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a b s t r a c t

Thermochemical sulfate reduction (TSR) commonly occurs in carbonate–evaporite assemblages, making 
the identification of gas sources difficult. Given that the sources of natural gases in the Ordovician 
carbonate–evaporite assemblage of the Ordos Basin remain unclear, this study was conducted to reveal 
gas sources and TSR characteristics by geochemical and mineralogical analyses. The results showed that 
the C 1 /C 1–5 and δ 13 C 2 values of the Ordovician subsalt gases were higher than those only affected by 
thermal evolution owing to the selective consumption of the C 2–5 components by TSR reaction. For some 
oil-type gases from the subsalt reservoirs, TSR even led to their δ 13 C 2 values reflecting to the charac-
teristic of coal-type gas. TSR-mediated reformation of methane in the Ordovician subsalt gases was 
extremely weak, and δ 13 C 1 and δD 1 values confirmed that it originated primarily from marine source 
rocks. Cracks and caves of the Ordovician subsalt reservoirs were generally filled with TSR-related 
secondary calcite, elemental sulfur, and pyrite, but little bitumen coexisted, indicating that the major 
reductants of TSR reaction were gaseous hydrocarbons, particularly the C 2–5 components. Expulsion of 
liquid hydrocarbons from the Majiagou source rocks to form paleo-oil reservoirs was severely limited 
because the source layer had a low total organic carbon content and contained gypsum–salt rocks. Thus, 
the Ordovician subsalt gas reservoirs had primarily formed through the direct migration and accu-
mulation of gaseous hydrocarbons. Consequently, the primary gas reservoirs are the main targets for 
future natural gas exploration in the Ordovician carbonate–evaporite assemblage of the Ordos Basin.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Marine carbonate rocks are important reservoirs for oil and 
natural gas, yielding approximately 60% of global extraction 
and production. Among the carbonate oil and gas reservoirs 
discovered globally, approximately 46% reserves come from 

carbonate–evaporite assemblages (Hu et al., 2022). These oil- and 
gas-rich carbonate reservoirs are primarily distributed in the Late 
Paleozoic–Cenozoic layers, particularly in the Jurassic and

Cretaceous strata of the Mesozoic era (Zhang et al., 2014). How-
ever, the proven carbonate reservoirs in China are primarily 
distributed in the Sinian–Paleozoic strata. Extensive research 
studies have shown that organic–inorganic interactions, particu-
larly thermochemical sulfate reduction (TSR), occur easily in car-
bonate reservoirs, resulting in modifications in both petroleum 

geochemistry and reservoir quality (Cai et al., 2001, 2003, 2004, 
2005, 2009, 2014, 2016, 2022; Dai, 1985; Guo et al., 2022a, 
2022b; Hao et al., 2008; Jiang et al., 2018; Liu et al., 2018; 
Seewald, 2003; Toland, 1960; Zhu et al., 2014). TSR involves the 
reaction of hydrocarbons with sulfate ions dissolved in formation 
water, which generates by-products such as CO 2 and H 2 S. Conse-
quently, the hydrocarbon composition is modified, and the stable 
isotopic signatures of both residual hydrocarbons and newly 
formed compounds also induce systematic shifts (Cai et al., 2022; 
Hao et al., 2008; Kiyosu and Krouse, 1989; Liu et al., 2006, 2013,
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2014b, 2019, 2020; Machel, 1998; Worden et al., 1995; Zhang et al., 
2007, 2008). Globally, nearly all high-H 2 S-containing hydrocarbon 
reservoirs in carbonate formations are inherently associated with 
TSR, and these are predominantly found in carbonate–evaporite 
depositional systems (Anisimov, 1978; Dou et al., 2024; Fei et al., 
2010; Heydari, 1997; Krouse et al., 1988; Orr, 1977). As a result, 
TSR creates challenges for identifying natural gas sources and 
analysing gas reservoir evolution based on geochemical indicators.

In recent years, the source and accumulation of natural gases in 
the Ordovician carbonate–evaporite assemblage of the Ordos Basin 
in China have been controversial topics (He et al., 2022; Kong et al., 
2019, 2024; Wu et al., 2017; Yang et al., 2022; Zhang et al., 2023; 
Zhou et al., 2023). One viewpoint, based on the heavy carbon 
isotope composition of ethane, is that the subsalt gas reservoirs 
formed through mixing of the Upper Paleozoic coal-type and 
Lower Paleozoic oil-type gases (He et al., 2022; Wu et al., 2017). 
The other viewpoint, which is based on the carbon and hydrogen 
isotopes of methane, is that the subsalt gases are mainly derived 
from the Lower Paleozoic oil-type gas, and the heavy carbon 
isotope composition of ethane in the subsalt gases at low thermal 
maturity (equivalent vitrinite reflectance (R o ) < 1.5%) is mainly 
caused by TSR reformation (Kong et al., 2024; Yang et al., 2022; 
Zhang et al., 2023). It increasingly affects ethane carbon isotope 
values with thermal maturity increasing when equivalent R o is 
more than 1.5% (Yang et al., 2022). Additionally, according to Yang 
et al. (2022), further studies are needed to understand the wide 
H 2 S content range (1.27%–23.58%) in the subsalt gases and to 
determine why some low-maturity, H 2 S-free gas samples display 
high ethane carbon isotope compositions.

This study aimed to elucidate the characteristics and influences 
of TSR for natural gases in the Ordovician carbonate–evaporite 
assemblage of the Ordos Basin and to reveal the source and evo-
lution of the subsalt gas reservoirs by analysing gas compositions 
and isotope characteristics, secondary minerals in reservoir, and 
gas reservoir formation and reformation. Our results will provide 
valuable reference material to guide future research on gas sources 
and accumulation, as well as gas exploration in the marine 
carbonate–evaporite assemblage of the Ordos Basin.

2. Geological setting

The Ordos Basin, covering an area of 370,000 km 2 in north-
central China, represents one of the regions in the country with 
the largest amounts of hydrocarbons (Yang and Pei, 1996). This 
structurally complex basin comprises six primary tectonic units 
(Fig. 1(a)): the Jinxi Fault-fold Belt in the east, which progres-
sively transitions westward through the Yishan Slope and 
Tianhuan Depression to the Western Thrust Belt, com-
plemented by the Yimeng Uplift to the north and Weibei Uplift 
to the south. The Yishan Slope, a monocline structure charac-
terised by gentle westward dipping, serves as the principal area 
for Paleozoic gas accumulation, particularly its central and 
northern regions (Fig. 1(a)). The proven Paleozoic gas reservoirs 
in the Ordos Basin are primarily distributed in the Upper 
Paleozoic sedimentary strata, including the upper (P 2 sh) and 
lower (P 2 x) Shihezi, Shanxi (P 1 s), Taiyuan (P 1 t), and Benxi (C 2 b) 
Formations, and the Lower Paleozoic Majiagou (O 1 m) Forma-
tion, with gas originating mainly from the Upper Paleozoic 
coal-measure source rocks or Lower Paleozoic marine carbon-
ate source rocks (Cai et al., 2005; Dai et al., 2005, 2014; He 
et al., 2022; Kong et al., 2024; Li et al., 2014, 2018; Liu et al., 
2016; Zhang et al., 2023; Zhou et al., 2023).

