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Abstract: Interactive depositional systems of marine carbonates and gypsum salt rocks are closely
related to natural gas reservoirs. Despite continuous progress in the exploration of new areas of
marine carbonate genesis within the Ordos Basin, the source and mechanism of “sub-salt” natural gas
genesis remains controversial. In this study, we investigated natural gas genesis through geochemical
analysis of Lower Paleozoic natural gas samples from the mid-eastern Ordos Basin, obtaining natural
gas composition data and carbon/hydrogen isotope compositions. We found evident differences
between the geochemical characteristics of “sub-salt” and “post-salt” natural gas; the methane carbon
isotope signature of “sub-salt” natural gas was lighter overall than that of “post-salt” natural gas,
while the ethane carbon isotope composition of the former was more widely distributed and partially
lighter than that of the latter. Combining these data with the regional geological background and
existing geochemical data, it is evident that Ordovician “post-salt” natural gas comprises a composite
of Upper Paleozoic coal-type gas and Lower Paleozoic oil-type gas, with the oil-type gas accounting
for the largest proportion. In contrast, the “sub-salt” natural gas was formed and preserved within
the Ordovician marine carbonates or sourced from deeper and more ancient hydrocarbon source
rocks. Geochemical anomalies, including light methane carbon isotopes and ethane carbon isotopes
with coal-type gas characteristics, are closely related to the prevalence of thermochemical sulfate
reduction during hydrocarbon formation and reservoir formation of natural gas in “sub-salt” strata.

Keywords: Majiagou Formation; thermochemical sulfate reduction; marine carbonate rock;
Ordos Basin

1. Introduction

The Ordos Basin is one of the key basins for marine carbonate oil and gas exploration
in China [1]. Since the discovery of natural gas reservoirs in Upper Ordovician weathering
crusts in 1989, there has been continuous exploration and a series of new discoveries [2].
However, the focus has previously been on exploring weathering crust-related natural
gas in the Lower Paleozoic Majiagou Formation, and the “sub-salt” stratigraphy of the
Majiagou Formation is still in the stage of continuous exploration [3]. In 2021, the eastern
exploration well, Mitan-1, obtained high-yield industrial gas flow in the fourth member of
the Majiagou Formation, signaling a new phase of “sub-salt” gas exploration in the eastern
part of the basin [4].

However, current geochemistry-related studies on the natural gas components, carbon
and hydrogen isotope compositions, and other geochemical correlations are insufficient for
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the in-depth exploration of the “sub-salt” gas reservoir (Ma5c-Mal). Controversy remains
surrounding the source and mechanism of genesis; some scholars suggest that the “sub-salt”
natural gas may come from the marine hydrocarbon source rock of the Majiagou Formation
(i.e., formed and preserved in this formation without transport) [5], while others argue
that Lower Paleozoic oil-type gas mixed with Upper Paleozoic coal-type gas to form the
Ordovician natural gas [6]. However, there is currently no qualitative understanding as to
which point of view is correct.

In this study, Ordovician natural gas samples from the mid-eastern part of the Ordos
Basin were analyzed to obtain their natural gas components, along with their alkane carbon
and hydrogen isotope compositions. Using these data combined with existing natural gas
geochemical data from the region, this contribution comprehensively discusses the sources
and genesis of Ordovician natural gas in the mid-eastern part of the basin and integrates the
regional geological tectonic background and characteristics of hydrocarbon source rocks.
Through discussion of the heavy hydrocarbon carbon isotope anomalies of the Ordovician
“sub-salt” natural gas in the Lower Paleozoic strata of the Ordos Basin, this study helps to
clarify the indicators of different sources of Paleozoic natural gas in the basin; at the same
time, it provides a scientific basis for further exploration and resource evaluation of deep
natural gas.

2. Geological Background
2.1. General Geology

The Ordos Basin is located in central China (Figure 1), bordered by the Yinshan
Mountains to the north, Qinling Mountains to the south, Luliang Mountains to the east,
and Helan Mountains to the west. It is approximately rectangular in shape, being broad
and shallow in the east, steep and narrow in the west, and asymmetrical in the north-south
direction [7]. It contains six first-order tectonic units, i.e., Yimeng uplift, Western margin
thrust belt, Tianhuan depression, Yishan slope, Jinxi fault-fold belt, and Weibei uplift.
Among these, the Yishan slope is a westerly dipping, gently sloping, monoclinal structure,
comprising the main area of oil and gas enrichment [8]. During the Early Paleozoic, the
Ordos Basin was part of the epeiric sea of the North China Platform. The Weibei uplift
developed in the southern part of the basin, and the Yimeng uplift developed in the
northern part. A paleo-uplift formed in the central part of the basin, distributed in an “L”
shape towards the north and south. This played a decisive role in controlling the separation
of the North China epeiric sea and Qingi trough. The western area of the central paleo-uplift
mainly experienced carbonate rock deposition, and the eastern area experienced carbonate
and gypsum salt rock deposition [9].

