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specific isotopes. The isotopic data were compared with coal-type gases from the corresponding strata
and oil-type gases from the Lower Palaeozoic carbonate strata. Natural gas in the Upper Palaeozoic Taiyuan
Limestone Formation was markedly distinct from the ‘self-generated and self-accumulated’ oil-type gas in
the Lower Palaeozoic subsalt strata, indicating no obvious correlation between the two gases. The results did
not support the notion that large-scale natural gas accumulations in the Lower Palaeozoic carbonate for-
mations could be originated from Upper Palaeozoic limestone source rocks. The natural gas in the Upper
Palaeozoic Taiyuan Limestone Formation was highly consistent with the typical coal-type gas from the Upper
Paleozoic. The geochemical characteristics of the natural gas in the region were consistent with that of
conventional natural gas, the position-specific isotopic composition of propane Ac_t values had a narrow,
positive. This showed that the gas in the Taiyuan Limestone Formation was derived from type Il kerogen, and
propane mainly generated through the n-CsHy free radical pathway. Geochemical analyses of the Taiyuan
Limestone source rocks, such as the determination of total organic carbon, kerogen carbon isotopes, organic
macerals. Combined with the geochemical analysis of natural gas, it revealed low abundance of organic
matter but good kerogen types, predominantly type II-1II, at a late to high-maturity evolution stage. Although
the formation had certain hydrocarbon generation potential, it falls short of the hydrocarbon generation
capacity of the Carboniferous-Permian coal measure source rocks. At present, there is no large-scale hy-

drocarbon generation, and it is not enough to provide hydrocarbon for the Lower Paleozoic.
© 2025 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-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. Introduction

The Ordos Basin is a typical cratonic superimposed basin in the
west of North China plate. It contains multiple hydrocarbon-bearing
strata and is extremely rich in oil and gas resources, making it one of
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Liu et al., 2024). The Mesozoic Triassic system in the basin is primarily
exploited for tight oil and shale oil; the Upper Paleozoic Permian and
Carboniferous systems are mainly for tight gas and coalbed methane;
the Lower Paleozoic is dominated by natural gas from the top
weathering crust of the Ordovician Majiagou Formation (Kong et al.,
2024; Li et al., 2018, 2023; Liu et al., 2022; Yang et al., 2015; Zhang
et al,, 2023). Owing to the dense lithology of the Permian Taiyuan
Formation limestone, only a few wells, such as ZH2 and ZH3, pro-
duced industrial gas after acidification during early exploration.
However, the productivity of these individual wells is low, and they
are largely overlooked by production units (Liu et al., 2024). Recently,
the China Petroleum Changqing Oilfield Company revitalized the
research and exploration deployment of the Taiyuan Limestone For-
mation in order to expand exploration areas. Two wells, YT1H and
ZT1H, were drilled as part of the risk exploration. The YT1H well test
obtained a high-yield natural gas unimpeded flow rate of
54.86 x 10* m?/d, and the ZT1H well test obtained a natural gas un-
obstructed flow rate of 12.50 x 10* m3/d (Li et al., 2024; Xiao et al,,
2024). It is announced that Taiyuan Limestone Formation has made
major breakthrough in natural gas exploration, showing that Taiyuan
Limestone Formation has good natural gas exploration potential as a
new production layer.

Extensive geochemical studies of natural gas indicate, natural
gas in the Upper Palaeozoic Carboniferous-Permian marine-
terrigenous and continental clastic reservoirs typically exhibit
‘self-generated and self-accumulated’ or ‘near-source accumula-
tion’ characteristics. It originates mainly from the region's wide-
spread coal measure source rocks (Guo et al., 2022; Yang et al.,
2014; Yao et al., 2018). However, owing to limited research on
Taiyuan Formation carbonate source rocks and natural gas,
whether Taiyuan Limestone Formation natural gas has similar
reservoir forming characteristics with clastic reservoir natural gas
needs to be further studied.

The sedimentary environment of the Taiyuan period in the basin
is characterized by continuous transgression, with a sedimentary
palaeotopography of ‘high in the north and low in the south’. This
led to the development of a mixed marine—continental interactive
sedimentary system comprising carbonate rocks, coal seams, and
terrigenous clastics described as ‘sand in the north and limestone in
the south’. To the south of Yulin is epeiric sea carbonate deposit,
with the limestone thickness of 5-30 m, which thins progressively
to the north (Yang et al., 2025; Zhang et al., 2024). Drilling and
outcrops reveal that Taiyuan Limestone Formation is mainly dark
grey micritic limestone and bioclast micritic limestone, containing
a large number of broad-sea salt organism fossil and algae lattice
dissolved pores, marine and marine-continental transitional facies
biological mixed (Liu et al., 2023). Although these bioclastic-rich
limestones likely generated hydrocarbons on a large scale during
the long-buried evolution process, their effectiveness as consistent
geochemical source rocks requires systematic evaluation.

Hence, in this study, we aimed to clarify the origin and source of
natural gas in the Taiyuan Formation. Limestone samples and nat-
ural gas samples were systematically collected from the Taiyuan
Formation in the central and eastern parts of the basin. The natural
gas composition, hydrocarbon isotope distribution, and propane-
specific positional isotopic data were analysed and compared
with the Upper Palaeozoic Carboniferous-Permian typical coal-
type and Lower Palaeozoic marine-origin natural gas data. A
propane-specific positional isotope index was introduced to facil-
itate differentiation between coal-type and oil-type gases. The
origin of the natural gas in the Taiyuan Formation was accurately
clarified using comprehensive geochemical indices. Based on a
comprehensive determination of the organic matter type, total
organic carbon (TOC) content, and maturity of the Taiyuan Lime-
stone Formation, the possibility of the Taiyuan Limestone
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Formation as a hydrocarbon source was assessed, and the contri-
bution of the Taiyuan Limestone Formation to the present gas
reservoir was preliminarily evaluated. Combined with the spatial
distribution characteristics of the overlying and underlying coal
measure source rocks of the Taiyuan Formation, the primary sour-
ces of natural gas in the Taiyuan Limestone Formation were ana-
lysed. Our findings provide an important reference value for
revealing the formation mechanism of limestone natural gas in the
Taiyuan Formation and its subsequent exploration and
deployment.

2. Geological setting

The Ordos Basin is located in the western part of the North
China Platform and is the second-largest petroleum-bearing basin
in China (Fu et al., 2020). It is divided into six first-order tectonic
units: Yimeng Uplift, Western Margin Thrust Belt, Tianhuan
Depression, Yishan Slope, Jinxi Fault-fold Belt, and Weibei Uplift
(Liu et al., 2009; Xiao et al., 2019; Xiong et al., 2020; Yang, 2022).

