are in range of 1.1%—2.2%, similar
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Figure 7 "C,~R, chart discriminating humic methane and sapropelic
methane.

190 HU AnPing et al. Sci China Ser D-Earth Sci | May 2008 | vol. 51 | Supp. | | 183-194



with the thermal maturity of the Upper Paleozoic source
rocks, too. Accordingly, the methane in the Lower Pa-
leozoic should be derived dominantly from C-P coal,
mixed with a slight of oil-type methane from the Upper
Paleozoic sapropelic sources.

As shown in Figure 4, 0 ¢, values of the Upper Pa-
leozoic gases are a little heavier than those of the Lower
Paleozoic gases, so humic methane accounts for the
most part in the Upper Paleozoic which are of
self-generation and self-reservation.

In the Mesozoic, the majority of 5°C; values are less
than —40%o. Based on the 513C1—R0 relationship, it is
easily concluded that the gases are of oil-type gases.

3.5 Stable carbon isotope reversal of gaseous alkane

The carbon isotopic values of C; to C, alkanes can be in
a normal order of 513C1<§13C2<513C3<§13C4 or in a
reversal order (i.e, 513C1>513C2>513C3>513C4). If a re-
versal occurs only between two immediate homologues,
it is called a singular reversal. Likewise, a multiple re-
versal is usually referred if the reversal involves more
than two homologues. While the cause for singular re-
versal is simple, the situation for multiple reversal is
more complicated”®. Dai****! proposed four possible
reasons for stable carbon isotope reversal of gaseous
alkanes, involving the mixing of biogenic and abiogenic
gas, mixing of sapropelic and humic gas, mixing of
gases from two source rock intervals of similar kerogen
type but of different maturity (or from one source rock
unit of varying maturity), or microbial oxidation.

As shown in Figure 8(a), gases from the Sulige and
Wushenqi fields display a singular reversal of
Ssh C2>513C3, whereas gases in the Yulin field exhibit
singular reversal of & Bey>6Cy. A significant contribu-
tion from oil-type gas is excluded in the Sulige,
Waushenqi and Yulin fields, as they are produced mainly
from coal measures in the Lower Permian Shanxi For-
mation. As the Ordos Basin is one of the most tectoni-
cally stable basins in China and has experienced little
faulting, the mixing of biogenic and abiogenic gas is
incomprehensible. The component reversal of two im-
mediate homologues which exhibit carbon isotopes re-
versal does not happen in these gas fields, so microbial
oxidation is unlikely, either®*. Therefore, the most
likely cause for the singular isotope reversal of the Up-
per Paleozoic gases was the mixing of gases from humic
sources with different thermal maturity levels. Besides,
gases in the Upper Paleozoic display &'%iC4>8"nC,.
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Figure 8 Broken line graph of the carbon isotope of methane and its
homologues of gases in the Ordos Basin.

As shown in Figure 8(b), the Lower Paleozoic gases
exhibit the multiple reversals in carbon isotopes (i.e.
5BC>61C,, 68C,>8"C; and 5°C3>5"Cy), and the
reversal ranges in the Lower Paleozoic are wider than
those in the Upper Paleozoic. The isotope reversal for
propane and butane (i.e. §°C3>5"C4) is commonly
observed, the reversal for ethane and propane (i.e.
5C,>6"Cy) is few and for methane and ethane (i.e.
5C>6"Cy) is very rare. Fuxe® proposed that one
possible reason for this rare reversal for methane and
ethane is the increase in the proportion of gases with
high maturity formed during the later evolution stage.
But we propose that the possible reason for the rever-
sal of methane and ethane here should be mixing of high
maturity sapropelic and humic gas.

The stable carbon isotopes of methane to propane in
the Mesozoic is in a normal order of 513C1<513C2<
5"Cs, and only few samples show the single reversals
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of §"°C3>5"C, (Figure 8(c)). Some isotope reversals of
st C3>o 13’C4 are caused by the microbial oxidation be-
cause the gas displays components reversal of two
homologues which exhibit carbon isotopes reversal. For
example, the carbon isotope values of propane and bu-
tane from Well Hu 401 are —30.16%0 and —31.26%., and
the corresponding component contents are 0.6% and
2.71%, respectively (Table 1). The similar observation
occurs in Well Ma 9-1. The other isotope reversals of
5"7C3>6"C,4 may be caused by mixing of gases from
sapropelic sources of different maturity. Besides, in con-
trast to the carbon isotopic characteristics of butane in the
Upper Paleozoic, there is a reversal of §l3iC4<513nC4
observed from the Mesozoic (Figure 8(c)). The authors
considered the different isotopic characteristics for
n-butane and iso-butane between the Upper Paleozoic
and the Mesozoic may be caused by different types of
kerogen. The gases in the Upper Paleozoic were mainly
produced from humic type kerogen, whereas the gases in
the Mesozoic were from sapropelic type kerogen.