The Ordos Basin developed two sets of gas-bearing assemblages in the Paleozoic:
Upper Paleozoic (Carboniferous—Permian) tight sandstone gas reservoirs and Lower Pa-
leozoic (Ordovician) carbonate gas reservoirs [10]. The hydrocarbon source rocks of the
Carboniferous-Permian tight sandstone gas reservoirs are coal and dark mudstone, which
are relatively uniformly distributed within the basin; these are the main hydrocarbon source
rocks of the basin and are relatively thin in the central part of the basin and thicken towards
the west and east [11]. The coal-derived hydrocarbon rocks have entered a high maturity
stage in most parts of the basin, with an overall trend of relatively low maturity in the north
and east and relatively high maturity in the south and west. The mechanism of natural gas
formation and storage is relatively evident; the gas has either been generated and preserved
within these Carboniferous-Permian strata or generated in older strata and transported to
these younger strata at a later stage [12].

The Ordovician marine carbonate gas reservoirs can be divided into two sets of gas-
forming assemblages, “post-salt” and “sub-salt”, based on the high-quality isolated gypsum
rocks of the fifth sub-member in the fifth member of the Majiagou Formation (Ma5s). The
“post-salt” assemblage (Ma5;_5) mainly comprises paleokarst weathering crust-type gas
reservoirs. After tectonic uplift by the Caledonian movement, well-developed gas storage
space under long-term rock dissolution effects and direct contact between Upper Paleozoic
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coal-gas source rocks and the erosion surface of the weathering crust formed a geological
background conducive to Upper Paleozoic coal-gas transport and formation of reservoirs
therein [13]. According to previous research, the main body of the gas source is considered
to have been generated in newer formations and transported to older formations at a later
stage to accumulate into natural gas reservoirs, but the contribution of a Lower Paleozoic
marine gas source cannot be excluded [14].

Considering that the formation and evolution mechanisms of Paleozoic natural gas in
different regions of the Ordos Basin are different, the study area is divided into three zones.
Zone A contains the Sulige and Wuxingqi gasfields, together with the northern part of
the Jingbian gasfield. Under the influence of the central paleo-uplift, this block developed
large-scale karst carbonate reservoirs, which are in direct contact with the overlying coal
source rocks. Zone B comprises the southern part of the Jingbian gasfield, and this area has
experienced a large burial depth. The Paleozoic coal-measure source rocks and carbonate
source rocks have reached a high evolution stage. At the same time, the thickness of the
gypsum layer here is small, which provides a good condition for the vertical migration
of natural gas. Zone C comprises the Shenmu, Yulin, Mizhi, and Zizhou gasfields, and
the main body of this area is the Mizhi salt lake. Here, the evolution degree of Paleozoic
coal-measure and carbonate source rocks is lower than that of zones A and B. The gypsum
salt layers of the Majiagou Formation are very thick in this zone, and the “post-salt” and
“sub-salt” reservoirs are separated by thick gypsum salt to form relatively independent
gas-bearing systems. Meanwhile, thin carbonate source rocks are also present under the
salt. The thickness of a single layer is small, but the overall thickness is large, which meets
the geological conditions for gas reservoirs formed and preserved in situ. The study area
is constrained by the ancient basement structure, lithofacies paleogeography, and karst
paleogeomorphology. Zone A was influenced by the confined sea in the north, while zone
B was influenced by the open sea in the south; at the end of the Huaiyuan Movement, the
central paleo-uplift began to rise, and a large-scale restricted intra-platform depression
formed. Overall, this resulted in a pattern of thin gypsum salt rocks in the south and thicker
gypsum salt rocks in the north.

2.2. Petroleum Systems

There are two sets of natural gas source rocks in the Ordos Basin, i.e., Upper Paleo-
zoic (Carboniferous—-Permian) transitional coal-measure-clastic rocks and Lower Paleozoic
(Ordovician) marine carbonate rocks.

