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1 Introduction 
 
The Ordos Basin has the largest annual gas output 
among the Chinese basins. Gas exploration in the basin is 
mainly focused on the upper Paleozoic tight sandstone and 
the lower Paleozoic carbonate rocks (Dai et al., 2005a; 
Yang and Liu, 2014), whereas oil exploration is mainly 
focused on the Mesozoic strata (Shang et al., 2025; Wang 
et al., 2025). In the lower Paleozoic strata, exploration is 
concentrated on the Majiagou Formation, which can be 
categorized into three gas-bearing assemblages (upper, 
middle, and lower) on the basis of the reservoir 
characteristics (Yang and Bao, 2011; Li et al., 2016). 
Since the proving of the Jingbian gas field in the upper gas-
bearing assemblage of the Majiagou Formation in the 
1990s (Liu et al., 2009; Liu et al., 2012), lower Paleozoic 
gas exploration has achieved continuous breakthroughs, 
and many wells in the east side of the central ancient uplift 
have achieved industrial gas flow from the middle and 
lower gas-bearing assemblages (Yang and Bao, 2011; Li 

et al., 2016; Xu et al., 2019; Dang et al., 2022; Kong et al., 
2024; Ren et al., 2024), suggesting favorable exploration 
prospects. The Daniudi gas field is a large gas field in the 
northern part of the basin (Liu et al., 2015), with proven 
gas reserves of 454.563 Ĭ 109 m3 in Carboniferous and 
Permian tight sandstone reservoirs. Natural gas 
exploration in recent years has expanded to the deep 
carbonate reservoirs, and it has revealed controlled and 
predicted gas reserves of 22.129 Ĭ 109 m3 and 12.941 Ĭ 
109 m3, respectively, in the weathering crust of the 
Ordovician upper gas-bearing assemblage (Sun et al., 
2021). 
Geochemical studies on natural gas have played a vital 

role in revealing gas sources and secondary alteration 
(Schoell, 1980; Dai et al., 1992; Rooney et al., 1995; Liu 
et al., 2019). Natural gas from the upper Paleozoic 
reservoirs in the Daniudi gas field was derived from 
Carboniferous and Permian coal measures (Liu et al., 
2015; Wu et al., 2017a), whereas that from the upper 
Ordovician gas-bearing assemblage is mainly composed of 
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coal-derived gas mixed with some oil-associated gas (Wu 
et al., 2017b; Sun et al., 2021; Wu et al., 2024a). Several 
wells in the field have achieved industrial gas flows from 
the Ordovician middle gas-bearing assemblage, meaning 
that the origin and source of the gas are a matter of interest 
(Sun et al., 2021). 
The coal measures have the ability to supply 
hydrocarbons to the Ordovician middle and lower gas-
bearing assemblages, forming a favorable sourceïreservoir 
configuration (Yang and Bao, 2011; Shi et al., 2013). Li et 
al. (2016) demonstrated that natural gas in the Ordovician 
middle gas-bearing assemblage was mainly coal-derived 
gas from the upper Paleozoic coal measures, partially 
mixed with oil-associated gas generated from lower 
Paleozoic carbonate source rocks. However, Xu et al. 
(2019) proposed that the natural gas in the Ordovician 
middle gas-bearing assemblage displayed geochemical 
differences from the natural gas in the upper Paleozoic 
reservoirs and the weathering crust in the Ordovician 
upper gas-bearing assemblage, and that the gas from the 

middle assemblage contained a notable proportion of oil-
associated gas. This uncertainty over the origin of the gas 
in the Ordovician middle gas-bearing assemblage 
constrains our understanding of the accumulation 
mechanisms and exploration direction of natural gas. 
Therefore, the Daniudi gas field is taken as a case study to 
analyze the geochemical characteristics of natural gas 
from the Ordovician middle gas-bearing assemblage, with 
the aim of elucidating the gas origin and source. This 
study will contribute to unraveling the gas generation and 
accumulation mechanisms in Ordovician strata, and to 
expansion of the exploration field. 

