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A significant amount of natural gas resources has been discovered in the
Ordovician reservoirs under a thick layer of gypsum-salt strata as a result of
ongoing research into deep natural gas in China's Ordos Basin, however, the
genetic type and source of the Ordovician sub-salt natural gas remain
contentious. These limits understanding how the geochemical properties of
the natural gas in Ordos Basin have evolved and how to best guide future
exploration and development. Based on the components, carbon and
hydrogen isotopic ratios of natural gas from the latest exploration wells,
combined with the geological background, this study systematically analyzed
the genetic types and sources of sub-salt natural gas of the central and eastern
Ordos Basin. The results show that the Ordovician natural gas is mainly composed
of hydrocarbon gases with low content of heavy hydrocarbons and dryness (Ccpa/
Cchas+) above 0.95, belonging to typical dry gas. Non-hydrocarbon gases mainly
include N, and CO,, and some natural gas samples contained H,S. The Ordovician
sub-salt natural gas is primarily a self-generating and self-preserving oil-cracking
gas with relatively high maturity (Ro ranging from 1.5% to 2.1%) mixed with coal-
derived gas generated from upper-Paleozoic coal with relatively low maturity (Ro
ranging from 1.1% to 1.5%). Due to the dual-source hydrocarbon supply, the
Ordovician sub-salt reservoirs provide favorable gas accumulation conditions and
development prospects. This study offers a reasonable explanation for the
anomalous geochemical characteristics of the Ordovician sub-salt reservoirs in
the Ordos Basin, and also may serve as a guide for future exploration of natural gas
in the carbonate gypsum-salt sedimentary system in other basins.

KEYWORDS

genesis, natural gas, Ordovician, geochemical characteristic, Ordos Basin

Abbreviations: §°C, carbon isotopic composition of alkane; Ccpa/Cchay. dryness coefficient; GC, gas
chromatograph; Oim;, the 1st member of Majiagou Formation; Oims’, the 1st sub-section of the 5"
member of Majiagou Formation; Ro, vitrinite reflectance; TCD, thermal conductivity detector; TSR,
thermochemical sulfate reduction.
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1 Introduction

China is endowed with abundant natural gas resources, and its
onshore natural gas is mainly distributed in the Ordos Basin, Sichuan
Basin, and Tarim Basin (Fu et al,, 2019; Li et al,, 2019). By 2020, the
annual hydrocarbon production of the whole basin reached 7,900 x
10* t oil equivalent, making the Ordos Basin the largest producer among
all petroliferous basins in China (Li et al., 2018; Ren et al,, 2021a). At
present, the main natural gas reservoirs of the Ordos Basin are
concentrated in the upper Paleozoic and Mesozoic (Jia et al., 2014;
Li, 2021a). Exploration for hydrocarbons in the medium-shallow layers
of the Ordos Basin is now facing growing difficulties in discovering
major oil and gas accumulation (Zou et al., 2023). Therefore, it is of
great significance to explore deep and ultra-deep mature oil and gas for
stabilizing production and finding new domains (Li et al,, 2019; Zhao
et al., 2020; Dai et al., 2021).

The exploration of natural gas in the lower Paleozoic of the
Ordos Basin has been initiated long ago. In 1987, Well Sc-1 made the
first breakthrough in the weathering crust reservoir at the top of the
Ordovician in the central paleo-uplift and led to the discovery of the
Jingbian gas field (He et al., 2022). This solidly demonstrated the
favorable conditions of the lower Paleozoic for hydrocarbon
accumulation as well as its high exploration potential. Recently,
Wells Mt-1 and T-38 delivered high-rate industrial gas streams from

10.3389/feart.2023.1293648

layers below the thick gypsum salt formation, which further
expanded the potential field of natural gas exploration in the
Ordovician sub-salt and deep layers.