Sea level in the eastern part of the Ordos Basin during the Early Ordovician Majiagou
Stage exhibited cyclic rises and falls, leading to a sedimentary structure of carbonate rocks
interbedded with gypsum [15]. The thickness of the carbonate-gypsum salt sedimentary
system of the Majiagou Formation is approximately 100-900 m. It exhibits cyclic superposi-
tion vertically and is divided into six sections from bottom to top (Mal-Maé6) [3]. Among
these, the lithology of the Mal, Ma3, and Ma5 members is dominated by gypsum and
evaporated tidal flat dolomite, representing the evaporative environment of a restricted
sea during a period of recession. The Ma2, Ma4, and Ma6 members are dominated by
carbonate rocks, with a small amount of locally interbedded anhydrite representing an
environment that was essentially connected to the main seawater body during a period
of transgression [16]. The Majiagou Formation is further sub-divided into 10 sub-sections
according to the relative rise and fall in sea level (from bottom to top, Ma5;-Mab). Of
these, the Ma56 sub-member represents the main evaporite development period in the Maji-
agou Formation; it has a large depositional thickness and wide distribution and serves as a
dividing line separating the Majiagou Formation into a “post-salt” gas-bearing assemblage
(Mab5;-Mabs) and “sub-salt” gas-bearing assemblage (Ma5¢—Mal) [9].

At the end of the Early Ordovician, the mid-eastern part of the basin entered a period
of tectonic uplift controlled by the Caledonian Movement and experienced weathering
and denudation for 130-150 million years. Widely developed weathering-crust karstic
dolomite reservoirs formed at the top of the Ordovician strata [17]. The organic-rich



J. Mar. Sci. Eng. 2023, 11,2176

40f16

lithologies among the Lower Paleozoic marine hydrocarbon source rocks are mainly thinly
bedded mudstone interlayers and medium-thinly bedded muddy dolomites [9]. The
organic matter includes kerogen, abundant soluble organic matter, and acid-soluble organic
matter [18], with a high conversion rate of hydrocarbon production. The sedimentary strata
comprising thick layers of gypsum salt rocks in the Mal, Ma3, and Ma5 members have
horizontal continuity, wide distribution range, and large scale, making them favorable
capping layers for natural gas reservoirs in this gypsum—carbonate rock sedimentary
system. This has particular significance for natural gas aggregation in the large zone of
dolomite beneath the gypsum and in the thin interlayers of dolomite developed among
the gypsum salt rocks, laying a unique foundation for the oil and gas geochemistry of
this distinct carbonate-gypsum salt stratigraphic system. During the Late Carboniferous
Benxi Stage, the Ordos Basin entered a further period of tectonic subsidence, leading
to the formation of extensive coal-bearing sedimentary strata in sea—land transition and
shoreline swamp environments. The Carboniferous-Permian coal strata are characterized
by extensive overburden deposition and are in widespread and direct contact with the
weathering crust reservoirs of the Upper Ordovician [19].
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Figure 1. Structural diagram and comprehensive stratigraphic column of the Ordos Basin.
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3. Samples and Experiments
3.1. Samples

The natural-gas-producing formations in the Ordos Basin are mainly found in the
Carboniferous-Permian Shihezi, Shanxi, Taiyuan, and Benxi formations and the Ordovician
Majiagou Formation. Among these, there are abundant gas wells and relevant published
data for the Carboniferous—Permian and Ordovician “post-salt” horizons, while the de-
velopment and exploration level of the “sub-salt” horizon of the Majiagou Formation is
relatively low, with limited gas samples and fewer relevant data available. In this study,
systematic geochemical analyses of gas components, along with carbon and hydrogen
isotope compositions, were carried out on 21 recently collected Ordovician natural gas
samples (seven “sub-salt” and 14 “post-salt” samples); moreover, 155 existing Ordovician
natural gas geochemical analyses were compiled for use in a comprehensive comparison.

3.2. Geochemical and Stable Isotope Analysis
3.2.1. Chemical Composition

The chemical components of natural gas samples were determined using an Agilent
Technologies 7890B gas chromatograph (GC) equipped with a flame ionization detector
(FID) [20]. The temperature of the GC oven was initially set to 80 °C for 2 min, then
increased to 100 °C at a heating rate of 5 °C/min, then further increased to 290 °C at a rate
of 10 °C/min and maintained for 3 min. All chemical compositions are shown in percent
(%).