 
2 Geological Background 

 
The Ordos Basin is a cratonic basin that has 

experienced multiple tectonic cycles, and its internal 
structure is gentle with a low degree of faulting. The 
Daniudi gas field is situated in the northeastern Ordos 
Basin (Fig. 1a), and covers an area of 2003.07 km2. The 

    
 

Fig. 1. (a) Location of the Daniudi gas field in the northern Ordos Basin; (b) the Paleozoic succession in the Daniudi gas field 

(after Liu et al., 2022; Wu et al., 2025). 
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area is monoclinic with the northeastern part higher than 
the southwestern part, and the average inclination angle is 
less than 1Á (Sun et al., 2021). Natural gas in the upper 
Paleozoic reservoirs gas mainly accumulated in tight 
sandstone reservoirs in the Carboniferous Taiyuan 
Formation (C3t) and the Permian Shanxi (P1s) and lower 
Shihezi (P1x) formations, whereas that in the lower 
Paleozoic reservoirs has predominantly accumulated in the 
carbonate rocks of the Ordovician Majiagou Formation 
(O1m) (Fig. 1b). 
The O1m in the Ordos Basin is composed of both 
evaporates and carbonate rocks, and it is commonly 
divided into six members (O1m1ïO1m6). The highest 
member, O1m6, is almost eroded away in the eastern and 
central parts of the basin, and the O1m5 is further divided 
into 10 submembers (O1m5

1ïO1m5
10) (Huang et al., 2015). 

Three sets of gas-bearing assemblages, i.e., the upper 
(O1m5

1ïO1m5
4), middle (O1m5

5ïO1m5
10), and lower (O1m1ï

O1m4) assemblages, have been identified based on the 
reservoir types and accumulation characteristics (Yang 
and Bao, 2011; Li et al., 2016). The carbonate reservoirs 
in the upper gas-bearing assemblage have undergone 
different degrees of weathering, leaching, and dissolution, 
and are often referred to as ñweathering crustò. The thin 
ironïaluminum argillaceous rocks in the Carboniferous 
Benxi Formation (C2b) unconformably overlie the O1m 
weathering crust, and the C3t directly overlies the O1m in 
the areas where the C2b is missing (Wu et al., 2017b). 
Moreover, the eastern Ordos Basin has experienced 
overall uplift while the western part experienced 
differential subsidence during the Yanshanian period, and 
tectonic inversion transformed the O1m in the eastern and 
central parts of the basin into a single anticlinal structure 
that was overall tilted towards the west (Yang et al., 2014; 
Bao et al., 2020). 
The main source rocks for natural gas in the Daniudi 
gas field are coal measures (dark mudstone and coal 
rocks) of the C3t and P1s. These rocks have vitrinite 
reflectance (Ro) of 0.95%ï1.53% (Yang et al., 2016). The 
coal measures contain humic organic matter, and their 
cumulative gas generation intensity is commonly greater 
than 3 Ĭ 109 m3/km2 (Hao et al., 2011). The other set of 
potential source rocks is carbonate rocks with low organic-
matter abundance in the O1m. The O1m5

6 contains gypsum 
and salt layers, and the pre-salt rocks generally display 
relatively higher hydrocarbon potential (Liu et al., 2013a; 
Liu et al., 2016). In the post-salt and inter-salt strata, 9.8% 
of the samples have total organic carbon (TOC) > 0.4%, 
whereas 28.2% of samples from the pre-salt strata exhibit 
TOC > 0.4% (Liu et al., 2016). 

 
3 Samples and Analytical Methods 

 
Twenty-four gas samples were directly collected from 
wellheads in the Daniudi gas field. Eighteen samples were 
from O1m5

5 reservoir and three samples from the O1m5
6 

reservoir. The remaining three samples were from multiple 
layers, with one from the O1m5