As part of the North China Craton in the Paleozoic era (Huang 
et al., 2025a, 2025b), the Ordos Basin was primarily deposited as 
carbonate platforms during the Early Paleozoic period. In the

Ordovician period, this basin developed extensive gypsum–halite 
depositional systems within its central-eastern sectors (Zhou 
et al., 2020), forming a characteristic carbonate–evaporite sedi-
mentary assemblage within the Majiagou Formation (Fig. 1). The 
preserved Majiagou Formation in the Ordos Basin is divided into 
five distinct members according to the sedimentary cycles 
(Fig. 1(b)): two transgressive sequences (second and fourth 
members) of carbonate rocks, and three regressive sequences 
(first, third, and fifth members) of carbonate–evaporite rocks 
(Zhou et al., 2023). The source rocks of the Majiagou Formation 
developed primarily in the regressive sequence, particularly 
within the third (O 1 m 3 ) and fifth (O 1 m 5 ) members. The source 
rocks are mainly composed of type I kerogen because their organic 
matter was derived from algal-dominated aquatic organisms 
(Kong et al., 2024; Zhou et al., 2023). The current R o value of the 
Ordovician top surface ranges from approximately 1.2% to 3.2%, 
and the R o distribution characteristically exhibits high values in 
the south and low values in the north (Ren et al., 2021; Fig. 1(a)), 
which indicate that the Majiagou source rocks have reached high 
to over-maturity stages with a southward increase in maturity.

Studies have shown that the Ordovician Majiagou Formation in 
the Ordos Basin comprises two gas accumulation combinations: 
the post-salt and subsalt natural gas reservoirs (Fig. 1(b)). For the 
source of the post-salt gas reservoirs, one widely accepted un-
derstanding is that the natural gas is mainly coal-type gas from the 
Upper Paleozoic with some mixing of the Lower Paleozoic oil-type 
gas (Li et al., 2018; Liu et al., 2016; Zhang et al., 2023). As for the 
source of the subsalt gas reservoirs, different scholars support two 
distinct perspectives that are based on gas composition and 
isotope composition analyses. One perspective asserts that the 
source is a mix of both Upper Paleozoic coal-type and Lower 
Paleozoic oil-type gases, whereas the other perspective points to 
the Lower Paleozoic oil-type gas as being the only source (He et al., 
2022; Kong et al., 2024; Zhang et al., 2023; Zhou et al., 2023).

3. Samples and methods

3.1. Natural gas components and stable isotope compositions

Fifteen gas sample s were collected from the subsalt gas res-
ervoirs of the Majiagou Formation, and one gas sample was 
collected from the Upper Paleozoic gas reservoir. Natural gas 
components were analysed using an Agilent 7890B gas chro-
matograph (GC) equipped with a flame ionisation detector. The GC 
oven was set to 80 ◦ C for 2 min, then heated to 100 ◦ C at 5 ◦ C/min, 
and finally to 290 ◦ C at 10 ◦ C/min with a 3 min hold. Carbon and 
hydrogen isotope compositions of all sixteen samples were ana-
lysed using a MAT253 Plus mass spectrometer and Trace1300 GC. 
The oven temperature of the GC was initially set at 80 ◦ C for a
3 min hold and the increased to 190 ◦ C at 15 ◦ C/min with a final
5 min hold. Combustion furnace temperature was maintained at 
960 ◦ C for carbon isotope analysis, and cracking furnace temper-
ature was held at 1350 ◦ C for hydrogen isotope analysis. The δ 13 C 
value was reported relative to the Vienna Pee Dee Belemnite 
standard and the δD value relative to the Vienna Standard Mean 
Ocean Water, with a measurement precision of ±0.3‰ and ±5‰, 
respectively. Natural gas analysis data are shown in Table 1.

3.2. Sulfur isotope composition

Eleven sulfur and six anhydrite samples from the subsalt 
reservoir of the Majiagou Formation were collected for sulfur 
isotope composition analysis. After powdered, a sample contain-
ing 60 μg of sulfur was transferred into the combustion tube of a 
Flash 2000HT element using its automatic sampler. The SO 2
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generated in the combustion tube at 1020 ◦ C was separated using a 
chromatographic column, and its sulfur isotope composition was 
analysed using a MAT253 Plus mass spectrometer. All δ 34 S data 
(Table 2) are reported relative to the Vienna Canyon Diablo Troilite 
scale.

3.3. Microscopic observation of the rock sample

One rock sample from the O 1 m 4 stratum (fourth member of the 
Majiagou Formation) of well JT1 was collected for argon ion beam 

polishing and scanning electron microscopy (SEM) observation. 
First, the sample was cut longitudinally and transversely. After 
rough polishing, the two cut surfaces were treated with six rounds 
of argon ion beam polishing for 2 h at accelerated voltages of 6.0, 
5.5, 5.0, and 2.0 kV using a Leica EM TIC 3X thriple ion beam 

milling instrument under vacuum conditions. Subsequently, the 
polished surfaces were sprayed with a 2 nm gold film and finally 
observed at 10–20 kV using a Helios G4 UC electron microscope 
from Thermo Fisher Scientific.

4. Results and discussion

4.1. Composition and isotope characteristics of natural gases

Geochemical analysis results confirmed that the Upper Paleo-
zoic natural gas in the Ordos Basin is coal-type gas derived from 

the Carboniferous–Permian coal-bearing strata (Cai et al., 2005; 
Dai et al., 2014; Li et al., 2014; Liu et al., 2007, 2009, 2019; Yu 
et al., 2013). The gas was characterised by high hydrocarbon gas 
content (average: >95%), enriched carbon isotope values of ethane 
(δ 13 C 2 , higher than − 28.0‰), with low hydrogen isotope values of 
methane (δD 1 , mainly lower than − 180‰). In contrast, natural gas 
from the subsalt reservoir of the Majiagou Formation exhibited 
significant differences in components and stable isotope compo-
sitions (Fig. 2).

Hydrocarbon gases from the subsalt reservoirs were primarily 
composed of methane (C 1 ), with a low content of wet gas com-
ponents (C 2–5 ) (Table 1). Four subsalt gas samples from the E1, 
SHG97, and SHG99 wells showed the lowest C 1 /C 1–5 values

Fig. 1. (a) Geological tectonics in the Ordos Basin, distribution of the Paleozoic gasfields, the current R o on the Ordovician top surface, and the locations of major sample wells 
(subsalt gas wells shown in green, and other representative Paleozoic gas wells shown in black); (b) stratigraphic profile of the Ordovician Majiagou Formation in the Ordos Basin 
(modified after Niu et al., 2024; Ren et al., 2021; Zhang et al., 2023). Mbr, Member.
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Table 1
Geochemical data of natural gases from the subsalt reservoirs of the Majiagou Formation and the Upper Paleozoic reservoirs in the Ordos Basin.