3.2.2. Stable Carbon Isotope Composition

The carbon and hydrogen isotope compositions of natural gas hydrocarbons were de-
termined using a TRACE1300 GC (Thermo Fisher Scientific, Waltham, MA, USA) combined
with a MAT-253 Plus mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
The GC oven temperature was initially set to 80 °C for 3 min, then increased to 190 °C at a
heating rate of 15 °C/min and maintained for 5 min. The combustion furnace temperature
was 960 °C for carbon isotope analysis, and the cracking furnace temperature was 1350 °C
for hydrogen isotope analysis. The §!3C values are reported relative to Vienna Pee Dee
Belemnite (VPDB) in permil (%o), with a measurement precision of £0.3%.. The 8D values
are reported relative to Vienna Standard Mean Ocean Water (VSMOW) in permil (%o.), with
a measurement precision of £5%o [21].

4. Results
4.1. Geochemical Characterization of Natural Gas in Ordovician Carbonate Facies
4.1.1. Characteristics of Natural Gas Components

Natural gas is mainly composed of alkanes, of which CHy4 accounts for the majority,
with small amounts of Co,Hg, C3Hg, and C4Hjg. In addition to HS, CO,, N5, and Hj, a
small amount of CO and trace amounts of rare gases, such as He and Ar, are generally also
present.

The natural gas components of the Carboniferous-Permian coal-type gas in the mid-
eastern region of the Ordos Basin were dominated by hydrocarbons; the methane content
ranged from 72.65% to 97.49% (average 91.79%), ethane content ranged from 0.07% to
10.57% (average 4.15%) (Figure 2a), and dry coefficient (C; /) _C;_5) ranged from 0.837 to
0.999 (average 0.946). The natural gas components of the Ordovician samples were also
dominated by hydrocarbons; the methane content of the “post-salt” natural gas of the
carbonate rocks ranged from 86.07% to 98.29% (average 94.91%), ethane content ranged
from 0.06% to 2.69% (average 0.67%), and dry coefficient ranged from 0.968 to 0.999 (average
0.992). For the “sub-salt” natural gas samples, the methane content ranged from 45.37%
to 97.86% (average 84.29%), ethane content ranged from 0.00% to 7.31% (average 1.36%),
and dry coefficient ranged from 0.853 to 0.999 (average 0.978) (Table 1; Figure 2a). The
non-hydrocarbon gases of the Ordovician natural gas were mainly CO; and Ny, and the
content of Hy was very low. The content of H,S in some wells was high, up to 23.58%
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(Figure 2b). Overall, the contents of CO, and Ny increased evidently with the deepening of
the horizon. In particular, some natural gas samples showed high CO, contents.
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Figure 2. Composition diagram of Lower Paleozoic natural gas in the Ordos Basin. (a) Correlation
diagram of ethane—propane content. (b) Diagram of natural gas acid—gas content.

Table 1. Characteristics of Paleozoic natural gas fractions in the mid-eastern Ordos Basin.

Laver Upper Ordovician Ordovician
y Paleozoic Post-Salt Sub-Salt
CH 72.65 ~97.49 86.07 ~98.29 4537 ~97.86
4 91.79 (291) 94.91 (63) 84.29 (32)
0.07 ~10.57 0.06 ~2.69 0.00~7.31
Hvd b C2He 415 (291) 0.67 (62) 1.36 (31)
rocarbon gas
o4 % C-H 0.01~3.68 0.01~0.38 0.00 ~3.30
component/ % 318 0.83 (291) 0.09 (61) 0.50 (26)
: 0~0.59 0.00 ~0.05 0.00 ~0.82
iC4Hyg 0.15 (221) 0.02 (31) 0.23 (17)
0~0.92 0.00 ~0.05 0.00 ~0.81
nCyHio 0.16 (224) 0.02 (31) 0.15 (17)
CO 0.01~7.05 0.02~7.86 0.14~11.49
2 1.11 (227) 2.66 (60) 2.79 (29)
N, 0.03 ~22.23 0.02~12.01 0.17 ~52.04
Non-hydrocarbon 1.66 (201) 161 (59) 6.24 (30)
gas components/ % H,S %N(OB')13 %(2137-)58
0.01~0.80 0.00 ~0.80
H, 0.11 (24) 023 (5)
- 0.837 ~0.999 0.968 ~0.999 0.853 ~0.999
Dry coefficient 0.946 (291) 0.992 (62) 0978 (32)

This Study; Dai Jinxing, 2005, 2014 [22,23]; Yang Hua, 2009, 2015 [24,25];
Liu Quanyou, 2009, 2015 [26,27]; Xiao Hui, 2013 [28]; Zhang Wenzheng,
Data sources 2016 [29]; Wang Ke, 2007 [30]; Hu Anping, 2007 [31]; Kong Qingfen, 2018
[32]; Xu Wanglin, 2019 [33]; Li Jian, 2018 [10]; Liu Erhu, 2022 [34]; Meng
Qiang, 2023 [35].