The Late Paleozoic marine-terrigenous sedimentary system was
developed in the Ordos Basin. Marine and continental coal mea-
sures deposits were developed the Carboniferous (Xietal., 2023).In
the early PermianTaiyuan period, the scope of seawater intrusion in
the eastern and western margins expanded further. The North
China Sea and the Qilian Sea connected to form a unified coastal
shallow sea deposit with coal measures as a typical feature, and
lagoon and tidal flat deposits developed widely. The early Taiyuan
Basin exhibits geomorphological feature of being higher in the
north and lower in the south, with steeper northern and gentler
southern slopes (Chen et al., 2010). Alluvial fans, deltas, and
shallow-shelf marine sediments developed from north to south. A
bioclastic beach developed in the Hengshan-Jingbian area, and a
bioherm developed in the Zizhou-Qingjian area (Fig. 1 (a)) (Fu,
2023). Regional sea retreat occurred at the end of the Taiyuan
period, seawater withdrew from the Ordos area during the Early
Permian Shanxi to Late Permian Shigianfeng periods, and the
sedimentary pattern changed from east-west differentiation to
north-south differentiation. The salinity of the water changed from
brackish to fresh water, and a fluvial-delta-lacustrine sedimentary
assemblage developed (Mao, 2020).

The paleoclimate of the Taiyuan period is warm and humid, and
the sedimentary water body is marked by brackish water—fresh
water, which is an important coal-forming period (Ma et al.,
1999). Vertically, the Taiyuan Formation developed two third-
order cycles from transgression to regression, among which the
fourth-order cycle has a sedimentary filling mode of lithology from
limestone to coal rock, ‘north sand and south limestone, overlying
mudstone—coal’ on the plane. During the Shanxi period, the sedi-
mentary environment changed from marine to continental facies,
and the climate changed from humid to arid, forming a multi-
period superimposed, large area zonal distribution of river-delta
facies sand bodies (Mao, 2020). A mixed formation of carbonate
rock, coal rock, and terrigenous clastic rock formed during the
Lower Permian Taiyuan Formation. The thickness of the formation
is generally 15-55 m (Chen and Liu, 1997; Fu et al., 2003; Xi et al.,
2023). The Taiyuan Limestone Formation reservoirs include bio-
clastic limestone, micritic limestone, and dolomite interlayers
(Fig. 1(b)) (Fu, 2023; Wang et al., 2024).

3. Samples and experiments
3.1. Samples

We performed a gas source correlation analysis for natural gas
in the Taiyuan Limestone Formation reservoirs in the Ordos Basin.



W. Zhang, Q.-P. Wang, W.-H. Liu et al.

Petroleum Science 23 (2026) 582-595

T oo g5 3

06To0"

80 km

Yimeng Uplift
&
m]
Hangjin Banner

GS(2016)1603

- \/_ — .
J39° D T /
5 ‘Otog Banner
/ [m]
| Shenmu /
/ .
) |
[ @ '
) Yulin |
PO
g \ 0
- . Hengshan
2] '- I O Mizhi
O
Wl [m] = | a=
. g Dingbian Jingbian Zizhou . g
§ -
: g | o oL
— 5 Zichang ' %
8 ©
c l . =
= ) Yan’ : -
s I Yishan Slope anan I
=

|
bt .

&ingyang

-/-

| -

_____ Well City
& location
oo .
Totonic Fault
boundary

Strata Thick- | .
Lithology
Erathem | System | Series [Formation |5 ™ »
rathem | System | Series |Formation Dolomite
""""" Limestone
Shanxi | 50-75[=— = = I/' 7 _/i
— - = V= /=771
P T Y R e ;
o © = e — Argillaceous
‘-~ — o |\ T .
8 £ = -~ - — dolomite
o 1 o
kol & e e B B
© L I-T T-Tj
o L I-T T-]
= -
8 Argillaceous
ERCEeES RS limestone
Q .
=) Taiyuan | 50- P==LLI
300 [— - — on
. e A 11T
Oolitic
E o - = limestone
o 3 [ . [ p—————
29 < Benxi 40
82 =) %
Mudstone
LI TIT
lor|
0] [ T T TT | ______
c I N N I |
o o I -
g g Maii 400- Sandy shale
T T 11
<] o ajlagou 600 Ty
E - L 1T 1T 1T
o I -
o
— 1T 1 11
e} TIITITI I Sandstone
N
o
2 g -
I 2 San- 100+ PO
> S‘ shanzi Ferric-aluminum
; o] Tol Tof mudstone
3 % Zhang- 50— Tel_Jol T
o= i C T T T 1T
= xia 150 H S @
€ [ - - ===
ps S 3 X P g e o o
o] (&) el zhuang 200
=
Mao- 10+-
zhuang | 100+ ~] /- Coal
[ 1

by o

10550 o To0 Toolow

(e

Fig. 1. Comprehensive histogram of tectonic unit division and Paleozoic lithology in the Ordos Basin.

Plenty of literature research, data collection, and analysis tests
were carried out in the central and eastern part of the Ordos Basin.
32 natural gas samples such as J102 well, J9 well, and YT1H well
were collected and analysed. Simultaneously, a number of
geochemical analyses of Upper Paleozoic natural gas, including 89
in Shanxi Formation, 42 in Taiyuan Formation and 14 in Shihezi
Formation, were collected. 14 samples of the Taiyuan Limestone
Formation (Zhaoxian section in Lin County, Shanxi Province) were
collected, and their geochemical characteristics were analysed.

3.2. Geochemical and stable isotope analysis

3.2.1. Natural gas components and isotope analysis

The experimental analysis was performed at the Stable Isotope
Geochemistry Laboratory, State Key Laboratory of Continental
Dynamics, Northwest University, Xi'an, China. The components of
the natural gas samples were determined using an Agilent Tech-
nologies 7890B Gas Chromatograph (GC) (Yu et al., 2015). The
analysis program was run as follows. The initial temperature of the
GC oven was set at 80 °C; it was first heated to 100 °C at a rate of
5 °C/min, maintained for 2 min, then heated to 290 °C at a rate of
10 °C/min, and maintained for 3 min. The measured components
of natural gas are expressed as percentages, %.

The carbon isotope composition of natural gas was determined
using a Thermo Scientific Delta XP Plus IRMS combined with an

HP5890 II gas chromatograph equipped with a capillary column
(PLOT-Q, 30 m x 0.32 mm). The test procedure was as follows. The
GC oven was initially heated to 80 °C at a rate of 8 °C/min;
thereafter, it was heated to 260 °C at a rate of 10 °C/min and
maintained for 10 min until the measurement was completed. The
513C values of gases are reported in per mil (hundred meters, %o)
relative to the V-PDB standard, and the §D values are reported in
per mil (hundred meters, %o) relative to the V-SMOW standard.
The measurement accuracies of both the 5'3C and sD values were
within +0.3%.