Numerous studies have been carried out on the genesis of the
lower Paleozoic natural gas in the Ordos Basin. Some claim that the
thick gypsum salt rock in the middle Ordovician has good sealing
performance, and the sub-salt natural gas is oil-type gas generated by
the low organic matter marine source rock in the lower Ordovician,
which belongs to self-generating and self-storing natural gas (Li
etal, 2017; Kong et al., 2019; Zou et al., 2023). Another view is that
the sub-salt low organic matter abundance marine source rock has a
limited hydrocarbon generation capacity and the natural gas is coal
derived gas generated from Carboniferous-Permian coal bearing
series and transported via lateral migration (Dai et al., 2014; Ren
et al., 2021b; Bao et al., 2023). There will be more doubt about the
distribution and development prospects natural gas when its genesis
and type remain unclear. The Ordovician sub-salt of the Ordos
Basin’s natural gas development will be severely limited as a result.
Thus, the genetic type, source, and accumulation mode of
Ordovician sub-salt natural gas are further analyzed in this study
based on the natural gas composition, carbon isotope, and hydrogen
isotope of the most recent exploration wells, along with the
geological features. This will provide scientific proof for the
exploration of Ordovician natural gas in the Ordos Basin.
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FIGURE 1

Structural units (A) and lower Ordovician stratigraphic column (B) of the Ordos Basin (Niu et al., 2019; Wu et al,, 2021, Modified).
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2 Geological background

The Ordos Basin is located in central China which tectonically
belongs to the western edge of the North China Block (Du et al,
2019; Fu et al, 2021a; Figure 1A). It is the second largest continental
basin in China covering an area of approximately 25 x 10* km* (Feng
et al,, 2016). The Ordos Basin can be divided into six structural units,
including the Western margin thrust fold belt, Tianhuan depression,
Yimeng uplift, Yishan slope, Weibei uplift, and Jinxi flexure belt (Fu et al,,
20065 Li et al,, 2021b). Among them, Yishan slope is the most important
tectonic unit for oil and gas accumulation. The sedimentary evolution of
the lower Paleozoic carbonate rocks in the Ordos Basin is mainly
controlled by a paleo-structural framework. From the late Cambrian
to the early Ordovician, the Wushengji-Jingbian area was uplifted by the
Yimeng paleo-uplift (Liu et al., 2021). Its periphery gradually dips toward
the sea and the lower Ordovician Yeli-Liangjiashan Formation is
deposited around the platform with a predominant lithology of
dolomite and siliceous dolomite. During this period, the subduction of
the Qinling-Qilianshan oceanic crust gradually uplifted and formed the
L-shaped central paleo-uplift, which controlled the Mizhi-Zizhou sub-sag,
the Yimeng paleo-land and Luliang low uplift (Fu et al,, 2021b; Ren et al,,
2021b). The Ordovician in the central and eastern Ordos Basin is
developed in the lower and middle series, and the upper Ordovician
was eroded by the uplift of the strata.

The lower Ordovician and middle Ordovician successively
developed Yeli Formation, Liangjiashan Formation and Majiagou
Formation from bottom to top (Figure 1B). According to its
sedimentary evolution characteristics, the Majiagou Formation is
divided into 6 members. The 1st (O;m,), the 3rd (O;m3) and the 5th
(O;ms) member of Majiagou Formation deposited at stage of
regression period, mainly developed argillaceous dolomite,
mudstone and gypsum-salt rock. O;ms can be divided into
10 sub-sections (O;ms'™'°) in terms of lithology. The 2nd
(Oym,), the 4th (O;ymy) and the 6th (O;mg) member of
Majiagou Formation deposited at stage of transgression period,
and the lithology is mainly micrite limestone (Wu et al, 2021;
Figure 1B). Due to the large sedimentary thickness and wide
distribution range of the gypsum-salt rock in the 6th sub-section
of the 5th member of Majiagou Formation (O;m;°), the Ordovician
Majiagou Formation is divided into suprasalt strata (O;ms'-O;ms’)
and sub-salt strata (O;m5°-O;m;). And this set of gypsum-salt rock
is also a good regional cap rock in the central and eastern part of the
basin. Ordovician Majiagou Formation is a marine source rock with
low organic matter abundance (Liu et al., 2016), which cannot meet
the standard of high-quality source rock in the traditional
hydrocarbon source evaluation system. However, this layer has
obtained high-rate industrial gas streams in wells Mt-1 and T-38
at present, so there are doubts about the natural gas source of the
Lower Paleozoic Ordovica in the Ordos Basin.