4 Gas-source correlations in the Ordos
Basin

Based on the chemical and carbon isotopic compositions
of gaseous alkanes, natural gases in the Upper Paleozoic
were derived mainly from humic sources, such as Car-
boniferous-Permian coal measures. There is also a slight
contribution of oil-type gases derived from the Upper
Paleozoic carbonates in Yulin gas field. The Mesozoic
gases are of mainly oil-associated gas, mixed with a lit-
tle condensate gas. The sapropelic source in the Triassic
Yanchang Formation is a main source.

However, there are several opinions about the source
of the Lower Paleozoic gases. Yang[z] proposed that the
Lower Paleozoic gases were the mixing of coal-formed
gases produced from the Upper Paleozoic source rocks
and oil-type gases derived from the Lower Paleozoic
sources, but did not point out which source was a main
contributor. Guan!® suggested that the gases in the Up-
per and Lower Paleozoic reservoirs were derived from
the same source due to the similar distribution of 5" C
values. Zhang!”! considered that the Ordovician gases
were migrated from the Upper Paleozoic, but Huang™
and Chen ™ considered that the carbonates in the Lower
Ordovician Majiagou Formation were the dominant
source for the Lower Paleozoic gases based on the 5°C,
values. Cai®® discussed the geochemical characteristics

of gas together with the effect of TSR, and pointed out
that the Ordovician gases were mixed gases produced
from the C-P coal measures and Ordovician carbonates.
Dai'! proposed that the Lower Paleozoic gases were
mixing of majority coal-formed gases produced from C-
P coal measures and minority oil-type gases from the
Upper Paleozoic carbonates.

Based on the above discussion, it could be concluded
that the Lower Paleozoic gases are dominated by
coal-formed gases produced from C-P coal, mixed with
a slight of oil-type gases. Two aspects about the source
of oil-type gases in the Lower Paleozoic will be dis-
cussed here. Firstly, based on the 5°C,-R, relationship,
the thermal maturity of the source rocks which produced
oil-type gases in the Lower Paleozoic did not reach the
maturity level of the Ordovician carbonates, but was
similar with the Upper Paleozoic source rocks. Secondly,
the organic-lean carbonates with an average of 0.22%
TOC in the Lower Paleozoic could not be the effective
gas source. Xial®"! considered that the Ordovician car-
bonates in Ordos Basin were a poor source; Liang™"
analyzed hydrocarbon potential of source in the Tarim
Basin, and proposed that the economic oil and gas dis-
coveries with a carbonate source occur mostly adjacent
to organic-rich source rocks (with TOC>0.5%); Zhang[39]
pointed out that no economic oil or gas field has been
encountered in the regions where the only possible
source rocks are carbonates with TOC<0.2%; Wang!*"
also proposed that carbonate with TOC=0.5% was a
available source; Tissot!"!! and Bjorlykke* suggested
that the TOC for carbonates as an active source for eco-
nomic gas and oil should be more than 0.3% and 0.5%,
respectively. Thus, the carbonates in the Lower Ordovi-
cian Majiagou Formation are unlikely a significant con-
tributor to the oil-type gases in the Lower Paleozoic,
whereas the carbonates in the Upper Paleozoic might be
a main gas source with TOC of 0.5%—3%.

5 Conclusions

The focus of the current investigation was the origin of
the gases in the Upper Paleozoic, Lower Paleozoic and
Mesozoic in the Ordos Basin. The chemical and stable
carbon isotopic compositions of gas samples from these
strata were discussed, and then the conclusions are
drawn as follows:

(1) In the Upper Paleozoic, the methane is a main
component, accounting for more than 90%; the ratios of
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C,H¢/C3Hg in most samples are more than 3; the o 13Cn
values are enriched in 13C, indicating the gases are
mainly coal-formed gases. The singular reversal in the
carbon isotopes of gaseous alkanes happen widely due
to the mixing of gases from III kerogen with different
thermal maturity levels. Besides, 5'°C, values of gases
from the Yulin gas field are a little lighter than those in
the other gas fields because there might be a little mix-
ing of oil-type gases in the Yulin field.

(2) In the Lower Paleozoic, the methane in most gas
samples account for more than 95%; the ratios of C,/C;
are more than 3; the §°C; values are heavy but & Be,
and 6"°C; values are much lighter, suggesting that the
Lower Paleozoic gases would be dominated by
coal-formed gases mixed with a slight of oil-type gases.
In the Upper Paleozoic, there is multiple reversal of
carbon isotopes especially very rare reversal for methane
and ethane (i.e. 513C1>513C2), which may be caused by
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