Minimum value—Maximum value
Average value (The number of samples) *

4.1.2. Carbon Isotope Characteristics of Natural Gas

The carbon isotope-dominant frequency values of “post-salt” natural gas methane
ranged from —40%. to —30%. (average —33.8%o), while the ethane carbon isotope values
ranged from —36%o to —22%. (average —30.0%o), exhibiting a mixture of humic and rotten-
mud characteristics. The carbon isotope-dominant frequency values of “sub-salt” natural
gas methane ranged from —46%. to —34%. (average —37.8%.), while the ethane carbon
isotope values ranged from —40%o. to —22%. (average —29.4%o). In summary, the carbon
isotope composition of methane was lighter, and the distribution range of ethane carbon
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isotope composition was larger in “sub-salt” natural gas compared with “post-salt” natural
gas.

The methane §'3C signatures of the “sub-salt” natural gas were lighter than those of
the “post-salt” natural gas; this is contrary to the normal evolutionary characteristics of
homologous natural gas formation, reflecting the fact that they may have differences in
source or secondary transformation. The ethane 5!3C signatures of the “sub-salt” natural
gas had a wider range and were partially lighter than those of the “post-salt” natural
gas. This reflects the different sources of the gases, also demonstrating the uniqueness
and complexity of the formation and evolution mechanism of the “sub-salt” natural gas
(Figure 3).

35%
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Figure 3. Frequency distributions map of the carbon isotope composition of alkanes in Ordovician

carbonate gas in the Ordos Basin. (a) Frequency distribution of methane carbon isotope composition
in natural gas. (b) Frequency distribution of ethane carbon isotope composition in natural gas.

The carbon isotope data of natural gas in the Lower Paleozoic strata of the Ordos
Basin also showed a certain pattern with the changing in depth. The carbon isotope
composition of natural gas methane gradually became heavier with increasing depth, but
the carbon isotope composition of ethane and propane became heavier and then lighter
with increasing depth. This may be a result of the joint action of maturity and type of
parent material. Notably, the §!3C of natural gas becomes lighter and then heavier with
increasing maturity [36]. It is also possible that this natural gas was formed by secondary
modification (Figure 4).
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Figure 4. Carbon isotope signature versus depth plots for different natural gas components in Ordos
Basin Ordovician carbonate facies. (a) Relationship between methane carbon isotope characteristics
and depth of natural gas. (b) Relationship between ethane carbon isotope characteristics and depth of
natural gas. (c) Relationship between propane carbon isotope characteristics and depth of natural gas.
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5. Discussion
5.1. Comprehensive Identification of Genetic Types of Natural Gas in Ordovician Carbonate Strata

The carbon isotope composition of natural gas methane is affected by the type of parent
material, degree of thermal evolution, and secondary transformation. It is usually affected
by many factors over geological time, which may lead to deficiencies in the use of natural
gas carbon isotope composition in genetic identification and gas source correlation. In
particular, during the process of natural gas generation and accumulation in the Majiagou
Formation, the gas has been modified by variable degrees of thermochemical sulfate
reduction (TSR), resulting in substantial changes to the chemical and isotopic compositions
of the natural gas. It is, therefore, difficult to draw conclusions consistent with geological
reality using only the carbon isotope composition of natural gas methane as an index to
analyze its genesis and gas source.

Methane—carbon and methane-hydrogen isotopic compositions are important parame-
ters for determining the genesis and thermal evolution of natural gas [37,38]. It is generally
inferred that the methane carbon isotope composition is mainly affected by the degree
of thermal evolution of the hydrocarbon source rock, with a higher degree of thermal
evolution equating to a heavier methane carbon isotope value. The ethane carbon isotope
composition is strongly influenced by the original parent material; although it is also af-
fected by the thermal evolution degree of the source rock, the effect is much smaller than
the methane carbon isotope composition. Therefore, the ethane carbon isotope composition
is often used as an effective index to distinguish coal-type gas from oil-type gas [39]. At
present, domestic scholars mainly use —28%. [40] or —29%o [39] as the boundary value in
China.