Number Well Reservoir Composition, % δ 13 C, ‰ δD 1 ,
‰

C 1 /C 1–5 ln(C 1 /C 2 ) ln(C 2 /C 3 ) Data sources

CH 4 C 2 H 6 C 3 H 8 CO 2 N 2 H 2 S CH 4 C 2 H 6 C 3 H 8

Subsalt gas
1 T52 O 1 m 4 48.89 1.39 0.54 33.79 14.57 - − 42.1 − 26.2 - − 167 0.949 3.560 0.945 This study
2 T51 O 1 m 4 87.57 2.36 0.61 8.87 - - − 41.7 − 25.8 − 24.6 − 158 0.962 3.614 1.353 This study
3 M104 O 1 m 4 45.36 1.00 0.24 0.32 52.05 - − 42.3 − 25.4 - − 170 0.969 3.813 1.429 This study
4 GP1H O 1 m 4 80.62 0.48 0.18 11.38 6.61 - − 44.3 − 27.6 − 25.0 − 188 0.991 5.124 0.981 This study
5 MT6 O 1 m 4 92.00 3.46 1.15 0.27 1.51 - − 39.1 − 24.7 - - 0.938 3.281 1.102 This study
6 M172 O 1 m 4 94.52 0.14 0.04 0.25 4.15 - − 37.9 - - - 0.998 6.515 1.253 This study
7 SH85 O 1 m 4 92.44 0.29 0.19 1.79 4.98 - − 41.7 − 20.8 − 15.0 − 151 0.992 5.764 0.423 This study
8 JT1 O 1 m 4 74.35 1.31 0.19 - 21.91 - − 36.4 - - − 144 0.979 4.039 1.931 This study
9 T106 O 1 m 4 82.75 0.04 - - 16.74 - − 37.2 - - − 147 1.000 7.635 - This study
10 TA59 O 1 m 4 40.24 0.10 0.04 2.95 56.59 - − 38.5 - - - 0.996 5.997 0.916 This study
11 TA122 O 1 m 4 28.17 0.01 - 4.74 67.01 - − 37.8 − 19.1 - − 166 1.000 7.943 - This study
12 YY1 O 1 m 4 75.18 0.30 0.11 0.61 9.61 13.37 − 40.4 − 21.5 − 17.9 − 165 0.992 5.522 1.025 This study
13 TA90 O 1 m 3 91.88 1.87 0.32 2.44 2.92 - − 40.7 − 29.4 − 24.6 − 153 0.974 3.897 1.749 This study
14 J30 O 1 m 5(7) 72.73 2.75 1.42 2.15 4.38 15.24 − 33.9 − 30.8 - - 0.932 3.276 0.658 This study
15 J39 O 1 m 5(6) 44.67 0.41 0.21 1.54 44.46 4.68 − 36.5 − 34.7 - - 0.982 4.688 0.678 This study
16 SHA79 O 1 m 5(5) 96.55 0.08 - 0.45 2.79 - − 37.3 − 31.8 - - 0.999 7.096 - Dai et al., 2005
17 SHA41 O 1 m 5(6–7) 98.14 1.51 0.20 - - - − 38.9 − 28.7 − 22.6 - 0.983 4.174 2.022 Liu et al., 2009 
18 SHA398 O 1 m 5(5) 99.11 0.25 0.12 - - - − 36.3 - - - 0.996 5.995 0.705 Yang and Liu, 2014 
19 M17 O 1 m 5 96.37 1.88 0.25 0.07 0.67 - − 35.1 − 30.3 − 26.5 - 0.971 3.935 2.027 Yang et al., 2009 
20 E1 O 1 m 2 80.38 11.62 4.12 - - - − 40.1 − 32.7 - - 0.804 1.934 1.037 Cai et al., 2005 
21 TA51 O 1 m 4 91.04 4.75 2.04 0.21 1.95 - − 42.1 − 26.2 - - 0.931 2.953 0.845 Kong et al., 2019 
22 T58 O 1 m 5(7) 82.96 0.05 0.03 2.41 1.85 12.76 − 33.3 - - - 0.999 7.356 0.712 Kong et al., 2024 
23 TA37 O 1 m 5(10) 88.05 0.08 0.01 6.17 5.67 - − 38.2 − 30.7 − 20.0 - 0.999 6.979 2.104 Kong et al., 2024 
24 M74 O 1 m 5(5) 93.82 2.23 0.52 0.72 2.26 - − 40.0 − 22.4 − 20.7 - 0.967 3.738 1.452 Kong et al., 2024 
25 M75 O 1 m 5(5) 93.10 3.17 0.95 0.70 1.24 - − 40.2 − 23.8 − 23.1 - 0.949 3.381 1.206 Kong et al., 2024 
26 LT1 O 1 m 5(7) 96.87 1.79 0.28 0.07 0.67 - − 39.3 − 23.8 − 19.7 - 0.976 3.989 1.857 Kong et al., 2024 
27 SHG99 O 1 m 5(5) 81.17 7.94 3.85 1.17 3.32 - − 43.5 − 31.4 − 28.9 - 0.850 2.325 0.724 Kong et al., 2024 
28 SHG97 O 1 m 5(6–7) 70.85 7.31 3.30 9.77 6.85 - − 45.9 − 31.1 − 28.5 - 0.850 2.271 0.795 Kong et al., 2024 
29 MT1 O 1 m 4 90.82 3.38 0.99 1.34 2.33 3.30 − 44.8 − 27.7 − 25.1 − 169 0.943 3.290 1.229 Kong et al., 2024 
30 TA36 O 1 m 3 82.24 0.04 0.00 11.49 6.22 - − 37.3 − 33.0 − 25.8 − 167 0.999 7.706 2.225 Kong et al., 2024 
31 T74 O 1 m 5(7) 88.64 0.76 0.12 0.83 8.42 1.27 − 39.5 − 29.9 − 21.7 − 174 0.989 4.754 1.868 Kong et al., 2024 
32 T75 O 1 m 5(6–7) 85.04 1.59 0.30 1.62 2.30 9.02 − 32.4 − 22.6 − 22.4 - 0.977 3.981 1.666 Kong et al., 2024 
33 T52 O 1 m 5(10) 92.12 4.81 1.64 0.15 1.27 - − 41.7 − 25.8 − 24.6 - 0.935 2.952 1.074 Kong et al., 2024 
34 JTA1 O 1 m 5(7–9) 72.06 - - 2.21 2.15 23.58 − 36.0 − 23.1 - - 1.000 - - Liu et al., 2016
35 TA38 O 1 m 5(7–9) 87.45 0.02 - 0.45 1.44 10.01 − 35.8 − 26.5 - - 1.000 8.383 - Liu et al., 2016
36 TA39 O 1 m 5(6) 47.17 0.09 0.02 33.72 18.99 - − 38.1 − 31.1 − 21.9 - 0.997 6.262 1.504 Liu et al., 2016
37 TA39 O 1 m 5(8) 32.30 0.02 0.01 31.68 35.98 - − 35.7 - - - 0.999 7.387 0.693 Liu et al., 2016
38 TA45 O 1 m 5(6) 73.87 0.34 0.31 3.66 21.37 - − 39.1 − 35.6 − 26.6 - 0.985 5.381 0.092 Liu et al., 2016
39 SHG97 O 1 m 5(4–5) 65.77 6.74 3.30 12.23 10.06 - − 45.8 − 31.9 − 29.5 - 0.846 2.278 0.714 Liu et al., 2016 
Upper Paleozoic gas
40 Y94 P 1 s 87.77 2.01 0.12 0.01 9.98 - − 32.7 − 20.8 − 24.4 − 177 0.976 3.776 2.818 This study
41 SD28-45 P 2 x 93.39 3.55 0.57 - - - − 32.5 − 24.1 − 24.0 − 193 0.955 3.270 1.829 Li et al., 2014
42 SD33-38 P 2 x 94.82 2.85 0.39 - - - − 31.4 − 23.1 − 23.4 − 192 0.965 3.505 1.989 Li et al., 2014
43 SD37-44 P 2 x 94.18 3.36 0.54 - - - − 33.3 − 24.3 − 23.7 − 182 0.958 3.333 1.828 Li et al., 2014
44 S6-01-15 P 2 x 91.95 3.92 0.88 - - - − 32.3 − 23.7 − 24.5 − 194 0.945 3.155 1.494 Li et al., 2014
45 S6-10-19 P 2 x 92.50 3.76 0.78 - - - − 33.2 − 24.4 − 24.6 − 194 0.949 3.203 1.573 Li et al., 2014
46 S14-22-41 P 1 s 91.74 4.81 1.25 - - - − 32.6 − 23.6 − 23.4 − 193 0.932 2.948 1.348 Li et al., 2014
47 S36-17-20 P 1 s 93.27 3.91 0.74 - - - − 33.2 − 24.4 − 24.3 − 194 0.949 3.172 1.665 Li et al., 2014
48 S36-10-9 P 1 s 92.45 3.52 0.73 - - - − 34.0 − 25.1 − 25.7 − 193 0.953 3.268 1.573 Li et al., 2014
49 S4-J1 P 1 s 92.46 4.68 1.22 - - - − 32.9 − 23.6 − 22.9 − 190 0.933 2.983 1.344 Li et al., 2014
50 SD23-54 P 1 s 94.33 2.67 0.34 - - - − 32.7 − 23.6 − 24.2 − 185 0.968 3.565 2.061 Li et al., 2014
51 SD37-62 P 1 s 95.29 3.34 0.40 - - - − 32.5 − 23.7 − 23.6 − 186 0.960 3.351 2.122 Li et al., 2014
52 SD41-35 P 1 s 94.12 3.24 0.52 - - - − 33.2 − 24.3 − 23.4 − 189 0.960 3.369 1.829 Li et al., 2014
53 SD46-47 P 1 s 92.97 3.90 0.78 - - - − 33.4 − 24 − 23.1 − 191 0.949 3.171 1.609 Li et al., 2014
54 Y69 P 1 s 93.51 4.10 0.88 - - - − 31.7 − 25.1 − 23.2 − 180 0.945 3.127 1.539 Li et al., 2014
55 S22-15 P 2 x 82.66 3.12 0.72 1.03 5.04 - − 32.5 − 24.5 − 26.4 − 182 0.953 3.277 1.466 Liu et al., 2007
56 S33-18 P 2 x 72.72 3.11 0.50 0.75 16.94 - − 34.9 − 24.5 − 25.9 − 185 0.950 3.152 1.828 Liu et al., 2007
57 S35-17 P 2 x 90.44 4.60 0.79 1.14 1.94 - − 35.1 − 24.2 − 25.2 − 187 0.941 2.979 1.762 Liu et al., 2007
58 S13-16 P 2 x 89.90 4.67 0.87 1.43 1.92 - − 32.6 − 25.6 − 23.5 − 186 0.939 2.958 1.680 Liu et al., 2007
59 S38-16 P 1 s 89.96 4.64 0.96 2.01 1.27 - − 35.6 − 25.8 − 25.5 − 188 0.940 2.965 1.576 Liu et al., 2009
60 S38-14 P 1 s 89.33 5.87 1.23 1.03 1.18 - − 35.6 − 25.2 − 25.3 − 190 0.924 2.722 1.563 Liu et al., 2009
61 S14-11-09 P 2 x 92.52 3.78 0.75 1.18 1.10 - − 31.6 − 24.0 − 24.2 − 172 0.950 3.198 1.617 Yu et al., 2013
62 S11-18-36 P 2 x 90.16 5.50 1.15 1.47 0.94 - − 33.0 − 23.3 − 22.3 − 180 0.927 2.797 1.565 Yu et al., 2013
63 S76-1-4 P 1 s 90.38 6.03 1.18 0.82 0.71 - − 32.7 − 23.6 − 22.9 − 182 0.922 2.707 1.631 Yu et al., 2013
64 S21 P 1 s–P 2 x 92.39 4.48 0.83 0.99 0.68 - − 33.4 − 23.4 − 23.8 − 194 0.943 3.026 1.686 Dai et al., 2014 
65 S48-14-76 P 1 s–P 2 x 92.73 3.48 0.65 1.47 1.14 - − 33.5 − 22.8 − 24.2 − 192 0.955 3.283 1.678 Dai et al., 2014 
66 S53 P 1 s–P 2 x 86.05 8.36 2.17 1.13 0.72 - − 35.6 − 25.3 − 23.7 − 202 0.884 2.331 1.349 Dai et al., 2014 
67 S53-78-46H P 1 s–P 2 x 89.82 6.21 1.24 0.93 0.87 - − 33.9 − 23.9 − 23.0 − 198 0.919 2.672 1.611 Dai et al., 2014 
68 S76 P 1 s–P 2 x 86.41 8.37 2.33 0.13 1.21 - − 35.1 − 24.6 − 24.4 − 203 0.882 2.334 1.279 Dai et al., 2014