3 Sampling and analytical methods
3.1 Sampling

Seventeen gas samples were collected from producing wells
drilled into the Ordovician Majiagou Formation of the Ordos

Basin. Among them, 11 samples were acquired in the O;m;*',
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5 samples in the O;my, and 1 sample was taken from the O;mj;.
Natural gas samples were obtained using high pressure steel
cylinders with valves at both ends. The cylinders were flushed
with natural gas at the high-pressure wellhead for 10-15 min to
remove air prior to sampling. The composition of the gas samples, as
well as their carbon and hydrogen isotopic ratios were measured
within 15 days after sampling. In order to compare with Ordovician
natural gas, this study collected natural gas geochemical data of
17 wells from upper Paleozoic in the Changqing Oilfield.

3.2 Analytical methods

The collected gas samples were tested at the PetroChina
Research Institute of Petroleum Exploration and Development
Langfang Branch, China. Gas compositions were analyzed via an
Agilent 6890 N Gas Chromatograph (GC) installed with a thermal
conductivity detector (TCD), using helium (He) as the carrier gas.
Individual gases were segregated by the PLOT Q capillary column
equipped with the size of 30 m x 0.53 mm x 25 pum. The inlet
temperature was set at 150°C and the TCD temperature was 200°C.
The programmed GC oven had an initial temperature of 40°C which
was held for 7.5 min, then raised to 90°C at a rate of 15°C/min, and
finally raised to 180°C at a rate of 6°C/min.

The carbon isotopic compositions of gases were determined on a
Delta S isotopic mass spectrometer (Thermo Fisher Scientific)
equipped with an Agilent 6890 N GC. Individual hydrocarbon
gas compound (C;-Cs) was separated using a HP-PLOT Q
capillary column with the size of 30 m x 0.32 mm X 20 pm. The
GC oven was initially held at 30°C for 5 min, followed by raising to
80°C at a rate of 8°C/min and then to 170°C at 5°C/min, and finally to
270°C at 6°C/min. The oxidation oven temperature for converting
individual hydrocarbon compounds to CO, was 950°C.

The hydrogen isotopic compositions of gases were measured by
a MAT253 isotopic mass spectrometer (Thermo Fisher Scientific)
equipped with a Trace GC Ultra™ using the gas chromatography
pyrolysis interface and the removing water device. Helium was used
as the carrier gas equipped with a 30 m x 0.32 mm x 20 um HP-
PLOT Q column was used with flow rate of 1.4 mL/min. The inlet
temperature was set at 180°C. A split injection mode (split ratio 1:7)
was used for the methane hydrogen isotope measurement and a
splitless injection mode for the ethane and propane hydrogen
isotopes. The initial temperature was 40°C and held for 5 min,
then heated from 40°C to 80°C at 5°C/min, from 80°C to 140°C at
10°C/min and from 140°C to 260°C at 30°C/min, respectively. The
temperature of the pyrolysis oven was 1,450°C, and gaseous
hydrocarbon components were transformed into C and H,. The
H, went into mass spectrometer to be measured. The 6D was
calculated relative to V-SMOW. The
precision of hydrogen isotope value are less than +3%eo.

reproducibility and

4 Results
4.1 Natural gas composition

The hydrocarbon composition of the Ordovician natural gas in
the Ordos Basin was predominately CH, with a large variation
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TABLE 1 Composition and isotope of natural gas in the Ordos Basin.

Well  Formation Natural gas components (%) Dry 8"C (%o), V-PDB
cofficient
CHe GsHg N, CO, H,S (Cena/ CH; GCyHg GCsHg
CCH4+)

