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Abstract: The hydrocarbon source rocks of the marine carbonates of the Ordovician Majiagou
Formation in the Ordos Basin are generally in the high-overmature stage and are, therefore, not
suitable for hydrocarbon thermal simulation experiments. Their hydrocarbon generation potential
and hydrocarbon generation characteristics are not clearly understood. Meanwhile, Nordic Cambrian
carbonates are similar in lithology, parent material type, and sedimentary age, and are in the low
evolution stage, which is suitable for hydrocarbon thermal simulation experiments. Therefore, in
this study, we selected the Nordic carbonates for the gold tube thermal simulation experiment
to analyze the content and geochemical characteristics of the thermal simulation products. The
experimental results are also compared and analyzed with the characteristics of thermal simulation
products of Pingliang Formation mud shale (contemporaneous with the Majiagou Formation) and
Shanxi Formation coal (in the upper part of the Majiagou Formation), which are similar to the
Majiagou Formation in the Ordos Basin. The results showed that the Nordic carbonate has different
hydrocarbon production characteristics from the mud shale of the Pingliang Formation of the same
parent material type, and although the hydrocarbon production yields of the two are not very different,
the carbonate still produces methane at 600 °C. The hydrocarbon production yield of the Nordic
carbonates is almost equivalent to that of type-II, kerogen, indicating that the hydrocarbon production
yield is not related to lithology and only to the organic matter type; however, the Nordic carbonate can
produce a large amount of H,S. The alkane carbon isotope changes are mainly controlled by the degree
of thermal evolution, showing gradual heaviness with increasing temperature. No carbon isotope
sequence reversal occurred during the thermal simulation, and its distribution range is roughly the
same as that of the alkane carbon isotope composition of the mud shale of the Pingliang Formation.
The ethane carbon isotope composition is as heavy as —21.2%o at the high-temperature stage, showing
similar coal-type gas characteristics. The addition of calcium sulphate (CaSO4) causes the TSR reaction
to occur, which has a significant impact on the methane content under high maturity conditions,
reducing its content by more than 50% at 600 °C. However, the addition of CaSOy increases the yield
of heavy hydrocarbon gases, such as ethane, and promotes the production of C4.14 hydrocarbons and
C14+ hydrocarbons at high-temperature stages, and the addition of CaSOy substantially increases the
yield of Hy, CO;,, and H;S. The thermal simulation results have implications for the hydrocarbon
formation mechanism of the early Paleozoic marine carbonate formation system in the stacked basins
of the Ordos Basin and the Tarim Basin in China.

Keywords: Ordos Basin; carbonate; thermal simulation; hydrocarbon generation; Cambrian; carbon
isotopes; source rock geochemistry
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1. Introduction

The carbonate sequence has a pivotal position in the global oil and gas exploration
field, with rich hydrocarbon resources and great exploration potential [1-5]. The Ordos
Basin, in the central part of the Chinese mainland, is the basin with the largest natural
gas distribution area and the largest natural gas accumulation in China, and its Lower
Paleozoic Ordovician marine carbonate formation system is an important formation system
for natural gas exploration [6,7]. Since the discovery of the Jingbian gas field in the Lower
Paleozoic Ordovician in the central part of the basin at the end of the last century, after
years of continuous exploration and development, the Jingbian gas field in the central part
of the basin and the surrounding areas have been explored to a high degree, but their origin
is still controversial [8-10]. It is speculated whether the carbonate rocks of the Ordovician
Majiagou Formation can be used as hydrocarbon source rocks to form large gas fields.

The marine carbonate formations of the Majiagou Formation are dominated by
sapropel-type kerogen with an average of 0.24 wt.% total organic carbon, which is con-
sidered by local scholars [11,12] to be below the lower limit of organic carbon of carbon-
ate hydrocarbon source rocks and not an effective gas source rock with high maturity
(VR, = 2.07-2.68%), having reached the past maturity stage. Kerogen, crude oil, and soluble
organic matter are dominated by cracked gas, and therefore, the hydrocarbon products of
the lower Paleozoic marine strata are dominated by natural gas [13,14]. The same is true
for the Lower Paleozoic marine hydrocarbon source rocks in the Sichuan and Tarim basins,
neither of which is suitable for hydrocarbon thermal simulation experiments to reflect
their hydrocarbon production characteristics, mechanisms, and hydrocarbon generation
potential. Therefore, when studying the hydrocarbon generation mechanism of carbonate
rocks, carbonate rock samples from other strata have been chosen as substitutes, such as
Jurassic marine carbonates from the Qiangtang Basin of the Qinghai-Tibet Plateau (R,
approximately 0.25-1.05%) [15], shales and marls from the Upper Paleozoic Xiamaling
Formation in the Xiahuayuan area of Hebei Province (R, approximately 0.50-0.65%) [16],
Devonian shales and marls from the Luquan area of Yunnan Province (R, approximately
0.45~0.60%) [17], or mud shales from the Ordovician, which were selected for thermal sim-
ulation experiments, such as low-maturity Estonian shales, mature-overmaturity Indogan
shales, Sargan shales, and Pingliang shales [18].

However, the above samples differ significantly from the characteristics of Ordovician
marine hydrocarbon source rocks in the Ordos Basin, such as inconsistent lithology (carbon-
ates versus mud shales) or large differences in stratigraphic age, causing the hydrocarbon
generation parent material to be variable. Several decades of organic geochemical work,
including significant advancements in biomarker analysis, have demonstrated organic geo-
chemical indicators of source rock age, terrestrial versus marine source rock organic matter,
source rock depositional environments including water column chemistry and toxicity,
source rock sedimentary facies, and myriad other paleoclimatic and paleoenvironmental
conditions associated with a source rock and its deposition, not to mention indicators of oil
thermal maturity, mixing, and biodegradation [19-23]. Therefore, several factors, such as
lithology, stratigraphic age, thermal maturity, and hydrocarbon generation parent material,
need to be considered when selecting samples for thermal simulation experiments.

In this study, carbonate nodules in the Scandinavian Middle Cambrian—-Lower Or-
dovician Alum Shale of the Baltic Sea were selected for thermal simulation experiments.
This carbonate nodule sample has the same lithology and similar parent material type
and sedimentary age, and is at a low evolutionary stage compared with the carbonates
of the Majiagou Formation in the Ordos Basin. Therefore, we selected it for hydrocarbon
generation thermal simulation experiments, and the experimental results are valuable
references for the hydrocarbon generation mechanism, characteristics, and hydrocarbon
generation potential of the carbonate rocks of the Majiagou Formation in the Ordos Basin.
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2. Geological Setting

The Alum Shale Formation in northwestern Europe was deposited from the Middle
Cambrian (Miaolingian) to the Early Ordovician (Tremadoc) in the Baltic Basin and sur-
rounding countries. It is a conventional source of oil from Cambrian, Ordovician, and
Silurian carbonates and also has potential for shale oil and biogenic or thermogenic shale
gas [24] (Figure 1).
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Figure 1. Thickness and thermal maturity of the Alum Shale Formation and stratigraphic column
(modified from the reference [23]).