(continued on next page)
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(between 0.80 and 0.85), likely due to low maturity (Fig. 2(b)). By 
contrast, C 1 /C 1–5 values for most of the other subsalt gases exceed 
0.95, higher than those of the Upper Paleozoic gases (Fig. 2(b)). 
Unlike the decrease in C 2 with increasing C 1 content observed for 
the Upper Paleozoic gases (which have a single source and are 
mainly affected by thermal maturity), no similar relationship be-
tween the C 1 and C 2 contents was observed for the subsalt gas 
samples (Fig. 2(a)). Moreover, compared to the increase in the C 1 / 
C 1–5 value with increasing C 1 content and carbon isotope compo-
sition (δ 13 C 1 ) for the Upper Paleozoic gases, the C 1 /C 1–5 values of 
subsalt gases exhibited no positive relationship with C 1 content 
and δ 13 C 1 value (Fig. 2(b) and (c)). Thus, these results suggest that 
secondary alteration or multi-source mixing had likely occurred 
for the subsalt gases in the Majiagou Formation.

Additionally, the non-hydrocarbon components of the subsalt 
gases primarily consisted of CO 2 , N 2 , and H 2 S, ranging from 0.07% 
to 33.79% (average: 5.65%; 34 samples), 0.67% to 67.01% (average: 
12.72%; 35 samples), and 1.27% to 23.58% (average: 10.36%; 9 
samples), respectively. These contents are higher than those of the

Upper Paleozoic gases, whose non-hydrocarbon components pri-
marily include CO 2 (0.01%–2.01%) and N 2 (0.68%–16.94%) (Table 1). 
This indicates that either the source of the subsalt gases differs 
from that of the Upper Paleozoic gases or the subsalt gases un-
derwent TSR, increasing their CO 2 and H 2 S contents. Moreover, 
previous studies reported that H 2 S content of >5% in natural gas is 
commonly due to TSR (Liu et al., 2014a; Zhu et al., 2014); therefore, 
H 2 S content exceeding 20% indicates the occurrence of TSR in the 
subsalt reservoirs.

In general, coal-type and oil-type gases can be distinguished by 
their δ 13 C 2 values, which are higher than − 28.0‰ for gases derived 
from coal-bearing source rocks but lower than this value for oil-
type gases (Dai, 1993). The δ 13 C 2 values of the Upper Paleozoic 
gases ranged from − 27.2‰ to − 20.8‰ (Fig. 2(d) and Table 1), 
indicating that their correct classification as coal-type gas. By 
contrast, the δ 13 C 2 values of the subsalt gases varied widely, 
ranging between − 34.7‰ and − 19.1‰ (Fig. 2(d) and Table 1), 
further suggesting that their source is a mixture of coal-type and 
oil-type gases, or the result of TSR reformation of oil-type gases,

Table 1 (continued )

Number Well Reservoir Composition, % δ 13 C, ‰ δD 1 ,
‰

C 1 /C 1–5 ln(C 1 /C 2 ) ln(C 2 /C 3 ) Data sources

CH 4 C 2 H 6 C 3 H 8 CO 2 N 2 H 2 S CH 4 C 2 H 6 C 3 H 8

69 Z61 P 1 s 88.98 6.83 1.53 0.55 0.85 - − 33.2 − 23.5 − 23.3 − 194 0.908 2.567 1.496 Dai et al., 2014
70 S33-18 C–P 86.20 4.21 0.86 - - - − 31.7 − 23.1 − 23.4 − 190 0.942 3.019 1.584 Cai et al., 2005
71 S40-16 C–P 88.40 5.60 1.16 - - - − 30.2 − 27.2 − 25.5 − 198 0.925 2.759 1.574 Cai et al., 2005

Note: “-” represents no data.

Table 2
δ 34 S data of H 2 S, sulfur, pyrite, and anhydrite from subsalt strata of the Majiagou Formation in the Ordos Basin.