3.2.2. Position-specific isotope composition

The position-specific carbon isotope composition of propane in
the gas samples was measured using GC-pyrolysis-GC-C-IRMS
(Gilbert et al., 2016). The tests included separation and pyrolysis.
High-purity helium gas was used as the carrier gas, and deacti-
vated fused silica capillary columns (0.25 mm inner diameter)
were used to connect the devices. Natural gas samples were first
separated by the first gas chromatographic column (HP-PLOT-Q,
30 m x 0.32 mm inner diameter). The initial temperature of the GC
oven was set at 50 °C for 3 min, the temperature was then raised to
200 °C at a rate of 10 °C/min and maintained for 8 min. Once the
separated product entered the ceramic tube reactor, and the py-
rolysis process began in a 790 °C pyrolysis furnace. After that, it
was separated again using a second gas chromatography, with the
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oven maintained at 30 °C. The separated fragments entered GC-
Isolink 1I and were burned to CO, at 1000 °C. The §">C values
were measured using a Thermal Scientific MAT 253 Plus IRMS.

Gilbert et al. (2016) found that methane was formed from the
methyl group of propane and ethane was formed by the splicing of
two methyl groups of propane formed during pyrolysis. In this
study, the position-specific isotope distribution of propane was
calculated using Egs. (1)-(3).

13 13
Ac_1=96 Ccentral_5 Cterminal (1)

13 13
6 Cterminal = (5 Cmetllane><5methane

+ 513Cethane ><Sethane) /(Smethane + Sethane) (2)

13 13 13
6 Cterminal+5 Ccentral =2x8 Cethylene (3)

In the equations, Smethane and Sethane are the areas of the CO,
peak in the IRMS spectra of methane and ethane, respectively. The
carbon isotopic composition at specific propane position was
corrected as described by Liu et al. (2023). For samples with a low
propane content, the Co hydrocarbon components were analysed
and determined after enrichment. The measurement accuracy of
propane position-specific carbon isotope composition in this study
is within +1.0%.

3.2.3. Hydrocarbon source rock

The experimental analysis was performed at the Stable Isotope
Geochemistry Laboratory, State Key Laboratory of Continental
Dynamics, Northwest University. TOC analysis was performed
using a LECO CS744 carbon-sulfur analyser. The TOC testing pro-
cess included the following steps. First, the sample was crushed
and ground to a mesh size of < 80. The sample powder was then
placed in a permeable crucible and weighed accurately. Finally,
hydrochloric acid (HCI) was added and dissolved in a water bath at

Table 1
The geochemical characteristics of Upper Paleozoic natural gas in the Ordos Basin.
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80 °C for 12 h and heated for 3 h to remove carbonate minerals (Li
Y.N. et al., 2021; Wang et al., 2025).

Rock Pyrolysis was performed using a Rock-Eval 6 Pyrolysis
Analyzer. In the pyrolysis experiment, the source rock needs to be
maintained at a constant temperature of 300 °C for 3 min to es-
timate S;. Subsequently, the temperature is elevated from 300 to
650 °C at a rate of 25 °C/min for the temperature-rise analysis to
estimate S, (Han et al., 2018a).

The EA IsoLink-IRMS system was used to measure the kerogen
organic carbon isotope composition of source rocks. The sample
pretreatment method includes, the sample powder less than 80
mesh was placed in the permeable crucible for weighing, and
dilute hydrochloric acid was continuously added to the crucible
until no gas was produced. The sample was then washed in an
80 °C water bath with distilled water for neutralisation and placed
in a 50 °C oven for drying. The dried sample was placed in a tin cup
and analysed using a Flash 2000 HT elemental analyser (Zhang
et al., 2024).

The vitrinite reflectance (R,) was determined using a Leica
DM4500P polarising microscope with a 50 x objective lens,
yielding a random reflectance value under oil-immersion
conditions.

4. Results
4.1. Geochemical characteristics of natural gas

The composition characteristics of natural gas components and
the carbon and hydrogen isotope composition are listed in Table 1.
The natural gas composition in the Permian Taiyuan limestone
reservoirs was dominated by hydrocarbons, with methane being
the predominant gaseous hydrocarbon component with an
average of 88.48%. The dryness coefficient (C1/=Cy.5) of the gas
ranged from 0.960 to 0.991, with a mean value of 0.974, exhibiting
characteristics of ‘dry gas’ and being drier compared to the other

Strata Taiyuan Limestone Taiyuan Formation Coal measure Coal measure Data source
Formation limestone strata of Shihezi strata of Shanxi
development Formation Formation
region
Hydrocarbon CH4 72.65-94.29 80.08-98.23 70.68-95.18 81.07-95.65 This study; Dai et al. (2005, 2014); Hu et al. (2007);
components, % CoHg 0A8785'il§(11;) 1901033(]252) 2%(;1(7)(:;) 2%25%8;7) Han et al. (2022); Huang et al. (2015); Li et al. (2014);
GHy 18701 4.03(22) 4.50(14) 4.00(87) Li et al. (2023); Liu et al. (2015); Li et al. (2021);
0.06-0.53 0.14-2.06 0.19-2.48 0.13-3.68
iCHy, 02701 0.96(22) 0.80(14) 0.80(87) Wau et al. (2019); Yang et al. (2015);
0.01-0.20 0.01-0.28 0.04-0.38 0.01-0.59
0.10(11) 0.14(20) 0.14(11) 0.14(73) Zhang et al. (2023); Zhao et al. (2014)
nCatho 6012011 0.01-0.43 0.04-0.51 0.02-0.92
alc 0.05(11) 0.16(20) 0.18(14) 0.18(87)
=15 0.960-0.991 0.896-0.988 0.883-0.966 0.831-0.970
0.974(11) 0.945(22) 0.941(14) 0.947(87)
Non-hydrocarbon  CO, 1.47-7.21 0.36-2.91 0.10-1.22 0.02-2.72
components, % 3.55(9) 1.49(25) 0.47(10) 1.23(61)
2 0.15-14.54 0.21-22.23 0.04-19.82 0.03-3.42
RE 4.91(10) 431(21) 3.75(11) 0.77(56)
o e CHy4 —334--317 —409--316 —-38.3--309 —38.3--30.2
CHe —32.7(10) ~36.0(33) ~34.1(13) ~32.9(89)
—24.0--21.5 —32.2--22.0 —26.3--22.7 —27.0--22.7
CoHe —22.3(10) —25.0(33) —24.6(13) —25.2(89)
—23.7--19.7 -27.6--19.0 —-25.2--223 —26.5--20.8
5D %o —21.2(10) —233(31) —23.6(11) —23.4(89)
’ —190--170 —205-—-195 —183--182 —214--175
~179(8) ~201(6) ~182(3) ~186(41)