Alum Shale is an important hydrocarbon source rock in the Baltic Basin that varies in
maturity from immature to overmature and is dominated by marine organic matter, such
as algae and bacteria [24,25]. Approximately 50 small oil fields and 1 medium-sized oil
field have been discovered.

3. Samples and Experimental Method
3.1. Samples

The experimental sample was taken from carbonate nodules in the Scandinavian Mid-
dle Cambrian-Lower Ordovician Alum Shale in the Baltic Sea (Figure 1), which had a TOC
content of 1.16 wt.%, with free hydrocarbon (51) 0.21 mg/g, oil potential (S;) 4.08 mg/g,
hydrogen index (HI) 351 mg/g, Tiax 429 °C, equivalent vitrinite reflectance 0.57% and
organic matter type Ilg (Table 1). The sample has a high organic matter content and low
thermal maturity, making it suitable for hydrocarbon generation thermal simulation exper-
iments. Whole rock mineral composition analysis showed that the mineral composition
of this sample was predominantly calcite at 94.40%, with small amounts of quartz and
pyrite and no clay minerals [26], indicating that the sample was a pure carbonate rock with
no mud.

The lithology of the Majiagou Formation is carbonate rock—paste salt rock alternately
developed, of which the Maj 1 section, Maj 3 section, and Maj 5 section develop the
sea recession cyclic table within the evaporite limitation of terrace phase deposition; its
lithology is mainly for the salt rock, hard gypsum, sandwiched between thin layers of
paste-bearing dolomite, muddy dolomite, and limestone. The Maj 2 section, the Maj 4
section, and the Maj 6 section belong to the sea recession cyclic carbonate terrace phase
deposition, and its lithology is mainly for the limestone and dolomite. The commonly
called “salt up” and “salt down” are generally distinguished by the boundary of the huge
thick saline rocks in the sixth sub-section of the fifth section of the Majiagou Formation
(O1ms5°). The hydrocarbon parent material of the Well Mitan-1 is dominated by sapropel-



J. Mar. Sci. Eng. 2023, 11, 1616 4 0of 21

type kerogen, with an average of 0.4 wt.% total organic carbon, at a high-overmature stage,
and the hydrocarbon products are dominated by natural gas [27-30].

Table 1. Thermal simulation of the geochemical basic parameters of the sample.

Parent
. TOC Tmax S1 S, S3 HI VR, .
M 1
Lithology wt%) O (mgly) (mgly) (mglg) (mgly) (%) T*‘;;Z‘: Source
Nordic carbonate 1.16 429 0.21 4.08 0.68 351 0.57 Iy this study
mud shale of Wang et al.,
Pingliang Formation 0.86 443 0.05 1.34 0.77 147 0.80 II 2014
coal of Shanxi 58.30 424 0.66 97.18 / 167 0.55 I Peng etal,
Formation 2020

The results of the thin section identification showed that the Nordic carbonate sample
had a residual structure, with calcite dominating the rock components and generally
recrystallized (Figure 2). This formed semi-automorphic powder-fine crystalline calcite of
approximately 0.05-0.15 mm grain size, with a small number of self-shaped rhombohedral
de-clouded dolomite pseudocrystals of approximately 0.10-0.20 mm grain size; a small
amount of residual fossil dragonflies; and residual algal sand flakes. The residual algal
sand fragments were generally 0.10-0.30 mm in size and consisted of mud-crystal calcite
and mycorrhizal algae. The more complete individual fragments of fossil dragonflies were
approximately 1.30 mm long and 0.30 mm wide, pike-shaped or rhombic in shape, 0.70 mm
long and 0.45 mm wide, mostly in fragments, and poorly preserved. These contained a
large amount of scattered micronized pyrite and hematite.

Figure 2. The Nordic carbonate microscopic characteristics. (a) Residual structure containing a small
amount of residual bacteria algal spherulite, many scattered-shaped or grainy pyrite aggregate-shape
distribution, intergranular filling organic matter calcite and pyrite and single polarization; (b) a
photo with horizon orthogonal polarization, residual structure, calcite recrystallization, generally
containing a small amount of residual algal spherulite, containing much grainy pyrite; (c) residual
fossil dragonflies, including individual and slightly better calcite intergranular residual much of iron
and organic matter and single polarization; (d) enhancement of (c) with sight reflected light photos,
where the opaque component is composed of micro granular pyrite and organic matter, and the
organic matter is not reflective.
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3.2. TOC and Rock Pyrolysis Analysis Methods

The rock samples were crushed and passed through an 0.08 mm (200 mesh) sieve,
dried at low temperature, weighed 80-120 mg of samples into the crucible, added with
dilute hydrochloric acid (volume ratio of concentrated hydrochloric acid and deionized
water is 1:7) for inorganic carbon reaction, and then tested for TOC after removing the
inorganic carbon, and the TOC was analyzed with a LECO CS230 Carbon and Sulfur Meter
according to the standard method of Determination of Organic Carbon in Sedimentary
Rocks (GB/T 19145). The pyrolysis analyses were carried out on the OGE-VI instrument
produced by China Petroleum Exploration Institute (CPEI). Before analysis, the sample
was crushed and passed through an 0.08 mm (200 mesh) sieve, dried at low temperature,
weighed at 80-120 mg into the crucible, and then the sample was analyzed by automatic
injection on the instrument. The heating procedure for sample analysis was as follows:
during the pyrolysis analysis, the instrument was first rapidly heated to 300 °C at a constant
temperature for 3 min to measure the free hydrocarbon S; content; then, the temperature
was increased to 600 °C at a heating rate of 50 °C/min, and then at a constant temperature
for 1 min to detect the content of pyrolysis hydrocarbon S,; and some of the compounds
that can be easily cracked from 300 °C to 392 °C were collected at the same time as the
collection of Sy; and the collection of the S3 was carried out at the same time.

3.3. Thermal Simulation Experiment Method

Hydrocarbon source rock thermal simulation experiments are an important tool to
study the hydrocarbon generation process, product characteristics, and hydrocarbon for-
mation evolution of organic matter [31]. Among many thermal simulation instruments,
the gold tube thermal simulation system [32,33] in a closed system can simulate the effect
of temperature and pressure on the thermal evolution of organic matter simultaneously.
Furthermore, gold is chemically inert, which can prevent the catalytic effect of the reaction
device on hydrocarbon formation. Gold also has good ductility at high temperature, so it is
considered one of the most suitable systems for simulating the gas generation characteristics
of organic matter.