Number Well Sample Stratum δ 34 S, ‰ Data sources

1 L108 H 2 S O 1 m 5(6) 22.6 Kong et al., 2024 
2 T75 H 2 S O 1 m 5(7) 21.9 Kong et al., 2024 
3 T74 H 2 S O 1 m 5(7) 20.1 Kong et al., 2024 
4 T58 H 2 S O 1 m 5(7) 23.3 Kong et al., 2024 
5 JTA1 H 2 S O 1 m 5(9) 24.6 Kong et al., 2024 
6 TA38 H 2 S O 1 m 5(9–10) 23.5 Kong et al., 2024 
7 JT1 Sulfur O 1 m 5(7) 24.1 This study
8 JT1 Sulfur O 1 m 5(7) 23.6 This study
9 JT1 Sulfur O 1 m 5(7) 20.7 This study
10 JT1 Sulfur O 1 m 5(7) 23.1 This study
11 JT1 Sulfur O 1 m 5(7) 22.9 This study
12 JT1 Sulfur O 1 m 5(7) 23.3 This study
13 T112 Sulfur O 1 m 5(10) 23.2 This study
14 T112 Sulfur O 1 m 5(10) 24.2 This study
15 T112 Sulfur O 1 m 5(10) 24.8 This study
16 T112 Sulfur O 1 m 5(10) 23.9 This study
17 T112 Sulfur O 1 m 5(10) 22.5 This study
18 T112 Pyrite O 1 m 5(6) 4.9 Li et al., 2021
19 T112 Pyrite O 1 m 5(6) 5.9 Li et al., 2021
20 T112 Pyrite O 1 m 5(6) 5.5 Li et al., 2021
21 T112 Pyrite O 1 m 5(6) 7.4 Li et al., 2021
22 T112 Pyrite O 1 m 5(6) 4.3 Li et al., 2021
23 T112 Pyrite O 1 m 5(6) 9.4 Li et al., 2021
24 T112 Pyrite O 1 m 5(6) 8.9 Li et al., 2021
25 T112 Pyrite O 1 m 5(6) 8.7 Li et al., 2021 
26 J9 Anhydrite O 1 m 5(6) 26.0 Kong et al., 2024 
27 J11 Anhydrite O 1 m 5(6) 25.8 Kong et al., 2024 
28 J2 Anhydrite O 1 m 5(6) 25.8 Kong et al., 2024 
29 SH446 Anhydrite O 1 m 5(6) 26.9 Kong et al., 2024 
30 JT1 Anhydrite O 1 m 5(6) 25.6 This study
31 JT1 Anhydrite O 1 m 5(6) 25.9 This study
32 JT1 Anhydrite O 1 m 5(7) 26.5 This study
33 T112 Anhydrite O 1 m 5(6) 27.4 This study
34 T112 Anhydrite O 1 m 5(6) 27.1 This study
35 T112 Anhydrite O 1 m 5(7) 27.3 This study
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which leads to increased δ 13 C 2 values (Guo et al., 2022a, 2022b; Liu 
et al., 2019; Yang et al., 2022). The δ 13 C 1 values of the subsalt gases 
were basically lower than those of the Upper Paleozoic gases 
classified as coal-type gas within region I in Fig. 2(d). The δ 13 C 1 and
δ 13 C 2 values combined indicate that the subsalt gases within re-
gion II in Fig. 2(d) should be classified into oil-type gas. However, 
the source of the subsalt gases within region III in Fig. 2(d) remains 
unknown, because their formation could result from the mixing 
between coal-type and oil-type gases and from TSR alteration of 
oil-type gases. Furthermore, it can be concluded that the lowest C 1 
contents and C 1 /C 1–5 values of the four subsalt gas samples from 

E1, SHG97, and SHG99 wells within region II in Fig. 2(d) are 
determined by their lower maturity, as reflected by their low δ 13 C 1 
values (most less than − 40.0‰, Table 1). This was also confirmed 
by the range of R o values (1.2%–1.6%) of the Majiagou Formation in 
the area of these wells (Fig. 1(a)).

The primary and secondary gases from oil- and gas-prone 
kerogen can be distinguished based on their variation in ln(C 1 / 
C 2 ) and ln(C 2 /C 3 ) (Prinzhofer and Huc, 1995). Furthermore, the TSR 
transformation characteristics of natural gas can be determined, 
because TSR causes the ln(C 2 /C 3 ) to first increase and then 
decrease with increasing ln(C 1 /C 2 ) (Guo et al., 2022b). With 
increasing ln(C 1 /C 2 ) values (mainly <4.0), the ln(C 2 /C 3 ) value of the 
Upper Paleozoic gases showed an upward trend and fell between 
the ln(C 2 /C 3 ) values of secondary cracking for type II and type III

kerogen (Fig. 3), indicating that the Upper Paleozoic gases pri-
marily originated from the secondary cracking of mixed organic
matter in coal-bearing source rocks. However, for the subsalt
gases, the ln(C 2 /C 3 ) value demonstrated an upward trend with
increasing ln(C 1 /C 2 ) values (<4.0) but a downward trend when
ln(C 1 /C 2 ) values exceeding 4.0 (Fig. 3), suggesting that these gases
primarily originated from secondary cracking of organic matter
and had undergone TSR. Additionally, unlike the variation caused
by secondary cracking, the ln(C 1 /C 2 ) values of the subsalt gases 
increase abnormally (Fig. 3), suggesting that much more C 2 was 
consumed during the TSR process.

The effects of TSR on hydrocarbon compositions are selective at 
different maturity stages under practical geological conditions. For 
example, the C 2–5 compounds are preferentially oxidized in the gas 
hydrocarbon stage because methane has the highest thermal sta-
bility, whereas the gasoline fraction is firstly oxidized during the 
liquid hydrocarbon stage (Guo et al., 2022a, 2022b; Heydari and 
Moore, 1989; Liu et al., 2006, 2014b; Orr, 1990). Consequently, 
the TSR reaction would result in an abnormal increase in the C 1 / 
C 1–5 ratio of natural gas. Thus, for the subsalt gases of the Majiagou 
Formation, an abnormal increase in the C 1 /C 1–5 ratio is likely 
caused by TSR. The TSR of natural gas can also increase the δ 13 C 
value of the C 2–5 compounds, as thermal stability of the 13 C-related 
C–C bond is higher than that of the 12 C-related C–C bond. This is 
likely the key reason for the abnormally high δ 13 C 2 values observed

Fig. 2. Geochemical variations of the subsalt gases from the Majiagou Formation and of the Upper Paleozoic gases in the Ordos Basin. (a) C 2 contents and (b) C 1 /C 1–5 ratios versus 
C 1 contents, and (c) C 1 /C 1–5 ratios and (d) δ 13 C 2 values versus δ 13 C 1 values. Data on the natural gas sources are listed in Table 1.
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for some subsalt gases of the Majiagou Formation. Therefore, un-
like the Upper Paleozoic coal-type gases, which are influenced 
solely by their maturity, identifying the subsalt gas source be-
comes more difficult because TSR affects its carbon isotope 
composition. In particular, the effects of TSR on C 2+ compounds 
may lead to incorrect source identification when relying solely on
δ 13 C 2+ values.

4.2. Source of the subsalt natural gas

The δ 13 C 2 values of the H 2 S-containing natural gas from the 
subsalt reservoirs exhibited an increasing trend with an increase in 
the H 2 S content (Fig. 4(a)). An important reason for the heavy 
carbon isotope composition of ethane in the subsalt gases is TSR, 
particularly in natural gas with lower thermal maturity (equiva-
lent R o <1.5%) (Yang et al., 2022). Consequently, with the positive 
shift in δ 13 C 2 caused by the TSR reaction, this parameter becomes 
ineffective for identifying the gas source (Cai and Wang, 2024). The
δ 13 C 2 values of the subsalt gases gradually increased from less

than − 30‰ to over − 24‰ under TSR action (Fig. 4(a)), resulting in 
some oil-type gases exhibiting the characteristic of coal-type gas 
in terms of δ 13 C 2 value. This further confirms that the δ 13 C 2 
parameter cannot be used to determine the source of subsalt gases 
from the Majiagou Formation in the Ordos Basin.