N Minimum value-maximum value
Average value (The number of samples)
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Fig. 2. Characteristics of natural gas components in different strata of the Upper Paleozoic in the Ordos Basin. (a) Scatter plot of CHs~C;Hg in natural gas. (b) Scatter plot of

CyHg-C3Hg in natural gas.

two groups of natural gas. The non-hydrocarbon components
consisted mainly of CO, and Nj, with an average N; content of
4.91% and a generally low CO, content, averaging 3.55%. Overall,
there was a strong negative correlation between methane and
ethane contents, indicating that the methane content decreased as
the ethane content increased (Fig. 2(a)). Individual samples had
methane content as low as 72.65%, possibly because of the impact
of reservoir modification during the production process.

Natural gas from the other Paleozoic strata consisted primarily
of hydrocarbons. The methane content of the natural gas in
Taiyuan Limestone Formation development region ranged from
80.08% to 98.23%, with an average of 91.30%, whereas the ethane
content fell between 1.00% and 7.15%, with an average of 4.03%.
The drying coefficient ranged from 0.896 to 0.988, with an
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average of 0.945. The average CO, content of the non-
hydrocarbon components was 1.49%, the average N, content
was 4.31%, HyS was absent. The methane content of the natural
gas in the Shanxi Formation and Shihezi Formation coal measure
strata ranged from 81.07% to 95.65% and from 70.68% to 95.18%,
respectively, with average values of 92.76% and 90.10%. The pro-
pane content ranged from 2.01% to 10.57% and 2.83%-7.42%
respectively (Fig. 2(b)). The dryness coefficient of natural gas in
Shanxi Formation ranged from 0.831 to 0.970 (with an average of
0.947) and that of natural gas in Shihezi Formation ranged from
0.883 to 0.966 (with an average of 0.941). Overall, the methane,
ethane and propane contents of the limestone natural gas in the
Taiyuan Formation had a narrow distribution range and were less
than those of the coal-type natural gas in the Shanxi Formation
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Fig. 3. Isotopic characteristics of natural gas in different strata of the Upper Paleozoic in the Ordos Basin. (a) Scatter plot of 613CCH;513CCZH6 in natural gas. (b) Scatter plot of

63Cc,He-6"Ce,p, in natural gas.
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Fig. 4. Histogram of hydrocarbon composition distribution in the Upper Paleozoic
natural gas in the Ordos Basin.

and Shihezi Formation; however, the non-hydrocarbon (CO,, N3)
contents were higher than those of the coal-type natural gas in
the Shanxi Formation and Shihezi Formation, and the difference
was very obvious. If natural gas originated from the same set of
hydrocarbon source rocks, the component contents should be
relatively similar. It implies that the limestone natural gas in the
Taiyuan Formation is different from the natural gas genesis of the
coal measure source rock.

The 5'3C; values of natural gas in Taiyuan Limestone Formation
were distributed between —33.4%. and —31.7%. (with an average of
—32.7%0); 53C; ranged from —24.0%. to —21.5%. (with an average of
—22.3%0), and 5'3C3 values ranged between —23.7%. and —19.7%o
(the average of —21.2%o) (Fig. 3). The 5'>C; values in Taiyuan Lime-
stone Formation development region were distributed between
—40.9%o and —31.6%. (the average value was —36.0%), 51>C, varied
between —32.2%. and —22.0%. (the average value was —25.0%o), and
513C3 values were distributed between —27.6%o and —19.0%o (the
average value was —23.3%.). The §'>C; values of natural gas in the coal
measure strata of Shihezi Formation were distributed between
—38.3%0 and —30.9% (the average value was —34.1%), 51>C, varied
between —26.3%. and —22.7%. (the average value was —24.6%o), and
513C3 varied between —25.2%. and —22.3%. (the average value
was —23.6%o). The 5'°C; values of natural gas in the coal measure

Table 2
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strata of Shanxi Formation were distributed between —38.3%. and
—30.2%o (the average value was —32.9%.), 5°°C, varied between
—27.0%0 and —22.7%. (the average value was —25.2%o), and §'3C3
varied between —26.5%. and —20.8%. (the average value was
—23.4%0) (Fig. 3).

The limestone gas of the Taiyuan Formation were more
concentrated in terms of the carbon isotopes of CH4, CoHg, and
C3Hg than the natural gas in the Upper Palaeozoic coal-bearing
strata, and the stable carbon isotope sequence showed positive
sequence characteristics. With respect to the overall carbon
isotope distribution range of alkane gases, the maximum, mini-
mum, and average carbon isotopic compositions of methane and
its homologs gradually increased with the increase in the number
of carbon atoms in the molecule (Fig. 4).

4.2. Position-specific carbon isotope composition of propane

The specific positional carbon isotope composition of natural
gas is listed in Table 2. The Ac_ value of natural gas in the Taiyuan
Limestone Formation ranged from 2.6%o to 5.9%., with an average
of 4.4%o; the Ac_t value of natural gas in the Upper Paleozoic coal
measure strata were more widely distributed, ranging from 0.8%o
to 4.8%o, with an average of 2.6%.. The relationship between 5'3C3
value and Ac_t value of natural gas from different layers is shown
in Fig. 5. A positive correlation was observed between §'3C3 and
Ac_t values.

The terminal carbon position of propane is less influenced by
microbial oxidation and is more closely related to the maturity and
precursor associations. Therefore, the §'>Crerminal Value has great
potential in informing the origin and maturity levels of natural gas.
Fig. 6 illustrates the relationship between the 6"3Cterminal value and
the 5'3Cy, 63C,, and 5'3C3 values. The 6'3Cierminal value exhibited a
narrow distribution range, and for most natural gas samples, the
carbon isotope compositions of methane, ethane, and propane
were positively correlated with the §'3Cerminai values. Methane
and ethane were associated with the terminal methyl group of
propane, and the related pyrolysis reaction kinetics resembled the
pyrolysis reaction kinetics published by Gilbert et al. (2016).

Position-specific isotope compositions of Upper Paleozoic natural gas in the Ordos Basin.