The thermal simulation experiment was carried out at the State Key Laboratory of
Organic Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
We used a gold tube—autoclave closed thermal simulation system, and 200-600 mg whole
rock samples was individually welded and sealed inside the gold tubes under argon
protection (in this experiment, there was also a process of adding calcium sulfate, where
the ratio of rock samples to calcium sulfate was approximately 1:1, and the rock samples
weighed 120-300 mg). The gold tubes were placed inside the autoclave, and then a high-
pressure pump was used to fill the autoclave with high-pressure water, thus exerting
pressure on the outer wall of the gold tube, which in turn exerted a certain pressure on the
rock sample and the thermal simulation product, using a pressure sensor to regulate and
maintain the pressure in each autoclave at 50 MPa. The two sets of samples were warmed
using two heating rate programs, slow (2 °C/h) and fast (20 °C/h). Twelve test temperature
points were set for each set of samples (with a total of three temperature points set for the
series with calcium sulfate addition, at 504 °C, 552 °C, and 600 °C), with a temperature
range of 336-600 °C. After the reaction, the autoclave was removed from the heating oven,
and the gold tubes were removed, washed, and placed in a fixed-volume vacuum system
that was connected to an Agilent model 6890 N gas chromatograph. The gold tube was
punctured with a needle under sealed conditions to release pyrolysis gases for analysis
using a chromatograph and mass spectrometer.
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The quantitative analysis part was carried out with an Agilent 6890 N gas chromato-
graph to collect the hydrocarbon products in the thermal simulation experiment, and the
hydrocarbon components of C;-Cs were quantified and analyzed online with the external
standard method using the FID detector. After the analysis of the gas components was
completed, the appropriate amount of gas was extracted with a transfer device, and the car-
bon isotope analysis of the gas components was carried out with an Isochrom II GC-IRMS
isotope mass spectrometer produced by VG Company of the United Kingdom.

4. Results
Thermal Simulation Experiment Results

Thermal simulation experiments provide the complete process of hydrocarbon genera-
tion from hydrocarbon source rocks as the temperature changes, and can reproduce the
history of continuous maturation of sedimentary organic matter in the subsurface. How-
ever, the most intuitive data from simulation experiments are the composition and yield
of hydrocarbons at different temperature points, which differ greatly from the relatively
mild and long-lasting geological conditions. Thus, the easyR, model [34-36], which is
commonly used in industry, was used to relate time accumulation at the laboratory scale to
maturation under geological conditions (Figure 3).

45 —a—2C/h ‘
—e—20°C /h|

easyRo/’C
[
thn

300 350 400 450 500 550 600
Pyrolysis temperature/ C

Figure 3. Gold tube thermal simulation experiment of easyR, values corresponding to different
temperature points.

Hydrocarbon generation thermal simulation experiments were carried out under
heating rates of 20 °C/h and 2 °C/h. As shown in Figure 2, the easyR,, value continues to
increase with increasing pyrolysis temperature. In the experimental temperature range, the
corresponding easyR,, value was 0.57% (20 °C/h)/0.74% (2 °C/h) at the lowest temperature
of 336 °C, and the easyR, value was 3.87% (20 °C/h)/4.45% (2 °C/h) at the highest
temperature of 600 °C.

During the thermal simulation experiment, gaseous hydrocarbons (C1—Cs), liquid
hydrocarbons (Cg,), and non-hydrocarbons (Hy, CO,, H,S) were generated. The yield of
these components and the carbon isotopic composition of the alkanes varied gradually
with increasing thermal simulation temperature (Tables 2 and 3).
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Table 2. Thermal simulation experiment of carbonate hydrocarbon production rate under different heating rates with temperature variation characteristics.

Total
. T/ Amount CH4 C2H5 C3H8 iC4H10 nC4H10 iC5H12 nC5H12 H2 C02 st C1_5 C6-14 C14+
Heating Rate . easyro/% (G
C [o] as
mg/gTOC

337 0.57 20.73 0.23 0.12 0.08 0.01 0.02 0.00 0.00 0.05 20.22 0.00 0.46 7.28 5.44

362 0.68 21.79 0.47 0.30 0.21 0.04 0.05 0.01 0.01 0.08 20.63 0.00 1.08 13.38 6.19

384 0.80 43.12 1.63 1.29 1.07 0.22 0.38 0.08 0.10 0.24 33.36 475 477 27.22 8.10

408 0.96 77.08 5.34 4.88 429 0.92 1.92 0.59 0.82 0.48 32.73 25.12 18.75 77.88 18.05

432 1.19 193.00 15.89 14.14 12.89 2.53 5.88 1.84 2.38 0.63 56.40 80.41 5556 13749 2591

20°C/h 456 147 283.17 28.03 23.24 21.94 433 10.55 347 453 0.63 7087 11560 9608  138.00  23.51
480 1.81 411.44 47.36 35.10 33.03 6.70 14.12 3.60 424 0.57 9486  171.87 14414  79.20 16.11

504 2.19 675.04 88.35 51.79 40.66 6.44 7.29 0.37 0.31 0.64 159.02 32016 19521  60.41 12.06

529 2.54 952.04 127.64 4595 18.20 1.21 0.26 0.01 0.01 0.98 23481 52298 19328 4534 8.39

552 2.99 933.33 167.00  22.87 257 0.05 0.02 0.00 0.00 1.50 26633 47299 19251  36.94 5.57

576 3.32 1095.36 192.33 7.54 0.24 0.01 0.01 0.00 0.00 1.87 351.25 54211 20012  28.54 2.53

601 3.87 1161.28 211.68 1.92 0.07 0.00 0.00 0.00 0.00 2.29 41578 52953  213.68  19.71 0.36

336 0.74 34.87 0.82 0.58 0.49 0.14 0.15 0.03 0.04 0.11 32.51 0.00 2.25 17.55 5.13

360 0.88 56.97 2.68 2.30 2.10 0.52 0.85 0.25 0.28 0.30 40.40 7.29 8.98 40.32 10.78

384 1.08 114.41 9.40 8.63 7.87 1.65 3.49 1.08 1.31 0.49 53.47 27.02 33.43 90.92 20.73

408 1.38 192.50 24.17 19.58 18.15 3.47 8.15 2.45 2.99 0.52 65.63 47.39 7895 15892 2871

432 1.69 293.19 42.95 31.57 30.63 6.34 14.43 458 5.68 0.49 88.41 68.12 13617 13884  18.18

2°C/h 457 2.09 468.46 75.07 49.68 46.61 9.62 17.42 3.29 3.60 0.53 13636 12628 20529  81.08 13.29
481 2.52 630.11 11462 56.09 37.17 5.37 3.66 0.13 0.10 0.61 196.07 21630 217.14  57.79 9.32

504 2.99 953.60 15821  39.14 6.99 0.32 0.10 0.01 0.01 0.97 309.25  438.61 20477  38.88 5.39

529 3.49 1222.12 192.05 421 0.31 0.02 0.01 0.00 0.00 1.14 42181 60257 19660  31.08 2.81

552 3.89 1201.07 217.92 1.21 0.08 0.00 0.00 0.00 0.00 1.50 45406 52631 21920 = 24.47 1.94

576 419 1236.05 223.84 0.93 0.03 0.00 0.00 0.00 0.00 1.85 516.13 49326 22480  13.84 0.88

600 4.45 1508.19 248.71 0.83 0.01 0.00 0.00 0.00 0.00 2.37 70838 54790 24955  10.25 0.89
5 , 504 2.99 1802.59 14801 6592 19.62 0.51 0.05 0.01 0.01 3.66 856.36 70846 23412  66.81 19.43
2°C/hadding 552 3.89 2341.24 21334  42.82 0.25 0.01 0.01 0.00 0.00 655 124090 83736 25643  48.12 10.95
calcium sulfate 600 4.45 3075.61 103.12 0.75 0.00 0.00 0.00 0.00 0.00 552 159290 137333 103.87  34.50 5.40




J. Mar. Sci. Eng. 2023, 11, 1616

8 of 21

Table 3. The carbon isotope composition of the carbonate thermal simulation experiment with
temperature variation characteristics.