Methane can only be oxidized at the last stage of TSR 
because its thermal stability higher that of other hydrocarbon 
gas compounds (Cai et al., 2003, 2004, 2013; Guo et al., 2022a, 
2022b; Hao et al., 2008; Li et al., 2019; Liu et al., 2006). 
Although methane may be generated when C 2+ gaseous hy-
drocarbon components are oxidized by TSR, the slight varia-
tions in methane caused by these reactions would be diluted 
owing to the high proportion of thermogenic methane in nat-
ural gas. Additionally, the δ 13 C 2 value increases rapidly, 
whereas the δ 13 C 1 value remains unaffected, at the C 2+ gaseous 
hydrocarbon-dominated TSR stage. Conversely, the δ 13 C 1 value 
increases, but the δ 13 C 2 value remains relatively constant, at the 
methane-dominated TSR stage (Hao et al., 2008). The δ 13 C 2 
value of the subsalt gases had an obvious positive relationship 
with the H 2 S content, whereas no relationship was observed 
between the δ 13 C 1 value and H 2 S content (Yang et al., 2022), 
indicating that the TSR modification of the subsalt gases occurs 
mainly at the C 2+ gaseous hydrocarbon-dominated stage. 
Accordingly, we speculated that the isotope composition of 
methane is weakly affected by TSR and can be used to effec-
tively identify the source of the subsalt gases in the Majiagou 
Formation. The δ 13 C 1 values of the subsalt gases ranged 
from − 45.9‰ to − 32.4‰ (average: − 39.2‰), significantly lower 
than those of the coal-type gases from the Upper Paleozoic, 
which ranged from − 35.6‰ to − 30.2‰ (average: − 33.2‰) 
(Fig. 5 and Table 1). This suggests that the source of the subsalt 
gases is different from that of coal-type gas and can therefore 
be primarily classified as oil-type gas. The hydrogen isotope 
composition of methane (δD 1 ) is an effective indicator in dis-
tinguishing marine oil-type gas from coal-type gas, as the δD 1 
value of marine oil-type gas is higher than that of coal-type gas 
under similar thermal maturity (Wang et al., 2015). Thus, by 
combining this parameter with the δ 13 C 1 value, marine oil-type 
gas can be effectively distinguished from coal-type gas. In this 
study, the δD 1 values of the subsalt gases were higher than 
those of the Upper Paleozoic coal-type gases, reflecting the 
characteristics of marine oil-type gas (Fig. 4(b)). Therefore, the 
subsalt gases of the Majiagou Formation have been revealed to

Fig. 3. Relationship between the ln(C 1 /C 2 ) and ln(C 2 /C 3 ) values of the subsalt gases in 
the Majiagou Formation and the Upper Paleozoic gases in the Ordos Basin. Modified 
after Guo et al. (2022b) and Prinzhofer and Huc (1995). Data on the natural gas 
sources are listed in Table 1.

Fig. 4. (a) Variation characteristics of the δ 13 C 2 value with increasing H 2 S content for the subsalt gases of the Majiagou Formation, (b) the relationship between the δ 13 C 1 and δD 1 
values of the subsalt gases from the Majiagou Formation and the Upper Paleozoic gases in the Ordos Basin. Data on the natural gas sources are listed in Table 1. The plate of 
Fig. 4(b) is modified after Wang et al. (2015).
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be derived mainly from the source rocks of the Lower Paleozoic, 
belonging to typical marine oil-type gas.

The δ 13 C 1 value can be used to evaluate the thermal maturity of 
natural gas because it would increase with the thermal evolution. 
Furthermore, the R o value of natural gas can be calculated from the
δ 13 C 1 value, with the formula for the oil-type gas being
δ 13 C 1 = 27.55lg (R o ) – 47.22 (Zhao and Liu, 2008). The δ 13 C 1 values 
of the subsalt gases exhibited an increasing trend with an increase 
in R o of the Ordovician top surface (Fig. 6(a)). Furthermore, the R o 
values calculated from the δ 13 C 1 values were equivalent to or 
slightly higher than the R o of the Ordovician top surface (Fig. 6(b)), 
confirming that the carbon isotope composition of methane is 
either weakly affected or unaffected by TSR. Six subsalt gas sam-
ples from the O 1 m 5 reservoir abnormally displayed δ 13 C 1 values 
higher than − 36.0‰ (Table 1), suggesting that they were likely 
influenced by TSR because gypsum–salt rocks were more devel-
oped in this interval and promoted the TSR reaction (Fig. 1(b)). 
However, the δ 13 C 1 value is still considered an effective indicator of 
gas sources as it is rarely affected by TSR and would not cause 
identification errors compared with the changes in the δ 13 C 2 value.

Considering the noteworthy TSR-mediated modification in the 
carbon isotope composition of ethane, the δ 13 C 1 and δD 1 param-
eters should be selected for identifying the source of the subsalt

gases. In conclusion, the subsalt gases of the Majiagou Formation 
in the Ordos Basin primarily originated from the marine source 
rocks in the Lower Paleozoic and are classified as oil-type gas. That 
is, the subsalt gases belong to self-generated and self-stored nat-
ural gas.

4.3. Characteristics of secondary minerals in the subsalt reservoir

The cracks and caves in the subsalt reservoirs of the Majiagou 
Formation are widely filled by secondary calcite and elemental 
sulfur. Furthermore, these secondary calcite and sulfur often 
coexisted and bitumen impregnations are commonly seen (Fig. 7). 
TSR is a thermodynamically driven chemical reaction in which 
sulfates are reduced, and hydrocarbons are oxidized. The reaction 
can be divided into three stages based on the composition of hy-
drocarbon reactants, with the equations expressed as follows (Hao 
et al., 2008; Machel et al., 1995; Worden and Smalley, 1996): 
Liquid hydrocarbon as the main reductant:

Hydrocarbon + SO4
2- → altered

hydrocarbons + bitumen + H 2 S + CO 2 (1)

C 2+ hydrocarbon gas as the main reductant:

C n H 2n+2 + nCaSO 4 → nCaCO 3 + H 2 S + (n–1)S + nH 2 O (2)

Methane as the main reductant:

CH 4 + CaSO 4 → CaCO 3 + H 2 S + H 2 O (3)

Obviously, TSR in the reservoir generates an abundance of 
bitumen at the liquid hydrocarbon stage, and elemental sulfur is 
easily formed by the TSR reaction involving C 2–5 gaseous hydro-
carbons. However, calcite is likely found at any stage of TSR 
because CO 2 is always formed during this reaction process. 
Therefore, we can conclude that the formation of calcite and 
elemental sulfur in the cracks and caves of the subsalt reservoirs is 
likely related to sulfate reduction coupled with oxidation of the 
C 2–5 gaseous hydrocarbons.

In the reservoir, no bitumen or only trace amounts of it formed 
if gaseous hydrocarbons participated in the TSR reaction (King 
et al., 2014). Thus, the bitumen impregnations in some of the

Fig. 5. Distribution of the δ 13 C 1 value of the subsalt gases from the Majiagou For-
mation and those of the Upper Paleozoic gases in the Ordos Basin. Data on the natural 
gas sources are listed in Table 1.