5ï6, another from the O1m5
6ï7, 

and the third from the O1m5
5ï7. We used double-valved 

stainless steel cylinders to collect the gas samples after 
flushing the lines and cylinders for 8 10 min to remove air 

contamination. Analyses of chemical composition were 
conducted at the Key Laboratory of Gas Geochemistry in 
the Chinese Academy of Sciences; stable carbon and 
hydrogen isotopic analyses were carried out at the 
SINOPEC Key Laboratory of Hydrocarbon Accumulation. 
The chemical composition of natural gas was measured 

using a Finnigan MAT-271 mass spectrometer, and the 
detailed measuring process followed that demonstrated by 
Liu et al. (2013b). The H2S content was detected by silver 
nitrate precipitation method. Stable carbon and hydrogen 
isotopic compositions were determined on a Finnigan 
MAT-253 mass spectrometer and a Thermo Scientific 
Delta V Advantage mass spectrometer (GC/TC/IRMS), 
respectively. The measuring methods were described by 
Wu et al. (2017a), and the reported isotopic values are 
written as ŭ notation in per mil (ă) relative to the Vienna 
Peedee Belemnite for carbon and Vienna Standard Mean 
Ocean Water for hydrogen.  

 
4 Results 

 
4.1 Natural gas composition 
The O1m5

5ï7 gas in the Daniudi gas field mainly consists 
of gaseous alkanes, in which the CH4 content ranges from 
82.02% to 95.48% (average 91.69%) (Fig. 2a), and the 
heavy alkane gas content ranges from 1.39% to 5.94% 
(average 2.61%). The dryness coefficient (C1/C1ï5) ranges 
from 0.932 to 0.985 (average 0.972). Three out of 24 
samples display characteristics of wet gas (C1/C1ï5 < 0.95), 
and the remaining 21 samples are dry gas (C1/C1ï5 Ó 0.95) 
(Fig. 2). The C1/C1ï5 ratio of the O1m5

5ï7 gas is overall 
consistent with those of the P1x gas from the same field 
(average 0.971) (Wu et al., 2017a) and the O1m3ï4 gas 
from the central and eastern Ordos Basin (average 0.978) 
(Xu et al., 2019; Wei et al., 2024) (Fig. 2). The C1/C1ï5 
ratio is predominantly higher than those of the P1s, C3t, 
and O1m5

1ï2 gas in the Daniudi gas field, which have 
average values of 0.910, 0.913 (Wu et al., 2017a), and 
0.935 (Wu et al., 2017b), respectively (Fig. 2). 
The nonhydrocarbons in the O1m5

5ï7 gas are mostly 
composed of CO2, with the content ranging from 1.56% to 
11.75% (average 5.00%). This average value is notably 
higher than the average CO2 contents of P1x, P1s, C3t (Wu 
et al., 2017a), and O1m5

1ï2 gas (Wu et al., 2017b) in the 
same field (0.79%, 2.04%, 1.64%, and 2.03%, 
respectively), and is consistent with that of the O1m3ï4 gas 
from the central and eastern Ordos Basin (5.05%). 
Nitrogen (N2) and H2S were also detected in some 

O1m5
5ï7 gas samples, but nearly half of the samples 

contained N2 below the detection limit. Gas samples with 
detectable N2 have N2 contents of 0.01% to 4.25% 
(average 0.89%), and 9 out of 12 samples have an N2 
content lower than 1.0%. Gas samples with detectable H2S 
have contents of 0.0002%ï1.8617% (average 0.3350%), 
and the corresponding gas souring index (GSI) values 
[H2S/(H2S + ɆCnH2n+2)] (Worden et al., 1995) range from 
0.000002 to 0.019067 (average 0.003512). 

 
4.2 Carbon isotopic composition of alkanes and CO2 
The methane carbon isotopic value (ŭ13C1) for the O1m5

5ï7 
gas ranges from ī39.7ă to ī35.6ă (Fig. 2b) (average 
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ī37.2ă), which is consistent with the ŭ13C1 values of the 
C3t and O1m5

1ï2 gas in the same field (average ī37.7ă 
and ī38.2ă, respectively) (Wu et al., 2017a; Wu et al., 
2017b). The value for the O1m5

5ï7 gas is markedly lower 
than those of the P1x and P1s gas (average ī35.2ă and 
ī35.3ă, respectively) (Wu et al., 2017a), but is notably 
higher than that of the O1m3ï4 gas from the central and 
eastern Ordos Basin (average ī40.5ă) (Xu et al., 2021; 
Wei et al., 2024) (Fig. 2b). 
The ethane carbon isotopic ratio (ŭ13C2) of O1m5