Sh-373 Oym® 9245 | 0.24 002 | 000 228 500 0.99 ~3435 | -33.65 -26.84
$-381 0,m5° 9243 0.14 001 000 398 344 0.99 -35.95 | -34.51
T-45 0yms° 9503 | 073 005 | 099 260 151 0.98 -39.10 | -35.60 2670 -24.70
L-72 0,m;5° 8720 0.8 002 000 614 646 0.99 -33.06 | -34.33 | -3LI11
L-87 0Oyms” 7848 | 0.29 003 | 000 1108 10.11 0.99 -33.46 @ 3504 -32.82
T-74 Oymy’ 8862 073 012 099 831 08 127 0.98 -39.50 | -29.90 | -21.70 = -20.20
T-75 Oym5” 85.04 | 1.59 030 | 098 230 9.02 0.97 -3240 @ -22.60  -2240 -21.80
T-58 Oymy’ 8296  0.05 003 100 185 241 1273 0.99 ~33.40
Tg-37 0ym;'* 88.05 | 0.08 001 | 001 567 617 0.99 -3820 3071
T-38 0;m;"° 89.41 | 0.19 019 100 017 014 990 0.98 -36.90 | -25.60
JT-1 0ym;'° 8568 | 0.01 036 | 100 028 026 1331 0.98 -36.62  ~23.00 -153  -120 | -101
T-36 Oymy 9243 | 078 014 | 008 272 381 0.99 ~34.54 | -24.65 2449
Tg-51 Oym, 92.10 | 1.20 0.40 195 = 021 501 0.98 -4230 | -25.90 @ -23.14 -158  -112 | -102
M-104 Oymy 9771 | 1.03 0.29 022 027 0.99 -4226 | -2538  -20.53
Mt-1 Oym, 9327 3.08 097 081 086 052 349 0.95 -4480 -27.70  -2510 | -23.80 -171 @ -125  -115
T-37 Oym, 88.05 | 0.08 0.01 567 617 0.99 -3820  -30.71
T-90 Oym; 9486 | 113 0.11 043 | 020 330 0.99 —41.50 | -30.50 —26.30
S-1 P;s 9157 | 4.52 0.89 071 078 0.94 -3437 | -2213 | -21.77
S-6 Pix 88.81 583 1.26 080 | 2.64 0.93 -33.54 | -24.02  -24.72
S-14 Pix 9637 | 1.66 0.40 070 125 0.98 -32.54 | -23.17 | -23.77
$-33 Pix 91.69 = 4.26 091 143 087 0.95 -3231 | -2523  -23.79
$-36 Pix 89.49 | 5.41 1.16 093 076 0.93 ~33.40 @ -24.70 @ -24.40
T-5 Pix 91.75 | 5.1 0.92 105 | 077 0.94 -33.05 | -23.57  -23.72
T-6 Pix 93.40 | 276 0.36 227 057 0.97 ~29.00 = -25.00 = -27.00
Sh-141 P;s 9412 | 3.40 0.50 061 114 0.96 -3370 | -2630 —24.30
Sh-143 P;s 9347 | 3.90 0.63 035 117 0.95 -33.57 | -25.98 | -24.42
Y-35 P;s 9532 | 2.67 0.34 003 145 0.97 -31.55 | -24.87  -23.69
Y-44 P;s 95.65 | 2.65 0.32 069 057 0.97 -32.80 | -25.50 = -23.80
Sh-215 Pix 93.60 | 3.79 0.55 046 076 0.96 -3290 @ -26.00 = -24.00
Sh-241 Px 9270 | 3.9 0.68 173 | 049 0.95 -32.60 | -24.10 @ -24.20
Sh-243 Pix 90.85 | 5.46 1.03 1.55 | 0.54 0.93 -3500  -24.00 -23.60
W-22 Pix 9297 | 427 0.76 087 | 074 0.95 -32.60 | -23.70 2420
Y-19 Pix 9279 | 3.90 0.64 177 | 050 0.95 ~3450 | -23.70 @ -24.70
Y-24 Px 9277 | 421 0.63 143 | 0.64 0.95 -3220 | -23.50 @ -24.90

content of heavy hydrocarbons (Table 1). The average content of  of CHy and heavy hydrocarbon of natural gas from O;m;*'" is
CH,4 and heavy hydrocarbon of natural gas from O;m;-Oymy is  88.43% and 1.25%, respectively, with dryness coefficient above
91.52% and 1.32% respectively, with dryness coefficient (Ccpa/  0.97 which also represents a typical dry gas (Figure 2). In
Ccra+) above 0.95 which is typical dry gas. The average content  contrast, the CH, content of natural gas from the upper
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C}HK

Relative proportions of gas components of Ordovician natural gas in the Ordos Basin.

Paleozoic ranged from 88.81% to 96.37% with an average of 92.78%,
while the average content of heavy hydrocarbon content was 4.7%
with the dryness coefficient ranges from 0.93 to 0.98 (average 0.95)
which indicates the predominance of dry gas.