Fig. 6. Variation characteristics of the δ 13 C 1 (a) and calculated R o (b) values for the subsalt gases of the Majiagou Formation in the Ordos Basin and their relationship with the R o of 
the Ordovician top surface. The locations of natural gas wells are indicated by the green wells in Fig. 1(a).
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cracks of the subsalt reservoir are likely related to the TSR of 
natural gas. On the one hand, trace amounts of bitumen possibly 
formed through the TSR of gaseous hydrocarbons. On the other 
hand, a small amount of bitumen was formed by TSR of the trace 
amounts of light hydrocarbons carried in the subsalt natural gas. In 
this process, H 2 S likely initiated sulfate reduction because this 
reaction pathway of TSR is easier. This reaction involves labile 
organosulfur compounds (LSCs) and is divided into two steps (Cai 
et al., 2022): (i) the formation of LSCs by the reaction of H 2 S re-
action with the trace amounts of light hydrocarbons in the subsalt 
gases according to Equation (4), and (ii) sulfate reduction coupled 
with oxidation of the LSCs and light hydrocarbons according to 
Equation (5).

H 2 S + hydrocarbon → LSCs (4)

LSCs + MgSO 4 + hydrocarbons → OSCs + O-bearing 
compounds + bitumen + H 2 S + CO 2 + Mg 2+ (5)

Compared with the δ 13 C values of primary carbonate rocks, 
those of TSR-related calcites exhibit a significant negative offset 
because of the conversion of organic carbon to inorganic carbon 
(Worden and Smalley, 1996). The δ 13 C values of the secondary

calcites in the TA112 subsalt reservoir ranged from − 21.1‰ 

to − 4.4‰ (average: − 10.4‰) and were significantly lower than 
those of the primary dolomite, which exhibited values ranging 
from − 2.5‰ to 1.2‰ (Fig. 8(a)). This indicates that these secondary 
calcites in the cracks and caves of the subsalt reservoirs were 
primarily formed by TSR reactions. Additionally, the associated 
elemental sulfur had δ 34 S values ranging from 22.5‰ to 24.8‰, 
close to those of the anhydrite in the Majiagou Formation 
(25.6‰–27.4‰) (Table 2). This further suggests that they are TSR-
related calcite, as no significant sulfur isotopic fractionation 
(mostly − 1‰ to − 3‰) occurs during the TSR process (Cai et al., 
2022). The fluid inclusions in the secondary calcites of the TA112 
subsalt reservoir had abundant H 2 S and formed at 160–220 ◦ C (Wu 
et al., 2022), confirming our speculation that the secondary cal-
cites filling the cracks and caves of the subsalt reservoir are pri-
marily caused by TSR.

Generally, the δ 34 S values of the H 2 S and elemental sulfur 
generated by TSR would cause a negative offset compared with the
δ 34 S value of sulfate due to isotopic kinetic fractionation, the value 
of which is typically less than 15‰ (mostly at 1‰–3‰) (Cai et al., 
2022; Zhu et al., 2014). The δ 34 S values of H 2 S and elemental sulfur 
ranged from 20.1‰ to 24.6‰ and 20.7‰ to 24.8‰, respectively 
(Fig. 8(b) and Table 2). Compared with the δ 34 S value of anhydrite

Fig. 7. Characteristics of secondary minerals in drilling cores from the subsalt reservoirs of the Majiagou Formation in the Ordos Basin. The locations of the sampling wells are 
shown in Fig. 1(a). (a) TA112, 3333.89 m, O 1 m 5(6) , calcite vein in the dolomite crack; (b) TA112, 3522.17 m, O 1 m 4 , calcite in the limestone cave; (c) TA112, 3582.57 m, O 1 m 4 , calcite 
and sulfur coexisting in the limestone cave; (d) TA112, 3316.77 m, O 1 m 5(6) , calcite vein in the dolomite crack; (e) TA112, 3382.05 m, O 1 m 5(6) , calcite in the dolomite cave; (f) TA112, 
3510.14 m, O 1 m 5(10) , sulfur associated calcite and bitumen impregnation in the dolomite crack; (g) JT1, 3668.6 m, O 1 m 5(7) , sulfur in the dolomite cave; (h) JT1, 3668.64 m, O 1 m 5(7) , 
sulfur associated bitumen impregnation in the dolomite crack; (i) JT1, 3628.4 m, O 1 m 5(6) , sulfur associated calcite and bitumen impregnation in the dolomite crack.
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(average: 26.4‰, range: 25.6‰–27.4‰), those of H 2 S and 
elemental sulfur caused an average negative offset of 3.7‰ and 
3.1‰, respectively, indicating that the H 2 S and elemental sulfur in 
the subsalt reservoirs were primarily formed by the TSR reaction. 
Thus, the rich TSR-related elemental sulfur confirmed the results 
of gas geochemical and mineralogical analyses; that is, the C 2–5

gaseous hydrocarbons are the primary reductants for the TSR re-
action in the subsalt reservoirs of the Majiagou Formation.

According to Equations (1)–(5), H 2 S is an important product of 
the TSR reaction. However, it dissolves easily in the stratigraphic 
water, resulting in its massive loss (Cai et al., 2013, 2015). Thus, this 
could be a reason for the wide variation in H 2 S content in the

Fig. 8. (a) Variation characteristics of the δ 13 C and δ 18 O values for the secondary calcite in the subsalt crack and caves, as well as the primary dolomite of the TA112 well; (b) δ 34 S 
distribution characteristics of H 2 S, elemental sulfur, pyrite, and anhydrite from the subsalt reservoirs of the Majiagou Formation in the Ordos Basin. The δ 13 C and δ 18 O values for 
the subsalt carbonates are from Li et al. (2021) and the δ 34 S data sources are listed in Table 2.

Fig. 9. SEM images showing the characteristics of pyrite in the subsalt carbonate rocks from the Majiagou Formation in the Ordos Basin. The locations of the sampling wells are shown 
in Fig. 1(a). (a) TA112, 3763.01 m, O 1 m 3 , pyrite filling pores of the clay minerals in the dolomite; (b) TA112, 3334.42 m, O 1 m 5(6) , pyrite coexisting with residual organic matter in the 
dissolution pores of anhydrite; (c–d) JT1, 3757.27 m, O 1 m 4 , pyrite filling dissolution pores of anhydrite nodules in the limestone. Data of (a) and (b) are from Li et al. (2021).
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subsalt gases. Furthermore, excessive H 2 S can reduce trivalent iron 
(Fe 3+ ) in the stratigraphic water to form pyrite (FeS 2 ) according to 
the following two equations (Rickard, 1997):

2Fe 3+ + 3H 2 S → 2FeS + S + 6H + (6)

FeS + H 2 S →FeS 2 + H 2 (7)

This reaction process is likely another reason for the wide 
variation in the H 2 S content of the subsalt gases in the Majiagou 
Formation. The pores of clay minerals or the pores of anhydrite 
nodules and their adjacent carbonates were filled with many 
euhedral or subhedral pyrites, with some of the pyrite aggregates 
comprising residual organic matter (Fig. 9), suggesting that pyrite 
formation in the subsalt reservoirs was likely caused by TSR. 
Additionally, the δ 34 S values of the pyrites ranged from 4.3‰ to 
9.4‰, significantly less than the δ 34 S values of H 2 S (Fig. 8(b) and 
Table 2), which further suggests that the pyrites from the subsalt 
reservoirs are related to the TSR reaction because pyrite formation 
would result in further sulfur isotope fractionation according to 
Equations (6) and (7).

Consequently, based on their occurrence as well as the carbon 
and sulfur isotope analyses, the calcite and elemental sulfur filling 
the cracks and caves of the subsalt reservoirs can be considered as 
TSR-related products. Furthermore, we can conclude that gaseous 
hydrocarbons are the main reductant of TSR owing to the rich TSR-
related elemental sulfur and a small amount of bitumen in the 
subsalt reservoirs. Except for the amount lost to dissolution, TSR-
related pyrite formation is an important reason for the wide 
variation in H 2 S content and even for non-detectable in the subsalt 
reservoirs of the Majiagou Formation in the Ordos Basin.