The methane carbon isotope composition of natural gas in the mature stage varies
from —50%o to —20%o, while the methane hydrogen isotope composition can vary from
—250%o to —150%o [41]. Compared with carbon isotopes, hydrogen isotopes may be more
responsive to geochemical changes in a given environment owing to their larger potential
range and incremental changes in their composition. The hydrogen isotope composition
of hydrocarbons has been investigated in a number of studies [42]. Methane hydrogen
isotope compositions are mainly influenced by the parent material, aqueous environment
at the time of natural gas formation, and degree of thermal evolution; they are governed
first by the depositional environment and second by the degree of maturity.

Wang et al. (2015) [43] analyzed the carbon and hydrogen isotope compositions of
methane in typical sedimentary basins in China and established an oil-type gas versus
coal-type gas discrimination diagram. Their study showed that the hydrogen isotope
compositions of natural gas components produced by hydrocarbon source rocks formed
in freshwater environments are light, and conversely, those of natural gas components
formed in saltwater environments are heavy. Their study also showed that natural gas
methane carbon and hydrogen isotopes are positively correlated with increasing thermal
maturity. In addition, the hydrogen isotope composition of typical marine humic natural
gas is heavier than that of typical coal-type gas; the former is generally >—180%o, while the
latter is only >—180%. when the degree of thermal evolution is very high. The methane-
hydrogen isotope composition of natural gas can be used to study the aqueous environment
in which its parent material was deposited, enabling comparative natural gas—gas source
rock studies [44]. The isotopic data from the natural gas samples in this study are plotted
on a discrimination diagram (Figure 5), where they are plotted near the area of natural gas
formed by marine humic organic matter, indicating an origin from Ordovician carbonate
hydrocarbon source rocks. The “post-salt” natural gas samples were more dispersed
between the coal-type and oil-type gas regions, showing mixed-source characteristics.
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The combination of hydrocarbon fraction ratios and carbon isotope compositions can
also be used to classify the type of natural gas genesis. The Bernard diagram has been used
to identify the type of natural gas genesis on the basis of a large number of natural gas
sample datapoints [45]. Using this diagram, the “post-salt” natural gas parent material in
the study area can be classed as a mixture of type II and type III kerogen but dominated by
type II kerogen; in contrast, most of the “sub-salt” natural gas samples plotted in the type
II kerogen region, this being the oil-type gas region (Figure 6).
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Figure 6. 5'3Ccpy4—C1/Ca,3 relationship for natural gas samples in Ordos Basin Ordovician carbon-
ate facies.
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5.2. Carbon Isotope Anomalies in “Sub-Salt” Natural Gas

During the hydrocarbon evolution of sedimentary organic matter, there are kinetic
fractionation and inheritance effects between natural gas components and parent car-
bon isotopes; lower carbon number hydrocarbons are more likely to be enriched in 12C,
and higher carbon number hydrocarbons are more likely to be enriched in *C. Thus,
the carbon isotope composition of organogenic alkane gases tends to show the pattern
513Ccrs < 813Ccome < 83Ceaps [46].

The inversion of alkane gas carbon isotope sequences often occurs under natural
geological conditions, potentially caused by the mixing of natural gas of organic origin
with natural gas of inorganic origin, mixing of oil-type gas with coal-type gas, mixing of
homologous and non-homologous gas, or oxidation of natural gas by bacteria [23]. Such
carbon isotope sequence inversions may result from a single cause or a combination of
causes.

Chung (1988) [47] combined theoretical calculations of carbon isotope fractionation
with simulation experiments and found that the alkane carbon isotope values of natural
gas from a single source (which did not experience the effects of secondary modification)
showed a decreasing trend with increasing carbon number, and were linearly related to
the inverse of the alkane carbon number. However, most of the carbon isotope sequence
diagrams of “sub-salt” natural gas samples are non-collinear, meaning that they may have
mixed sources or may have undergone secondary reformation (Figure 7).

12k
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butane propane ethane methane
Figure 7. Carbon isotope sequence patterns of Ordos Basin Ordovician “sub—salt” natural gas.

Taking the “sub-salt” natural gas of the MT1 and M104 wells as an example, the
carbon isotope compositions of the former are 313C s = —45.4%0, 513Ccorig = —23.8%0, and
813C s = —23.4 %o, while those of the latter are §'3Ccpyy = —41.8%o, 8'3Ccopg = —25.7 %o,
and 8'3C3pg = —21.5%o. These values are low compared with the 813Ccra average value
for “post-salt” natural gas of —33.8%. and high compared with the average 5§'3Ccap
value of —30.0%. for “post-salt” natural gas, showing their unique isotopic compositional
characteristics. This is unlikely to have been caused by a mixed source because of the
overlying well-separated gypsum layer with a thickness of up to 100 m, as well as the
large vertical distance to the Upper Paleozoic coal hydrocarbon source rock; it would be
immensely difficult for Upper Paleozoic coal-type gas to reflow into the “sub-salt” strata.
Hence, we infer that the action of TSR has modified the “sub-salt” natural gas to form the
present carbon isotope signature.
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5.3. Natural Gas Secondary Rehabilitation: Exploration of TSR Mechanisms