Non-hydrocarbon components of the natural gas mainly
include N, and CO,. Some Ordovician natural gas samples
contain H,S ranging from 1.27% to 13.31%. According to the
classification standard of H,S content in natural gas, these
samples belong to minor to high H,S content natural gas
(Zhu et al,, 2004). The N, and CO, content in the upper
Paleozoic natural gas were relatively low with average
content of 1.02% and 0.92%, respectively, while that
Ordovician natural gas was considerably higher with average
content of 3.96% and 3.82%, respectively. Littke et al. (1995)
carried out simulations of the N, production of organic matter
with different maturities, which showed that the production
rate of N, increased with thermal maturity. Subsequently, many
scholars (Liu et al., 2007; Shen et al., 2019) investigated the
genesis of N, in the lower Paleozoic natural gas of the Tarim and
Sichuan Basins and commonly accepted that high N, content is
mainly generated from muddy carbonate rocks at high to over
mature stage. In general, the content of CH, increases with the
increasing thermal maturity of source rocks at mature to over
mature stages, and so does the dryness. Figure 3 shows that the
N, content and dryness of the Ordovician natural gas were
significantly higher than those of the upper Paleozoic natural
gas, which is mainly caused by thermal maturity of the natural
gas and its sources material types.

4.2 Carbon isotope compositions
The carbon isotopic composition of methane (8'°C;) of gas

samples collected from the upper Paleozoic in the Ordos Basin
ranged from —35.0%o0 to —29.0%o with an average of —32.9%o,
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FIGURE 3
Relationship of Ccpya/Ccpar and N, of natural gas in the Ordos
Basin.

8”C, ranged from -26.3%0 to -22.1%0 with an average
of —24.4%o, and §"C; ranged from -27.0%o to —21.8%o with
an average of —24.2%o. For the natural gas from O;m;°'%, §"°C,
ranges from —44.8%o to —34.5%0 with an average of —40.18%o,
8°C, ranges from -39.4%0 to -22.6%c with an average
of =32.1%o0, and 8"°C; ranges from —32.8%o to —21.7%o with
an average of —24.2%o. The §"°C, of natural gas from O;mj; and
O;m, ranges from -44.8%o0 to -34.5%o with an average
of —40.2%o, 8'°C, ranges from —-31%o to —24.7%o with an
average of —28.2%o, and §"°C; ranges from —26.3%o to —20.5%o
with an average of —24.2%o. The carbon isotopic composition of
alkane gas in the Ordos Basin shows that the natural gas derived
from the upper Paleozoic has the heaviest carbon isotopic value,
while that from O;mj; and O;m, has the lightest carbon isotopic
value, and that from O;m;*"°
(Table 1).

is between the above them
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5 Discussion
5.1 Genesis of natural gas

The carbon isotope composition of organic natural gas is
characterized by the trend §"°C, < §"°C, < §"C; < §"°Cy4, which
is referred to positive carbon isotope sequence, while inorganic
natural gas features §"°C; > §"°C, > 8C; > §"°C, is referred to the
negative carbon isotope sequence (Dai, 1992). The carbon isotope
ratio of alkane gas is a widely used and relatively full-fledged
indicative parameter of the genesis, maturity, and gas source
correlation of natural gas (Boreham and Edwards, 2008; Burruss
and Laughrey, 2010). The causes of an inverted carbon isotope ratio
distribution for alkane gas are mainly the following: (1) mixed gas of
organic and inorganic alkane gases, (2) mixed gas of oil type and coal
generated gases, (3) mixed gas of the same source at different stages
or the same type with different source rocks, (4) oxidation of one or
more components of alkane gas by bacteria and (5) thermal sulfate
reduction (Dai et al., 2003; Tilley and Muehlenbachs, 2013). The
natural gas in the Ordos Basin predominately features a positive
carbon isotope sequence. The natural gas from O;mj; and O;my
presented a positive carbon isotope sequence, while those from

Olmsﬁfl()

and the upper Paleozoic featured the partial carbon
isotopic reversal, such as samples L-72, L-87, and S-323 with
8C; > 8”C, < 8C;, and Su-1, S-241, and Y-24 with §°C; <
8°C, > §"Cs. The hydrogen isotope of CH, of natural gas in the
Ordos Basin was between —171%o and —153%o (Table 1), and carbon
isotope of C,H was between —39.4%o and —22.1%o, which suggested
typical organic gas.