4.4. Accumulation characteristics of the subsalt natural gas

Fluid charging history can be studied through homogenisation 
temperature of fluid inclusions and basin modelling (Arouri et al., 
2010; Hu et al., 2010; Tian et al., 2014; Wang et al., 2016). The 
trapping temperature is recorded by the homogenisation tem-
perature of fluid inclusions (Goldstein, 2001), and co-captured 
aqueous inclusions are better than hydrocarbon inclusions in 
estimating oil trapping temperature (Arouri et al., 2010; Munz, 
2001). Therefore, as shown in Fig. 10, the one-dimensional 
burial–thermal history of the TA112 well was modified according 
to Wu et al. (2022), and the homogenisation temperatures of 
aqueous inclusions co-captured with hydrocarbon- and H 2 S-con-
taining inclusions in the secondary calcites of the TA112 well were 
collected.

The main oil-generating stage of the Ordovician source rocks 
occurred at the Jurassic period (~200–150 Ma), whereas the main 
gas-generating stage started at the Early Cretaceous and ended 
when the basin experienced continuous uplift from the Late

Fig. 11. Event chart showing major elements of the petroleum system and gas accumulation and reconstruction in the subsalt reservoirs of the Majiagou Formation in the Ordos 
Basin.

Fig. 10. (a) Burial–thermal history of the TA112 well modified according to Wu et al. 
(2022), and (b) homogenisation temperatures collected from Wu et al. (2022), dis-
playing the trapping temperatures of aqueous inclusions co-captured with CH 4 - and 
H 2 S-containing inclusions in secondary calcites. The location of the TA112 well is 
shown in Fig. 1(a).
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Cretaceous based on the burial–thermal history of the TA112 well 
(Fig. 10(a)). Thus, the Ordovician strata of the TA112 well experi-
enced a maximum temperature of approximately 210–220 ◦ C at 
circa 95 Ma. The homogenisation temperatures of the aqueous 
inclusions in the secondary calcites of the TA112 well were pri-
marily distributed between 160 and 220 ◦ C (Fig. 10(b)), with the 
highest homogenisation temperature being equivalent to the 
maximum temperature that occurred in the Ordovician strata of 
the TA112 well. Furthermore, the homogenisation temperatures of 
the aqueous inclusions corresponded to the main gas-generating 
stage of the Ordovician source rocks, suggesting that hydrocar-
bon migration and accumulation occurred after the Early Creta-
ceous and through gaseous hydrocarbons.

The source rocks of the Majiagou Formation consist primarily of 
argillaceous dolomite and thin inter-bedded mudstone in the 
gypsum-bearing carbonate intervals, with the residual total 
organic carbon (TOC) ranging from 0.16% to 2.97% (average: 0.45%) 
(Kong et al., 2024). Microbial dolomite and microbial/bioclastic 
limestone are the primary reservoirs of the subsalt gases in the 
Majiagou Formation (Hu et al., 2022). Together with the 
gypsum–salt rocks, a good gas accumulation system had formed 
(Fig. 11). During the main oil-generating period, few hydrocarbons 
were expelled from the source rocks of the Majiagou Formation 
because of the insufficient driving force for their expulsion and the 
lack of a migration pathway. On one hand, the hydrocarbon-
generating pressurisation of the Majiagou source rocks was 
limited because of their low TOC content, and the good sealing 
property of gypsum–salt rocks in the source rock intervals would 
effectively prevent macromolecule hydrocarbon migration. On the 
other hand, because of the weak tectonic activity and only slight 
uplift (Yang et al., 2024), the structural stress droved weakly and 
few structural fractures developed. However, during the main gas-
generating period, large-scale uplift and a geothermal incident 
occurred in the Ordos Basin (Ren et al., 2021), which greatly pro-
moted massive gaseous hydrocarbon generation and migration. 
Consequently, the subsalt gas reservoirs can be classified as pri-
mary natural gas accumulations. This confirms the previous 
conclusion that the major reductants of the TSR reaction in the 
subsalt reservoirs of the Majiagou Formation are gaseous 
hydrocarbons.

Although the strong uplift during the main gas-generating 
period can promote massive gas migration and accumulation, 
continuous uplift at a later period is adverse to gas preservation. 
Thus, the subsalt gas reservoirs in the Majiagou Formation were 
continuously being lost from the Late Cretaceous to the Quater-
nary period owing to the continuous uplift of the Ordos Basin, and 
the loss intensity gradually increased (Fig. 11). Aside from the 
natural gas loss caused by the tectonic uplift, the subsalt gas res-
ervoirs in the Majiagou Formation constantly underwent TSR
alteration, owing to an abundance of SO4

2- supplied from the
dissolution of anhydrite, meeting a necessary condition of TSR 
(Goldhaber and Orr, 1995; Zhang et al., 2008). However, the TSR 
alteration gradually weakened from the Paleogene because the 
formation temperature had decreased under the uplift of the Or-
dos Basin.

In summary, the subsalt gas reservoirs of the Majiagou For-
mation in the Ordos Basin primarily formed through the direct 
migration and accumulation of gaseous hydrocarbons and were 
unrelated to the cracking of paleo-oil reservoirs. Thus, in future 
explorations of these subsalt gases in this region, more focus 
should be placed on the geological conditions for hydrocarbon 
accumulation since the Cretaceous period, including tectonic ac-
tivity, source–reservoir–cap assemblages, and gas migration. TSR 
alteration of the subsalt gas reservoirs is another key focus in gas 
accumulation studies, particularly in the identification of gas

sources, because the TSR reaction would cause some modifications 
in the geochemical characteristics of natural gas.

5. Conclusions

The characteristics and sources of the natural gases accumu-
lated in the Ordovician Majiagou Formation of the Ordos Basin 
were studied using geochemical analysis methods. The TSR was 
characterised through investigations of the secondary minerals in 
the subsalt reservoirs and their geochemical data. Furthermore, 
the effects of TSR on natural gas accumulation in the 
carbonate–evaporite assemblage were explored. The following 
conclusions are made.

(1) Many C 2+ components were consumed by the TSR reaction.
Consequently, the subsalt gases that underwent TSR alter-
ation exhibited higher C 1 /C 1–5 and δ 13 C 2 values than those of 
the gases affected by thermal evolution only. In particular, 
for the subsalt reservoirs, the δ 13 C 2 values of some oil-type 
gases that underwent TSR alteration reflected the charac-
teristics of coal-type gas.

(2) δ 13 C 1 and δD 1 values can be used to effectively identify the 
source of the subsalt gases in the Ordovician Majiagou For-
mation because TSR has the weakest influence on methane. 
Based on their lower δ 13 C 1 values and higher δD 1 values than 
those of the Upper Paleozoic coal-type gases, the Ordovician 
subsalt gases in the Ordos Basin were primarily derived 
from marine source rocks, belonging to self-generated and 
self-stored natural gas reservoirs.

(3) The cracks and caves of the Ordovician subsalt reservoirs in 
the Ordos Basin were commonly filled by secondary min-
erals related to the TSR reaction, including secondary calcite, 
elemental sulfur, and pyrite, but few bitumen co-existed 
with these secondary minerals. Combined with the results 
of gas geochemical analyses, these findings indicate that the 
major reductants of the TSR reaction were gaseous hydro-
carbons, particularly the C 2–5 components.

(4) The Ordovician subsalt gas reservoirs in the Ordos Basin 
primarily formed through the direct migration and accu-
mulation of gaseous hydrocarbons. Moreover, they were 
unrelated to the cracking of paleo-oil reservoirs, because it is 
difficult for liquid hydrocarbons to be expelled from the 
low-TOC and gypsum–salt-rock-containing source rock 
layers in the Majiagou Formation. Therefore, future explo-
rations of the Ordovician subsalt reservoirs in the Ordos 
Basin should focus on the primary gas reservoirs.
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