5ï7 gas 
ranges from ī30.4ă to ī23.7ă averaging ï25.2ă, and 
most gas samples display the ŭ13C2 value higher than 
ī28.0ă with only 1 out of 24 samples having the ŭ13C2 
value lower than ī30.0ă (Fig. 2c). The O1m5

5ï7 gas 
commonly display consistent ŭ13C2 value with the P1x, P1s, 
and C3t gas from the field (averaging ī25.8ă, ī25.0ă, 
and ī25.1ă, respectively) (Wu et al., 2017a) (Fig. 2c). 
However, the O1m5

1ï2 gas from the field and O1m3ï4 gas 
from central and eastern Ordos Basin display significantly 
wider ranges of the ŭ13C2 value (Fig. 2c), which are from 
ī33.6ă to ī24.2ă (Wu et al., 2017b) and from ī33.0ă 
to ī19.1ă (Xu et al., 2021; Wei et al., 2024) averaging 
ī28.4ă and ī25.9ă, respectively. 
The propane carbon isotopic value (ŭ13C3) of O1m5

5ï7 
gas from the Daniudi gas field is in the range from 
ī27.7ă to ī21.8ă averaging ī24.0ă, whereas that of 

the P1x, P1s, and C3t gas distributes centralized from 
ī26.2ă to ī24.1ă, from ī24.3ă to ī23.4ă, and from 
ī25.1ă to ī23.1ă averaging ī25.2ă, ī23.7ă, and 
ī24.1ă, respectively (Wu et al., 2017a). The ŭ13C3 values 
of O1m5

1ï2 gas from the field and the O1m3ï4 gas from 
central and eastern parts of the basin are significantly 
wider (Fig. 2c) and range from ī29.2ă to ī22.8ă (Wu et 
al., 2017b) and from ī25.8ă to ī15.0ă (Xu et al., 2021; 
Wei et al., 2024) averaging ī26.5ă and ī22.6ă, 
respectively. 
The O1m5

5ï7 gaseous alkanes display positive carbon 
isotopic series (ŭ13C1 < ŭ

13C2 < ŭ
13C3 < ŭ

13nC4) with no 
partial reversal, and the C3t, P1s, P1x (Wu et al., 2017a) 
and O1m5

1ï2 gas (Wu et al., 2017b) from the field and the 
O1m3ï4 gas from central and eastern parts of the basin (Xu 
et al., 2021; Wei et al., 2024) display consistent 
characteristics (Fig. 3). The CO2 carbon isotopic value 
(ŭ13CCO2) is between ī12.4ă and ī4.6ă averaging 
ī8.9ă, whereas that of the O1m5

1ï2 gas ranges from 
ī11.9ă to ī6.2ă averaging ī8.4ă (Wu et al., 2017b). 

 
4.3 Hydrogen isotopic value of alkanes 
The methane hydrogen isotopic values (ŭD1) of O1m5

5ï7 
gas from the Daniudi gas field range from ī204ă to 
ī185ă (Fig. 2d) (average ī197ă), which is overall 
consistent with the ŭD1 values of the P1s gas (ī209ă to 

    
 

Fig. 2. Correlation diagrams of (a) CH4, (b) ŭ13C1, (c) ŭ13C2, and (d) ŭD1 versus C1/C1ï5 of natural gas from the Daniudi gas 

field, Ordos Basin. 
Data for the C3t, P1s, and P1x gas are from Wu et al. (2017a), data for the O1m5

1ï2 gas are from Wu et al. (2017b), and data for the O1m3-4 gas from 

the central and eastern Ordos Basin are from Xu et al. (2021) and Wei et al. (2024). Fig. 2b is modified after Wu et al. (2024b). 
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ī182ă), C3t gas (ī205ă to ī197ă), and O1m5
1ï2 gas 

(ī197ă to ī160ă) (Wu et al., 2017a, b). The ŭD1 value 
is slightly lower than those of P1x gas (ī184ă to ī179ă) 
(Wu et al., 2017a) and notably lower than those of O1m3ï4 
gas from the central and eastern Ordos Basin (ī188ă to 
ī144ă) (Wei et al., 2024). 
The ethane hydrogen isotopic value (ŭD2) of O1m5

5ï7 
gas ranges from ī164ă to ī120ă (average ī136ă), and 
that of C3H8 (ŭD3) ranges from ī149ă to ī85ă (average 
ī114ă). The O1m5

5ï7 gas commonly has positive 
hydrogen isotopic series of alkane gas (ŭD1 < ŭD2 < ŭD3), 
except for one sample displaying partial reversal between 
C2H6 and C3H8 (ŭD2 > ŭD3). 