Although carbon isotope fractionation occurs during long
distance migration of natural gas (Prinzhofer and Huc, 1995).
The thickness and wide distribution of the gypsum salt rock in
the O;m;® has excellent sealing ability and the carbonate
reservoirs under the gypsum salt rock have low physical
properties which belong to tight reservoir (Wu et al., 2021). It
is difficult for the gas to migrate and upper Paleozoic coal derived
gas to pour into the carbonate reservoirs. Therefore, the carbon
isotope reversal of Ordovician sub-salt natural gas was mainly
caused by secondary reaction and the mixing of gases generated
by different source rocks.

According to the kerogen pyrolysis model, alkane gas of single
source shows a linear relationship between the carbon number (1/n)
and 6”C, (Chung et al., 1988). The changes in the slope of the
regression line can be used to identify mixing between different
types of gas at different maturation stages or biogas mixing and
monitor the effects of methane leakage (Rooney et al., 1995). The
upper Paleozoic gas in the Ordos Basin presented similar
distribution characteristics and high linearity of §"°C, versus 1/n
(Figure 4A), which indicated that the natural gas was generated by
the same source rocks. The carbon isotope of the gas from O;mj3 and
O;my varied greatly and the linearity between 8" C, and 1/n was
relatively high, which implied less gas mixing (Figure 4B). As for the
gas from O;m;° ', the correlation linearity between §'°C,, and 1/n
was low (Figure 4C), suggesting that the natural gas was mixed gas
generated by different source rocks or experienced strong secondary
action.

Based on experimental simulations, Bernard et al. (1978)
proposed to use the 8°C, versus C,/(C, + C;) plot to distinguish
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different types of natural gas generated by kerogen and this plot has
been extensively applied to the genesis identification of natural gas in
different basins (Whiticar, 1999). The §C; versus C;/(C, + Cs)
plate showed that the Ordovician natural gas in the Ordos Basin
mainly originated from type-II kerogen with high maturity and
mixed with some natural gas derived from type-II and III kerogen.
Moreover, the upper Paleozoic natural gas clearly originated from
type-III kerogen with relatively low thermal maturity (Figure 5).
Based on the isotopic statistics of natural gas from different basins of
China, Li et al. (2017) claimed that the (§°C,-8"C;) versus §°C,
plot can distinguish oil-type gas from coal derived gas and used this
plot to identify different gas geneses. As illustrated in Figure 6, the
upper Paleozoic natural gas in the Ordos Basin was a typical coal
derived gas, while Ordovician natural gas was mainly oil-type gas
and only part of mixed gas with coal derived gas.

According to the genesis and planar distribution of the natural
gas in the central and eastern Ordos Basin, it was found that the
Ordovician coal derived gas was primarily distributed near the
L-shaped with  8“C,
than —28%o, which was similar to that of the upper Paleozoic

central paleo-uplift usually greater
natural gas. Meanwhile, the Ordovician natural gas in the mid-
eastern Ordos Basin is oil-type gas with §"°C, less than —28%o.
During the early Ordovician, the oceanic plates to the north and
south dove below the North China plate, which led to the continuous
uplifting of the crust of the southwestern Ordos block and the
central paleo-uplift with its L-shaped planar morphology (Fu et al.,
2021b). Subsequently, rapid transgression during the Ordovician
deposited the thick carbonate rocks of the Majiagou Formation and
widely spread across the basin. During the middle and late
Ordovician, owing to the Caledonian movement, the north China
continental plate as a whole was uplifted and the Ordos Basin was
subjected to weathering, leaching, and denudation for hundreds of
millions of years, which resulted in a thick karst weathering crust
unconformity near the central paleo-uplift (Shao et al., 2019; Ren
2021b). The
Carboniferous, and thick coal bearing formation system in the
littoral widely  deposited
unconformity surface of the Majiagou Formation (Yang et al,

et al, deposition was suspended until the

swamp facies was above the
2013). The unconformity formed during the Caledonian period
was not only the dominant channel for hydrocarbon migration but
also a high-quality reservoir. Near the central paleo-uplift, the coal
derived gas was generated by the upper Paleozoic coal bearing
system laterally connected with the unconformity surface of the
Majiagou Formation. Therefore, the natural gas continuously flowed
into and charged the formation which manifested as the current

mixed gas of oil type and coal derived gas.