Heating Rate T/°C easyRo/%  813C1/%0  6B8Ccopl%o  513Cy/%o S13C3/%o
337 0.57 0.0 ~10.2 0.0 0.0
362 0.68 0.0 ~9.0 0.0 0.0
384 0.80 —447 -75 —38.8 —34.8
408 0.96 —44.0 6.7 —36.4 ~33.1
432 1.19 —432 6.7 ~353 ~316
5 456 147 427 72 ~35.4 ~312
20°C/h 480 1.81 ~40.8 -89 340 ~30.1
504 2.19 ~38.9 ~11.3 ~31.0 0.0
529 2.54 374 ~154 ~25.7 0.0
552 2.99 ~35.2 ~15.4 0.0 0.0
576 3.32 ~33.0 ~14.3 0.0 0.0
601 3.87 ~315 141 0.0 0.0
336 0.74 0.0 ~9.0 0.0 0.0
360 0.88 0.0 -75 ~38.0 354
384 1.08 448 69 ~36.1 ~33.1
408 1.38 432 71 346 ~313
432 1.69 412 71 338 —32.1
2oC/h 457 2.09 —40.2 —7.8 ~325 ~29.1
481 2.52 ~38.0 ~10.0 ~29.1 0.0
504 2.99 ~35.0 ~12.2 212 0.0
529 3.49 327 123 0.0 0.0
552 3.89 ~31.6 127 0.0 0.0
576 4.19 ~30.1 —14.6 0.0 0.0
600 4.45 —28.4 ~14.8 0.0 0.0
504 2.99 ~37.3 6.7 277 0.0
2°C/hadding 552 3.89 347 -82 —174 0.0
calcium sulfate 600 445 ~200 ~1338 0.0 0.0

In general, the experimental samples produced more methane and nonhydrocarbon
gases at 20 °C/h than at 2 °C/h, and produced or cracked heavy hydrocarbon gases
(Cy4) and liquid hydrocarbons (Cg, ) at higher temperatures. This suggested that the slow
heating rate during thermal simulation continued the reaction adequately, and therefore,
the hydrocarbon yields were higher at lower heating rates, a phenomenon consistent with
the results of previous studies [37]. During the thermal simulation, the methane yield
increased with increasing thermal simulation temperature and showed an increasing trend
at 600 °C. The heavy hydrocarbon gas (Cy.) yield increased and then decreased, with its
yield approaching zero at 550 °C under slow warming conditions. The trend in the yield of
liquid hydrocarbons (Cg,) was similar to that of the heavy hydrocarbon gases (Cy.). The
yields of CO, and H; of the nonhydrocarbon gases increased with increasing experimental
temperature, and the yield of H,S showed an increasing trend before equilibrium (Table 2).
The carbon isotopic compositions of methane, ethane, and propane became progressively
heavier with increasing temperature during the thermal simulations, following the kinetic
isotope effect [38], with positive carbon isotope sequences (613Cy < 613C, < 613C3) at all
temperature points, and no carbon isotope sequence inversions were observed (Table 3).

5. Comparison of Thermal Simulation Products with Mud Shale of the Pingliang
Formation and Coal of the Shanxi Formation

In the thermal simulation experiments, samples from different basins, parent material
types, maturities, and other characteristics had different natural gas yields. Consider-
ing that natural gas yields are mainly controlled by total organic carbon, we performed
TOC normalization for gaseous hydrocarbon yields to facilitate the comparison of natural
gas yields of various hydrocarbon source rocks. In this study, we compare the thermal
modeling products of the Nordic carbonates with those of the Pingliang Formation mud
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shale [39] (contemporaneous with the Majiagou Formation samples), which is similar to the
Majiagou Formation, and the Shanxi Formation coal [40] (in the upper part of the Majiagou
Formation). Among them, the Pingliang Formation in the Ordos Basin is an important set
of mud shale of the Ordovician, which was deposited in succession with the underlying
Majiagou Formation, but its distribution is relatively limited, only in the southwestern
margin of the Ordos Basin; the Shanxi Formation is a coal of the Carboniferous Permian,
and it is a very important set of hydrocarbon source rocks of the Upper Paleozoic in the
Ordos Basin, and it is also the source of hydrocarbon in many atmospheric fields. Both
sample groups and the Nordic carbonates in this study used the closed-system gold tube
thermal simulation system, and the experimental conditions were mostly the same.

5.1. Gaseous Product Evolutionary Characteristics
5.1.1. Pyrolysis Gaseous Hydrocarbon Characteristics

The experimental results showed that the methane (C;) yield of the Nordic carbonate
increased rapidly with increasing temperature during the thermal simulation and main-
tained a high growth rate at the highest temperature of 600 °C, indicating that there was
still a strong potential for methane production at this time. The C; yield of the mud shale
of the Pingliang Formation increased continuously from 336 °C to 504-552 °C during
the thermal simulation and decreased significantly to almost zero at higher temperatures
(easyR, > 2.99%). The C; yields of the coal of the Shanxi Formation were close to those
of the Nordic carbonate until 530 °C, with higher C; yields for the coal of the Shanxi
Formation at higher temperatures (Figure 4a).

400 140;  (b)
8 350t 53 120
= 200 100}
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Figure 4. Carbonate thermal simulation of gaseous hydrocarbon production rate with temperature
variation characteristics, and out of shale gas state hydrocarbon yield comparison and Shanxi group.
(a) Carbonate thermal simulation of C; yields with temperature variation characteristics, and out of
shale gas state hydrocarbon yield comparison and Shanxi group; (b) Carbonate thermal simulation
of Cy.5 yields with temperature variation characteristics, and out of shale gas state hydrocarbon
yield comparison and Shanxi group; (c¢) Carbonate thermal simulation of C; /Cy.5 with temperature
variation characteristics, and out of shale gas state hydrocarbon yield comparison and Shanxi group.
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Unlike methane yield, heavy hydrocarbon gases, such as ethane (C,5), showed a
parabolic pattern of increasing and then decreasing with increasing temperature. The Cy_5
yields and characteristics of the Nordic carbonate and the mud shale of the Pingliang Forma-
tion were relatively similar with a 2 °C/h heating rate, and increased rapidly with increasing
pyrolysis temperature from 336 °C, reaching a maximum at 456 °C (easyR, = 2.09%), and
then gradually decreasing, eventually approaching 0 at a pyrolysis temperature of 600 °C
(Figure 4b). This indicated that the hydrocarbon gases at the end of the experiment were
mainly composed of methane, accounting for more than 99% of the hydrocarbon gases.
The predominance of methane during thermal evolution naturally carries implications for
the type of petroleum systems (including methane hydrate systems [41-43]) that might
develop as a result. In contrast, the coal of the Shanxi Formation had a lower Cy5 yield,
approximately a quarter of the Nordic carbonate, suggesting a significant difference in the
gas compositions generated between the two samples.