Strata Sample Position-specific carbon isotope composition
Ac-T, %o 513Ccentralx %o 513Cterminalv %o

Taiyuan Limestone Formation J9-20TH1-1 4.9 -20.0 -249
J72-22TH4-1 3.0 -18.3 -214
J72-22TH4-2 2.6 -18.5 -21.1
J102-63H2-1 5.4 -18.2 -23.7
J102-63H2-3 59 —-18.0 -239

Coal measure strata Su41-8 1.6 —24.7 —25.6
Sul6 1.8 -22.9 -23.7
Su38-14 0.9 -23.9 -25.3
Su13-16 0.9 -228 —24.2
Su25 14 -22.7 -245
Su40-16 1.5 -23.5 -25.1
D1-4-59-1 3.0 -21.8 -24.8
D1-4-59-2 35 -21.1 -24.6
D1-4-121 3.6 -20.5 -24.2
JIN11 23 —-22.8 —-25.2
JIN18 2.7 -214 -241
JIN26 2.1 -23.1 -25.2
DPH-30 1.5 -249 -26.5
D1-4-72 4.1 -20.1 —242
D1-4-122 4.1 -20.5 -24.7
DPT-17 4.8 -194 -24.2
D1-4-84 32 -19.6 -22.8
D1-4-100 3.7 -20.3 -24.1
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Fig. 5. Ac,rﬁwcc}HE for the propane from the Upper Paleozoic natural gas on the
Ordos Basin.

4.3. Geochemical characteristics of hydrocarbon source rock

The analysis and testing data of the Zhaoxian section Taiyuan
Limestone Formation outcrop samples are presented in Tables 3
and 4, respectively. The §°C values ranged from —27.8%. to
—24.1%o, with an average of —25.7%0; TOC ranged from 0.03% to
6.11%, with an average of 0.73%.

5. Discussion
5.1. Differences in geochemical characteristics of natural gas

The carbon isotope composition of organic natural gas is
related to the type of organic parent material in the source rock
and influenced by the degree of organic matter thermal evolution
and the migration, accumulation, and reservoir formation
methods of natural gas. Methane carbon isotopes are significantly
influenced by the degree of thermal evolution of the hydrocarbon
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source rocks, whereas ethane carbon isotopes exhibit strong in-
heritance from the original organic matter. They are far less
affected by the degree of thermal evolution of the source rocks
than methane carbon isotopes, can reflect the characteristics of
their parent materials to some extent, and are widely used in the
identification of coal-type gas and oil-type gases. Dai (1992)
pointed out that §'C; > —28%. indicates coal-type gas, whereas
513Cy < —28%, indicates oil-type gas. They prepared 53C; — 63C, -
5'3C5 alkane gas type identification plate (Fig. 7), based on which,
the natural gas in Taiyuan Limestone Formation, Taiyuan Lime-
stone Formation development region, Shanxi Formation and Shi-
hezi Formation were recognised as coal-type gas. This funding is
consistent with the fact that the natural gas in Shanxi Formation
and Shihezi Formation originate from the coal measure source
rocks of the Upper Palaeozoic Carboniferous-Permian strata.
According to the natural gas genesis identification chart pro-
posed by Milkov (2021), the natural gas in the Taiyuan Limestone
Formation, Shanxi Formation and Shihezi Formation fall in the
typical coal-type gas area, and the natural gas in the individual
Taiyuan Limestone Formation development area falls in the oil-
type gas area (Fig. 8), which may be related to the marine
source. Compared to the ‘self-generated and self-accumulated’
natural gas in the Ordovician Majiagou Formation sub-salt strata
(Ma5¢ Sub-member-Ma4 Member) in Ordos Basin. Taking the
natural gas of the Ordovician middle assemblage (Ma5s5_1p sub-
mumber) in well SH97 and well SH99 in the Shenmu area as ex-
amples, the dry coefficient is 0.85, and the carbon isotope
composition of alkane gases was significantly lighter than that in
the Upper Paleozoic coal-type gas in this region. Among them, the
513C; value was —44.7%s, the 5'3C, value was —31.2%o, and the §13C3
value was —28.7%o, exhibiting typical oil-type gas characteristics
(Kong et al., 2024). Although some samples exhibited the charac-
teristics of coal-type gas, they did not represent true coal-type gas.
Instead, intense thermal sulfate reduction (TSR) consumed ethane
and propane, leading to the enrichment of heavy carbon isotopes
and creating an illusion of coal-type gas. Fundamentally, it remains
an oil-type gas (Liu et al., 2022). The gas in the Taiyuan Limestone
Formation, although also stored in carbonate rock formations,
does not exhibit characteristics typical of oil-type gas. Vertically,
there was a thick layer of gypsum-salt rock between them, which
exhibited excellent sealing properties, implying no genetic
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Table 3
Carbon isotope value of kerogen and TOC of the permian Taiyuan limestone for-
mation in the Ordos Basin.

Sample number  Strata Carbon isotope value, %  TOC, %
ZX-6-1 Taiyuan Formation -27.8 0.19
ZX-6-2 Taiyuan Formation -27.6 0.16
ZX-7 Taiyuan Formation -24.1 0.40
ZX-8 Taiyuan Formation -25.0 0.33
ZX-9 Taiyuan Formation —-24.3 0.39
ZX-10 Taiyuan Formation -26.4 0.38
ZX-12-1 Taiyuan Formation —26.1 0.11
ZX-12-2 Taiyuan Formation —24.2 1.07
ZX-13 Taiyuan Formation —26.2 0.17
ZX-14 Taiyuan Formation -24.7 0.20
ZX-15-1 Taiyuan Formation -24.8 0.41
ZX-16 Taiyuan Formation -25.9 0.13

correlation with the self-generated and self-accumulated oil-type
gas in the Lower Paleozoic sub-salt strata.

During hydrocarbon generation evolution of sedimentary
organic matter, Kinetic fractionation and inheritance effects be-
tween the components of natural gas and carbon isotopes of the
parent materials. 12C is more easily enriched in hydrocarbons with
lower number of carbon atoms, whereas 3C is more enriched in
hydrocarbons with high carbon number. Therefore, the carbon
isotopic compositions of methane and its homologs in primary
organic alkane gases without secondary action tend to have a
normal carbon sequence of 5'3C; < §'3C, < 613C3 (Dai et al., 2008;
Ni et al., 2024). However, under actual geological conditions, car-
bon isotope sequence inversion of alkane gases often occurs. This
may be attributed to the mixing of organic and inorganic natural
gas, mixing of oil-type gas and coal-type gas, mixing of homolo-
gous gases from different periods, mixing of different source gases
of the same type, or oxidation of natural gas by bacteria (Dai et al.,
2014; Liu et al., 2019). The reversal of carbon isotope sequence may
be caused by a single factor or a combination of multiple factors.
The natural gas in the Shanxi Formation and Shihezi Formation
showed a positive carbon sequence, whereas the natural gas in the
Taiyuan Limestone Formation and Taiyuan Limestone Formation
development region had a positive carbon sequence. However,
there was a ‘L’-shaped normal carbon sequence lifted upward
owing to the heavy composition of 513C,, which may be affected by
the humic coal measure source rocks in adjacent layers (Fig. 9).