Thermochemical sulfate reduction is a common organic-inorganic process in marine
carbonate reservoirs. It specifically refers to the redox reaction between sulfate and hydro-
carbons (organic matter) in formation with water, which generates CO, and H,S; during
this reaction, the hydrocarbon components and their carbon isotope compositions undergo
a transformation process [48]. The reaction formula is: CaSO4 + Hydrocarbons — CaCO; +
H,O + HpS + S + CO, [49]. The formation of HyS can be geochemically classified into three
different mechanisms: biodegradation, high-temperature splitting of sulfide minerals, and
TSR [50]. However, the first two mechanisms are limited by the reactive substances, and
the volume fraction of H,S will not be >4%; hence, TSR dominates in nature. The oil-water
interface and TSR reaction during crude oil cracking and its secondary reformation in oil
and gas reservoirs containing gypsum salt and carbonates have been studied in recent
decades [51]. However, TSR reactions in carbonate hydrocarbon source rocks have not yet
been addressed.

The “sub-salt” strata in the mid-eastern Ordos Basin experienced successive phases
of sea transgression and regression, forming dolomitic mudstone, muddy dolomite, and
high-quality dolomite with high organic matter abundance under the strongly reducing
environment of the regressive phases. They also experienced deep burial, and at the same
time, there is a shelter above the gypsum-salt rock, which is favorable for aggregation and
formation. Hence, there were suitable material and energy conditions for TSR to occur
during the process of hydrocarbon and reservoir formation [12].

The TSR reaction experienced by hydrocarbons in the Ordovician carbonate facies
was an ongoing and complex process. According to the degree of thermal evolution
and TSR reaction intensity, this process can be approximately divided into three stages
(Figures 8 and 9): (1) macromolecular organic reaction stage; (2) gaseous heavy hydrocar-
bon reaction stage; and (3) methane reaction stage. The degree of TSR during stage (1)
was relatively weak; as the reaction proceeded, macromolecular organic matter with lower
activation energies reacted preferentially, the gas dried out, and the carbon isotope compo-
sitions of methane and ethane became progressively lighter in relation to the pyrolysis gas.
This stage mainly occurred in zone B, where the thermal evolution degree was low, and the
TSR reaction was weak. The heavy hydrocarbons gradually began to react in stage (2), with
the carbon isotope composition of methane becoming lighter and those of ethane and other
gaseous hydrocarbons becoming heavier. This stage mainly occurred in the eastern part
of Zone A and western part of Zone B, which belong to the area of the Jingbian gasfield.
During stage (3), as the TSR reaction proceeded further, the heavy hydrocarbon component
was consumed, methane became the main reactant, and the carbon isotope compositions of
both methane and ethane became heavier. This stage mainly occurred in areas with a strong
TSR reaction, such as the T122 well in Zone A and MT1 well in Zone B. The content of
hydrogen sulfide in natural gas in these zones is usually high, indicating a more complete
TSR reaction.

Previous studies have found that the TSR process has a significant modifying effect on
the chemical composition of natural gas. The thermochemical sulfate reduction will result
in the preferential oxidization of heavy hydrocarbon gases, with methane being the most
difficult to oxidize; this leads to natural gas with an H,S content >10%, a dry coefficient
increment of up to 99.9% [52], and even close to 1 corresponding to stage (1). When the
reaction proceeds to stage (2) and begins to oxidize ethane, the preferential oxidation of
12C o116 molecules results in an elevated proportion of BCrope in the remaining ethane,
equating to variations in 513Ccopy6 Of a few %o to a dozen %o [53]. At this time, the carbon
isotope composition of ethane is heavier, which may correspond to the anomaly that some
“sub-salt” natural gas appears to be favored. For example, 8'*Ccspg = —23.4%0. Cai et al.
(2004) [54] found that TSR changes the drying factor from 0.996 to 0.9995 with a methane
carbon isotope value of approximately 3%.. Corresponding to stage (3) in Figure 8, methane
is not oxidized until the TSR reaction is almost complete; this stage affects the original
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methane content and its carbon isotope composition, but this is not yet reflected in the

natural gas of the MT1 well.
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Figure 9. Model diagram of the effect of thermochemical sulfate reduction on the carbon isotope

composition of natural gas.