The gas drying coefficient (C; /Cy.5) is an important parameter in natural gas geochem-
ical studies and is of great importance for identifying the natural gas genesis, secondary
role, and thermal maturity [44—46]. In thermal simulations of Nordic carbonate, C;/Cy.5
decreased and then increased with temperature, with a minimum value of 0.5 at 384 °C
(easyR, = 1.08%) for a 2 °C/h heating rate, followed by a relative increase in methane
content due to the cracking of C,, hydrocarbons and an increase in the drying coefficient
(Figure 4c). Such trends in gas drying coefficients are very common in thermal simulation
experiments and are generally thought to be related to the initial cracking of kerogen
and the secondary cracking of hydrocarbons [47]. The initial temperature of the thermal
simulation experiment was 336 °C, which was difficult to achieve in the geological reality
of hydrocarbon formation, and was sufficient to allow rapid hydrocarbon generation from
the cracking of kerogen, with short-chain gaseous hydrocarbons and long-chain liquid
hydrocarbons forming simultaneously. As the temperature rose, the production of all
hydrocarbons increased rapidly, but the rate of increase was relatively higher for the heavy
hydrocarbon gases than for methane, causing the proportion of methane in the hydrocarbon
gases to gradually decrease. The proportion of methane reached a low point when the
secondary cracking threshold was reached. Thereafter, as the temperature increased, the
kerogen continued to produce hydrocarbons in addition to Cy.5 and liquid hydrocarbons,
and a large amount of methane was formed by the secondary cracking of hydrocarbons,
causing the proportion of methane to increase rapidly and the drying coefficient to increase
(Figure 4c).

During the thermal simulation experiments, the C; /Cy5 values of the 2 °C/h series
and the 20 °C/h series did not follow the same pattern, with the C;/Cy_5 of the 2 °C/h
series continuously increasing with the thermal simulation temperature, without a process
of decreasing and then increasing. Moreover, the 20 °C/h series showed a process of
decreasing and then increasing, and the difference between the C; /Cy5 of the two experi-
ments at the initial temperature point was considerable. At 400-525 °C, the C;/Cy_5 values
of the Nordic carbonates were slightly less than those of the mud shale of the Pingliang
Formation at the same temperature point, while at temperatures greater than 525 °C, the
C;1/Cy.5 values of the Nordic carbonates were slightly more than those of the mud shale
of the Pingliang Formation, and relatively speaking, the C;/Cy.5 values of both were less
different throughout the experiment. Although the C;/Cy_5 value of the coal of the Shanxi
Formation also underwent a process of first decreasing and then increasing, it had a higher
value than that of Nordic carbonate, that is, the content of Cy 5 in hydrocarbon gases
was lower.

The drying coefficients of Pingliang Formation mud shale and Nordic carbonate rocks
are relatively lower than those of Shanxi Formation coals. The thermal evolution of the
Majiagou Formation in the Ordos Basin (Mitan-1 well, Tong-74 well, and Jingtan-1 well,
etc.) [48] has already reached the high-overmature stage, but the drying coefficients (0.947,
0.989, and 0.996) tend to be close to 1, indicating that its natural gas still belongs to the
wet gas and not to the dry gas. One of the wells, Mitan-1, is a well that has made a major
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breakthrough at subsalt, and it is also a more typical well. Therefore, the results of thermal
simulation experiments are consistent with the characteristics of the dryness coefficient of
the Majiagou Formation.

5.1.2. Pyrolysis Nonhydrocarbon Gas Characteristics

The CO, yield of the Nordic carbonate gradually increased with the temperature
during the thermal simulation and continued to increase until 600 °C (Figure 5a). In
contrast, the mud shale of the Pingliang Formation had higher CO, yields at most stages,
especially at lower temperatures, and these yields were more than two times higher than
those of the Nordic carbonate. At 600 °C, the CO; yield of the mud shale of the Pingliang
Formation was also more than 30% higher than that of the Nordic carbonate. In contrast,
the coal of the Shanxi Formation had a relatively low CO, yield, and its content essentially
did not increase after temperatures exceeded 450 °C. Compared to the Nordic carbonate
CO;, yield, the CO; yield of the coal of the Shanxi Formation was slightly higher in the
early part of the thermal simulation, but much lower in the later part. The CO;,/Cy_5 ratio
decreased rapidly with increasing temperature, indicating that the rate of hydrocarbon gas
production was significantly higher than that of CO, with increasing temperature. Thus,
we suggest that this phenomenon may be related to the lower activation energy of CO,,
which allows for rapid CO; production in the first stage and less production in the later
stage, resulting in a decreasing ratio.

1200 (1) 700 (b
a ~
& 1000 3 600
= =
oL
o ¥ 500
& & a0
- 600 »
] = 300
2 400 2
- =2 200
=] 2
© 200 ﬁ = 100
0 0
300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650
Pyrolysis temperature/ C 2 Pyrolysis temperature/’C
of
25 (c) 210 (d)
g £
20 = 0.8
= =
o0 g
£ 15 206
P £
=0 S04
= 3
N =
T s S 0.2
-
o
U £ o0
300 350 400 450 500 550 600 650 = 300 350 400 450 500 550 600 650
Pyrolysis temperature/ C Pyrolysis temperature/'C

—®— Mud shalc of the Pingliang Formation 20°C/h —#&— Mud shale of the Pingliang Formation 20°C/h

—— Coal ofthe Shanxi Formation 20°C/h —#&— Coal of the Shanxi Formation 2°C/h

—e— Nordic carbonate 20°C/h —a— Nordic carbonate 2°C/h

Figure 5. Carbonate thermal simulation of hydrocarbon production rate with temperature variation
characteristics, and out of shale and Shanxi coal group of hydrocarbon production rate. (a) Carbonate
thermal simulation of CO, yields with temperature variation characteristics, and out of shale and
Shanxi coal group of hydrocarbon production rate; (b) Carbonate thermal simulation of H,S yields
with temperature variation characteristics, and out of shale and Shanxi coal group of hydrocarbon
production rate; (c) Carbonate thermal simulation of Hy with temperature variation characteristics,
and out of shale and Shanxi coal group of hydrocarbon production rate; (d) Carbonate thermal
simulation of non-hydrocarbon/total pyrolysis gas with temperature variation characteristics, and
out of shale and Shanxi coal group of hydrocarbon production rate.
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The H,S yield of the Nordic carbonate increased with increasing pyrolysis temperature
during the thermal simulation, reaching a maximum at 528 °C (easyR, = 3.49%) and
gradually decreasing to zero or even negative at higher temperatures (Figure 5b); the mud
shale of the Pingliang Formation and the coal of the Shanxi Formation showed almost
no Hj,S production during the thermal simulation, which may be related to the samples
lacking sulfur.

There is no H;S production in Pingliang Formation mud shale and Shanxi Formation
coal, while there is a large amount of H,S production in Nordic carbonates, and the natural
gas of Majiagou Formation in the Ordos Basin, especially most of the subsalt, has H,S
production, for example, the H»S production of Long-L92 well [49] is as high as 23.23%.
From the results of thermal simulation experiments, the Nordic carbonates can also produce
a large amount of H,S, which confirms that the vast majority of the natural gas in the subsalt
of the Majiagou Formation contains a higher content of H,S. Therefore, the H,S in the
Ordos Basin comes from the carbonates, which are the set of hydrocarbon source rocks,
instead of the Pingliang Formation mud shale and the Shanxi Formation coal.