The hydrogen isotope composition of natural gas is influenced
by the type of organic matter in source rocks, thermal maturity,
and water medium environmental conditions, which are often
used to identify natural gas origins (Liu et al., 2008). In freshwater
environments, natural gas derived from source rocks has lighter
hydrogen isotopic compositions. Conversely, the natural gas
formed in saline environments has a heavier hydrogen isotope
composition. Moreover, the carbon and hydrogen isotopes of
natural gas methane are positively correlated with thermal
maturity. Typical marine sapropelic natural gas has a heavier
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hydrogen isotope composition than typical coal-type gas, gener-
ally greater than —180%.. The hydrogen isotope composition of
methane in typical coal-type gas only becomes greater than
—180%o at a very high thermal evolution degree (Wang et al., 2015).

Table 4
The geochemical characteristics of Upper Paleozoic in the Ordos Basin.
Region/strata TOC, % S1+S,, mg/g Iy, mgjg 513C, %o Ro, %o Tmax, °C
Taiyuan limestone formation 0.03-6.11 0.01-2.53 2-96 —-27.8--24.1 0.6-1.4 301-608
0.73(128) 0.33(117) 30(43) —25.6(48) 1.1(11) 509(44)
Coal 43.64-85.22 1.74-310.36 - - 0.7-2.0 447-591
65.15(48) 94.08(48) 1.1(37) 483(44)
Mudstone 0.14-5.86 0.09-69.60 -27.6--229 0.7-1.6 312-576
2.15(106) 2.38(106) -23.7(13) 1.0(66) 470(132)
Data source This study; Fu (2023); Han et al. (2022); Li (2018); Luo et al., (2024); Zhang (2012); Zhao (2013)

Minimum value-maximum value
Average value (The number of samples)’
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In the methane carbon-hydrogen isotope plate of natural gas
(Wang et al., 2015), the Taiyuan Limestone Formation gas consis-
tently exhibited characteristics typical of coal measure source
rocks. The sD composition of the Taiyuan Limestone Formation gas
was slightly enriched, with some values exceeding —180%.,
reflecting its high thermal maturity (Fig. 10(a)). Additionally, the
combination of methane hydrogen and ethane carbon isotopes
effectively distinguished between typical marine sapropelic nat-
ural gas and humic natural gas. As shown in Fig. 10(b), the natural
gas in Taiyuan Limestone Formation remained primarily coal-type
gas, which is consistent with the characteristics of typical coal-
type gas from the Shanxi Formation and Shihezi Formation.

5.2. Identify the structural composition of the precursor by using
the position isotope of propane

Specific position isotope analysis is primarily used to determine
the isotopic composition of molecules, providing a deeper under-
standing of precursor reaction paths and chemical structures (Jin
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and Rolle, 2016; Julien et al., 2016). Propane is the smallest
organic molecule with different carbon atoms, and different
cracking pathways (at the terminal or central carbon positions)
demonstrate different isotope fractionation. n-Cs3H; and i-CsH7;
capture hydrogen atoms to form the propane, where the free
radicals are formed by the elementary cracking of precursors at
different carbon positions. According to previous calculations, the
513C value of propane at the Ceentral Via the n-CsHy radical pathway
is greater than that at the Ciermina, Whereas the §'3C value of
propane at the Cierminal Via the i-CsHy radical pathway is greater
than that at the Ceentral (Liu et al., 2023). The kinetic isotope effect
during kerogen cracking affects the positional isotope composition
of propane. Liu et al. (2019) and Zhao et al. (2020) analysed the
specific positional carbon and hydrogen isotope compositions of
propane in the Arkoma Basin and South Texas shale gas. They
found that samples in the high maturity stage (R, > 0.6%) reached
intramolecular equilibrium, whereas those in the maturity stage
exhibited non-intramolecular equilibrium characteristics. In this
study, the samples from the Upper Paleozoic of the Ordos Basin
showed a narrow range of Ac_t distribution and R, < 1.6%, indi-
cating that these samples have not reached intramolecular equi-
librium, and their isotopic compositions are greatly controlled by
kinetic isotope effects.

During kerogen and/or petroleum cracking, k*/k for reactions
involving the loss of radicals increases with temperature (Tang
et al.,, 2000), and the §'3C value in the precursors become larger
(Peterson et al., 2018), resulting in a larger §'>C value at both ter-
minal and central positions at higher temperatures. The samples in
this study also exhibited the same trend.

Kerogen is a complex organic macromolecule with different
functional groups and is regarded as a precursor of petroleum and
natural gas, which generates hydrocarbons through thermal
cracking. During pyrolysis, the carbon atoms in propane produced
by C-C bond cleavage undergo primary Kkinetic isotope effects,
whereas the adjacent carbon atoms undergo secondary Kkinetic
isotope effects (Tang et al., 2000; Wang et al., 2024). Kerogen is
composed of primary functional groups and isomeric functional
groups (such as n-CsHy and i-C3H7). During the cracking process, i-
C3H7, which has lower dissociation energy than n-CsH7, preferen-
tially dissociates from kerogen (Hao et al., 2013; Liu et al., 2023).
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Fig. 10. Hydrogen isotope composition plate of Paleozoic natural gas in the Ordos Basin. (a) Scatter plot of 5]3CCHA—5D in natural gas. (b) Scatter plot of 613Cc1H6—5D in natural gas.
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isotope composition of propane from type IIl kerogen pyrolysis is after Zhang et al.
(2022).

Therefore, propane is primarily generated through the i-CsHy
radical pathway during the low-maturity stage, exhibiting a spe-
cific positional carbon isotope composition within the propane
molecule, with 513C6emral < 513Cterminal- With increasing maturity
and the depletion of isomer groups, the propane generation
pathway shifts toward the n-CsH pathway, leading to a 6> Ceentral
value of propane that is greater than the §">Cierminal value. The
position of propane carbon isotopes changes from Ac_t < 0 to
Ac_t > 0 as complete intramolecular carbon isotope inversion is
achieved, and the R, maturity increases from 0.46% to 0.50% (Liu
et al., 2024). The §'3C;-R, formula (Liu and Xu, 1999) was uti-
lized to calculate the R, value of natural gas in the Taiyuan Lime-
stone Formation, the Taiyuan Formation Limestone development
region, the Shanxi Formation and Shihezi Formation, with the
minimum R, value being 0.76%. The reaction pathway has already
completed the transformation from i-C3H7 to n-CsHy, consistent
with the measured Ac_1 > O results.
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is after Rooney et al. (1995), the linear trend of Type IIl kerogen in shale from the
Sacramento Basin is after Jenden et al. (1988), and the linear trend of Type Il kerogen
in shale from the Niger Delta is after Rooney et al. (1995).