 
5 Discussion 
 
5.1 Genetic types of alkane gas 
The alkane gas in gas reservoirs is mainly of organic 
origin, and it can be generally categorized into bacterial 
and thermogenic gas (Dai, 1992; Dai et al., 1992; 
Whiticar, 1999). Bacterial gas commonly displays low 
ŭ13C1 values (<ī55ă) and extremely high dryness 
coefficients (>0.99), whereas thermogenic gas frequently 
exhibits ŭ13C1 values ranging from ī50ă to ī30ă (Dai, 
1992; Dai et al., 1992; Whiticar, 1999). The ŭ13C1 values 
of the O1m5

5ï7 gas from the Daniudi gas field range from 

ī39.7ă to ī35.6ă, and natural gas from different strata 
of the field (P1x, P1s, C3t, O1m5

1ï2, and O1m5
5ï7) displays 

ŭ13C1 values higher than ī50ă, suggesting that the 
Daniudi gas is thermogenic gas (Fig. 4). 
Different alkane gases can behave differently during the 

    
 

Fig. 3. Correlation of ŭ13C versus the reciprocal of the carbon number (1/Cn) of (a) C3tïP1x, (b) O1m5
1ï2, (c) O1m5

5ï7, and 

(d) O1m3ï4 gas from the Daniudi gas field, Ordos Basin (modified after Chung et al., 1988; Zou et al., 2007). 
Data for the C3tïP1x and O1m5

1ï2 gas are after Wu et al. (2017a) and Wu et al. (2017b), respectively; data for the O1m3ï4 gas from the central and 

eastern parts of the Ordos Basin are from Xu et al. (2021) and Wei et al. (2024).  

Fig. 4. Modified Bernard diagram (C1/C2+3 versus ŭ13C1) for 

natural gas from the Daniudi gas field, Ordos Basin (after 

Bernard et al., 1976; Whiticar, 1999). 
The C3tïP1x and O1m5

1ï2 gas data are from Wu et al. (2017a) and Wu et al. 

(2017b), respectively; data for the O1m3ï4 gas from the central and eastern 

Ordos Basin are from Xu et al. (2021) and Wei et al. (2024).  
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migration process. The smaller the molecular diameter and 
molecular weight of an alkane gas, the more readily it 
migrates; therefore, CH4 is more likely to migrate than 
heavy alkane gas, which results in increased C1/C1ï5 ratios 
of migrated gas and decreased C1/C1ï5 ratios of residual 
gas. Moreover, 12CH4 migrates more readily than does 
13CH4, which results in low ŭ13C1 values for migrated gas 
and high ŭ13C1 values for residual gas (Bernard et al., 
1976; Zhang and Krooss, 2001). Therefore, migrated gas 
displays a negative correlation between C1/C1ï5 ratios and 
ŭ13C1 values (Wu et al., 2024b). The O1m5

5ï7 gas from the 
Daniudi gas field displays a positive correlation between 
these two parameters, suggesting an influence of maturity 
rather than migration fractionation (Fig. 2b). The gas also 
displays a maturity trend rather than a migration trend in 
the modified Bernard diagram (Fig. 4); therefore, no 
obvious influence of migration was observed for the O1m5

5ï7 
gas from the Daniudi gas field.  
Natural gas in reservoirs is generally categorized into 
two types on the basis of the organic matter in the source 
rocks: coal-derived gas from humic organic matter and oil-
associated gas from sapropelic organic matter (Dai, 1992; 
Rooney et al., 1995). The carbon isotopic composition of 
heavy alkane gas (e.g., C2H6 and C3H8) is commonly 
inherited from the original organic matter and is less 
affected by maturity than that of CH4, meaning that the 
carbon isotope ratio can be applied for genetic 
identification of natural gas (Dai, 1992; Liu et al., 2019). 
The ŭ13C2 and ŭ