During the thermal simulation of the Nordic carbonate and the mud shale of the
Pingliang Formation, the H; yield increased continuously with increasing pyrolysis tem-
perature, reaching a maximum at the highest temperature of 600 °C. The coal of the Shanxi
Formation produced no H, gas at the low-temperature stage (T < 440 °C), while at the high-
temperature stage (T > 525 °C), the Hj yield increased rapidly, reaching 22.94 mg/gTOC at
the highest temperature of 600 °C (Figure 5c).

In the early low-temperature stage, the value of nonhydrocarbon/total pyrolysis gas
in the Nordic carbonate and mud shale of the Pingliang Formation was close to 1, that is,
nonhydrocarbon gas accounted for the vast majority, and the inflection point appeared in
the curve with a further increase in temperature. The non-hydrocarbon/total pyrolysis gas
curve showed the characteristics of “first falling and then rising”. Of these, changes in CO,
and H,S yields played a major role in the inflection point. At 432 °C (easyR, = 1.69%), for
example, the CO; and H,S yields increased sharply, and the nonhydrocarbon/total pyroly-
sis gas curve appeared to inflect at the low heating rate of the Nordic carbonate. In contrast,
the nonhydrocarbon yield of the coal of the Shanxi Formation did not change significantly
with temperature, resulting in a continuous decrease in the nonhydrocarbon/total pyrolysis
gas ratio with increasing temperature (Figure 5d).

5.2. Liquid Product Evolutionary Characteristics

The characteristics of the liquid hydrocarbon yield with temperature change in the
Nordic carbonate during thermal simulation are shown in Figure 6. The oil yield rate
showed the parabolic characteristics (first increase and then decrease) under different
heating rates, and the oil yield curve change trend of the two heating rates was the same.
However, the peak temperature of the oil production rate of the 2 °C/h series was lower
than that of the 20 °C/h series, and the difference between the two was approximately
20~50 °C. At 20 °C/h, the oil production rate peaked at 163.40 mg/gTOC at 456 °C. At
2 °C/h, the oil production rate peaked at 187.64 mg/gTOC at 408 °C, that is, the oil pro-
duction rate was higher at a low heating rate. Compared with the 2 °C/h series, the oil
production peak of the 20 °C/h series lagged behind (Figure 6), and the easyR, correspond-
ing to the oil production peak was 1.47% and 1.38%, respectively. This was higher than the
actual geological conditions, which was determined by the inherent difference between
short-term high temperature and long-term low temperature. The oil production rate was
higher at the later high heating rate, which fully reflected the mutual compensation rela-
tionship between time and temperature in the hydrocarbon production process. Compared
to gaseous hydrocarbon yields, liquid hydrocarbon yields reached a maximum at relatively
low temperatures, a result that could be attributed to the closed thermal simulation system.
In the closed system, organic matter will preferentially crack to form high-carbon-number
hydrocarbons, while as the temperature increases to a certain value, the high carbon number
in hydrocarbons will also gradually crack to form a low carbon number in hydrocarbons.
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The yield of liquid hydrocarbons will gradually decrease after peaking, mainly because the
rate of hydrocarbon cleavage is greater than the rate of production. In addition, as thermal
evolution proceeds, the high carbon number of hydrocarbons will eventually crack into
methane [50,51].
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Figure 6. Carbonate thermal simulation in the process of liquid hydrocarbon yield characteristics
with the temperature change. (a) Carbonate thermal simulation in the process of total pyrolysis oil
yields characteristics with the temperature change; (b) Carbonate thermal simulation in the process
of Cg.14 yields characteristics with the temperature change; (c) Carbonate thermal simulation in the
process of Cy4, yields characteristics with the temperature change.

In the carbonate sequence, organic acid salts are also an important class of organic
matter, and their contribution to hydrocarbon generation should not be overlooked [52].
Calcium stearate is a type of organic acid salt, and Wang et al. [53] conducted hydrocarbon
generation thermal simulation experiments with calcium stearate. This showed that calcium
stearate generated fewer hydrocarbons at the low-temperature stage and began to generate
many hydrocarbons at the high-temperature stage; therefore, the contribution of organic
acid salt to hydrocarbon generation is considered mainly at the high-overmature stage. In
contrast, carbonates have a relatively higher yield of Cg 14 hydrocarbons and a relatively
lower hydrocarbon generation temperature than calcium stearate.

5.3. Carbon Isotope Composition

Carbon isotopic composition is an important parameter for studying the geochemical
characteristics of natural gas [54-58]. The experimental results showed that the alkane
carbon isotopic compositions of the Nordic carbonate all became progressively heavier
with increasing temperature in the thermal simulation experiment, following the kinetic
isotope effect. Among them, the methane carbon isotopic composition gradually became
heavier from —44.8%o to —28.4%., with an overall weight of approximately 16.4%. (Table 3,
Figure 7a). The methane carbon isotope compositions of the Nordic carbonate and the mud
shale of the Pingliang Formation had roughly the same distribution range, but differed
from the variation pattern in the coal of the Shanxi Formation, which showed an overall
lighter and then heavier methane carbon isotope composition. This phenomenon may
be due to the nonhomogeneity of the organic matter or the isotopic fractionation effect
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resulting from changes in the activation energy difference between the early >C-rich CH,
and 13C-rich CH, [40] (Figure 7a).
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Figure 7. Carbonate rock pyrolysis gas product deltad'3C characteristics with the temperature and
the delta of out shale pyrolysis gas and Shanxi coal products 6'3C. (a) Carbonate rock pyrolysis
gas product deltad'3C; characteristics with the temperature and the delta of out shale pyrolysis gas
and Shanxi coal products 513Cy; (b) Carbonate rock pyrolysis gas product deltas’3C, characteristics
with the temperature and the delta of out shale pyrolysis gas and Shanxi coal products 6'3Cy;
(c) Carbonate rock pyrolysis gas product deltad’3Cy characteristics with the temperature and the
delta of out shale pyrolysis gas and Shanxi coal products §!3Cs; (d) Carbonate rock pyrolysis gas
product deltad'3CO, characteristics with the temperature and the delta of out shale pyrolysis gas and
Shanxi coal products §'3CO,.

Methane carbon isotopes are mainly affected by the degree of thermal evolution, and
the higher the degree of thermal evolution, the heavier the methane carbon isotopes. The
lighter methane carbon isotope composition of natural gas in most parts of the subsalt of
the Ordos Basin (Shuang-97 well and Mitan-1 well) [39] is consistent with the methane
carbon isotope compositions produced by the thermal simulation experiments.