Wang et al. (2024) utilized the Rayleigh fractionation model,
employing varying ratios of n-CsHy and i-C3H7 radicals, to calculate
the positional-specific carbon distributions of propane produced
from Type 11l kerogen. The 5Ceentrai~6"Cterminal Value of coal-type
gas in the Upper Paleozoic of the Ordos Basin were mainly
distributed near the n-C3Hy radical trend line (Fig. 11).

Sapropelic organic matter, which originates from plankton and
algae, and humic organic matter, which originates from terrestrial
plants have different carbon isotopic compositions. The 5'>C value
of marine type I kerogen ranged from —30%. to —28%o (Buchardt
et al., 1986), whereas those of humic organic matter ranged from
—27%0 to —22% (Whiticar, 1996). The kinetic isotope effects
during the thermal degradation of kerogen resulted in the iso-
topic fractionation of the carbon atoms that participated in bond
cleavage (Tang et al., 2000). Thus, the distribution of positional
isotopes in propane can be used to identify different types of
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Table 5

Evaluation standard for marine carbonate source rocks.
Source rock grade TOC, % S1+S,, mg/g EOM, % HC, pg/g
Good >0.40 >0.30 > 0.03 600-1200
Medium 0.20-0.40 0.10-0.30 0.02-0.03 300-600
Bad 0.10-0.20 0.06-0.10 0.01-0.02 100-300
Not <0.10 < 0.06 < 0.01 < 100

precursors (Liu et al., 2023), and helps explain the isotopic
anomalies in propane. Wang et al. (2024) utilized the Ry-
5"3Ceentral and Ro—5"3Ceerminat relationship plates to determine the
type of organic matter in natural gas based on maturity and
propane positional isotopic composition. The 513Ccemral value of
propane generated from type IIl kerogen pyrolysis are signifi-
cantly smaller than those from type I/Il kerogen. Additionally, the
53Ceentral Values of propane formed from type I/Il and type III
kerogens increased with maturation (Fig. 12). The Taiyuan Lime-
stone Formation natural gas and Upper Paleozoic coal measure
natural gas also exhibited this correlation characteristic and were
clearly classified as Type IIl kerogen. In the plot correlating
63Ccn,~6"Ce,, the distribution trend of Paleozoic natural gas
coincided with that of natural gas generated from Type III
kerogen in the Niger Delta and Sacramento basins (Fig. 13).

5.3. Geochemical differences of source rocks

The abundance index of organic matter is used to represent the
relative content of organic matter in rocks, which is an important
index for the evaluation of source rocks (Chen and Liu, 1997).
Commonly used evaluation indicators include TOC content and
hydrocarbon generation potential (S1+Sz). Many scholars believe
that the process of hydrocarbon generation and expulsion led to a
decrease in organic carbon content, so the recovery of organic
carbon content should be carried out in carbonate rocks at a high
over-maturity stage (Hao, 1984; Qin et al., 2009). Domestic and
foreign scholars have studied the evaluation criteria of marine
carbonate source rocks. For example, the relationship between
hydrocarbon banishment and organic carbon content of carbonate
source rocks was studied using simulation experiments, and
confirmed that the lower limit of organic carbon in highly-over
mature carbonate source rocks was 0.1%-0.25% (Qin et al., 2004);
Tengger et al. (2006) used carbon isotopes, rare earth elements,
and trace elements to study the carbonate source rocks of the
Lower Paleozoic in Ordos and also determined the threshold TOC
value as 0.2%. Considering that the loss of organic matter caused by
pickling and washing during the experiment may lead to the low

Table 6
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content of organic carbon measured in the experiment (Fu, 2023).
Hence, the evaluation criteria of marine carbonate source rocks
proposed by Han et al. (2018b) were used to evaluate the lime-
stone of Taiyuan Formation (Table 5).

The Permian Taiyuan Limestone Formation in the Ordos Basin
had a TOC content of 0.03%-6.11% (average 0.73%) (Table 4), and the
S1+S; value of 0.01-2.53 mg/g (average 0.33 mg/g), which can be
evaluated as a general-good source rock. However, compared with
the Carboniferous-Permian coal and mudstone, the abundance of
organic matter is still much lower. R, of the limestone in the
Taiyuan Formation was between 0.6% and 1.4% (the average was
1.1%). Among the 11 samples, the R, values of 6 samples were
approximately 1.4%, and those of 3 samples were approximately
1.0%. The limestone source rocks of the Taiyuan Formation are thus
in the late-high maturity stage.

Owing to the high maturity of organic matter in Taiyuan
Limestone Formation samples, the rock pyrolysis parameter Tpax
was generally higher than 460 °C, and the type of organic matter
by pyrolysis could not be determined using the relationship chart
of hydrogen index Iy and Tmax or oxygen index Ip (Fu, 2023).
Therefore, the kerogen composition was identified using polarised
light microscopy, and the type of organic matter was identified
using the type index TI. The calculation formula was (4). The
evaluation criteria was: TI > 80 for type I, 40 < TI < 80 for type II;,
0 < TI < 40 for type II, TI < O for type III (Cao, 1985) ( Table 6).

TI= (sapropelic x 100 + exinite x 50 — vitrinite x 75

o (4)
— inertinite x 100)/100

Because the stable carbon isotopes of kerogen were less
affected by maturity, the isotope fractionation effect during ther-
mal evolution also had little effect on the carbon isotope compo-
sition. Therefore, the stable carbon isotopes of kerogen were used
to classify the types of organic matter. According to SY/T
5737-1995 identification standard, the §3C value of hydrocarbon
sources in Upper Paleozoic coal rocks and dark mudstones ranged
primarily from —27.6%. to —22.9%,, falling within the typical hu-
mic Type Il kerogen. The distribution of 8'3C values for the
Taiyuan Limestone Formation ranged from —27.8%o to —24.1%o (the
average value was —25.6%o), slightly lighter. They were classified as
type Il intermediate-type to type IIl sapropel-humic kerogen.