5.2 Types of natural gas

There are two ways to generate organic thermogenic natural gas,
and one is the primary cracking of kerogen and the other is cracking
of oil or wet gas (Behar et al, 1922). Based on gas generation
simulations under a gold tube system, a new discrimination plot of
In (C,/C,) versus In (C,/Cs) for gases of kerogen thermal cracking
and oil thermal cracking at different thermal maturation stages was
established and used widely with good application performance (Xie
et al,, 2016). According to this plot, the Ordovician natural gas was
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Relationship between C;/C,,3 and §**C; of natural gas in the
Ordos Basin (Bernard et al., 1978, Modified)

mainly oil cracking gas with the maturity higher than 1.5%
(Figure 7), while the upper Paleozoic natural gas was kerogen
degradation gas with the maturity of 1.0%-1.5%. Previous studies
showed that carbon isotope of CH, in organic thermogenic gas is
mainly dependent on maturity (Dai and Qi, 1989). According to the
regression equation (8"°C; = 15.80lgRo-42.20) between the maturity
of natural gas and CH, carbon isotope ratio for oil-type gas
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Ordos Basin (Li et al.,, 2017)

(Dai, 1992), the maturity of the gas from O;m; and O;m, was
between 1.6% and 2.1%, while that from O;ms*"'° was 1.2%-2.1%.
Furthermore,  according to  the regression  equation
(8"C, =14.121gR0-34.39) between the maturity of natural gas
and CH, carbon isotope for coal derived gas (Dai and Qi, 1989),
the maturity of gas in the upper Paleozoic ranged from 1.1% to 1.4%,
while the maturity of gas from O;ms*" ranged from 0.8% to 1.2%,
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which suggested that the natural gas from O;m;°'* was mixed by
some coal derived gas from the upper Paleozoic coal.

5.3 Sources of H,S

TSR occurs via chemical reactions involving hydrocarbons or
organic matter at high temperatures, which consumes heavy
hydrocarbons in natural gas and produces acidic gases such as
H,S and CO, (Hao et al., 2008; Tilley and Muehlenbachs, 2013).
Numerous studies have been carried out on the H,S of natural gas
from the lower Paleozoic carbonate rock in the Sichuan and Tarim
Basin, which show that TSR leads to a decrease in heavy
hydrocarbon content of natural gas and increases in dryness and
8"°C, value (Xie et al., 2021). There was no H,S in upper Paleozoic
natural gas of the Ordos Basin, which was primarily due to the fact
that the upper Paleozoic natural gas reservoir is clastic rock. Some
natural gas samples from Ordovician sub-salt of Majiagou
Formation contained medium to high content of H,S with high
content of CO,, such as Mt-1. Figure 8A shows that with the
increasing H,S content, §'°C, grows heavier and so does the gas
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dryness (all greater than 0.96), which mainly due to the TSR of

carbonate rocks in the presence of heavy hydrocarbons.
Furthermore, the range of §"°C; and C,/C,,; for upper Paleozoic
natural gas were narrow, while those for the Majiagou Formation
were large (Figure 8B), which also indicated that TSR occurred in the
presence of heavy hydrocarbon gas in the Majiagou carbonate

reservoir.

5.4 Accumulation of ordovician sub-salt
natural gas

The genesis of Ordovician natural gas suggests that the
has hydrocarbon
accumulation conditions owning to dual source hydrocarbon

Ordovician  sub-salt reservoir favorable
supply. Near the central paleo uplift, the Ordovician sub-salt
reservoir directly contact with the upper Paleozoic coal, and the
coal derived gas enters this high porous permeable dolomite
reservoir through the fault and high porosity dolomite transport
system, forming a source storage configuration of upper generation
and lower reservoir. While on the east side of the central paleo-uplift,
the Ordovician sub-salt reservoir is separated by thick overlying salt
rock which plays the role of cap rock. Therefore, the Ordovician
marine source rock is the main source rock and forms a typical self-
generating and self-accumulating oil-type gas reservoir.