The ethane carbon isotopic composition gradually increased from —38.0%o0 to —21.2 %o
(2 °C/h series) with increasing temperature (Figure 7b). The ethane carbon isotopic compo-
sitions of the mud shale of the Pingliang Formation were distributed over roughly the same
range. At high-temperature stages, the ethane carbon isotopes were heavier than —28%o.
It is generally accepted that 6'3C, values are strongly inherited from the original parent
material, and that humic kerogen is more enriched in *C than humic mud kerogen, so
scholars in China often use 6'3C; values of —28%. or —29%o as the boundary between oil-
and coal-based gas [54,59], and they play an important role in hydrocarbon genesis discrim-
ination. However, the ethane carbon isotope compositions of the Nordic carbonate and the
mud shale of the Pingliang Formation were heavier than —28%. at high temperatures, and
this feature also appears in the thermal simulations of the Luquan marine carbonate source
rocks in Yunnan [17], that is, the ethane carbon isotope compositions at high temperatures
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appeared to be “coal-type gas”. This suggested that the ethane carbon isotope composition
of oil-type gas may also be heavier than —28%. under some special circumstances. The
ethane carbon isotope compositions of the coal of the Shanxi Formation were all heavier
than —28%o., and the ethane carbon isotope compositions gradually became lighter with
increasing temperature in the high-temperature section, resulting in a partial inversion of
the carbon isotope sequence.

Ethane carbon isotopes, although also affected by the degree of thermal evolution, are
most affected by the type of parent material [45]. Oil-type gas (gas generated by sapropel
organic matter) is lighter, generally lighter than —28%o, and coal-type gas (gas generated
by humic organic matter) is generally heavier than —28%.. The hydrocarbon source rock of
Mitan-1 well [39] belongs to carbonate rock in the marine phase, and the organic matter
type is II/1I;, and the natural gas generated should be oil-type gas. It also belongs to
the self-generated and self-storage type of gas reservoir, but the generated natural gas
surprisingly has the characteristics of coal-type gas. And, this feature also appeared in
our thermal simulation experiments, which can respond to its consistency with the ethane
carbon isotope composition characteristics of many natural gases under the salt of Majiagou
Formation (Tao-38 well, Tong-75 well, etc.) [49].

The Nordic carbonate followed a similar pattern of change in propane carbon iso-
topes during thermal modeling to that of methane and ethane, becoming heavier with
increasing temperature (Figure 7c) and following kinetic isotope effects. The mud shale of
the Pingliang Formation produced a much heavier propane carbon isotopic composition
compared to the Nordic carbonate. The coal of the Shanxi Formation follows the same
pattern of variation as the Nordic carbonate, but the propane carbon isotopic composition
of the coal of the Shanxi Formation was approximately 8-10%. heavier.

Notably, the carbon isotope composition sequences of methane, ethane, and propane
were all in positive order (613Cy < 613C, < 613C3) throughout the thermal simulation ex-
periment for the Nordic carbonate, and no partial or complete inversion of the carbon
isotope sequences occurred. This suggested that the carbonate rock may not experience
carbon isotope sequence inversions during normal thermal evolution, unless they undergo
mixing [60] or secondary interactions [46]. In contrast, the inversion of heavy hydrocarbon
gas 513C in the coal of the Shanxi Formation at the high premature stage indicated the com-
plexity of the heavy hydrocarbon gas sources at the high premature stage, with sequential
S13C fractionation effects from different sources, which may also be related to the S13C
fractionation effects from aromatic hydrocarbon demethylation and methyl linkage [40].

The pattern of CO; carbon isotope changes during thermal modeling was completely
different from that of alkane gases, with the CO, carbon isotope compositions generated by
thermal modeling of the Nordic carbonate slowly becoming heavier and then gradually
lighter. The CO; carbon isotopic composition of the mud shale of the Pingliang Formation
fluctuated within a certain interval and was of organic origin (Figure 7d). The large differ-
ence in CO; carbon isotope composition between the two was because the Nordic carbonate
used in the thermal simulations was the protolithic sample, whereas the inorganic carbon
was removed from the mud shale of the Pingliang Formation with dilute hydrochloric acid
prior to the thermal simulations.

6. Organic-Inorganic Interactions: The Effect of Gypsum Rock Presence on Hydrocarbons

The reaction between sulfate and sedimentary organic matter is a typical type of
organic—inorganic interaction within sedimentary basins [61]. In our Ordos Basin study,
the gypsum rock sequence in a broad sense refers to a set of sedimentary strata dominated
by salt rock and gypsum rock or interlayered with sandstone mudstone. As the main
evaporite rock type in our study, gypsum rock is mostly composed of gypsum, anhydrite,
and variable water plaster, and contains small amounts of rock salt, salt materials, dolomite,
clay organic matter, iron oxides, and other minor components. It has the characteristics of
strong plasticity, easy flow, and density [62], and is often symbiotic with carbonate rock se-
quences in marine basins. The sedimentary environment of marine carbonate rocks is often
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accompanied by the deposition of gypsum rocks [63], and further studies on the influence
of gypsum rocks on organic matter hydrocarbon generation are of positive significance in
exploring the hydrocarbon generation mechanism of marine hydrocarbon source rocks.
Previous studies have explored whether the salt minerals in gypsum rocks can promote the
early hydrocarbon production process of hydrocarbon source rocks. Zhao et al. [64] found
that the addition of gypsum (CaSO;) increased hydrocarbon production by 50% from the
pyrolysis of kerogen in the marine hydrocarbon source rocks of the Ordovician Pingliang
Formation in the Ordos Basin, showing a strong catalytic effect and changing the composi-
tion of organic matter pyrolysis hydrocarbons. Numerous studies have demonstrated the
catalytic effect of sulfate on the thermal evolution of hydrocarbon source rocks [64—66]. To
identify the effect of gypsum rock presence on hydrocarbons, CaSO4 was added during the
gold tube thermal simulation experiments in this study, and the results are discussed.