Typically, a higher H,S content equates to a stronger TSR effect, so the H,S content
can reflect the extent to which TSR has occurred. All Ordovician natural gas contains H,S,
but there is a substantial difference in the H,S content between “post-salt” and “sub-salt”
natural gas, with the former having a relatively low H,S content (mean 0.09%), and the
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latter having a much higher H,S content (mean 9.51%) (Table 1). Notably, a low H,S content
does not necessarily equate to a weak TSR effect because the H,S content is also related to its
preservation; free H,S can only occur after heavy metal ions in the reservoir are completely
consumed via the formation of stable metal sulfides. This occurs after the formation of
water solubility saturation. Sulfur in the “post-salt” natural gas is probably retained in the
form of pyrite. In contrast, large quantities of H,S gas are formed in “sub-salt” strata during
the TSR reaction process and are preserved in “sub-salt” reservoirs with good containment
properties, forming the high sulfur gas reservoirs observed today.

5.4. The Influence of TSR on Exploration and Development

Thermochemical sulfate reduction is a process in which hydrocarbons react with
sulfates to reduce sulfate minerals and produce acidic gases, such as H,S and CO;, under
the driving power of heat. Sulfate ions, hydrocarbons, and high temperatures provide
the necessary materials and thermodynamic conditions for the occurrence of TSR [55].
Elemental sulfur and H,S can be used as catalysts to increase the reaction rate of TSR. The
H,S and CO, produced by the TSR reaction dissolve in the formation of water to form
acidic fluids, and the organic-inorganic interactions within carbonate reservoirs are able
to dissolve certain parts of said reservoirs [56]. This will impact later exploration and
development.

During the process of exploration and development, oil- and gas-source correlation
research will be carried out, and natural gas isotope composition will likely be used as
an important discriminant index. However, TSR can change the isotopic composition of
natural gas, and different stages of the reaction produce different types of effects, leading
to errors in oil- and gas-source correlation studies. Knowledge of whether natural gas has
undergone TSR and the extent of this reaction means that the original isotopic composition
of the natural gas can be determined, and oil and gas sources can be studied in more detail.
In this paper, we have further clarified the TSR reaction process by studying the causes of
heavy hydrocarbon carbon isotope anomalies in marine carbonate gas; this research also
provides a theoretical basis for the subsequent exploration and development of natural gas.

6. Conclusions

The object of this study was to clarify the genetic types and sources of Lower Paleozoic
(Ordovician) “sub-salt” natural gas in the mid-eastern Ordos Basin. We analyzed the organic
components and carbon and hydrogen isotope signatures of 155 Ordovician natural gas
samples from the mid-eastern Ordos Basin, and the differences between Upper Paleozoic
and Lower Paleozoic natural gas samples were compared and discussed. The study focused
on the similarities, differences, and possible causes of natural gas above and below the
Majiagou Formation in different regions, highlighted the role of the hydrogen isotope
composition of natural gas in genesis and gas-source identification, and systematically
analyzed the influence of TSR on carbon isotope composition during the formation and
accumulation of natural gas. The main conclusions are as follows:

(1) There were evident anomalies between the geochemical characteristics of Ordovician
“sub-salt” and “post-salt” natural gas, with the former having a larger range of
methane content compared with the latter, but the ethane content was lower and had
a smaller range of variation. In general, the methane carbon isotope composition
of the “sub-salt” natural gas was lighter than that of the “post-salt” natural gas; the
ethane carbon isotope composition of the “sub-salt” natural gas was more widely
distributed and partly lighter than that of the “post-salt” natural gas.

(2) The Ordovician “post-salt” natural gas is a composite of Upper Paleozoic coal-type
gas and Lower Paleozoic oil-type gas, with the oil-type gas accounting for a larger con-
tribution. In contrast, the “sub-salt” natural gas was formed and preserved within the
Ordovician marine carbonates or sourced from deeper and more ancient hydrocarbon
source rocks.
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(3) The Ordovician “sub-salt” hydrocarbon source rocks and reservoirs in the mid-eastern
part of the Ordos Basin are rich in anhydrite and have generally experienced large
burial depths, possessing the material and energy conditions for the occurrence of TSR;
they have generally experienced TSR during the process of hydrocarbon formation
and reservoir formation. This has affected the carbon isotope composition of the
“subsalt” natural gas, leading to anomalously light methane carbon isotope signatures
and anomalously heavy ethane carbon isotope signatures.
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