From the perspective of source reservoir cap configuration, the
dolomite of Oymy in the western part of the basin is thick, and
gradually thins to the east. Although the western reservoir has large
thickness, good physical properties and connectivity, it is directly
contact with the upper Paleozoic coal and difficult to form effective
traps due to the lack of overlying cap rocks and lateral sealing in the
upward direction, which mainly plays the role of hydrocarbon
supply window. While in the central and eastern part of the
basin, the gas bearing property gradually becomes better with the
development of overlying gypsum-salt cap rock. Therefore, the cap
rock and preservation condition are very important for the
Ordovician sub-salt gas accumulation (Figure 9). According to
the trap forming conditions, O;m, changes from dolomite facies
to limestone facies from west to east (Ren et al., 2017). Under the
paleotectonic background of high in the east and low in the west
during the late Jurassic to early Cretaceous accumulation period, it is
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Gas accumulation pattern of Ordovician sub-salt reservoir of central eastern Ordos Basin (See Figure 1A for the location).

very conducive to the formation of dolomite lithologic traps and the
formation of favorable areas for gas accumulation in large scale
lithologic traps. Therefore, there is a good potential for natural gas
exploration in Ordovician Sub-salt reservoir of central eastern
Ordos Basin.

5.5 Implications for hydrocarbon
exploration and development

The Ordovician sub-salt in Ordos Basin is a new exploration
field. Through the analysis of the genetic types of natural gas, it is
showed that the sub-salt natural gas is mainly derived from its own
marine source rocks, which indicates that the sub-salt source rock
has the basis of hydrocarbon accumulation. Besides, the sub-salt
strata also have coal-derived gas generated from upper Paleozoic
coal and forms the upper source and lower reservoir gas fields near
the central paleo uplift. Owing to dual source hydrocarbon supply
and thick layer of gypsum salt rock as good regional cap rock, the
Ordovician sub-salt has good natural gas accumulation conditions
and is the promising field of natural gas exploration and
development in Ordos Basin.

Our results offer a reasonable explanation for the anomalous
geochemical characteristics of the Ordovician sub-salt reservoirs in
the Ordos Basin, supporting the view that the Ordovician sub-salt
natural gas is mainly generated by lower Ordovician Marine source
rocks with low organic matter. This study further makes clear that

Frontiers in Earth Science

the Ordovician sub-salt natural gas is mainly oil-cracking gas with
high maturity distributed in the central eastern Ordos Basin while
the mixed gas near the central paleo uplift. Overall, the Ordovician
sub-salt layers have good condition of gas accumulation owing to
dual source hydrocarbon supply and the special sealing effect of
evaporated gypsum rock.

Evaporated gypsum-salt rocks and oil and gas bearing properties in
sedimentary basins are closely related. For example, the Paradox Basin
and Green River Basin in the northwestern United States, Badenian
evaporite basin of the Carpathian foredeep and Gulf of Mexico widely
developed evaporites, which not only have good effective sealing effect,
but also have good configuration relationship with source rocks and
reservoirs in time and space and forms many large oil and gas fields
(Jowettet al., 1993; Kasprzyk, 2003; Warren, 2010). The work we have
done for the Ordos Basin will serve as a guide in the future when it
comes to the exploration of natural gas in the carbonate gypsum-salt
sedimentary system in these petroliferous basins, especially in the
carbonate strata where the abundance of organic matter is low.

6 Conclusion

The natural gas of Ordovician sub-salt in the central eastern Ordos
Basin was typically dry gas which is mainly high to over mature oil-
cracking gas mixed with a small quantity of mature kerogen degradation
gas. Non-hydrocarbon gases were predominately N, and CO,, and a few
samples contained H,S which was generated from TSR.
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The carbon isotope ratio of alkane gas in the Ordovician sub-salt
mainly shows §”°C; < §"°C, < 8"*C; < §"°C, (positive carbon isotope
sequence), while some samples exhibit partial reversal (8"°C; <
8”C, > 8VCs, and §"C, > §"C, < 8"C;) which was mostly
caused by mixing with coal derived gas sourced from upper
Paleozoic and gas with different thermal maturities and TSR.

The natural gas of Ordovician sub-salt has good hydrocarbon
accumulation conditions owning to dual source hydrocarbon supply
and good regional gypsum cap rock. Oil-cracking gas is mainly
distributed on the east side of the central paleo-uplift, while the coal-
derived gas and mixed gas distributed near the central paleo uplift.

This study provides a reasonable explanation for the anomalous
geochemical characteristics of the Ordovician sub-salt reservoirs in
the Ordos Basin. It also offers that the deep Ordovician sub-salt
layers have huge exploration potential for Ordos Basin natural gas
exploration. Our work may serve as a reference for future
investigations into natural gas in other basins’ carbonate gypsum-
salt sedimentary system.
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