Based on the statistical data of the kerogen composition type,
the Taiyuan Limestone Formation has favorable kerogen types,
primarily composed of algal sapropel and vitrinite groups, with
lower contents of liptinites and vitrinite, exhibiting characteristics
of Type II-III kerogen, which belongs to the typical mixed input
type. There should be the coexistence of aquatic organisms and

Statistical table of kerogen components and types of Taiyuan Formation in the Ordos Basin.

Sequence number Section/well Exinite, % Sapropelinite, % Vitrinite, % Inertinite, % TI Organic matter type Data source
5 T65 - 67.5 32.0 0.5 43.0 114 This study; Fu (2023)
6 Q71 - 50.8 49.2 - 13.9 1l

7 Q71 - 44.5 55.0 0.5 2.8 1l

12 Y72 - 31.2 68.8 - -204 il

15 Y93 - 70.0 30.0 - 47.5 I

18 74 - 67.4 32.0 0.6 42.8 114

19 M115 - 44.6 54.5 0.9 2.8 Il

21 J21 - 68.1 31.0 0.9 439 114

24 Y11 - 44.0 55.8 0.2 2.0 1l

26 Q2 - 61.5 38.5 - 323 1l

27 Q71 - 25.4 74.6 - —40.3 111

28 M154 - 89.9 10.1 - 82.3 I

29 Y16 - 66.3 33.7 - 41.0 1

30 7ZX6-1 - 68.0 12.0 20.0 39.0 1l

31 ZX-10 - 44.0 40.0 16.0 -2.0 111

32 ZX-15-1 - 86.0 10.0 4.0 74.5 14




W. Zhang, Q.-P. Wang, W.-H. Liu et al.

terrestrial organisms. During the sedimentary period of the Benxi
Formation and Shanxi Formation, the biogenic input of higher
plants was obvious, and the 5>C composition was heavy, regard-
less of the coal measure source rocks or argillaceous source rocks.
It indicates that there was a large source of organic matter of
higher plant origin in the Carboniferous-Permian coal measure
strata.

In general, the abundance of organic matter in the Taiyuan
Limestone Formation was low, and the organic matter was clas-
sified as good. The kerogen component was mainly the sapropel
group, and the kerogen type was mainly II-1Il. Most R, values were
higher than 1.2%, indicating late maturity-high maturity evolution
stage with a certain hydrocarbon generation potential. Combined
with the petrological characteristics, the rock types of Taiyuan
Limestone Formation reservoir were mainly algal limestone, bio-
clastic micrite limestone and bioclastic micrite limestone. The
types of reservoir space are rich, mainly dissolution pores, fol-
lowed by intergranular pores and microcracks. The superimposed
combination was developed and the reservoir performance was
good (Dong et al., 2023; Fu, 2023; Han et al., 2022). Multiple tec-
tonic movements in the Ordos Basin during the Indochina, Yan-
shan, and Himalayan movements led to the development of brittle
limestone fractures in the Taiyuan Formation, which vertically
connected various strata (Xi et al., 2023). Natural gas was aggre-
gated well in limestone reservoirs through faults, cracks, etc.
Transport systems.

As the Taiyuan Formation underwent several periods of rapid
transgression and slow regression during the depositional period,
a sedimentary assemblage of sandstone, limestone, coal stone and
mud shale in direct contact was formed in the longitudinal di-
rection. The sand body at the top of the Taiyuan Formation in the
study area was not developed, and the limestone was in direct
contact with the coal stone and mud shale layers, ensuring good
coverage, favorable for natural gas preservation. Meanwhile, the
Taiyuan Limestone Formation is situated between the 5# and 8#
seams of the Carboniferous-Permian main coal hydrocarbon
source rocks (Liu et al., 2023), and directly contacts with multiple
thin coal seams (including 8#, 7#, and 6# coal seams) as well as
carbonaceous mudstone. The limestone also possesses certain
hydrocarbon-generating capacity, collectively forming a typical
“sandwich” structural gas reservoir, which endows it with unique
natural gas geochemical characteristics. The 8# coal seam is
characterized by extensive distribution and considerable thickness
(LiY.N. etal.,, 2021), effectively sealing the natural gas generated by
the underlying coal measure source rocks and preventing large-
scale hydrocarbon migration from the Lower Paleozoic oil-type
gas into the Taiyuan Limestone Formation reservoir. Additionally,
the thick gypsum-salt layer in the Ordovician Majiagou Formation
of the Lower Paleozoic exhibits excellent sealing capacity, further
isolating the Lower Paleozoic oil-type gas from the Taiyuan
Limestone Formation gas reservoir.

6. Conclusions

In recent years, two horizontal wells deployed in the Lower
Permian Taiyuan Limestone Formation reservoir in the
central-eastern Ordos Basin have made breakthroughs. Gas testing
yielded high flow rates, with daily production exceeding one
million cubic meters, indicating that the Taiyuan Limestone For-
mation reservoir has good potential for resource development.
Analysing the geochemical characteristics of natural gas in lime-
stone reservoirs and comparing the carbon and hydrogen isotopic
compositions of gas with those of Upper Palaeozoic sandstone gas
are crucial for clarifying the genesis of limestone-derived natural
gas.
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The 5'3Ccug values of natural gas in the Upper Paleozoic Taiyuan
Limestone Formation in the Ordos Basin ranged from —33.4%. to
—31.7%o, whereas 513CC2H6 ranged between —24.0%o and —21.5%o.
The positive correlation between contents and carbon isotope of
methane and ethane showed homology. Distinguished from the
‘self-generated and self-accumulated’ oil-type gas in the Paleozoic
sub-salt strata, it was consistent with the typical coal-type gas
characteristics of the Upper Paleozoic.

The Ac_t values of Taiyuan Formation natural gas samples were
all greater than 0, ranged from 2.6%c to 5.9%.. The minimum R,
value, calculated through §3Ccy » Was 0.76%, indicating that pro-
pane was predominantly formed via the n-C3H; radical pathway.
Utilized the Ro—8">Ceentral and Ro-5">Cterminal relationships, the gas
was identified to be originated from type IIl humic kerogen.

The limestone of the Taiyuan Formation was evaluated as
general-good source rock, and the organic matter type was good.
The kerogen composition was dominated by sapropel and vitrinite,
mainly of types II-IIl. The source material for hydrocarbon for-
mation was a mixture of lower aquatic organisms and terrigenous
organisms. R, values were mostly above 1.2%, indicating a mature
to highly mature evolutionary stage with certain hydrocarbon
generation potential. However, the hydrocarbon generation po-
tential is  substantially lower than that of the
Carboniferous-Permian coal measure source rocks, and its
contribution to the Taiyuan Limestone Formation gas reservoir is
limited. It still depends on the natural gas accumulation of adja-
cent coal measure source rocks.
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