The experimental results showed that the Nordic carbonate rock sample with CaSOy
addition had little effect on C; yield at 500 °C and 550 °C, while at 600 °C, it caused a sharp
decrease in C; yield, indicating that gypsum strongly affects C; yield at high maturation
conditions (Figure 8a). The higher C,_5 yield of the sample with CaSO,4 addition at the same
temperature suggested that the addition of gypsum may increase the C,.5 content rather
than decrease it. However, when the pyrolysis temperature reached 600 °C, the C;_5 yield
was almost zero, with or without the addition of CaSO4 (Figure 8b). The addition of CaSOy4
significantly increased the yield of Hy, CO,, and H,S, and its CO, yield increased by more
than two times at the same temperature. According to the mechanism of the TSR reaction,
although the increase in temperature can promote the TSR (refers to the process in which
sulphate minerals are reduced by sulphate and hydrocarbons to produce acid gases, such
as HjS, which is an important mechanism for the formation of natural gas with high H,S
content) reaction when the temperature is too high, it will lead to the decomposition of H,S,
and the content of H,S will decrease once the production of the TSR reaction is greater than
the decomposition [39]. The TSR reaction increased the hydrogen sulfide yield, as well as
the carbon dioxide yield, which confirmed the accuracy of the chemical reaction expression
CaSOy + hydrocarbon — HjS + CaSO3 + hydrocarbon gas + CO, of TSR (Figure 8c—e). At
504-600 °C, the addition of CaSOjy resulted in higher C¢.14 and Cy44 hydrocarbon yields,
with Cg 14 yields increasing by a factor of 1.7-3.4, and Ci4, yields increasing by a factor
of 3.6-6.0 (Table 3), indicating that the addition of CaSO4 promoted the production of
Cg-14 and Cq44 hydrocarbons at the high-temperature stage, that is, the addition of CaSO4
promoted the high-temperature stage of crude oil production.
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Figure 8. Carbonate thermal simulation results with the temperature change characteristics and
product after joining CaSOy contrast. (a) Characterization of the carbonate C; yields as a function
of temperature versus the temperature change with the addition of CaSO,4 and a comparison of the
products; (b) Characterization of the carbonate Cy_5 yields as a function of temperature versus the
temperature change with the addition of CaSO,4 and a comparison of the products; (c) Characteri-
zation of the carbonate Hj yields as a function of temperature versus the temperature change with
the addition of CaSO, and a comparison of the products; (d) Characterization of the carbonate CO,
yields as a function of temperature versus the temperature change with the addition of CaSO4 and a
comparison of the products; (e) Characterization of the carbonate H;S yields as a function of temper-
ature versus the temperature change with the addition of CaSO, and a comparison of the products;
(f) Characterization of the carbonate C¢_14 yields as a function of temperature versus the temperature
change with the addition of CaSO,4 and a comparison of the products; (g) Characterization of the
carbonate Cy4, yields as a function of temperature versus the temperature change with the addition
of CaSO4 and a comparison of the products; (h) Characterization of the carbonate 813C; as a function
of temperature versus the temperature change with the addition of CaSO,4 and a comparison of the
products; (i) Characterization of the carbonate 6'3C; as a function of temperature versus the tempera-
ture change with the addition of CaSO, and a comparison of the products; (j) Characterization of the
carbonate §13CO, as a function of temperature versus the temperature change with the addition of
CaSOy and a comparison of the products.

Wang et al. [65] conducted experiments using the addition of salts (pure carbonate,
sulfate, and chloride salts) to hydrocarbon source rocks. The results showed that carbonate,
sulfate, and chloride salts increased the yield of hydrocarbon pyrolysis of gaseous hydro-
carbons from hydrocarbon source rocks with increasing temperature, showing a strong
catalytic effect. In particular, the higher the experimental temperature is, the stronger
the catalytic effect of the three salts. The catalytic effect of the salts not only enables the
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salt-lake hydrocarbon source rocks to generate natural gas in large quantities under shallow
burial conditions, but also changes the composition of gaseous hydrocarbon products and
accelerates the thermal evolution of organic matter. This is consistent with our results.

When CaSO4 was added to the Nordic carbonate sample, the methane carbon isotopic
composition became approximately 2-3%o lighter (504-552 °C) or approximately 8 %o
heavier (600 °C), suggesting that the methane may have been oxidized by sulfate at this
time (Figure 8h); at 504 °C, the ethane carbon isotopic composition became approximately
6.5%o lighter, suggesting that the addition of CaSO4 may have facilitated ethane production.
When introducing the yield of heavy hydrocarbon gases such as ethane, it was also found
that the addition of CaSO, increased the content of heavy hydrocarbon gases such as
ethane and reduced the drying coefficient of the gas, and the 6!3C; value was still less
than the 613C, value after the addition of CaSOy, indicating that it did not lead to carbon
isotope inversion (Figure 8i, Table 3). Its propane carbon isotopic composition could not
be measured because the amount of propane in the resulting gas was too small; its CO,
carbon isotopic composition was heavier by approximately 5%o at 504 °C and 552 °C, and
by approximately 1%. at 600 °C (Figure 8j), suggesting that the addition of CaSO; led to
the presence of carbon isotopic fractionation between CO, of organic origin and carbonate
rock of inorganic origin, thus leading to a heavier CO, carbon isotope or facilitating the
decomposition of carbonate minerals. Although the CO, carbon isotopes in some highly
sulfur-containing natural gases were heavy (approximately 0%.), this did not mean that this
CO;, was not produced due to TSR, as this was the result of TSR-induced CO; fractionation
with carbon isotopes in reservoir carbonate rocks.

7. Conclusions

The results of the thermal simulation experiments comparing Nordic Cambrian carbon-
ate with mud shale of the Pingliang Formation and coal of the Shanxi Formation showed
that the Nordic carbonate and the mud shale of the Pingliang Formation have different
hydrocarbon production characteristics, and although the difference in hydrocarbon pro-
duction rates between the two was not significant, the carbonate continues to produce
methane at 600 °C. The difference in hydrocarbon gas production rates between the Nordic
carbonate and the coal of the Shanxi Formation was large. The hydrocarbon gas production
rate of the Nordic carbonate was approximately equivalent to that of type I, kerogen,
indicating that the hydrocarbon production rate is not related to lithology and only to the
type of organic matter, but the Nordic carbonate can produce much HjS.

The alkane carbon isotope changes are mainly controlled by the degree of thermal
evolution, showing gradual heaviness with increasing temperature. No carbon isotope
sequence reversal occurred during the thermal simulation, indicating that the Nordic
carbonate may not experience carbon isotope sequence reversal during normal thermal
evolution, unless it undergoes mixing or secondary interactions, and its distribution ranges
are roughly the same as those of the alkane carbon isotope compositions of the mud shale of
the Pingliang Formation. The ethane carbon isotopic composition was as heavy as —21.2%o
in the high-temperature stage, showing similar characteristics to coal-type gas. The large
difference in CO, isotopic composition between the Nordic Cambrian carbonate and mud
shale of the Pingliang Formation was because all CO, generated from the mud shale of
the Pingliang Formation is derived from the decomposition of organic matter, whereas
part of the CO, generated from the Nordic carbonate is derived from the decomposition
of inorganic minerals, and the carbon isotopic composition of inorganic minerals differs
significantly from that of organic matter.

H,S is also produced from natural gas at the subsalt of the Majiagou Formation in
the Ordos Basin. Therefore, we suggest that the H,S in the Ordos Basin is derived from
the carbonate rocks, the set of hydrocarbon source rocks, rather than from the Pingliang
Formation mud shale and the Shanxi Formation coal. In addition, many natural gas ethane
carbon isotopes under the salt of the Majiagou Formation are also characteristic of coal-type
gas, which is consistent with the results of our thermal modeling experiments.
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The addition of calcium sulfate did not significantly affect the compositional char-
acteristics of the Nordic carbonate pyrolysis products, but caused the TSR reaction to
occur, which significantly affects C; yields at the high-maturation stage, reducing their
content by more than 50% at 600 °C. However, the addition of CaSOy increased C, yields
and promoted the production of C4.14 hydrocarbons and Cy44 hydrocarbons at the high-
temperature stage and substantially increased Hyp, CO,, and Hj;S yields. The addition of
CaSOy also caused §13C; values to remain smaller than 613C, values, suggesting no carbon
isotope inversion, and the heavier CO, carbon isotopic composition suggested that the
addition of CaSOy causes carbon isotope fractionation between CO; of organic origin and
carbonate rock of inorganic origin, or promotes the decomposition of carbonate minerals.
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