13C3 values of typical coal-derived gas are 
generally greater than ī27.5ă and ī25.5ă, respectively, 
whereas those of oil-associated gas are generally less than 
ī29.0ă and ī27.0ă, respectively (Dai et al., 2005b). The 
O1m5

5ï7 gas samples mostly display relatively high ŭ13C2 
and ŭ13C3 values, and thus follow the trend of coal-derived 
gas from the Niger Delta and the Sacramento Basin in the 
correlation diagram of ŭ13C2 versus ŭ13C1 (Fig. 5a). They 
also share consistent characteristics with typical coal-
derived gas in correlation diagram of ŭ13C3 versus ŭ13C2 
(Fig. 5b), and only some individual samples show the 
characteristics of oil-associated gas (Fig. 5). The upper 
Paleozoic (C3tïP1x) gas in the Daniudi gas field mainly 

displays ŭ13C2 and ŭ
13C3 values similar to those of coal-

derived gas. In contrast, the O1m5
1ï2 gas in the Daniudi gas 

field and the O1m3ï4 gas from the central and eastern 
Ordos Basin display markedly wider ranges of both ŭ13C2 
and ŭ13C3 values, exhibiting some differences from typical 
coal-derived or oil-associated gas (Fig. 5). 
The correlation diagram of ŭ13C of n-alkanes versus 1/

Cn (reciprocal of the carbon number) has been named the 
ñnatural gas plotò (Chung et al., 1988). Over-mature oil-
associated gas and high-over mature coal-derived gas 
show concave and convex C1ïC3 curves in the plot, 
respectively (Zou et al., 2007). The C3tïP1x gas (Wu et al., 
2017a) and the majority of the O1m5

1ï2 gas (Wu et al., 
2017b) from the Daniudi gas field display convex C1ïC3 
curves (Fig. 3a, b), suggesting that they are high-mature 
coal-derived gas. Several O1m5

1ï2 gas samples displaying 
concave C1ïC3 curves (Fig. 3b) may have originated from 
over-mature oil-associated gas (Wu et al., 2017b). The 
O1m5

5ï7 gas commonly displays convex curves in the ŭ13Cï
1/Cn correlation diagram (Fig. 3c), suggesting that it 
possesses the same characteristics as the C3tïP1x coal-
derived gas (Fig. 3a). 
The ŭD1 value plays a unique role in identifying the 

water environment during sedimentation of source rocks, 
origin of natural gas, and thermal maturity (Schoell, 1980; 
Liu et al., 2008; Liu et al., 2014b; Liu et al., 2019). Oil-
associated gas generally has a heavier hydrogen isotopic 
composition of CH4 (i.e., a higher ŭD1 value) than coal-
derived gas with similar ŭ13C1 values (Wang et al., 2015). 
The upper Paleozoic (P1x, P1s, and C3t) gas from the 
Daniudi gas field displays characteristics of typical coal-
derived gas in the correlation diagram of ŭD1 versus ŭ13C1, 
whereas the O1m3ï4 gas from the central and eastern parts 
of the basin shows the characteristics of oil-associated gas 
(Fig. 6a). The O1m5

1ï2 gas from the Daniudi gas field 
commonly displays characteristics of transitional gas, 
indicating mixing of oil-associated and coal-derived gas, 
whereas the majority of the O1m5

5ï7 gas shows 
characteristics consistent with those of the upper Paleozoic 
coal-derived gas, and only a few samples display the 
characteristics of transitional gas (Fig. 6a). 

    
 

Fig. 5. Correlation diagrams of (a) ŭ13C2 versus ŭ13C1 and (b) ŭ13C3 versus ŭ13C2 for natural gas from the Daniudi gas field, 

Ordos Basin (modified after Rooney et al., 1995 and Dai et al., 2005b, respectively). 
The C3tïP1x and O1m5

1ï2 gas data are from Wu et al. (2017a) and Wu et al. (2017b), respectively; data for the O1m3ï4 gas from the central and 

eastern Ordos Basin are from Xu et al. (2021) and Wei et al. (2024).  


